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Green Communication via Power-optimized HARQ
Protocols

Behrooz Makki, Alexandre Graell i Amagenior Member, IEEENd Thomas Eriksson

Abstract—Recently, efficient use of energy has become ancreasingly important for wireless communication. The network
essgntlal research topic .for green communication. This paper data volume is expected to increase by a factar efery year,
studies the effect of optimal power controllers on the perfor- associated withl6 — 20% increase of energy consumption

mance of delay-sensitive communication setups utilizing hybrid . . o
automatic repeat request (HARQ). The results are obtained for which' contributes abouz% of global CO, emissions [[5].

repetition time diversity (RTD) and incremental redundancy Hence, minimizing the power consumption is a very important
(INR) HARQ protocols. In all cases, the optimal power allocation, design consideration, and power-efficient data transmission
minimizing the outage-limited average transmission power, is schemes must be taken into account for the wireless networks
obtained under both continuous and bursting communication [7]. Green radio has thereby been proposed as an effective

models. Also, we investigate the system throughput in different uti dis b ina th inst for fut irel
conditions. The results indicate that the power efficiency is solution and 1s becoming theé mainstream for futureé wireless

increased substantially, if adaptive power allocation is utilized. Network design([8]+[14].
For instance, assume Rayleigh-fading channel, a maximum of From another perspective, hybrid automatic repeat request
two (re)transmission rounds with rates {1, %} nats-per-channel- (HARQ) is a well-known approach applied in today’s wireless
tjc?ir?i?c(njr ni” %ﬁ?eaﬁéggﬁggi%Cﬁﬂf;{aigtvﬁg;;ngzggaﬁr?f{%d networks to increase the data transmission reliability and
reduces thepaverage power’byp9 andpll dB in the bursting and ef‘ﬂCIe_ncy Q]’ [5]{28]. The main idea behlnd_ _the HARQ
continuous communication models, respectively. In INR, these t€Chniques is to reduce the data outage probability or increase
values are obtained to be 8 and 9 dB, respectively. the throughput by retransmitting the data that underviext
] — . . cl'%annel conditions. Consequently, it is expected that joint

Index terms: Green communication, hybrid automatic repe?nplementation of adaptive power controllers and HARQ
request, outage probability, adaptive power allocation, bIOCpfotocols improve the power efficiency of outage-limited com-
fading channels, feedback munication systems.

Outage-limited power allocation is an interesting problem
] i ) . which was previously studied by, e.g., Caét al, [2] under

The first and the most important requirement in MaYerfect channel state information (CSI) assumption. Also,
wireless applications is that the data must be decodablepgt ] investigated the same problem in the presence of
the receiver. This problem is often studied under the topic §lantized CSI. IM5], Wu and Jindal studied the outage-limited
outage-limiteddata transmissiori [1]-5]; An outage happenserformance of HARQ protocols in block-fading channels.
when the data can not be decoded at the receiver. With @gye the results were obtained with no power adaptation
outage constraint, the data transmission is successful if g under the assumption that the channel changes in each
codewords are decodable, regardless of whether they leadd@ansmission round. The outage-limited power allocation
maximum system throughput or not. = _problem for the repetition time diversity (RTD) and fixed-

Assuming delay-sensitive communication over block—fadlqgngth coding incremental redundancy (INR) HARQ protocols
channels, it is well-accepted that infinite power is required {Pere investigated in[23] and [24], respectively. Finally, as-
achieve zero outage probability for all channel conditions [1lsyming that the channel changes in each retransmissian, [29]
[5]. This is because the channel may fall in deep fading copsyng the optimal retransmission power for basic automatic
ditions and so infinitely large powers are neededdoannel repeat request (ARQ) protocols where it was shown that the
inversion i.e., for compensating the chanr®d conditions. power should be increasing in every retransmission.
In these cases, the strict outage requirements are replaced Qyo\wer allocation in HARQ schemes has also been con-
more relaxed probabilistic constrainits [1]-[5], where “a servicg§gered in TI5] and[[18], where the power-limited through-
is acceptable as long as the data is always decoded with SQIUE optimization problem of different HARQ protocols was
probability e.” Here, € is a parameter representing the systey,gied. In [25], the optimal HARQ-based power allocation
outage tolerance. _ for minimizing the required number of retransmission rounds
~ Due to the fast growth of wireless networks and the daigs obtained in a down-link wideband code division multiple
intensive applications produced by smart phones, green cofpzess (WCDMA) system. Assuming partial CSI at the trans-
munication via improving the power efficiency is becoming i”r‘nitter, [26] and [27] studied the power allocation problem in

