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Abstract—This paper studies the effect of optimal power efficiency/safety or real-time video processing for augteén
allocation on the performance of communication systems ufzing  reality, the codewords are required to be short (in the oofler
automatic repeat request (ARQ). Considering Type-l ARQ, tte 1 pjts) [17]-[19]. Thus, it is interesting to investigate the

problem is cast as the minimization of the outage probabiliy . .
subject to an average power constraint. The analysis is bade performance of power-adaptive ARQ protocols in the presenc

on some recent results on the achievable rates of finite-letig Of finite-length codewords.
codes and we investigate the effect of codewords length on In this paper, we study the power efficiency of the ARQ

the performance of ARQ-based systems. We show that the protocols utilizing codewords of finite length. We use the
performance of ARQ protocols is (almost) insensitive to théength recent results of [20]-[22] on the achievable rates of finite

of the codewords, for codewords of length> 50 channel uses. . . -
Also, optimal power allocation improves the power efficieng of block-length codes to investigate the power-limited oatag

the ARQ-based systems substantially. For instance, consida Probability of the ARQ protocols. The performance analysis
Rayleigh fading channel, codewords of ratel nats-per-channel- presented for Type-1 ARQ where both the error-detecting and
use and outage probability 107°. Then, with a maximum of the forward error correction information are added to each

2 and 3 transmissions, the implementation of power-adapte agsage and the receiver disregards the previous mesiages,
ARQ reduces the average power, compared to the open-loop received in error

communication setup, by 17 and 23 dB, respectively, a result ; ;
which is (almost) independent of the codewords length. Also ~ We investigate the effect of the codeword length on the op-
optimal power allocation increases the diversity gain of te ARQ timal power allocation and the outage probability of the ARQ

protocols considerably. protocols. In particular, we show that, for codewords ofjn
L > 50 channel uses, the performance of ARQ protocols is
(almost) insensitive to the length of the codewords, in #ese

Due to the fast growth of wireless networks and of datahat the changes in the outage probability are negligibielife
intensive applications, green communication and impm@viderent codeword lengths. As demonstrated, consideralwepo
the power efficiency are becoming increasingly important fefficiency improvement is achieved by the implementation of
wireless communication. As reported by [1], the networkadapower-adaptive ARQ. For instance, consider Rayleigh fadin
volume is expected to increase by a factor2oévery year, channels, codewords of ratenats-per-channel-use (npcu) and
associated with a6 — 20% increase of energy consumptiontarget outage probabilitg0—2. Then, compared to the open-
which contributes about% of global CO, emissions. Hence, loop communication setup, implementation of ARQ with a
minimizing the power consumption is a very important desigmaximum of 2 and 3 transmissions reduces the average power
consideration, and power-efficient data transmissionrseise by 17 and 23 dB, respectively, a result which is (almost)
must be taken into account in wireless networks [2]-[6]. independent of the codewords length. With a maximum of

From another perspective, automatic repeat request (ARR) = 2 transmissions, we derive closed-form solutions for the
is a well-established approach aiming towards reliableewiroptimal, in terms of power-limited outage probability, paw
less communication [7]-[16]. Utilizing both forward errorallocation between the ARQ transmissions. Finally, it isvgh
correction and error detection, ARQ techniques reduce ttiat with a maximum ofd/ = 2 transmissions the diversity
data outage probability by retransmitting the data which hgain of the ARQ protocol increases from 2 to 3, if optimal
experiencedbad channel conditions. Consequently, as wpower allocation is utilized.
show in the following, the joint implementation of adaptive
power controllers and ARQ protocols can improve the power
efficiency of outage-limited communication systems. Consider a communication setup where the power-limited

Adaptive power allocation in ARQ protocols is addressed iAput messageX multiplied by the fading coefficient: is
various papers, e.g., [10]-[16], where the results areimita Summed with an independent and identically distributed) ii
under the assumption of asymptotically long codewords. @@mplex Gaussian noisé ~ CN (0, 1) resulting in the output
the other hand, in many applications, such as vehicle to
vehicle and vehicle to infrastructure communications faffic Y=hX+2 (1)

I. INTRODUCTION

Il. SYSTEM MODEL



We study the block-fading conditions where the channahd the average power, defined in, e.g., [23], is obtained by

coefficients remain constant in a fading block, determingd b _ M
the channel coherence time, and then change to other values P = S _ 2omet qu)mfll 4)
according to the fading probability density function (pdfigt T Zf\f:l D,

ing to the fading pr .
us defineg = [h|” which is referred to as the channel gaify; . the definition, the outage probability is founsl a

in the following. The results are given for Rayleigh fadin o : o
channels wheré ~ CA/(0,1) and, as a resultf,(z) = e~* qr;ﬁr(wci)r#itzazi?on ;};gfbl\gmcgsrephrases the power-limited outage

with f, denoting the channel gain pdf. In each block, the

channel coefficient is assumed to be known by the receiver, min Dy,
which is an acceptable assumption in block-fading channels Pm,m=1,.... M o
[7]-[16], [20]-[22]. However, there is no instantaneousich Y=t P ®m—1
; : . . st == — — — =, (5)
nel state information available at the transmitter excépt t s M i
m= m—

