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Abstract-Due to the limited bandwidth and re-
stricted number of channels in the wireless access
environment, the broadcast paradigm has become
an important technique for accessing messages.
Energy saving is an important issue in the mobile
computing environment. In this paper, we propose
a broadcast paradigm that constructs the broad-
cast channel according to the access frequency of
each type of message in order to save energy in
mobile devices. The pinwheel scheduling algo-
rithm (PSA) presented in this paper is used to or-
ganize all types of messages in the broadcast
channel in the most symmetrical distribution in
order to reduce both the tuning and access time.
Performance of the proposed mechanism is ana-
lyzed and the improvement is demonstrated with
numerical results. The results show that the pro-
posed mechanism is capable improving both tun-
ing time and access time as the skew access char-
acteristic exists among the disseminated messages.
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1. Introduction

Data broadcasting has emerged as an efficient
means for the dissemination of information over
asymmetry wireless networks [1]. Examples of
data broadcasting applications are traffic informa-
tion, weather information, and news distribution
systems. In such applications, client needs for data
items are usually overlapping. To avoid multiple
retransmissions and to decrease the number of
requests from mobile devices (MDs), frequently
requested messages are periodically broadcasted
on the downlink channels by a base station (BS),
and MDs in its cell tune into these channels to ex-
tract the desired messages. Rarely requested mes-
sages are accessed by MDs by sending explicit
requests over the uplink channels and then receiv-
ing messages on the downlink channels.

Energy saving is an important issue in the

wireless environment [2, 3]. MDs equipped with
small batteries with low energy storage are selec-
tively switched between the active mode and doze
mode for energy saving. Since much more energy
is consumed in the active mode than in the doze
mode, a MD in the active mode listens to the
broadcast channels to obtain desired messages and
then goes into the doze mode while waiting for the
desired messages to be transmitted. The perform-
ance of broadcast systems is often characterized by
two metrics. access time and tuning time [4, 5].
Access time refers to how fast the MD can access
the requested data. It reflects the responsiveness of
the system. Tuning time, on the other hand, refers
to the duration for which the MD stays active. It
measures the energy consumed by the MD in the
active mode. A good broadcast system should
achieve both low access time and low tuning time.

A lot of research effort [5- 9] has focused on
broadcast schedules in order to improve access
time and/or tuning time, especially in the context
of a single item retrieval. Generally, the tuning
time can be reduced by means of air indexing [6].
The basic idea is to interleave the index informa-
tion with data in the broadcast schedule to assist
the MD in locating data. Following the linksin the
index structure, the MD alternates between the
active and doze modes until the requested data
arrive. However, most existing air indexing
schemes were designed for flat broadcast in which
all data items are broadcast at the same frequency
[6, 10, 11]. This sacrifices responsiveness when
MD accesses are not uniformly distributed among
data items. Chen et al. [12] proposed organizing
the index tree in a broadcast channel, using either
Huffman coding with fixed fanout or a greedy al-
gorithm with variable fanout, in order to achieve a
new optimal tuning time. However, the accesstime
was not discussed.

To reduce average access time under nonuni-
form access distribution, popular messages should
be broadcast more frequently than unpopular ones.
This is known as nonflat data broadcast. However,
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most existing schemes of nonflat broadcast sched-
uling did not consider air indexing [9, 13]. Vaidya
and Hameed [9] designed an algorithm for mini-
mizing the access time for a given broadcast
schedule. A system where different MDs listen to
different broadcast channels was also considered.
Hameed and Vaidya [14] subsequently presented a
log-time algorithm for scheduling broadcasts de-
rived from an existing fair-queuing algorithm. This
algorithm significantly improves the
time-complexity over previously proposed broad-
cast scheduling methods. Yu and Tan [15] pre-
sented a nonuniform strategy in which messages
are broadcast for a number of times proportiona to
their access frequency in a broadcast cycle to op-
timize the mean data access time. However, none
of the above studies addressed the issue of energy
saving. Without indexing, the client has to stay
continuously active and monitor the broadcast
channel until the requested data arrive. This con-
sumes significant amount of battery power and
sacrifices energy efficiency.

This paper presents a new approach which or-
ganizes messages in the broadcast channel so that
mobile stations can find the desired message
quickly and at the same time consume small
amount of power. The algorithm presented in this
paper, named the pinwheel scheduling algorithm
(PSA) [16], is used to organize disseminated mes-
sages into broadcast channels in a most symmetri-
cal distribution. No channel is needed for indexing,
a small amount of extra information to assist a
mobile station to find its desired message is placed
in front of each broadcast message then is dis-
seminated together in a time dot. Mobile stations
can then receive the desired messages quickly by
extracting the extra information. The numerical
results show that the presented mechanism
achieves signification improvement in both the
tuning time and access time.

