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Energy Efficiency of Media Access Protocols for Mobile Data Networks
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Abstract—As mobile terminals are powered by a finite battery energy efficiency (as defined in [2]) is used here as a more
source, energy constraints play a major role in the design of appropriate metric than just battery life. As a simple example
wireless communications systems. In this letter, based on au¢ anpjication, we compare various versions of a specific media
general analytical framework, we study the energy efficiency of tocol and ble t th lati dvant
a class of multiple access schemes, using the average numbeflcCESS Pro QCO an arg able 1o assess the relalive advan ages
of correctly transmitted packets for a given amount of allocated Of @ach version depending on the parameters that characterize
energy as an appropriate metric. We show that a good choice of the wireless channel.
the protocol rules can significantly improve the energy efficiency.

Index Terms—Energy efficiency, media access. Il. ENERGY EFFICIENCY ANALYSIS

In an energy constrained environment, when the channel
|. INTRODUCTION is bad over a long period of time, continued transmission of

ORTABLE user terminals for mobile communicationéjata packet_s in a message or repeated transmission of data

must rely on limited battery energy for their Operationpackets until success may lead to.wa}sted energy due to many
The design of protocols for such applications must consid%'?sﬁccessml dataf packet tlrar;snjlssm;\s. Orl‘ the other hand,
judicious use of the available energy resources, and sholjldthe Presence of a rapidly fading channel, error recovery
exploit the characteristics of the wireless environment towaldrough retransmission may prove to be beneficial. In order to
improved efficiency. In particular, error correlations (naturallwmpare thg energy pgrforme_mce of t_hg various protocols under
present in wireless channels) introduce memory which cdfiTerent fading scenarios using a unified metric, we study the
in principle, be exploited for a variety of purposes, includin§"€rdy efficiencyf a protocol, which was introduced in [2] as

energy conservation. total amount of data delivered
Recent research results which take a broad view of energy

management are presented in [1]-[5]. It has been recognized

that energy conservation is a task which should be performed/Ve assume here that the protocol evolution can be tracked
at all levels of the protocol stack (and not only limited t®y means of a Markov chain with finite state spage

the search for better batteries or lower-power circuits), so tHzef €xample, this is the case for a protocol with finite-state
it should be an objective in the design of a communicatiomgachine in the presence of Markovian errors, a situation which
system as a whole. In [1], Bambos and Rulnick study tHé @ good approximation of reality in a number of situations [6],

optimization of power control strategies to maximize th&]- By appropriately defining metrics on the transitions of this

battery life under QoS constraints. Energy performance ©fain, renewal reward analysis allows to compute throughput
error control schemes is studied by Zorzi and Rao [2], afld energy performance [2], [8].

by Lettieri et al. [3]. Let F;; be the transition probability from staieto statey,

In this letter, we focus on media access protocols f@nd letm; be the steady-state probability of the chain being
wireless data networks. The issue of energy consumptiEhStatei € 1. It is possible to define various semi-Markov
of media access protocols has been addressed in [4], anBr@cesses in which this Markov chain is embedded [8]. In
protocol designed based on energy conservation principles 8 geral,QconS|der two reward functiors(*) and R®), where
been proposed in [5]. Unlike those papers, where a detail&g; 7Rij) are quantities associated with transitign and let
analysis of the energy consumption performance of sonfé!)(7), R®(7) be the cumulative values of those functions,
protocols is carried out in an ad hoc fashion, here we consider., the total reward earned through the system evolution in
a general framework for such a study, based on Markdle time interval0, r]. From renewal theory [9], we have the
analysis and the theory of renewal reward processes, whioHowing fundamental result:
can be applied to a very broad class of protocols. Also,

1)

total energy consumed
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average throughput and energy consumption, respecfi@sly. slot ¢, then slott + 1 will be reserved for data transmission,
the other hand, the choidg®) = S and R? = C yields the which will be a success or a failure with probabilitand1—p,
energy efficiency of the protocol. Therefore, once the Markaespectively. Finally, if a data packet transmission occurred in
chain for the protocol evolution has been found, all the relevasibt ¢, then the message will end or continue with probability
performance metrics can be easily computed from the abovg.andg, = 1 — g4, respectively (i.e., geometic distribution
with meanl/g, is assumed for the message length). In the
. EXAMPLE OF APPLICATION former case, transitions will occur as from tidke state. In the
) N . latter case, the next packet transmission will be successful or
The access protocol considered in this letter can be viewgdy,ccessful according to the channel transition probabilities,

as a hYb“d protocol emp'OYing the S_IO'Fted ALOHA an% andq. The transition probability matrix for thieasicprotocol
reservation concepts (a detailed description of the protoqa| ihen be written as

can be found in [10]). Before transmission of a message, a

header packet is sent on a contention basis. The base station _ X, X, 0 0
notifies mobiles about the current channel reservation status 0 0 0 P 1-p
by broadcasting a busy/idle flag, which indicates that ths _ X, X X, 0 0 3)

channel is reserved if busy and that the channel is available
for contention if idle. A more articulated feedback information
may be needed for proper protocol operation, especially if the
capture effect is exploited (see [10] for details).

