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Abstract that there is a trade-off between energy, maximum throughput
and delay. If we allow a single acknowledgment to act as a
Mobile communications implies reliance on a self-containegbply to a large number of sent packets, acknowledgments will
portable power source, error-prone fading radio channels asglsent less frequently, resulting in a lower energy expenditure.
subsequent need for acknowledgments. We propose tehough buffering at the mobile node allows the throughput
energy-conserving variants of the Selective Repeat ARQ peapacity to be unaffected by the reduced amount of feedback
tocol, which reduce the number of acknowledgments sent fpythe presence of errors, this energy-conserving approach can
the mobile node. The protocols are compared to previously dgwever result in additional access delay to packets queued at
scribed energy-conserving Go-Back-N ARQ protocols as welle base station.
as classical approaches and shown to maintain favorable delayhe traditional transmission of one acknowledgment for ev-
and throughput performances. ery packet makes classical sliding window schemes inappro-
priate for energy conservation over the base station to mo-
. bile node link. The idea of combining multiple outstanding
1 Introduction acknowledgments into one acknowledgment has been intro-

L . . uced previously to combat TCP/IP performance problems in
Itis widely recognized that energy management is one of thg asymmetric channel [2, 3]. These studies did not take into

most im_p_ortant res_earch areas in mobile computing today. I%ﬂ:’count the energy saved by reducing the number of acknowl-
ergy efﬂ_ment solutl_ons POSSESS many advantgges, such ase&%’ments, and generally were used by the mobile nodes to
duced size and weight of the device, lower maintenance C°§Eﬁ1ply remove redundant acknowledgments from backlogged

and a reduced environmental hazard. link queues. [1] proposed a completely new link-level wire-

. u
A number of energy conserving access protocols have befé)g's protocol which described combining acknowledgments
recently proposed. [4] presents an overview of many of theﬁ)

| h hods f h ’ 1 multiple packets for the purpose of energy conservation
protocols. These methods focus on the energy savings ay, Ut did not explicitly consider the energy vs. delay or energy

able by reducing the amount of time the mobile receiver & - yhqughput trade-offs, nor evaluate the effects of varying

ON while att'emptlng to not significantly add to the time reiWe number of packets acknowledged at once.
quired to receive the data. Access protocols rely on acknowl-

edgments to verify the successful reception of messages. Mo-
bile computing increases the difficulty of communications d
to the highly-variable properties of radio channels. Lﬁ &/Stem Model and Protocols De-
In order to ensure reliable, verified error-free delivery of ~ SCrIpPtion
data in the presence of multipath fading, automatic repeat re-
guest (ARQ) schemes are used to synchronize and ackndie consider a system where a base station communicates with
edge the transmission of data between the base station amdobile node through a radio channel of bandwiBthThe
the mobile node. As uplink transmission can typically usaodel is easily generalized to represent a multi-station envi-
twice as much energy as reception [7], it is important to resnment each with multiple nodes, by replicating, without re-
alize that this can require substantial energy expenditure fratniction, the single base station model. We assume the com-
the mobile node. Since mobile nodes are portable and usmanication to be packet-oriented, the time to be slotted and
self-contained power source, ARQ schemes need to be foulnel base station’s transmissions to be synchronized to the be-
which minimize the amount of energy (transmissions) spegithnings of slots. The packet lengths constant, and exactly
on verification of message reception. one packet can be transmitted during one slot. To mitigate the
In this paper we propose two nesmergy-conserving vari- adverse effects on performance due to time-correlated multi-
ants to the classical Selective Repeat ARQ protocol, desigmeadh fading while limiting the energy used for uplink commu-
for reducing the amount of energy required by a mobile nodgication, the mobile node acknowledges the packet transmis-
In designing an energy-conserving ARQ scheme, we obsesien status (correct/incorrect) and the base station retransmits
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the lost packets according to @&nergy-conserving Selective ical models which evaluate the protocols under different chan-
Repeat ARQ protocoal. In this protocol, the mobile node con-nel scenarios in terms of the energy consumpfiband the
serves energy by acknowledging groups of packets sent by thaximum throughpu:

base station with a single acknowledgment. The acknowledg-

ments follow a Selective Repeat style of approach such that e average percentage of slots in which an acknowledg-
they include a plt—map denoting the reception status Qf all the ment is transmitted.

packets transmitted since the last ACK. The base station there-

fore only retransmits the incorrectly received packets.