The rest of this paper is organized as follows.
Section 2 presents the construction of the broad-
cast channel. Section 3 shows the proposed me-
chanism with its mean tuning time and mean ac-
cess time for different number of message types.
Finally, section 4 concludes this study.

2. The construction of the broadcast

channel

In a general broadcast paradigm of the wireless
environment, disseminated messages are organized
in the broadcast channel appropriately so that mo-
bile stations can quickly find their interested mes-
sages and save their power (i.e. reduce tuning time
or access time). Since various kinds of messages

are with different popularity, with no partiality to
treat each kind of message would receive an inef-
ficient consequence.

The access time can be improved by organizing
popular messages with higher disseminating fre-
guency in broadcasting. For the economic of
bandwidth usage, extrainformation combined with
the message is placed into a time dot for quick
access. The mobile station extracts such informa-
tion at the beginning of each time slot to determine
immediately if the message is desired. If it is, the
mobile station continues receiving the rest of the
time dot. If it is not, the mobile station goes to
sleep. According to the extra information received,
the mobile station awakes up then returns to active
mode in an accurate time dot to proceed the next
searching. This strategy gives very short access
time and tuning time for mobile stations receiving
popular messages.

Figure 1 shows the structure of the broadcast
channel. The broadcasting message can be recog-
nized quickly by mobile stations by extracting the
key field. If the key is recognized to be desired, the
message followed in the broadcasting slot is re-
ceived, otherwise, refer to the next field of the
extra information, the mobile station goes to doze
mode knowing the exact time dots that it will
wake up to proceed the next reception. Figure 2
illustrates how a mobile station gets the required
message.

In this paper, the Pinwheel Scheduling Algo-
rithm (PSA) is proposed to organize messages in
the broadcast channel. As Figure 3 shows, imagine
the broadcast channel as a slotted ring, messages
with different popularity organized by the PSA
form various regular polygons in this ring. A mo-
bile station may acquire a desired message any
time, therefore, the average waiting slots would be
minimum if the broadcasted messages form a reg-
ular polygon in the ring.

To illustrate how a mobile station acquires the
desired message, some notations are defined as
follows.

K : the number of message types.
gi : the key of messagei (i=0~K-1).

The broadcast messages are organized in the
broadcast channel using the PSA in the sequence
qo, qi, g2, ..., gK-1. Assume the accessed fre-
guencies of message qi (i=0~K-1) are sorted in
ascending order, i.e., message O is accessed most
frequently by mobile stations and gK-1 is accessed
least. Therefore, regarding to the broadcast chan-
nel, K regular polygons are formed. An efficient
way for a mobile station to find the desired mes-
sage is to seek the key from g0 to gK-1. For this
reason, the distance of qi to the nearest gi+1 is



recorded in the forward field of the extra informa-
tion of g (i=0 ~ K-2). A NULL symboal in the
forward field of gK-1 implies that the desired
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Figure 1. Structure of the broadcast channel
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Figure 2. The flowchart that a mobile station re-
ceives a desired message.
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Having synchronized with the system clock, a
mobile station extracts the key field of the broad-
casting message qi. If key qgi (i=1~K-1) is not the
desired message, the mobile station reads the
backward field which records the distance of gi to
the nearest g0 (the most popular message should

be looked for next), it then enters the doze mode
and starts counting according to the content of the
backward field and wakes up when g0 begins to be
broadcasted. If key qO is not the desired one, the
mobile station returns to doze mode again then
acquires the nearest ql, the next most popular
message. Eventually, g can be found if it is
broadcasted by the base station.

2.1. The Pinwheel Scheduling Algorithm
(PSA)

The concept of the PSA exploits an agorithm
which organizes messages in the broadcast channel
in a most symmetrical manner. Consider a broad-
cast channel possessing C time slots, in which one
kind of message has to be broadcasted m times, by
using PSA, the messages form aregular m polygon.
To broadcast K kinds of messages, mO, m1, m2, ...
mK-1 in C time dots, using the PSA, m0, ml,
m2, ... and mK-1 polygons would be formed as
regular as possible. If C is large enough, each po-
lygon would be a regular polygon. Consequently,
the messages placed in the time slots are dissemi-
nated cyclicaly by the base station. The mgor
purpose that the base station organizes the mes-
sages quantitatively and symmetrically is to im-
prove the access delay.