Behrooz Makki, Alexandre Graell i Amat and Thomas Eriksson arl@'ARQ systems when the power is Changed according to the
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retransmission rounds, there is a sum power constrainten th Gaussian
relay and the transmitter. codebook
This paper investigates the power allocation problem in ~CN@O,D
HARQ-based systems under different outage probability con f:;
straints. Utilizing different HARQ protocols, the goal ie t . W, Y
determine the optimal power controllers satisfying difer : PC Y
outage probability constraints. Also, the same setup il val
for the inverse problem where for a given transmission ppwer
the goal is to minimize the outage probability. The results
are obtained for the RTD and the INR protocols, under both .
continuous and bursting communication models and with the ACK/NACK feedback bits

average power definition given in, e'dj [2|]:| [4ﬂ:[15ﬂ:[l7] Figure 1. System model. The codewords are constructed dingoto the
[18], [30]-132]. standard Gaussian codes. Therefore, we hLai/m % ZiLzl W [i]|? <
gy

Alpng with the OUt_age prObabi"t}’: the long-term throught vi where L is the length of the codewords. Both fixed-length (RTD)
put is another metric demonstrating the system long-tefARQ and variable-length (INR) HARQ schemes are studied éctiBns

; ~ “Maand V, respectively. The block PC represents the powetrober where
performance. We obtain the Iong term throthpUt and g é} codewords are rescaled based on the number of (re)issismround.

comparisons between the outage-limited average power ad goal is to determine the optimal power controllers urtiferent outage
throughput of the RTD and INR protocols. probability constraints. Finally, the HARQ feedback bite assumed to be

The outage-limited power allocation problem setup of thgceived by the transmitter error- and delay-free.

%Eﬁé?s ':Ics)to’b?ﬁg I;;\/S(Sa?gizt%?f@riﬁjtjgo%%]j Esu%[ziiprobability constraint, our res.uItS show that: 1) fpr the[RT _
contrast to [[29] that deals with basic ARQ, we study thlélARQ protocol_, the transmission powers must be increasing i
HARQ protocols and 2) the results are obtained under diftereEVeY rt_etr:_;\nsmlssm_n. 2) AISO’_ for the IN_R HARQ protocob_ th_
block-fading channel assumptions. As mentioned befoi, [Ztransmlssu_)n_ energies must increase in every retransmissi
[24] have also studied the outage-limited power allocation FO" sufficiently large number of retransmissions and inde
problem in HARQ protocols. However, there are fundamentgfndent of the fading distribution, the optimal retransiois
differences between the definition of the average powérdh [2 POWE'S of .the RTD and flggd—length coding INR schemes can
[24] and the definition considered in our work. In particulape determme_d via a specific sequence of numbers converging
the definition of power used in [23][[24] corresponds t&o_ageometrlc sequence. Note tha_t the_se results are irasbntr
the definition of the energy (although in these papers it | ith the resqlts n IEB]’HZIA']’ which is due to_differences
referred as power), while in this paper we consider the mofk e objective function of our work anc[[]2_3]|:132ﬂ. 4)
common definition of the average power, as in, elg., [2], [4 ’|naIIy, optimal power allocation leads to considerablefqe