In the first type of energy-conserving ARQ protocdin-
dowed Feedback with Selective Repeat, acknowledgments are
sent in response to a group (or “window”) df packets, a du-
plicate packet reception, or the occurrence of a time-out. Since
packet buffer space at the base station should not be freed untiVe model both the downlink and uplink channels as Gilbert
it is known that the packet was received error-free at the mobileannels [6]. The ability of this model to capture the behav-
node, these time-outs are set to occur when the time betwégrof a fading channel, independently of modulation, coding
two ACK /N AKs exceeds a fixed threshaldeither because techniques or packet length, was assessed in [9]. The pattern of
of extremely light traffic or extremely bad channel conditiongeedback and packet errors is then described by two indepen-
For this protocol, the transmitter acts according to the followdent first-order Markov models. Two stat€s(correct) and/
ing rules: (incorrect) represent the status of the channel during the cur-

e it sends packets in order, as long as they belong to tlt slot, while the transition probabilities can be easily com-

current window. When a window has been completefyuted and only depend on the normalized Doppler frequency
transmitted or a time-out occurs, the most recently transnd the steady-state packet error rate. We introduce the fol-
mitted packet is continuously retransmitted until an ACkowing notation:

is received.

n— the average number of new packets received per slot by
the mobile node in a scenario where the base station al-
ways has packets to send.

« upon reception of an ACK, the buffers associated to ttiey,w= — i the probability of moving from downlink channel
correctly received packets are freed. The transmitter win- ~ Statez to statew and from uplink channel stageto state
dow is then updated to the next W unacknowledged pack- Z in one slot.
ets.

In the Instantaneous Feedback with Sdlective Repeat proto- The technqug we use is similar to that adopted by Zorzi and
ao [9] and utilizes results of renewal reward processes and

e sk o o o s LEE1-I s akovprocesses € Tiree s arov
. ' ’ rocesses can be associated with an underlying Markov chain
negative acknowledgments to reply to out-of-order packet re- . s .
. 4 4 which tracks the channel/protocol state. The first semi-Markov
ceptions. The reception of a NAK triggers both the retransmis- . . .
) . rocess tracks the time spent in each state, while the second

sion of the erroneously received packets as well as an update ., . :
. . and third track the number of successful packet receptions and

of the transmitter window.

The behavior of the proposed protocols differs from thaettempted uplink transmissions. In the following we choose as

| | areference (renewal) an arbitrary stateof the Markov chain
Windowed back an_d Instantaneous F back Go-Back and use classic semi-Markov process theory to compute the
N protocols proposed in [5] by the actions performed by the
I : values ofp and E. From a fundamental theorem of renewal
base station in response to A0 K /N AK reception. A GBN
. L . _reward processes we have that
style of approach assumes indeed that no buffering is available

at the mobile node, in that each ACK/NAK contains the se- (r)

o : ) -1 R(r) _ E[B]
guence number of the first incorrectly received packet in the no =lme e = = E[D] (1)
window. Upon reception of an acknowledgment the base sta-
tion then retransmits, in order, all packets starting from packet E =lim, o 20 = % (2)
VE

For conciseness, the following analysis and simulation COphere R(7) and A(r) are the number of correct receptions
sidert to be large enough such that a time-out never occugnd the number of ACK/NAKs sent upto time E[A] and
An analysis which includes time-out considerations is covergdr] are therefore the average number of uplink and success-
in [5]. ful downlink transmissions per cycle, whilg[ D] denotes the
average length of a cycle. L&;, R; and A; denote the av-
. . erage time spent, the average number of receptions and the
3 AnalyS'S of the Energy-Conservmg average number of transmitted ACK/NAKs while in state
ARQ Protocols E[A], E[R] andE[D] can then be computed by averagifg,
R; andD; over the steady-state probability of being in state
To compare the performance of the proposed energ@nd dividing the result by the steady-state probability of being
conserving Selective Repeat protocols we next provide analytthe reference state.
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Figure 1: Windowed Feedback with Selective Repeat: flow

graph Figure 2: Instantaneous Feedback with Selective Repeat: flow

graph

3.1 Analysis of the Windowed Feedback with

; We represent the set of possible states with the vector
Selective Repeat
(Cc,1),(C1,1),(IC,1),(II,1),....{CC, W), {(CI, W),

The embedded Markov chain which models the proto- (IO, W), (I1,W),{CC", W), (CI', W), (IC", W) (II', W)

col/channel behavior is described by Fig. 1. & + 4
states are labeled by the current uplink and downlink channel

tat well as the number of transmitted kets in th rAII the state transitions are performed Inslot, so that
states as wefl as the humber of fransmitled packets €H = 1vi. we observe that any transition{6'C, i), (C1,1)

rent window. To take into account the case when all the pac 2rresponds to a new packet reception, whiledgfii trans-
ets in the window have been transmitted and the transmitteHFSsion is attempted only afteri& recep£ion