In a periodical broadcast channel with C empty
dots numbered SO, S1, S2, ... , SC-1, assume
message gi must be disseminated mi times (mi =
C). The slots occupied by message qi are num-
bered UO, U1, U2..and Umi-1, where
UO<U1<U2<...<Umi-1. To make the distribution
most symmetrical, the difference of a distance be-
tween any two adjacent slots of message must be
less than or equal to 1. The condition can be writ-
ten as follows,

(U -V ), -V )<L (1 =1~m -1 j=1~m 1] # j)
D

The positions of each occupied slot Ul (I = 0~
mi -1) can be represented as a series Su,

s,=[Ic/m] @)

When C >> mi, both the arranged messages and
the remaining empty slots can be almost symmet-
rical.

After one message type has been arranged
completely, the remaning empty dlots are
re-numbered and the same procedure is repeated
for the next message type. In the proposed strategy,
the most popular messages are arranged with the
best symmetry to improve the access time. For
non-popular messages, whether they are symmet-
rically arranged or not has little impact on the effi-



ciency.

When all kinds of messages have been organ-
ized in the broadcast channel sequentially, the dis-
tance between gi and the nearest gi+1 (i=0~K-2) is
recorded in the forward field of qi, and the dis-
tance between gi and the nearest qO is written in
the backward field of gi (i=1~K-1). Nothing is
recorded in the backward field of g0 since it is
never been referred. A NULL symbol is placed in
the forward field of gK-1 to show the mobile sta-
tion that the desired message is not found.

Since message g0 is disseminated mO times, the
distance between two adjacent dots is C/ moO,
therefore, the average number of slots for which g
(i=1~K-1) waits for the nearest g0 is C/(2m0).
Another attention, the average number of slots that
g (i=0~K-2) waits for the nearest gi+1, can be
figured out by the following explanation.

Consider messages gi and gi+1 to be broad-
casted n and m (n=m) times in possessing the C
time dots broadcast channel. Using the PSA, a
regular n polygon and a regular m polygon on a
circle are formed for messages gi and gi+1, re-
spectively. The relationships between n and m can
be written as follows,

n=[n/m|(n+m-[n/m|m)+(n/m]-(n/mm-n) G
let

a=[n/m]|, g=(n+m-[n/mlm), y =[n/m|-1 and & = (n/m]m-n).

The significance of &, 8, v, 6 aethat areg-
ular m polygon among its m edges there aref3
edges maps to ¢ vertices of a regular n polygon,
and there are & edges maps to y vertices of aregu-
lar n polygon. Consequently, the average number
of dots for which gi waits for the nearest gi+1 is

,BZ(|C/n+C/2n)+éZ(|C/n+C/2n)
T(n,m,C)=—=

n
2[(n+m (n/m}m) Z(|+1/2)+(]—n/m-\m n) Z(|+1/2)]

(4)

2.2. Themean tuning time

To analyze the mean tuning time and the mean
access time, more notations are defined as follows,

Ai : the number of accesses of message i
(i=0~K-1) in a tatistical duration.

A: the total number of accesses in a statistical

K-1
A= Z A
duration, i=0

TO: the average number of dots for which mes-
sage qi waits for the nearest g0 (i=1~K-1).

Ti: the average number of sots for which mes-
sage i waits for the nearest gi+1 (i=0~K-2).

Ci: the number of slots allocated to message qi,
where

G =ClATA Cy=-5|A1A))

The mean tuning time is the mean number of
dlots in which maobile station stays in active mode
multiplies the time spent to acquire the extra in-
formation plus a time for receiving the message.
Denote TMean_Tuning_Slot as the mean number
of dot in which mobile station stay in active mode,
then

T

Mean Tuning Sot —

e B e e SR R IR (L SRR )
+...+A<—A’ h +(K +])(1—£)]

Z(I+DA Z(I +)A°
:1+H)7,T

©)
where Ai/A is the probability of message qi ac-
cessed by a mobile station. When a new search
dtarts, the mobile station has to wait for a nearest
go if the acquiring key is not desired, then goes to
sleep to wait for a nearest gl if O is not the re-
quired one. Similarly, the mobile station holds
probability Ai/A to consume one tuning slot power
to find the desired message and holds probability
(1-Ai/A) to consume (i+1) tuning slot power.
Therefore, the mean number of tuning dots to ac-