[15], [17], [18], [30]-[32]. The difference in the definitioof Mance improvement in HARQ protocols. For instance, assume
the average power makes the problem solved in this pa&qyleigh-f_ading channlels, a maximum of two (re)transroissi
completely different from the one addressed [in] [23].] [24%0unOIS with rates{l, 3} nats-per-s?annel-use (npBupnd
leading to different analytical and numerical results, asfl w 2" Outage probability constraint)~". Then, compared to
as to different conclusions. Also, some other contributioh UNiform power allocation, optimal power allocation in the
our work compared to[ [23]]24] (and alsb] [5]:ﬂl5]:[18],RTD I-!ARQ scheme reduces_ the average power by 9 and
211, [22], [25]-[29]) are: 1) solving the problem for both11 dB in the bursting and continuous communication models,
continuous and bursting communication models, 2) focusif spectively. _In the INR, these vz_zllues are obtained to bed_8_an
on variable-length INR HARQ, instead of a fixed-lengtl‘cl) B, respectl_v_ely. Also, dep_endmg on the <_:hanne| conitio
coding scheme, and 3) studying the long-term throughput%e power efficiency can be improved by reinforcement-based
each case. power allocation schemes, at the cost of higher implemiemtat

The main idea of the paper can be explained as fonomgqmplexity and sensitivity to imperfect feedback signal.

With an outage probability constraint, the initial transmi
sion(s) of the HARQ scheme is set to have a small power. If the [l. SYSTEM MODEL
channelishadthe data can not be decoded and is retransmitted-pannel assumptiongs illustrated in Fig. 1, we consider a

with higher powers. On the other hand, if the channel expefijock-fading channel where the power-limited input messag
ences good conditions, this gambling brings high returrthWi - multiplied by the random variablé is summed with an

this scheme, which is shown to be optimal in terms of outagg-q complex Gaussian noisé ~ CA’(0, Np) resulting in the
limited average transmission power, the HARQ helps us iyt ’

exploit the good channel conditions properly, and decrease Y —hX 472 1)
the average transmission power for a given outage probabili '

constraint. Moreover, we |”U3trate power adaptatlor_1 BWE®  1n 23], [24], where the goal is to minimize the transmissienergy,
based on reinforcement algorithms which, depending on tthe optimal (re)transmission powers are found to be neiihereasing nor

fading condition, can lead to performance improvement @ ttfecreasing. . .
HAR i | A nat is a unit of information, based on the natural logaritfi¥], [18],
Q protocols. [32], [33]. The results can be mapped to the bit unit, if thgaisthmic terms

Minimizing the average transmission power with an outagee presented in base 2.

h Z ~CN(0,N,)

m
Y




Let us defingy = |h|? as thechannel gairrandom variable. A fading block period

The channel gain remains constant for a duratiohoothannel ) )
uses (CLB, generally determined by the channel coherence L,
time, and then changes independently according to thedadin
probability density function (pdffs(g). Furthermore, with no
loss of generality, we considéY, = 1.

It is assumed that there is perfect instantaneous knowledgg LI == L_I__1__T- L _
about the channel gain at the receiver, which is an acceptabl ' "2 fn g #@e) #a
assumption under block-fading conditions [L]-[4]. [2S3],

[35], [36]. Also, the fading is assumed to be constant over

the transmission of one packet, where a packet is defined as Packe
the transmission of a codeword along with all its possible
retransmissions. This model has been considered in maay oth
papers, e.g.[12],04],[117],118],123]/124]/ T30]=[32], dnis b
a good model for stationary or slow-moving ugerAlso, it
corresponds to the worst case, since no time diversity can b
exploited if the channel is fixed within a packet period. lrate : —
in Sections VIl and VIII, we relax the block-fading assunopi Le 2L

and extend the results to the case with fas.t-fadmg (_:ommlo Figure 2. Description of different data communication med&/ith bursting
All results are presented in natural logarithm basis and, @8ntinuous) communication model, one (many) packet(spig within each
each transmission experiences an AWGN channel, the restdtig block. A packet is defined as the transmission of awoct along
are restricted to Gaussian input distributions. Finalg, main With all its possible retransmission rounds.

focus is on two stop-and-wait HARQ protocols:

4—p Time (in channel uses)

| Continuous
° communiction

T T T T T T T > |:| Bursting
Packet communication

Gain realizations
in time

D

1) Repetition time diversity. This scheme belongs to thecomplexny. Therefore, the transmission rates are assumed
be out of our control throughout the paper. However, the

diversity combiningcategory of HARQ protocols.[15], results are valid for any given codewords rates and number

[18], [23] .@_] where the same data is repeated in t.ho retransmissions. Hence, this assumption does not affect
(re)transmission rounds and, in each round, the receiver . . .
performs maximum ratio combining of all received Siggenerallty of the arguments. A number of cases in which the
nals problem setup is applicable are explained in the following.

