To appear at the IEEE 1998 Interntl Conf. on Universal Personal Communications (ICUPC '98), October 5-9, 19981

Energy-conserving Go-Back-N ARQ Protocols for Wireless Data
Networks

Imrich Chlamtaé, Chiara Petrioli, Jason Redi
¢ The University of Texas at Dallas, Richardson, TX, U.S{&hlamtac,radha}@utdallas.edu
® Universita di Roma “La Sapienza”, ltalpetrioli @dsi.uniromal.it
¢ Boston University, Boston, MA, U.S.Aredi @bu.edu

Abstract reply to a large number of sent packets, acknowledgments will
be sent more infrequently, resulting in a lower energy expen-
Mobile computer communications fundamentally implies retiture. However, errors on the channel can typically cause the
liance on a self-contained, portable power source and cofstransmission of many more packets leading to a reduction in
munications over an error-prone fading radio channel. In thisroughput and additional delay to packets queued at the base
paper we propose two energy-conserving alternatives to #iation.
classical Go-Back-N automatic repeat request protocol whichThe traditional transmission of one acknowledgment for ev-
allow a substantial energy saving over the traditional approagfy packet makes classical sliding window schemes inappro-
by reducing the number of uplink acknowledgments requiregkiate for energy conservation over the base station to mo-
while preserving good delay/throughput performance. bile node link. The idea of combining multiple outstanding
acknowledgments into one acknowledgment has been intro-
duced previously to combat TCP/IP performance problems in
an asymmetric channel [2, 3]. These studies did not take into
&ccount the energy saved by reducing the number of acknowl-

1 Introduction

It is common to consider energy conservation to be one of t gments, and generally were used by the mobile nodes to

top areas of necessary research in mobile computing today ply remove redundant acknowledgments from backlogged
En_ergy efficien_t SOIUti.O”S are essen_tial for reducing size aANMlink gueues. [1] proposed a completely new link-level wire-
welght of mobile devices, lower maintenance, and a redu@ess protocol which described combining acknowledgments
environmental hazards. . L for multiple packets for the purpose of energy conservation

Recently, methods for conserving energy by switching 9ff  iq not explicitly consider the energy vs. delay or energy
the receiver during the times it is expected not to be in uge throughput trade-offs, nor evaluate the effects of varying
have been proposed [4, 9, 11]. These methods focus on £ humber of packets acknowledged at once.

energy savi_ngs _available by reducing_the amoun_t O_f _time ¢ ®We next define our system model and the proposed proto-
mobile receiver is “ON”, while attempting to not significantly ols. We follow with an analysis of the maximum throughput

add to the time required to receive the data. All of these works | energy consumption of the protocols and present compar-
assume an ideal channel, such that transmission of a pa?;l R/te performance results
i\ .

from the base station, to a node whose receiver is “awake” |
always successful.

However, the concept of mobile computing implies not onl
reliance on a portable, self-contained power source, but also%n SyStem Model and Protocols De-
increased difficulty of communications in the highly-variable ~ SCr1ption
radio channel. In order to ensure reliable, verified error-free
delivery of data in the presence of multipath fading, automatige consider a system where a base station communicates with
repeat request (ARQ) schemes are used to synchronize amdobile node through a radio channel of bandwiBithOur
acknowledge the transmission of data between the base statimulel consists of a single base station sending data to a single
and the mobile node. As uplink transmission can typically useobile node. However, it is easy to see that the same can be
twice as much energy as reception [8], it is important to realizeplicated, without restriction, in a multi-station environment
that this can require substantial energy expenditure from thach with multiple nodes. Communication is packet-oriented.
mobile node. We assume the time to be slotted and the base station’s trans-

