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Abstract - Since widespread commercial use of wireless
technology is still many yearsoff, thereisvery little datato
determine what constitutes an accurate model for wireless
traffic. Many recent studies have shown that landline net-
work traffic doesnot follow atraditional Poisson model but
instead exhibitsself-similar behavior. Previouspapershave
introduced and analyzed the performance of fundamen-
tal classes of energy conserving protocolsunder traditional
Poisson models. In order to evaluate these protocols un-
der a distribution which might more accurately depict fu-
turewirelessnetwork traffic, we use simulation and proven
models to consider the trade-off between energy and delay
under a self-similar arrival distribution.

. INTRODUCTION

As new devices and services proliferate, there is ageneral lack
of knowledge about what the interarrival distributions of dif-
ferent types of traffic will be on future wireless networks. The
very recent deployment of these networks, changing user ex-
pectations as well as hilling and end-user device issues have
kept the industry from definitively pinning down the current
traffic profile, let a one understanding enough to predict future
use. However, what is well established through the market is
that end users typically expect the same applications, power
and connectivity in their laptop computers as they have on the
computer which sits on their desk. Therefore, a realistic esti-
mate of expected traffic on future wireless networksisamirror
of today’s landline network traffic patterns.

Traditional network modeling and analysis has relied on the
assumption of exponential interarrival rates and Poisson traf-
fic models. However, the ground-breaking work in [7] used
long, high resolution traces of Ethernet packets for the first
time to show that arrival rates of IP packets on a LAN ex-
hibit not Poisson, but self-similar behavior. This work has
been subsequently repeated many times in the literature to
show that self-similar behavior is common throughout many
typesof trafficincluding telnet , FTP[8], World-Wide-Web[1],
ISDN, and signaling (SS7) traffic [3]. This presents a funda-
mental challenge to the networking community as self-similar
processes have dramatically different characteristics than tra-
ditional Poisson traffic models. In particular, self-similar pro-
cesses can be described by their characteristic of being scale-
invariant, meaning that a perfectly self-similar process on av-
erage looks exactly the same regardless of the time scale ob-

served. When posed in the context of traffic load, this means
that we see extended bursts of activity and inactivity regardless
of whether we look at millisecond, second, minute, or hour av-
erages. Thisisin dramatic contrast to Poisson processes which
have exponentially distributed, independent interarrival times
such that over long time scales, Poisson processes can be esti-
mated well by a constant mean rate.

It has been suggested that many theoretical protocols and
systems need to be reevaluated under this different type of
traffic distribution before practical implementations are con-
structed. In particular, given the limited energy and bandwidth
availability in wireless networks, insuring predictable and ef-
ficient performanceis of paramount importance. Research pa-
pers and commercial systems have introduced energy conserv-
ing access protocols which attempt to reduce the amount of
time a mobile node needs to have its receiver on (to reduce
energy), while not substantially adding to the access delay for
packets queued at the base station. These types of protocols
can be classified into three distinct groups similar to those de-
scribed in [2]. Protocols such as these are very important to
the success of a wireless device and are representative clas-
sifications of the variety of energy-conserving access proto-
cols used in devices from pagers to wide-area wireless data
modems. Since the wireless network transceiver can typically
use 15-30% of the power of atypical mobile computer [5], and
the battery’s energy not expected to substantial increasein po-
tential in the near future, it is of great importance to emphasize
energy-conservation of the wireless modem when considering
future mobile communication.

These energy-conserving access protocol s have been anal yt-
ically and experimentally evaluated in the framework of Pois-
son arrivals. To further consider the use of these protocolsin a
practical system, this paper addresses the energy vs. delay per-
formance of these protocols under self-similar packet arrivals.
We adapt theoretically proven models to our network model to
determine if these classes of energy-conserving access proto-
cols continue to give substantial savingsin energy while keep-
ing additional delay costs within reasonable bounds.

In the next section we present a definition of self-similarity
and discuss a proven simulation model. Next, we summarize
three classes of energy-conserving access protocols protocols
as an introduction to the simulations. We then consider the
results and discuss their implications.