9aXo 9aX1 9aX> gap ga(1—p)
94Xo 9aX1 gaXo Gg(1—q) 944

. . The transition matrices of thED and theretransmission
In the basicprotocol, following a header packet success, all . .
rotocols are identical to (3), except for the last row. In

data packets in the message are contlr)uously sent regard ﬁgsED protocol, the slot after a data packet failure is made
of whether the data packets are received correctly or ngt,

. . available for contention, and therefore the fifth row of the
The recovery of such data packet errors is left to the higher_, .=~ ) o
matrix is the same as the first row. In thmetransmission
layer protocols. Therror-detect(ED) protocol reacts to data . . .
: ; . protocol, a data packet failure is always followed by its
packet errors by aborting the ongoing message transmissio

X . Hansmission so that the last row of the matrix is to be
(thereby releasing the channel to other users), and yields be@%{fmged t0,0,0,1 — q.q).

throughput when the channel fading is highly correlated. Theln all cases, only visits to state 4 correspond to successful
retransmissionprotocol, on the other hand, tries to recove{ransmissions’so thét, — 1 andS, = Sy = S5 = S5 = 0.2A

7 [ H i ’ - 1 — 2 — D3 — D5 — U
erroneous Qata packets by adopt.mg a "persist-untl succels)asy flag corresponds to a single packet transmission (the
retransmission strategy, and provides better throughput CMannel is reserved), whereas an idle flag corresponds to a
pared tobasicand ED protocols under fast fading conditions. '

) contention slot with an average number of transmissions equal
Detailed throughput and delay performance analyzes of th_(;ge)\N_ Therefore, since a busy flag will result in the system

protocols can be found in [10], [11]. The focus of thlsD Co . . .

o T - eing in state 4 or 5 and an idle flag will result in the system
contribution is rather on the energy efficiency performan Cing in state 1. 2. or 3. we can assian the eneray consumotion
which, even though mostly overlooked in the literature, iS 9 " ' 9 ay P

L . . . metrics: Cy, = Cs; = 1 and C; = Cy = C3 = AN.
crucial in a mobile radio environment. . . .
. Einally, since the model tracks the slot-by-slot evolution of
In order to adequately track the protocol evolution over

channel characterized by Markovian packet error process | € protocol, we have for the delay metrich = 1 for all 7.

[7] and instantaneous and error-free feedback, the followin € energy efﬁmency of dlffer_em protoco!s is the calculated
b%_usmg the appropriate transition matdXin (2).

five states are sufficient: 1) idle; 2) header packet success. . s .
o ) Figs. 1 and 2 show the energy efficiency as a function of the
3) header packet failure; 4) data packet success; and 5) data. . .
achievable throughput for the different versions of the access

packet failure. rotocol. The parameters considered in the plots are: number
Let N be the number of users and latbe the messagep N P . ; P .
of mobiles N = 10, fading margin/" = 5 dB, no capture,

generation probability of each user in each slot. Also,plet .

L average message length 10 packets. Each curve is generated
and ¢ be the conditional probabilities of a packet success varying the arrival ratej. Fig. 1 gives the performance
in slot ¢+ + 1 given a success in slot, and of a packet y varying - Hg. L 9 P

i i i ; ; . when the fading process &ow, i.e., the normalized Doppler
failure in slot¢ + 1 given a failure in slott, respectively, frequency fpT — 0.02. Fig. 2 gives the results when the
so thatPr = (1 — p)/(2 — p — q) is the average packet g yjpd = 00270 2 ¢

error rate [10]. Consider thbasic protocol. If slott is idle Iagm?] Issiézftcr:;ﬁ'né IID TaerOef;%s;:(f fre}at;)nndsrtw#; Il\)/lea?r,\lf)?/n
or contains a header failure, an idle flag will be transmittetgI phy P D

o .. parameters of the packet error process is detailed in [6]. Note
at the beginning of slot+ 1 and no data packet transmissio : .