2.3. The mean accesstime

The mean access time is the mean number of
slots for which mobile station spends to complete a
message accessing multiplies the dot time. Let
TMean_Access_Slot represent the mean number of
dots that a mobile station spends to complete a
message accessing, then

D2 AR a2

+ﬁ[ﬁ+(T ST AT Az)]+

T

Mean _ Access_ Sot
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N
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(6)

where

C 1
k1 = k1
ca-Y|AIAD) 20-Y[A7A]D
i=1 i=1
T,=T(C,.C,,C), T, =T (C,,C,,C), T, =T (C,,C;,C)....,

T, =

Tea =T(C2:C1,C)

The mobile station holds probability Ai/A to
spend one ot time to get the desired message and



holds probability (1-Ai/A) to spend TO + T1 + T2
+...+ Ti dots (can be solved by using Eq. 4).
Therefore, the mean number of dlots to access
message g is

A/A+ (T +T+T,+..+T)A-A/A

3. Numerical results

Assume that the knowledge of the key of each
kind of message is disseminated to mobile stations
by a specific broadcast channel when there is
message either being inserted into or removed
from the broadcast cycle. The key is essentially
related with the mobile stations to access the de-
sired messages. Chen, Y u and Wu [12] presented a
good solution to minimize the tuning time. Based
on the access frequency, they proposed methods to
build index trees and proved that the index tree
with fixed fanout has minimal tuning time. How-
ever, the access time was not discussed, and the
method of indexing mobile stations to acquire de-
sired messages was not explained either. To esti-
mate the efficiency of the proposed PSA mecha-
nism, we compare the tuning time and access time
of PSA to the index tree with 2 fixed fanouts
(Tld=2) [12] since the broadcast overhead (the
information assisting mobile stations to access
desired messages) of both mechanismsis the same.

Large degree of skewness (DS) implies that
variation of access frequency between message
types is large. In the numerical analysis, DS is
defined from 1 to 3 to respectively represent the
access frequency among disseminated messages to
be the same (i.e. AQ, Al, A2...are the same)), lin-
ear (e.g., AQ, Al A2, A3... are 1, 2 3,4, ...) and
exponential (e.g., A0, Al, A2, A3... are 1, 2, 4,
8,...). It is assumed that each broadcast channel is
divided into 500 time dlots so that each dissemi-
nated message can form either a regular polygon
or near-regular polygon on the broadcast channel
using the PSA.

Figure 4 shows the comparisons of the mean
tuning slots between the PSA mechanism and the
index tree with 2 fixed fanouts (T1d=2) versus dif-
ferent DS. As Figure 4 shows, the mean tuning
dlots the PSA mechanism spent is sensitive to the
DS but that of the TId=2 mechanism is insensitive
to the DS. When DS = 1, the PSA mechanism acts
as a linear search, therefore, the mean tuning slots
is approximately half of the message types. The
efficiency is improved obviously as the DS in-
creases. The PSA mechanism receives a better

efficiency than the TId=2 mechanism when DS = 3.

On the other hand, the mean tuning slots of the
Tld=2 mechanism is stationary on different DS
and increases slowly with increasing number of

message types.

The comparisons of the mean access dots are
shown in Figure 5. As explained in Figure 4, the
mean access dots of the PSA mechanism is sus-
ceptible to the DS but the T,4=2 mechanism is not.
When DS = 1, the mean access dots of the PSA
mechanism increases rapidly as the number of
message type increases. The mean access dots of
the PSA mechanism is improved when DS = 2.
The mean access dots of the PSA mechanism is
better than when DS = 3. In addition, the mean
access dots of the T \4=2 is approximately twice of
the message types since the number of broadcast-
ing messages constructed by the T,4=2 is twice of

the message types.
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4. Conclusion

A new broadcast mechanism supporting mobile
stations to achieve power conserving is presented
in this paper. The number of dots assigned to a
kind of disseminated messages is dependent on the
access frequency by mobile stations. Using the
PSA, al kinds of messages can be organized in the
broadcast channel in a most symmetrical manner.
Using the message searching algorithm presented
in this paper, mobile stations can receive their de-
sired messages with a low tuning time and access
delay. The numerical results show the mean tuning
time and mean access time can be significantly
improved when a larger skewed access frequency



exists among the kinds of message. The suggestion
made in this paper is. when the larger skewed ac-
cess characteristic exists among different type of
messages, to achieve power conserving, the system
may use the PSA to organize the disseminating
messages, and mobile stations can use the pro-
posed message searching algorithm to receive de-
sired messages, otherwise, the index tree mecha-
nism proposed by [12] provides a good solution.
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