2) Incremental Redundancy. The INR belongs to the cat- In general, the problem formulation used here is appropri-

. ate for fixed-rate delay-sensitive applications such agevoi
egory ofcode comblnmg)_rotocols m. 1, [17], [ ]’[[Z. ] ver internet protocol (VolP) and fixed-rate video streagnin
[34]. Here, a codeword is sent with an aggressive raie ~. . : .

; i i . plications [[B]. The setup becomes more interesting when
in the first round. Then, if the receiver cannot deco ; ;
we remember that many practical ARQ schemes are designed

the initial cod_evv_ord, further parity bits are sent in th.?o operate at fixed (re)transmission ratés][34]. Also, the
next retransmission rounds and in each round the receiver . . .
. ) power control strategy resulting from this problem forntiga
decodes the data based on all received signals. ' o .
T _ ) _ ) ~attempts to fix the transmission rate by compensating for the
Objective functionThe main goal of this paper is to desigrchannel fading and in this sense resembles the power control
the optimal power controllers, i.e., the block PC in Fig. Inechanisms used in WCDMA system standafds [3]] [41].
such that a given outage probability constraint is satisfied

with minimum average transmission power. The codebooks are |||. CoMMUNICATION MODELS AND DEFINITIONS
assumed to be constructed by the standard complex Gaussia\;\]/

. . o e consider both continuous and bursting communication
codes, which have been shown to be optimal for power-limited . - .
LT . chemes, as illustrated in Fig. 2. Under the continuous com-
data transmission in AWGN channels with long codewords . . o . s
unication model, it is assumed that there is an unlimited

[B3. That is, each codeword is constructed accord.mg g(}mount of information available at the transmitter and it is
CN(0,1). Then, the codewords are rescaled to have dn‘fereqt . J—— . .

: - —always active[[117],[[18],[T30]. In this way, multiple packet
powers, determined based on the number of (re)transmission L . .
round. We assume the codewords lengths and rates to ach packet containing multiple HARQ rounds, are trangahitt

: ; ifhin one fading block of lengthl.. When the channel is
previously designed based on, e.g., data structure and‘g:oagood, many packets can be sent within the fading block, while

5To be in harmony with the literature, e.d—T17] 16 [3§3], channel only few can be transmitted within the same period for bad

use (cu) is considered as the unit for all temporal parametecluding the channels.
channel coherence time, the length of a fading block anddtiewords length. Under the bursting communication model, on the other
For every given duration of a channel use, the results candppet to other hand. it is assumed that there is a |0ng idle period between

time units, e.g., seconds, via a scaling factor. .. -
4As discussed in, e.g.[][2], the information theoreticalutissof block- the packet transmissions. Therefore, while the HARQ retran

fading channels match the results of actual codes for pedatiode lengths, mission rounds of each packet experience the same gain real-

e.g.,~ 100 channel uses, and provide appropriate performance boumnds fzation, the channel changes independently from one pamket
systems with smaller code lengths. Also, please [30]p+ mappings her. To b | I h | f a fadi
between the block- and continuous-fading channels (Wititicoous-fading another. To be more clear, all te channel uses of a fa ing

the channel changes in each channel use). block are utilized in the continuous communication model.