Il. SELF-SIMILARMODELS

Self-similar processes can briefly be described by their charac-
teristic of being scale-invariant. A perfectly self-similar pro-
cess on average looks exactly the same regardless of the time
scale observed. A wealth of literature on self-similar phenom-
enahas beenindexedin [9].

The degree of self-similarity of a process is typically de-
scribed by the Hurst parameter (H). H isbetween 0.5and 1.0,
where 0.5 represents non self-similar behavior and the closer
to 1.0, the more long-range dependent the processis.

A continuous time stochastic process X (t), is then self-
similar if a=H X (at), has exactly the same second-order statis-
ticsas X (t) forany real a > 0 and Hurst parameter 0.5 < H <
1.0. Theideaisthat adirect scaling of timeresultsin arelated
scaling of the series regardless of what scaleis chosen.

A discrete-time definition of self-similarity follows accord-
ingly. If we have a wide-sense stationary process X ;, then the
autocorrelation of the function depends only upon the lag k.
Let Xt(m) be aggregated versions of the same time series, in
other WOFdSX,Em) =1/m(Xkm-m+1+--.+ Xgm). Thepro-
cess is then exactly self-similar if the second-order properties
of Xt(m) are the same as those of X;:

Var(Xt(m)) = V%(;(t) )
Ryom (k) = Bx, (k) )

Where H =1 — 3/2.

A dlightly weaker definition is the following: a process is
asymptotically self-similar if its aggregated version hasthefol-
lowing properties:

Var(Xt(m)) = V%(;(t) ©)
Rxfm) (k) = Rx, (k)asm — oo 4

In other words, as we average over larger and larger blocks
of sizem weloose some small-scaletransientsin the signal and
are left with another process with the same properties. Thisis
the point of divergence from traditiona traffic models. When
averaged over the long term, a Poisson process will tend to a
constant with some added noise, and result in an autocorrela-
tion of 0 and a variance which decreases as 1/m. The self-
similar process exhibits long-range dependence in that auto-
correlations can be seen over avery wide range of lags (k).

A.  Modeling Self-Smilar Traffic

Due to the time-dependent nature of self-similar processes, it
is currently not possible to analyze with any sufficient detail
the effects of self-similar processes in queueing system anal-
ysis. However, it has been shown through trace data [11] and

also proven [10] that concise modeling of self-similar traffic
can be achieved by the aggregation of alarge number of ON-
OFF packet train sources. The ON-OFF states are strictly al-
ternating where ON represents a state where packets are gener-
ated according to some regular rate, and OFF represents a state
where no packets are generated. The length of time in which
each train spends in either the ON or OFF state should be se-
lected according to a distribution which has long-range depen-
dence. That is, a distribution where the amount of time spent
in the state can be very large with a non-negligible probability.
The Pareto distribution (F'(z) = 1 — 2~%, withl < a < 2)
has been found to fit very well to the actual distribution of ob-
served packet trains. The long-term correlations which result
from using this distribution are synonymous with the Noah ef-
fect, and is the main point of departure from traditional traffic
models. Traditional models such as Poisson distributions show
short scale correlations while the Noah effect suggests long
scale correlations. As discussed in [11], values of a = 1.90
and o = 1.25 for the ON-time and OFF-time Pareto distribu-
tions match well with observed data and are therefore used for
our simulations of 1000 individual packet trains.

1. NETWORK MODEL AND ENERGY-CONSERVING
PROTOCOLS DESCRIPTION

For purposes of evaluation of energy-conserving protocols, we
consider a single cell system where a base station communi-
cates with NV nodes through a radio channel of bandwidth B.
The communication is packet-oriented. We assume the time
to be dotted and the base station’s transmissions to be syn-
chronized to the beginnings of slots. The packet length ¢ is
constant, and exactly one packet can be transmitted during one
dot. In this model, we do not explicitly treat transmission er-
rors.

We define an access protocol as consisting of two compo-
nents: a transmission scheduling strategy at the base station
which in each dot selects a packet for transmission from the
arrival queue, and a wake-up schedule at each node which de-
termines the sots in which the node is awake. In general,
the transmission scheduling strategy can take into account dif-
ferent parameters. the number of packets in the queue, the
packets ages, as well as the wake-up schedules of their des-
tinations. In the protocols discussed here the “oldest packet”
criterion is generally adopted to help meet the application de-
lay requirements. We next review three classes of protocols
for constructing efficient wake-up schedules as originaly de-
scribed in [2]: grouped-TDMA protocoals, directory protocols,
and pseudo-random protocols.