In this paper, we propose and evaluate twoergy- missions to be synchronized to the beginnings of slots. The
conserving variants to the classical Go-Back-N ARQ protopacket lengthe is constant, and exactly one packet can be
col. When designing an energy-conserving ARQ scheme, wansmitted during one slot. To mitigate the adverse effects
observe the following trade-off between energy, delay ama performance due to time-correlated multipath fading while
throughput: If we allow a single acknowledgment to act aslianiting the energy used for uplink communication, the mo-
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bile node acknowledges the packet transmission status (coM/e model both the downlink and uplink channels as Gilbert
rect/incorrect) and the base station retransmits the lost packannels [7]. The ability of this model to capture the behavior
ets according to aenergy-conserving ARQ protocol. In these of a fading channel, independently of modulation, coding tech-
protocols, the mobile node conserves energy by acknowledigues or packet length, was assessed in [12]. The pattern of
ing groups of packets sent by the base station with a sinfgedback and packet errors is then described by two indepen-
acknowledgment. The acknowledgments follow a Go-Back-déent first-order Markov models. Two stat@g(correct) and !
style of approach such that there is no buffering of out-of-ord@ncorrect) represent the status of the channel during the cur-
packets by the mobile node. rent slot. The transition probabilities matricksp (x) = MF

In the first type of energy-conserving ARQ protocdin- andMy(z) = M are given by:
dowed Feedback with Go-Back-N, acknowledgments are sent
in response to a group (or “window”) ¥ packets, a dupli- Mp = ( P q )
cate packet reception, or the occurrence of a time-out. Since r.s
packet buffer space at the base station should not be freed until
itis known that the packet was received error-free at the mobile a b
node, these time-outs are set to occur when the time between My = ( d >
two ACK /N AKs exceeds a fixed threshaldeither because ) -
of extremely light traffic or extremely bad channel conditiond/herép = 1 — ¢ (r = 1 — s) is the probability that a packet

For this protocol, the transmitter acts according to the folloy@nsmitted in the current slot of the downlink channel would
ing rules: be received correctly given that a packet transmitted in the pre-

vious slot would have been received correctly (incorrectly).

e it sends packets in order, as long as they belong to the, similarly depicts these probabilities in reference to the
current window. If the transmission of the last packet ifiplink channel. The transition probabilities can be easily com-
the window (i.elV) is not acknowledged, packét’ is puted and only depend on the normalized Doppler frequency
continuously retransmitted until such an event occurs. and the steady-state packet error rate. We introduce the fol-

« if no acknowledgment has been received during the 148¢Ving notation:

¢ slots, the last packet is retransmitted until an ACK is, . — is the probability of moving from channel statg to

received. channel state)z
e upon reception of an ACK), it goes back to packet,
retransmitting in order all packets frogjn The window Payw: = Mplz, w]Myly, 2]

range is consistently updated (frgto j + I'). Three semi-Markov processes can then be associated with

In the Instantaneous Feedback with Go-Back-N protocol the an underlying Markov chain which tracks the channel/protocol
receiver acts as in the Windowed Feedback case, but alsostate, similar to the approach in [12]. The first semi-Markov
acts to out-of-order packet receptions with a NAK transmigrocess tracks the time spent in each state, while the second
sion. The transmitter window is therefore updated by eithemad third track the number of successful packet receptions and
NAK or an ACK reception, and a time-out occurs at the m@ttempted uplink transmissions. In the following we choose as
bile node (base station) when no type of acknowledgment wageference (renewal) an arbitrary stafeof the Markov chain
sent (received) during the previouslots. and use classic semi-Markov process theory to compute the

For conciseness in the ensuing analysis and simulation values ofy and E. From a fundamental theorem of renewal
sults we have consideredo be large enough such that a timereward processes we have that[10]
out never occurs. An analysis which includes time-out consid-

erations is covered in [5]. n o =lim o @
_ E[R]
~ E[D]
3 Analysis of the Energy-Conserving 1 A
E =lim, =
ARQ Protocols e T
~ E[D]

To compare th? performgnce of the two ARQ protocols erl-hEVER(T) and A(r) are the number of correct receptions

poseq we provide analytical mod.els which evaluate them Ui the number of ACK/NAKS sent upto time E[A] and

der different channel scenarios in terms of the energy Coprp are therefore the average number of uplink and success-

sumptionf, as well as the maximum throughppt ful downlink transmissions per cycle, whilg[ D] denotes the

E— the average percentage of slots in which an acknowledyerage length of a cycle. L&;, R; and A; denote the aver-
ment is transmitted. age time spent, the average number of receptions and the aver-