This is because data is continuously transmitted, regssdié IV. RTD HARQ PROTOCOLS WITH AN OUTAGE
whether it is decoded or not. In the bursting communication PROBABILITY CONSTRAINT

model, on the other hand, only one packet is sent within Aessuming a continuous communication model, this section
each block that, depending on the channel conditions, cfft studies the optimal power controllers in RTD HARQ-
be decoded in different (re)transmission rounds. Theegfohased schemes constrained to different outage probability
the number of channel uses in each block is different. In th@nstraints. Later, the long-term throughput is investiga
following, the long-term throughput and the long-term @g& e consider a maximum ot/ data retransmission rounds,
transmission power are defined and derived for the conti®iuqls | each codeword is (re)transmitted a maximumléft- 1
communication model. Then, all arguments about perfor@angmes, determined by the system delay requirements. Imple-
analysis in the bursting communication model are presentgfnting theGaussiancodes, the original RTD-based code-
in Section VI. Section VIII presents the simulation res@its \yord is constructed by encoding information nats into a

both cases. codeword of lengthL, L < L, and rateR = %. The
codeword is rescaled in each (re)transmission round to have
A. Long-term throughput power P,,, m = 1,...,M + 1. Representing the codeword

transmitted at then-th (re)transmission round byX,,[i],: =

The long-term throughput (in nats-per-channel-use) is e- L} we have

fined as

L
A 1
C e @Y B{Q} Pr==3" | Xli]? 6
1= T® T B @ L ;
whereQ™ and+® are the total successfully decoded inforJ he (re)transmissi_on_ contin_ues until an acknqwledgement
mation nats and the total number of channel uses at the dA¢) feedback bit is received by the transmitter or the
of k data transmission times. The@, and 7 are the number Maximum permitted retransmission rounds are used. At the
of successfully decoded information nats and channel use€Nd Of them-th (rejtransmission round, the receiver performs
each block, respectively, anféi{.} is the expectation operatorMaximum ratio combining of then received signals. This
[19] process effectively increases the received signal-tesenmitio
. g :

Assuming continuous communication, the long-terfPNR) tfgznzl P a{ld reduces the data rate fb. Define
throughput can be calculated as follows. LEtg) be the Im = 7ylog(l + gzn'zan) as thg instantaneous mutual
instantaneous data rate of the HARQ approach for a giviformation and¥,,, = {I, > =} as the event that
gain realizationg. The total number of information nats thath® instantaneous mutual information exceeds the equivale
can be decoded in each state is obtainedJfy) = LcR(g). transmission rate at the-th (re)transmission round. The data

Consequently, the long-term throughput is simplified to is successfully decoded at the-th retransmission round if
1) the receiver has not decoded the message in the previous

E{L.R _ e - ! ]
- {LcR(9)} B{R(g)} = (3) (re)transmissions, i.el, < i Vn <m, and 2) using then
L th retransmission round it can decode the information, iat
_ R
whereR is the channel average rate [17].[18].[30][34L][42]/m = - Then, asl’, C Ty, n < m, we have

Pr{S,,} =Pr{T1,..., Tp1, T}

B. Long-term average transmission power _ Pr{log(l gy Py < R<log(l+ g™, Pn)}

The long-term average transmission power is defined as R P
o ) :FG(W)_FG(ﬁ)v
k R n= g n= )
= lim & _ E{§} (4) Pr{Smi1}="Pr {log(l + ngy;ll P,) < R}
k—oo TR E{7} B
~ = FG(izklﬁ»l 2 )
where (%) and ¢ are the total energy consumed indata i @

transmission times and within a block period, respectively _ _

21, [, [15], [L7], [18], [30], [31]. We denote byP(g) the Here, S,, is theAevent that the data is decoded at the end of
transmission power random variable of an HARQ scheme fife77-th round,U" denotes the complement of the eveéhand

a channel gain realizatiop. Then, the average transmissiorf ¢ IS the channel gain cumulative distribution function (cdf)

power for the continuous communication model is obtaindg@nseduentlyPr{Sx.,} represents the probability that the
by data is lost while all retransmission rounds have been used.