A.  Grouped-TDMA Protocols

Very similar to the technique used by pagers, nodes are divided
into m digjoint groups, with the cardinality of each group dif-
fering by at most one node, and assign (reserve) each slot of a



TDMA cycleto aunique group. Thisincreases the average en-
ergy consumption per slot over traditional (one node per slot)
TDMA by the cardinality of the groups, but decreases the av-
erage delay since thereis agreater probability that a node will
be awake soon after a packet for it has arrived at the basesta-
tion. The optimal selection of this group size is important for
receiving the best energy and delay performance of this class
of protocoals.

B. Directory Protocols

Variants of the directory scheme are used by a number of wide
area wireless data services as well as 802.11. In our version
of the directory protocol, the base station aways waits for a
group of k packetsin the queueto accumulate. The base station
then transmits a list or directory of the k& packet destinations
before transmitting the packets in the subsequent slots. The
nodes are al awake during the transmission of the directory,
and can therefore schedul e their wake-up slotsto coincide with
the broadcast of their packets. When there is ho group being
currently transmitted, the nodes wake up periodically every v
dotsin order to give the base station an opportunity to start the
transmission of a new group.

The choice of the parameter k& depends on the load and must
take into account the trade-off between the increase in the de-
lay due to alarger k& and the energy savings from more infre-
guent broadcasting of directories. Additionally, the parameter
v should depend upon £ and the load. A system with small
value of v and a low load will have the nodes waking up fre-
quently until enough packets have accumul ated at the base sta-
tion, while a large value of v will incur an increase in delay
before the start of group’stransmission.

C. Pseudo-Random Protocols

The pseudo-random protocols are a new class of protocols
based on deterministic (pseudo-random) schedules which pre-
serves the power of randomization for fairness, while provid-
ing the advantages of determinism, i.e., the base station’s abil-
ity to predict nodes' state in each slot. In this class of proto-
cols al nodes run the same pseudo-random number generator
and determine their state (awake or asleep) at each slot based
on a probability p and the stored state of the random number
generator. In order to avoid a complete overlap of the wake-up
schedul es, the pseudo-random generator of each nodeisinitial-
ized using a unique seed, which is known at the base station.
Therefore, by using the same pseudo-random number genera-
tor it is possible for the base station to determine the schedules
of the nodes it wants to transmit to. The base station can ini-
tiate changes in the value of p as a function of the load, the
number of nodes, etc.
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Figure 1: Grouped-TDMA Performance, Gaussian Destination
Distribution (u = &, = 10N)
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IV. RESULTSAND DISCUSSION

Figures 1 through 3 depict the performance of the protocols
under two different types of arrival processes. The individual
points on the plots depict the energy vs. delay characteristics
of the protocols when 100,000 packets are generated for 100
nodes by aself-similar arrival process, while the solid line rep-
resents the performance under a Poisson arrival processfor the
same simulation parameters. The self-similar arrival process
consists of 1000 individual packet train sources, each generat-
ing packets for asingle node. The ON and OFF times, as well
as the packet generation rate of the self-similar process have
been scaled so the average arrival rate of packetsis 0.77 pack-
ets per dot, well within the 1 packet per slot capacity bound
of our model. We have verified that this rescaling indeed still
shows self-similar characteristics, though understandably the
emergent self-similar behavior shown in the typical variance
and R/S tests beginsto occur at alarger aggregated block size.

In the research which experimentally determined network
traffic to be self-similar, it was aso determined that a large
percentage of the traffic was addressed to a small number of
destinations. Thisis an intuitive result as some machines may
be routers, servers or simply used by someone with a greater
number of network-based applications. It gives validation to
the previous interest in protocol performance under clustered
traffic shown in the original energy-conserving protocol pa
pers. Therefore, we began with simulations with uniform traf-
fic loads per each node to identify how the burstiness affects
the protocols, and then progressed to a Gaussian distribution
representing a possibly more typical traffic load. The simula-
tions with uniform traffic load are not shown in this paper, but
show nearly identical results.