ARQ feedback bits . _ . _ _
We consider Type-l ARQ with a maximum af/ — 1 with 7 representing the power constraint. As discussed in, e.g.,
retransmissions, i.e., the data is transmitted a maximum [6f1—[14]. (5) is a complex problem and, depending on the fad
M times, and in each round the receiver disregards tfi Pdfand the maximum number of transmissions, there may
previous messages, if received in error. Also, we definePg no closed-form solution for the optimal powers minimgin
packet as the transmission of a codeword along with all {{3¢ outage probability. Also, note that optimizing the powe
possible retransmissions. Finally, the results are obthfor a  [€ms based on (5) affects the expected delay for a packet

frequency-hopping based scheme where the fading coetficif@nsmission and, consequently, the throughput. Howextr,
changes in each transmission independently. a limit on the maximum number of transmissions, the expected

delay is not of interest in outage-limited data transmissio
scenario, because the throughput is not an objective fumcti
in this case. Moreover, as shown in [14], unless the SNR is
Using power-adaptive ARQ, information nats are encodedvery low, the throughput changes are negligible if, instefid
into a codeword of lengtlh channel uses. Thus, the codewordiniform power allocation, the power terms are optimized in
rate isR = % npcu. In themth, m =1, ..., M, transmission terms of power-limited outage probability.
round, the codeword is scaled to have powgrwhich, asthe  Up to now the results are general in the sense that they
noise variance is set to, represents the transmission signalare independent of the fading pdf, ARQ protocol and the
to-noise ratio (SNR) as well (in dB, the SNR is given bycodewords length. Also, to study the power-limited outage
e.g.,10log;o(P)). The codewords are transmitted until theprobability of different schemes the final step is to caltaila

IIl. PERFORMANCE ANALYSIS

receiver correctly decodes the data or the maximum pemitighe probabilities®,,,m = 1,...,M. For Type-l ARQ, in
transmission round is reached. particular, we have

If the data is correctly decoded at the end of thi round, , )
the total consumed energy &,,) = L> ;" P;. Also, the D, = {H;’rb—l ¢; Tm#0 (6)
total consumed energy i§,) = LY.\, P, if an outage 1 it m=0,

oceurs, where all p.ossmlle transmissions are used. In tWﬁ re ¢; is the probability that the data is not decoded in
way, with some manipulations, the expected energy consume ) . .

0 o round;. Here, (6) is based on the fact that 1) an independent
within a packet period is found as

fading realization is experienced in each round, 2) a scaled

B M version of the initial codeword is sent in each transmissibn
E=1L Z Pn®p_1, (2) a packet and 3) in each round, the receiver decodes the data
m=1 only based on the received signal in that round.

t In the following, we use the recent results of [20]-[22] to

where ®,, represents the probability that the data is n . -
» Tep P y ind ¢,,, for the cases with codewords of finite length. Let us

correctly decoded by the receiver in rounds= 1,...
and @, i 1 y ™ it define an(L, N, P,¢) code as the collection of

Following the same arguments, the total number of channele An encoderl’ : {1,...,N} ~ C* which maps the
uses is7,,, = mL, if the data transmission is stopped at the ~Messagen € {l,...,N} into a lengthi codeword
end of roundn. Hence, the expected number of channel uses ¢ € {c1,...,cn} satisfying the power constraint
within a packet period is given by 1 _

= lleslI” < PVj. (7)
M L
T=LY O, (3)  « Adecodef:C% — {1,..., N} satisfying the maximum
m=1

error probability constraint

1The transmitter is assumed to know the long-term channgbtita, as it max Pr(Q(y) # J|J =j) <e (8)
is required for parameter optimization. Vi



with y denoting the channel output induced by th

transmitted codeword according 1o 10°¢ S T=50
The maximum achievable rate of the code is defined as ! Open-loop setup (M=1) :%:30(90
log N
Rmax(L, P, €) = sup {% : 3(L,N, P, e)code} (npcu)
2
©) % Rayleigh—fading channel,
Considering block-fading conditions, [21], [22] have ety S R=1 npcu
presented a very tight approximation for the maximum achie
able rate (9) as &
=}
Rmax(L, P,e) = sup{R : Pr(log(1 4+ gP) < R) < €} ©
log L
o ( Oi > (npcu) (10)

which, for codes of raté? npcu, leads to the following error
probability [21], [22]

0 15 20 25 30 35
Transmission SNR 10log;, 7 (dB)

VL (10g(1 +gP) + 8L R)
e(L, R, P) ~E {Q( )] Figure 1. Outage probability for different maximum numbefstransmis-
sions. The transmission powers are optimized, in terms)oR&yleigh fading

(11) channel,R = 1 npcu.