] age number of transmitted ACK/NAKs while in stateThen
n— the average number of new packets received per slot\R¥ nhave

the mobile node in a scenario where the base station al- b
ways has packets to send. E[D] = Zimb
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E[R] = ZWLR and receiver windows then synchronize and the first packet
"’ in the new group is transmitted. If this transmission is suc-
cessful (transition to staté€’/C, 1), (C'/I, 1)) the receiver in-
E[4] = Eﬂ;f‘ creases the next packet counter; otherwise (transition to group
o (s’f, W) in W slots) subsequent correctly received packets are
Wherer; is the steady-state probability of being in state ~ discarded and no action is performed until the last packet in
the window is received.

. . . Let us represent the set of possible states with the vector
3.1 Analysis of the Windowed Feedback with P P

Go-Back-N ((C/C,1),(C/T1,1),(C/C,2),(C/T,2), ...,
The embedded Markov chain which models the proto- (C/C,W =1),(C/I,W - 1),(C/C, W)
col/channel behavior is described by Figure 1. BHg + 6 ACIT, WY (I]C W) (I]I, W),

states are labeled by the current uplink and downlink channel (C]C" WY, (C/T', W), (I]C" W (I/T',W))

states as well as the number of transmitted packets in the cur-

rent window. To take into account the case when all the pack+pe observe that transitions to the'/C,4), (C/1,i) states

ets i_n the window have been transmitted and the transmitteﬁjﬁrespond to reception of a new packet, while an uplink trans-

waiting for an acknowledgment, statgsy, W) and (s, W), mission is associated with moving to a state that denotes the

sy € {C/C,C/1,1/C,1/1}, are introduced. Statds;, W) reception of packet’. Finally, every transition is performed

are entered when all the packets in the window, excegifor i, one slot, except for the ones from stat€¥/C, i), (C/I, i)

were successfully received, so that a correct receptidiy of 1 states(s’;, '), which take place iV’ — i slots, and the

increases the counter of successfully repeivgd packets. In cRes from stateéC'/C, W) and(C/C', W) to stategs’;, W),

trast, state:{s’f,_W) correspond to the situation in which nQyhich takelV slots.

new packets will be accepted by the receiver and the only statgr,q average number of receptioRs associated to state

of interest is'a reception of pack®@t followed by successful ; ~an then be found by multiplying term-by-term matii

ACK transmission. B . _ whose elements denote the number of received packets asso-
~We mark the state transitions with the corresponding rafiated to each state transitions, and the transition probability

sition probabilities.Q)7, /. denotes the probability of goingmagrix, and then summing the entries in rowf the resulting

from channel statey to channel state'z in h steps, given that marix. This corresponds to averaging the receptions associ-

in the first step the packet channel was in error: ated to the transitions from stat@ver the conditional distri-

bution of the destinations.

tyjwe = Mule, IMply, CY(My~" [ w]Mp " [C, 2])+ Applying a similar procedure to compute; andD; we ob-
MU[x,I]MD[yvI](Mgil[jaw]Mgil[LZ]) tain:
The transition from one state to a group of states indicates that,, =Ryi1 =Row_1=Rowyz=p i<W-1
a transition exists from that state to each state in the groug,y, ., = Rypyyo =7
The corresponding transition probabilitis, s, consistently g, = Row a4 = Rowys = Rowi6 =0
denote that the transition probability between the source state
and statgw/z) of the group is given by . As; - Qg/ﬁioo + Qg/ﬁio[ i<W =2
The protocol acts according to the following rules: Both theA?_ QWi QW i<W —2
receiver and transmitter increase the “next packet” counter af” B ACC/CC_ A ooiof[l B -
each slot until the packet channel is correct, and there are stif?"V—3 = ©2W-2 = 22 = Saw 44 =P
packets to be transmitted in the window (transition from states 2"V =%~ Awwys = Qcojoc + Qocjer

(C/C,i), (C/1,i) to states(C/C,i + 1), (C/L,i + 1)). If 2w+ =Aowio = Aowyis = Adowso =7

the transmission of packefails, packets + 1, ..., W are dis- .