E{L.P(¢)} On the other hand, the average transmission power at the
Y= 279 = E{P(g)} = P. (5) end of them-th (re)transmission round is

m L m
. L 1 . 1
In the bursting communication model, on the other hand, Pm™ = —_ E E | X, [i]]? = — E P,. (8)
- . mL ; m
the denominator of, e.g., (2) is not constant. Hence, thg-lon n=1i=1 n=1

term throughput and the average transmission power sheulddiso, independent of the message decoding status, the av-
directly calculated based on (2) and (4), respectivelya@e erage transmission power over the packetAsY*!) =

see Section VI for more details). i Sath ! P, if all possible retransmission rounds are used.

n=1



Therefore, assuming a continuous communication model, the Proof: The two successive power ternf3, and Py,
overall long-term average transmission power is deterchingn (10) are interchangealeHowever, using (9), the con-
by tributions of the power term$’,; and P, on the average

P Z%ill P Pr{S,} + PO Pr{Gyyir} = transmission power are respectively found as
S (B0 P Pr{Sm} + (A7 only Pa) Pr{Suga}  c(Prs) = Perrais,

M+1 R oR_
= S (B P an =350 3 (el — Fal(E)
m—1 m + ]ul_’_l FG(Zifir:lan )

Pr { log(1+g>., P,) <R<log(l+g>." Pn)}) " (13)

(e Sty P Pr{log(1+ 9 30,5 P) < R and
m el — el —
= Z%ill (% Zn:l Pﬂ) (FG(ZZI:Illpn) - FG( ?:13371 )) C(Pk) = Pkak
M eF B R R
AT nsy Pk)FG(m)- =P <ak+1 + %(Fc(ﬁ) - Fg( ;}J)) > Prag41
9) (14)

For a given channel gain realizatign the data can not be .

s ) M1 i.e., ar > ap+1. Here, ¢(Py) is the contribution 0[ the
decoded if and only if? > log(1+ g3, ", F,). Therefore, power termP;, on the average transmission power, iB.=

the outage probability constrairr{outageé < e can be Zﬁglc(ﬂc)- Then, using (13) and (14), it is obvious that,

represented as in the optimal case, we hav@, < P,;. This is particularly

Pr{log(l +gS M Py < R} <e= S0 P> 5L because with the same powes = Pryy (O Pi = Pii)
f106) the k-th power term has more contribution on the average

transmission power than tf{g¢+1)-th term. Therefore, in order
where Fgl is the inverse function of the channel gain cdfto have minimum average transmission power, the powers

Intuitively, higher transmission power or more retransitis  should preferably be given to the last retransmission reund

rounds are needed when the outage probability constraist ge |
harder, i.e.¢ becomes smaller. There is an interesting intuition behind Theorem 1 (see also

Fig. 3); implementing RTD HARQ, the initial transmission is
A. Power allocation set to have a small power. If the channebiad the data can

Communication systems may have different power alldot be decoded _and is retransr_nitted with highe_r powers. On
cation capabilities. For instance, due to, e.g., hardware € Other hand, if the channel good this gambling brings
complexity limitations, there are cases where, indepetigleri9n retum. In other words, the HARQ helps us to exploit
of the channel conditions, the data must be transmitted afl% 900d channel conditions properly. Moreover, the outage
fixed power P, i.e., P, — Pm, which is normally called probability constraint, i.e., (10), does not |mply any.m_efnce
short-termpower allocation or data transmission with a peaR€tween the order of the power terms. Finally, it is worth
power constrain{[1]5J4] [[15}[18][[20]L[31]. In this sa, the noting that in [[29] it was shown that the same conclusion is

minimum transmission power satisfying an RTD-based outaj@lid for basic ARQ schemes where, in each retransmission
probability constraint (10) is found as round, the data is decoded based on the signal received in

" that time slot, regardless of the previously received dgna
_ et -1 _ (11 However, the conclusion of the theorem is not valid in the
(M +1)F; (e) problem formulation of[[28], where the transmission energy