1
1= agpy

Here, U(x) = OWV(z)),z — oo is defined as N 5 . .

limy_ s supl%ﬁ%l < oo and E|] represents the expectationW!th an outage probabilitg 0~ the mplgm_enta’_uon of ARQ
with respect to the channel gaip Also, Q denotes the with a maximum ofM = 2 and3 transmissions improves the
GaussianQ-function. Note that, according to [21], [22], thePOWer efficiency, compared to the open-loop setlip £ 1),
approximations in (10) and (11) are very tight for sufficlgnt PY 17 and23 dB, respectively; this is a big step towards green
large values ofL. communication. The intuition for the significant perforncan

Using (6) and (11), the probability that the data is ndiain of ARQ is as follows. With an outage probability con-
straint, the initial transmission(s) of the ARQ is set to dav

decodable in rounds =1,...,m, i.e., ®,,, is found as
a small power. If the channel tsad the message can not be
1L, e(L,R,P;) if m#0 decoded and is retransmitted. On the other hand, if the @hann
b, = J ) (12) . o . . : .
1 if m=0, experiences good conditions, this gambling brings highrret

In other words, the ARQ makes it possible to exploit the time

from which we can investigate the power-limited outaggjversity and split the total power between the slots which,
minimization problem (5). For instance, using (5) and (12)ith high probability, are not used.

Fig. 1 demonstrates the outage probability of Type-l ARQ

with different numbers of transmissiodd. Here, the results A. ARQ with a maximum a¥/ = 2 transmissions

are obtained for codewords of rafé¢ = 1 npcu and length  To further elaborate on (5), let us concentrate on the case
L = {50,200,00} channel uses. Also, the optimal powemwith a maximum of A/ = 2 transmissions, for which (5) is
allocation, in terms of (5), is derived with the same proeedurephrased as

as in [14, Algorithm 1]. As it can be seen, the system

performance is not sensitive to the length of the codewords, 12?}192 (L, R, P1)e(L, R, P),
for length L > 50 chanr_1e| uses. Note that, as _the _codeword_ P, + Pye(L,R, P,)
length decreases the tightness of the approximation (11) is s.t. = (13)

reduced. This is the reason why we present the results for the L+e(L, B, 71)

cases withl > 50 channel uses, for which the approximatiofParticularly, Theorem 1 studies the optimal power allarati

is tight enough, and we do not consider shorter codeword@ild the diversity gain of Type-I ARQ with a maximum of
In the meantime, although the approximation is not tight fof/ = 2 transmissions. Interestingly, the theorem indicates that
small L's and the results should not be fully trusted in thatith M = 2, the diversity gain of Type-1 ARQ is increased
case, we observe the same qualitative conclusions as in #®n 2 with uniform (non-adaptive) power allocation to 3, if
case ofL > 50, when the simulations are run for very shorthe powers are optimized in terms of (£3).

(practically not interesting) codewords (see [21], [22]faore ~ Theorem 1. Considering Type-I ARQ with a maximum of
discussions on the tightness of (11) and [18] for practiodes 1/ = 2 transmissions, the following assertions are valid:

of interest in, e.g., vehicle to vehicle communication).
9 ) 2Following the same procedure as in Theorem 1 part 3, thesiiyegain of

As_demonStrated in Fig. 1, the P‘?W€f efficiency is _ConSidetrfe considered ARQ protocol is found &= 2 if uniform power allocation,
ably improved by the implementation of ARQ. For instancee., P,, = m,Vm, is utilized.



1) P1 §P27V7T,L,R.