1t !
waiting for an acknowledgment, statgsy, 17') and(sf W), The average number of receptioRs associated to state

sy € {CC,CI,IC,II}, are introduced. Statds;, W) are . ! .
. . can then be found by averaging the receptions associated to
entered when all the packets in the window, exceptifor - . o o
the transitions from stateover the conditional distribution of

were successfully received, so that a correct receptidiy of o
the destinations.

increases the, counter of successfully re_celvgd p_acket_s. In ConAppIying a similar procedure to compute; we obtain:
trast, stategs’,, W) correspond to the situation in which no

new packets will be accepted by the receiver and the only stagg,, ., =Rii—3 = Raw_s = Rawq1 =p i<W-—1
of interest is a reception of packBt followed by successful R,; =R4j—1 = Raw-1 = Raw =7 1 <W-1
ACK transmission. Ryw 2 = Ryw42 = Raw+3 = Raw4+4 =10

We mark the state transitions with the corresponding transiy, = — Aaw 6 = Aaw 2 = Aaw o
tion probabilities. The transition from one state to a group of =p
states indicates that a transition exists from that state to ea@l),, _;.,; = Auyw_a44j =7 0<j<2
state in the group. The corresponding transition probabilitieg, =Ay=..= Aaw_s = Aaw_3
Pry,s;, COnsistently denote that the transition probability be- =Asw4+1=0

tween the source state and state’) of the group is given by
Pzy,wz-

The protocol acts according to the following rules: When
less thari¥ packets have been transmitted, a packet transns?2 | nstantaneous Feedback with Sdlective Re-
sion simply increases the counter of sent packets (transition peat
from (s;,i) to (sy,i + 1)). States(sy, W), (s;, W) corre-
spond to a cycle during which pack®t is transmitted and The different actions performed by the Instantaneous Feed-
ACKs are sent in response to every correct packet receptiback version of the protocol when a packet transmission is
Ifan ACK is received (state€'C, W), (CC',W)), the trans- unsuccessful are reflected in the Markov chain which models
mitter updates its window and starts sending the packets dha protocol behavior (Figure 2). Two more stat€&’’, i),
new window (transition tqs s, 1)). Otherwise, packelV is (CI',) are added for each value of the sent packets counter in
continuously retransmitted ( loop i s, W), (s, W)). Af-  {2,...,W — 1}. These new states represent the case of a cor-
ter the first correct reception &, no further packets can berect packet channel status in the event that one of the previous
received (loop in(s’;, W)). unacknowledged transmissions was unsuccessful.
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If all the packets transmitted up until the current slot wer  *
successfully received (statés'C, i), (C1,i)) and the packet
sentinthe currentslotis also successfully received, the cour
of received packets is incremented (transitiof@@, i + 1),
(C1,i+1)). Otherwise, &V AK transmission cycle is entered
(transition to statesCC’,i + 1), (CI',i + 1), (IC,i + 1),
(II,i+1)). Ifa N AK isreceived (stateC'C’, 7)) the transmit-
ter window is updated (transition to statgsC, 1),...(I1, 1)).
When the last packet in the window is transmitted, a cycle
entered where the protocol acts independently of the previg
history: A correct/correct state starts a new window transm
sion, while a correct packet channel initiates an uplink tran P %
mission. e s oi e e T o o 1

Let us represent the set of possible states with the vector Average Delay Per Packet (slots)
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((CC,1),(CI,1),{IC,1),(I1,1),(CC,2),(CI,2), Figure 3: Maximum throughput performance of the Selective
(IC,2),(I1,2),(CI',2),(CC",2),(CC, W), (CI,W), Repeat and GBN energy-conserving ARQ protocols in fast
(IC, W) (I1,W),(CC', W), (CT W), (IC", W), (ar, wy)  1ading.

All the transitions take place in one slot.  Since °* e A W s et
an ACK/NAK transmission is attempted whenever if os - Windowed ACKs with Selectve Repeat
(CcC, Wy, (CI, W), (CC',i), (CT',i), and a new packet is
received every time the packet channel is correct and not
the packets in the window have been received, we obtain:

—=— Instantaneous ACKs with Go-Back-N

-# --Windowed ACKs with Go-Back-N

Energy (Avg. Number of ACKs sent per slot)

Ry = R> = Rei—1 = Rei = Rei+3 o5
= Reita = Rew 7
:RGW_3=p 1§i§W—2 o4 b
R; = R4 = Rgi41 = Reit2 03
=Rew-5 =Rew-_a =T 1<i<W =2 02 3
Rew-6 = Rew-2 = Rew-1 = Rew =0 /
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AS = A4 = A6i+1 = A6i+2 Average Delay Per Packet (slots)
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=Aew-a=Asw-1=Asw =7 1<i<W -3  Figure 4: Maximum throughput performance of the Selective