carded as out-of-order and no action is performed until packe = = Dawog = p+q(W —1)

W is transmitted (transition from staté§'/C, i), (C/E, i) to Daw-s = Daw-2 = Dow = Daw1

(s, W) in W — i slots). Stategsy,W),(s’, W) correspond B g2W+2 B g2W+4 1

to a cycle during which packét’ is transmitted and ACKs T 2WAS T P2WA6 =

are sent in response to every correct packet reception. whpw—1 = Dawss =p+qW

the successful reception of pack&tis not followed by a suc-

cessful ACK transmission (stat€'/ I, 1)) the protocol states 3.2 Analysis of the Instantaneous Feedback
d_e_note that no new packet can be successfully received (t_ran— with Go-Back-N

sition to state$s’f, W)). Otherwise, the process of retransmit-

ting packefi’” and attempting ACK transmissions in responsghe different actions performed by the Instantaneous Feed-
to every correctly received packet is iteratively repeated (lotyack version of the protocol when a packet transmission is un-
in either(sz, W) or (s, W)) until an ACK is received at the successful are reflected in the Markov chain which models the
base station (state&”/C, W) or (C/C',W)). Transmitter protocol behavior (Figure 2). In the Instantaneous Feedback
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Figure 1: Windowed Feedback with Go-Back-N: flow graph
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Figure 2: Instantaneous feedback with Go-Back-N: flow graph



To appear at the IEEE 1998 Interntl Conf. on Universal Personal Communications (ICUPC '98), October 5-9, 199&%

model, a packet transmission failure results in the protocol imersion without increasing the average packet delay beyond
mediately entering the ACK/NAK transmission cycle (statagasonable application delay constraints nor substantially re-
(g, W),(s, W)), which is not exited until a packet receptiorducing the throughput capacity.
by the receiver is followed by either an ACK or NAK recep- In Figures 3 and 4 we can see that the trade-off between
tion by the base station. The transmission of packets whighergy conservation and throughput for each of the proto-
belong to a new window is then started. If the first packet @bls varies with the fading speed. The performances of the
this new window is successfully received (transition to stat®indowed and Instantaneous Feedback versions of the proto-
(C/C,1),(C/I,1)), the receiver window is increased; othereols are similar for small window sizes (and therefore lower
wise the cycle is entered again (transition to stagéfs W) in energy-conservation) and then diverge as a greater number of
one step). instantaneous ACKs become warranted through errors occur-
We observe that, since all the transitions are performedring in the packets of the window. In these cases we see that
one slot,D; = 1Vi,sothat) = ), mR; andE = ), m;A;.  the Windowed Feedback version can potentially lead to higher
From all the above considerations and the flow graph veaergy conservation (up 8% in fast fading an®1% in slow

find: fading). However, since these savings occur from a reduced
amount of feedback to the base station, the incorrectly received
I === Rwo1 = Rowis =p packets need to wait longer before being retransmitted, and
Rowyr =Lowye =7 the throughput capacity severely degrades. Meanwhile, for
Row = Row44 = Rowys = Row46 =0 fast fading the Instantaneous Feedback Go-Back-N protocol
achieves up to 83% energy-conservation over the classical
Aow-z = dow2 = Aow = Adowia =p Go-Back-N protocols at the cost of a slightly reduced through-
Aswy1 = Aowyo = Aowys = Aowye =7 put capacity (2% reduction atF = 0.27). In slow fading, the
A =A== dwa=ADwa =Dwizs =0 maximum energy-conservation achievable by this protocol in-
creases t86%, since the reduced frequency of fading periods
4 Resaults causes a smaller number of instantaneous ACKs to be sent.