2) At high SNRs, the optimal power allocation rule is giver 10 ¢ ¢
3) The diversity gain i) = 3, if the powers are optimized .
in terms of (13). 107
Proof. To prove part 1, we consider two cases %
{Casel : (PL=P+A,P,=P)} and {Case?2 8107
(Pp=P,P,=P+A)}, PPA > 0, and show that less £
average transmission power is obtained in the seco & | e
case. Note that, based on (13), there is no preferer €107 M=2, optimal ..
between the transmission powers from the outage probabil © power allocation
perspective, because the powers are interchangeable 4
&, = ¢(L,R P)e(L,R,P,). Thus, the same outage 0!
probability is achieved in the two considered cases. The Rayleigh fading channel, R=1 npcu
based on the following inequalities 5| ‘ ‘ ‘ ‘
10 5 10 15 20
Tcase 1= P+ A+ Pe(L,R, P+ A) Transmission SNR 10log;, 7 (dB)
1+¢eL,R,P+A)
P+ (P+ A)e(L,R,P) Figure 2. Outage probability vs the transmission SN®log,, = dB.
= 1+ e(L, R, P)) = TCase 2 Rayleigh fading channelR = 1 npcu.
& (P+A+PeLRP+A))(1+6(L R P))
as stated in the theorem. O

>(P+(P+A)e(L,R,P))(1+¢€L,R,P+A . .
( ( Je( ))( ( )) Here, we should mention that the same result as in part

& 1>€eL,R,P+A)e(L, R, P), (14) 1 has been previously reported by [16] for the cases with
less average power is achieved in the second case. Therefg§¥mptqtlcally _Iong codewords. AISQ' [14] has ShOW” t_he_es_am
in the optimal case, we ha® < P, Vr, L, R. conclusion as in Theorem 1 part 1 in the cases with infinitely

Part 2 follows from the fact that at high SNRs the maximuri"9 codewords and Types-Il and -lil hybrid ARQ (HARQ).
Flnally, the theorem emphasizes that the outage probabilit

ﬁ)cnhlevable rate (%0) converges to the one with asympttwcaand the optimal power allocation rule become independent of
g codewords, i.e., ,
the codeword length as the SNR increases.

Rmax(L, P,e) = sup{R : Pr(log(1 4+ gP) < R) < €} Setting R = 1 npcu, Figs. 2-4 analyze the performance of
ARQ protocols with a maximum of\/ = 2 transmissions.
Compared to uniform power allocation, i.€?,, = w,Vm,

ém = Pr(log(1 +gPy,) < R)=1-— e P the optimal power allocation leads to considerable outage

] o ] . probability reduction, especially at high SNRs. Also, isejt
at high SNRs, yvhere the_ last equality is for ngle|gh fadlng — 50 channel uses, Fig. 3 shows the optimal powers, in
channels. In this way, using the Taylor expansiof =1 —  tarmg of (13), and compares the results with those achieved
x, the high-SNR outage probability is found @ = 575  yia the theoretical approximations of Theorem 1 part 2. For
and the power-limited outage minimization problem (13) i§,oderate/high SNR, the approximations match the exact val-

rephrased as ues with very high accuracy. Moreover, the figure emphasizes

for P — co. Thus, definingd = e — 1, we have

. 02 the validity of Theorem 1 part 1 wher®, < P, V7 (see the
mi - 55, max P Ps . . . . . . .
Py,P; IP; _ ) PP ’ (15) black dashed lines in Fig. 3). Finally, Fig. 4 investigates t
st Pllipip—l —7 | st P= W%(’)*Pf_ effect of the codeword length on the outage probability dred t
1

optimal power terms of the ARQ protocol. In harmony with
Hence, the oEtimaI power allocation rule is obtained blyigs. 1-3, the results emphasize that the system perfomnanc
w = 0 which, ignoring its lowest term at high is not affected by the length of the codewords,Lif> 50
1 2
SNRs, results inP, = 25, P, = 22 channel uses.
Finally, part 3 is a consequence of part 2; replacing the IV. CONCLUSION
optimal power termsP, = 2%, P, = 27 into the high-

N 02 ¢ ) i This paper studied the outage-limited power efficiency of
SNR outage probabilityp, = the diversity gainD =

g (Pr(Outagd) PPy ARQ-based systems in the presence of finite-length codes.

— im0 =E 29 [7, eq. 14] s found as We utilized the recent results on the achievable rates of
9703 finite-length codes to investigate the effect of the codewor

D= — lim M =3, (16) length on the performance of ARQ protocols. We showed

m—oo logm that, for codewords of lengtd, > 50 channel uses, the
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Figure 4. (a): Outage probability and (b): the optimal powssms vs the
length of the codewordd,, Rayleigh fading channelR = 1 npcu, SNR=
10dB. (18]

performance of ARQ protocols is (almost) insensitive to th%g]
length of the codewords, in the sense that the changes ig@uta
probability are negligible for different codeword lengtiddso, [20]
the results show that substantial power efficiency imprcem

is obtained via the combination of optimal power control andi]
ARQ protocols. The diversity gain of ARQ-based systems
is also increased if the power terms are optimally allocat%]
between the transmissions.
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