) . . at at a carrier frequency of 900 MHz and a packet duration of
can occur in slot + 1. Assuming no capture in header packe

transmission, the system state in stet 1 will be idle with 0 ms, thefpT values of 0.02 and 0.64 correspond to mobile

o N . user speeds of about 2.5 km/h (e.g., pedestrian user) and 80
probability Xo = (1-A) * (no arrivals) header packet Successkm/h (e.g., vehicular user), respectively. The figures show that
with probability X; = NA(1 — A\)V=1(1 — Pg) (one arrival 9 » Tesp y: g

and paCket success), be"’_‘der paCket failurevith pmbab'“ty _ 2Note that here we can use a simplified approach where states instead of
X, =1- Xy — X; otherwise. If a header success occurred ifansitions are labeled, i.e., the transition metrics only depend on either the
origin or the destination. Also, header packet successes are not counted as
1Ergodicity of all processes involved will be assumed throughout. useful throughput.
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Fig. 1. Energy efficiency versus throughput for various protocolslaw Fig. 2. Energy efficiency versus throughput for various protocoldast
fading Normalized Doppler frequency,,T" = 0.02, number of users fading Normalized Doppler frequencyp,T = 0.64, number of users

N = 10, average message length ten packets, no capture, fading maryin= 10, average message length ten packets,

F =5 dB.

F =5 dB.

no capture, fading margin

for very small arrival raté A — 0) the throughput goes to zero 0.8 .

whereas the energy efficiency is maximum (no collisions). As

A is increased, corresponding to traveling clockwise along the 5 |
curves, the energy efficiency is degraded, whereas throughput

increases up to some optimal value bf(equal to1/N, as 3

discussed in [10]), after which it decreases due to too many & 0.6 | ,, ]
collisions. The knee of the curves is the desired operating point% )

for the system, and it is seen from Fig. 1 that for slow fading & 05 |

the ED protocol has the best throughput and energy efficiency, § | [e— nr=0(ED)

whereas the worst performance is achieved byr¢ti&ansmis- A—ar=1

sionprotocol. This was to be expected, since, in the presence of 04 ||~ ' ;‘:2

significant correlation between successive errors, aborting the a—anr=10

transmission may be the best thing to do. For example, if the vV nr = infinity (rebqg |

average length of an error burst is comparable to the average ~10° 107 10
message length, completing the message transmission after an normalized Doppler frequency, fpT"

error may lead to unsuccessful transmissions with consequegt s, Energy efficiency versus normalized Doppler frequerfey7. Pa-
waste of bandwidth and energy. Insisting on retransmissionrageterized retransmission with. = 0,1,2.5,10,00, number of users
the worst thing to do in this case. On the other hand, when tfle= 1t averade rg"tzisaflel/'i?gth 10 packets, no capture, fading margin
packet errors are almost independent, a single retransmission ' S
may lead to successful message completion, whereaBhe
strategy may unnecessarily abort messages. In this case, as
illustrated in Fig. 2, theretransmissionprotocol shows the
best performance, and theD protocol the worst. Therefore,
we may conclude that thED protocol is energy efficient for
pedestrian user speeds, whereasrétiansmissiorprotocol is
more efficient for vehicular user speeds.

plotted for the parameterized retransmission strategy as a
function of f,T". Note that this figure is the same as given in
[10] for the throughput performance, since in this case where
A = 1/N we haveC; = 1 for all ¢, and throughput and
energy efficiency coincide. The energy efficiency performance

As a refinement to theD and theretransmissiorprotocols, of the ED protocol is best when the fading is slow, and

instead of terminating the data transmission at the first instarf@rst when fading is fast. Under fast fading conditions, the
of a data packet failure (as in tH&D protocol), or repeatedly €N€rQy efficiency improves significantly compared to Eig

sending a data packet until success (as inréteansmission protocol even if only few retransmission attempts are allowed.
protocol), the base station could allow the mobile to resencE¥€n in slow fading, the parameterized retransmission strategy
lost data packet only up to a certain number of times (defingrforms well, close to th&D protocol’'s performance which
as a parameter,,. ), after which the mobile is asked to abort thds best in this case. In summary, from an energy consumption
data transmission. This is a generalized form of the protoc@Rint of view, a protocol which allows a limited number
which includesED (n,. = 0) and retransmission(n,. — oc) Of retransmission attempts results in good energy efficiency
as special cases. performance over a range of normalized Doppler frequencies
In Fig. 3, the energy efficiency curves, for the maximurfor equivalently, mobile user speeds) of interest. For example,
throughput performance point corresponding Xo= 1/N, the curve forn,. = 2 is very close to the envelope of all
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curves in Fig. 3, and can be seen as a reasonable compro- ATM networks,” in Proc. IEEE ICUPC’'97 San Diego, CA, Oct. 1997,
mise.
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