Additionally, the longer sequences of correct channel states

In order to compare the relative performance of the two proté2Sults in an increased throughput capacit@ k.
cols and their energy conserving abilities over the traditionallf we consider the average packet delay we see that both
Go-Back-N scheme, we studied the maximum throughput 0tocols can achieve a similar reduction in energy over the
energy (Figures 3 and 4) and delay vs. energy (Figures 5 g#assical ARQ scheme while not strongly affecting the time
6) trade-offs for fast and slow fading characteristics. The meggcessary to deliver the packets. As when considering the
surements for maximum throughput performance were genitoughput, the divergence in performance for the protocols
ated from numerical evaluation of the analytical models, whif¢épends upon the fading speed. In particular, in slower fading
simulation of the reception of 500,000 packets arriving accorgifuations such as that shown in Figure 6, there seems to be an
ing to a Poisson process with a rate)of= 0.3 was used to increased advantage of using the instantaneous ACK versions
address delay considerations. For validation purposes, we @4the protocol over situations of fast fading such as that shown
simulations using an assumption of infinite packet availabii Figure 5. Similar to the throughput performance, faster fad-
ity which matched computationally derived analysis results tg requires a higher energy consumption of the instantaneous
within 2% of all values. The fading environments displayed irotocols because of the increase in channel state transitions.
the figures are characterized by a steady-state packet error raf#n increase in throughput capacity and decrease in delay
of e = 0.3 and normalized Doppler frequencies of 1.0 and 0.0fespite a lower energy-consumption for situations of slow fad-
Hz. In a wireless network operating at 900Mhz, with packetdg with small window sizes can be seen in Figure 6 and Fig-
of length 1000 bits, and a bit rate of 100kbps, these valuges 4. The base station relies on the uplink quality to deter-
correspond to a mobile node moving at speeds of 33 m/s (fa@ne when additional packet retransmissions should occur. In
fading) and 0.67 m/s (slow fading). The propagation delay fise presence of longer sequences of burst errors on the uplink,
assumed to be negligible. the increased reliance on feedback for a small window size can
The access delay, as plotted along the x-axis of Figure§&seen to degrade the performance.
and 6, is defined as the number of slots between the arrival of
the packet at the base station and the time when it is success- .
fully received in-order by the mobile node. 5 Conclusions
Individual points on each of the lines in the plots were gen-
erated by changing the size of window, such that each poirttis paper introduced two new variations on the well known
represents the next consecutive window size. The highest pdiRRQ Go-Back-N (GBN) protocol designed for energy conser-
in each of the graphs depicts the protocols with a window sization at the mobile node. It was shown that it is possible to
of W = 1, which corresponds to a classical GBN ARQ protcsave a substantial amount of the energy used for acknowledg-
col. Itis easy to see the substantial decrease in energy usagat transmission without sacrificing the timely reception of
these protocols achieve: picking nearly any point in the figrror-free data. In particular, under various conditions, both
ures shows a protocol with a lower energy than the classipabtocols were shown to achieve up t6@% reduction in en-
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Figure 3: Maximum throughput performance of the four energy-conserving ARQ protocols. 500,000 packets for a single mobile
node are generated at a single base station such that packets are always available for transmission. The state of the Gilbert ug
and downlink channels are independent but have identical steady state packet erroraate8.8fand normalized Doppler
fading rates off p NT = 1.0 (fast fading)
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Figure 4: Maximum throughput performance of the four energy-conserving ARQ protocols. 500,000 packets for a single mobile
node are generated at a single base station such that packets are always available for transmission. The state of the Gilbert up
and downlink channels are independent but have identical steady state packet erroraate8.8fand normalized Doppler
fading rates off p NT' = 0.02 (slow fading)
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Figure 5: Energy vs. Delay performance of the four energy-conserving ARQ protocols. 500,000 packets for a single mobile
node are generated at a single base station according to a Poisson arrival process with interarxival ate The state of

the Gilbert uplink and downlink channels are independent but have identical steady state packet erroferate@.dfnd
normalized Doppler fading rates ¢H, NT = 1.0 (fast fading)
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Figure 6: Energy vs. Delay performance of the four energy-conserving ARQ protocols. 500,000 packets for a single mobile
node are generated at a single base station according to a Poisson arrival process with interatxival bete The state of

the Gilbert uplink and downlink channels are independent but have identical steady state packet erroferate8.dfind
normalized Doppler fading rates ¢ NT' = 0.02 (slow fading)
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ergy usage over the classical GBN without significantly affedtt2] Zorzi, M., Rao, R.R., and Milstein, L.B., “Arq error con-
ing either the access delay or the throughput capacity.
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