It is easy to see from the simulation results that self-similar
traffic does not have a substantial effect on the average per-
formance of the protocols. This can be intuitively explained
by considering the underlying processes that created the self-
similar distribution and keeping in mind that a performance
change will only occur due to an increased backlog of packets
a the queue. Each individual node has relatively few traffic
streams associated with it. In each of these streams, single
packets arrive according to a fixed rate. For example, in the
presence of auniform traffic distribution with an aggregaterate
of 0.77, asingle node's packet queue sees 10 individual packet
streamswherethe “ON” state generates arrivals approximately
once every 500 dots. It is therefore an extremely rare occur-
rence for two packets to arrive within a short amount of time
for destinations that have with overlapping wakeup schedules
(or the same destination). Although the traffic process seen
by the base station is self-similar, the protocol performanceis
mostly determined by the states of the individual mobile node
gueues at the beginnings of each slot.

Since al of the energy-conserving protocols are based on
a cyclical schedule which is very short in comparison to sim-
ulation length, we would expect that the performance of the

protocols would be most affected with changes in the short-
term statistical structure of the traffic. As can be seen visu-
aly in previousfigures, the short term performance of the self-
similar traffic is very similar to that of the Poisson distribution.
If we were to allow packet losses due to buffer overflows or
arrivals which consisted of more than one packet we may see
effects on the average delay characteristics on the protocols by
backlogs at the buffers. However, adding these features to our
model would change the performance of the Poisson models
aswell and not necessarily add to the determination of energy-
conserving abilities of the protocols. It is aso expected that
we should be able to handle some of the occasional burstiness
simply through dynamic handling of the protocol parameters.

It should be noted that we are interested in considering the
average delay and energy performancein these plots. Figure 4
depicts the average and maximum queue lengths at the base
station for the simulation of Figure 3. These aggregated queue
lengths are a reflection of the overall delay performance. We
seethat achangein traffic arrivals does not change the average
gueue length, though the maximum queue length has a much
wider variation for the self-similar distribution. Thisis dueto
thelarger-term variation in the arrival process, though since we
arewithinthe onearrival per slot capacity bound of the system,
the average rates are the same. This reasoning can aso be ap-
plied to explain why the top-most self-similar data points in
Figure 2 do not match the Poisson data points as well as other
protocols. These points occur for the directory protocol when
k = 4. Since this means that, on average, a directory will be
broadcast every 5th dot, so for an average arrival rate of 0.77
packets/slot, we are just at the edge of capacity of the system.
A long-term rise in the average rate would create backlogs at
the queue for extended periods.

We can generally state that that the self-similarity is mani-
fest on atime-scale which is much greater than that of the pro-
tocol so that the long-term variations in the arrival process to
not substantially effect the protocol performance except in ex-
treme situations. Literature such as[4] has pointed out that the
time-scal e of self-similarity vs. the protocol under study signif-
icantly effects whether long range correlations create changes
in performance. In arelated work, [6] showed that buffer occu-
pancy of VBR traffic is not affected by the long range depen-
dence if the busy time is not large, and these queues can still
be accurately modeled by Markov processes.

V. CONCLUSIONS

The future of wireless packet data traffic cannot be easily esti-
mated due to the constantly changing nature of applications
and end-user devices. However, it is reasonable to believe
that wireless data services will have demands placed on them
which are similar to landline networks. Many landline traffic
types and network models exhibit self-similar traffic distribu-
tions which show a different statistical properties from tradi-
tional Poisson traffic modeling.
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cesses

We have verified through simulation that self-similar traffic
arrivals do not have a substantial effect of the energy vs. de-
lay characteristics of these energy-conserving protocols. The
reasons for this are based on small number of multiple packets
arriving at the same time for a single queue and the depen-
dence of the protocol only on asmall subset of queued packets
in each time slot.

The energy-conserving protocol s proposed are not complete
networking protocols and must be combined with other net-
work and link level layers for a complete mobile system. Al-
though other layers of the networking protocol may be affected
by self-similar traffic, it isinsightful and adds to the utility of
these protocols to know they will not degrade in performance
with achangein traffic arrival statistics to what is seen in land-
line networks.
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