Ay = Az = Agi—1 = Api = Asita Repeat and GBN energy-conserving ARQ protocols in slow
= Aew-s = Asw-7 = Asw—3 fading.
=0 1<i<W -3
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4 Results

0.35

In order to compare the relative performance of the two pr
posed protocols and their energy conserving properties o
both their energy-conserving GBN counterparts and the tra
tional ARQ schemes, we study the maximum throughput
energy (Figures 3 and 4) and delay vs. energy (Figures 5 g
6) trade-offs for varying traffic load and fading characteristic S
The plots displaying the maximum throughput performang ™ ocs e e e
were generated from numerical evaluation of the analytic
models, while simulation of the reception of 500,000 pack ~ ° " F, O rerckeson
ets arriving according to a Poisson process with a rate o
A = 0.3 was used to address delay considerations. For vRlgure 5: Energy vs. Delay performance of the Selective Re-

idation purposes, we ran simulations using an assumptionpefat and GBN energy-conserving ARQ protocols in fast fading
infinite packet availability which matched computationally de-

rived analysis results to within 2% of all values.

03
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—0— Instantaneous ACKs with Selective Repeat

0.45 ©--Windowed ACKs with Selective Repeat

reduced frequency of fading periods, which causes a smaller
number of instantaneous ACKs to be sent. Itis easy to see how
a Selective Repeat style of approach results in significantly
improved performances over the GBN ca62% throughput
capacity increase of the Instantaneous Selective Repeat over
the Instantaneous GBN & = 0.26 and in fast fading). In
slow fading the performance difference between these two ap-
proaches decreases since the longer periods of deep fades of
the downlink result in less frequent buffering of out-of-order
swmal | packets.

e If we consider the average packet delay we see that both
° T e a o . protocols can achieve a similar reduction in energy over the

Average Delay Per Packet (slots) classical ARQ scheme while not strongly affecting the time
) ) necessary to deliver the packets. In particular, as we move
Figure 6: Energy vs. Delay performance of the Selective Rggm fast fading (Figure 5) to slow fading (Figure 6), we can

peat and GBN energy-conserving ARQ protocols in slow fadae an increased performance advantage of using the instanta-

ing neous ACK versions of the protocols over the windowed ver-
sion with the fast fading. Similar to the throughput perfor-
mance, faster fading requires a higher energy consumption of

The fading environments displayed in the figures are ch&€ instantaneous protocols because of the increase in chan-
acterized by a steady-state packet error rate ef 0.3 and nel state transitions. The Selepnve Repeat. protocols always
normalized Doppler frequencies of 1.0 and 0.02. These valf§perform the energy-conserving GBN variants, though the
have been used previously in the literature and experimentdlifférence decreases when the fading speed decreases.
verified to be reasonable. In a wireless network operating at
900Mhz, with packets of length 1000 bits, and a bit rate .
100kbps, these values correspond to a mobile node movingt Conclusions

speeds of 33 m/s (fast fading) and 0.67 m/s (slow fading). The .
propagation delay is assumed to be negligible. The access@etiS Paper we have proposed two variants of the Selec-

lay, as plotted along the x-axis of Figures 5 and 6, is defined @€ Repeat (SR) acknowledgment protocol designed for en-
the number of slots between the arrival of the packet at the b&EgY conservation at the mobile node. It was shown that it is

station and the time when it is successfully received in-ordpSSiPle to save a substantial amount of the energy used for
by the mobile node. the transmission of acknowledgments without sacrificing the

Individual points on each of the lines in the plots were gerti_mely reception of error-free data. In particular, it was shown

erated by changing the size of window, such that each pom?t under a variety of conditions, the proposed protocols re-

represents the next consecutive window size. It is easydice the energy consumption by more t5af over the clas-

see how both the two protocols achieve a substantial decre3iS8! Selective Repeat without substantially affecting either the
in energy consumption over the classical versitin = 1) 2access delay or the throughput capacity.
without increasing the average packet delay beyond reason-
able application delay constraints nor substantially affecti
the throughput capacity. rﬁefer ences
In Figures 3 and 4 we can see that the trade-off betwe
energy conservation and throughput for each of the protoco
varies with the fading speed. The Selective Repeat energy-
conserving protocols show a higher throughput capacity for
higher values ofi¥/, since we are requiring retransmission
only of the packets in error while reducing the likelihood of[ ]
needless retransmissions at the end of a window due to lost
acknowledgments. The performances of the Windowed and
Instantaneous Feedback versions of the Selective Repeat pro-
tocol are similar for small window sizes (and therefore lower3]
energy-conservation) and then diverge as a greater number of

—+— Instantaneous ACKs with Go-Back-N

0.4 +--Windowed ACKs with Go-Back-N
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