Under the more relaxed long-term (battery-limited) powd? Minimized in outage-limited conditions. .
allocation scenario, the transmitter can adapt the power inReémark:Using Pr{Y.} = Pr{log(1+9g>_,_; Pn) > R},

each retransmission round. In this case, using (9), the pow&{T1, .-, Tm—1, T} = Pr{Tp} — Pr{Ty, 1} and some
allocation problem can be stated as manipulations in (9), it can be written
min p B M m P _—mP 1 M+1
Py, Prga N (12) P = Z (Zn:l n m m+1)PI'{Tm} + — Z Pm
subjecttoy ! p, > =y = m(m +1) M1 =
el €

which can be solved numerically. The following theorerAccording to Theorem 1, we havg " | P, — mP, 41 <
shows that, independent of the number of retransmissionMoreover, using the exponential Chebyshev's inequality,
rounds, the initial transmission rate and the fading digtion, Pr{X > z} < e " E(e'Y), V¢t > 0 [43], with ¢t = 1, the
the transmission powers must be increasing in every RTProbability Pr{Y,,} can be upper bounded byr{Y,,} =
based retransmission round. Pr{log(1+g>._, Pn) > R} < e #(1+AX0L, Py) where
Theorem 11n RTD HARQ protocols with an outage proba-
bility constraint, the optimal transmission powers, miizimg ~_ °As seen in the following, power allocation strategies afféw long-
L . . . term throughput. However, this point is not important inage-limited data
the average transmission power, must be increasing in ev

e frhMsmission scenario, as the throughput is not an obgedtiaction in this
retransmission. case.



A = E{G}. In this way, (10) can be used to bound the averagée transmission parameters are determined based on (12).
power by Finally, implementing short-term power allocation, i.8,, =
Pv¥m, (15) is simplified to

P>67Ri ((ZT_an_um+l)(1+)\iP)> M+1

T oam\ mimE = 1= % 2 (reli s - re S,

oR_ 1 = m (m—1)P mP
TSI

Due to the Chebyshev’s inequality, the bound is not tight, V. INR HARQ PROTOCOLS WITH AN OUTAGE

particularly at low rates. However, it leads to the follogin PROBABILITY CONSTRAINT

interesting conclusions: 1) the average power scales WithAssuming the continuous communication model, this sec-

F;l(e) at Ieast.inversely linear and 2) With. high initial rateg;yp, investigates the performance of the INR HARQ pro-
R, where the first term of the bound vanishes, the outaggio| in the presence of an outage probability constraint.

limited average power scales with exponentially. Here, it is performance analysis for the bursting communication model
interesting to note that, in general, the outage probghdia g presented in the Section VI.

nonlinear function of the retransmission rates/powers thed Considering a maximum of\/ + 1 INR-based HARQ

average transmission power. _ _ rounds,Q information nats are encoded intonzother code-
A simple power allocation algorithmGenerally, (12) iS \yqrq of lengthi(™+1). Then, the codeword is punctured into

not a convex optimization problem. Thus, although impley, , 1 odewords with powers,, and strictly decreasing rates
mentable, gradient-based algorithms are not efficient is th

case. To tackle this problem, we propose an iterative dlyari Rim) _ Q m 1 M1 (17)
stated in Algorithm 1, to solve (12). The proposed algorithm ST B '

has been shown to be efficient in complex optimization prob- _

lems dealing with local minima issues [32], [44]. Howevef{€re, L, and R(m)_ are the channel uses and tequivalent
since the problem is nonconvex, we may need to run the ggansmlss:gn rate in thex-th time slot, respectively. Moreover,
gorithm for several iterations/initial settings, when thember L™’ = > i, lx denotes the total number of channel uses at

(16)

j=1

of optimization parameters, i.el,’s, increases. the end of themth slot. Also, &, = [,,P, is the energy of
the signal transmitted at the-th (re)transmission round and
Algorithm 1 Power allocation optimization ¢m =37 | 1, P, denotes the sum energy consumed in the

: o first m time slots.
I. For a given outage probability constrait{outageé < . .
¢, initial transmission rateR and the fading pdffc, _The (re)t_ransmlssm_n stops at the end ofithi¢h retransmis-
sion round if the data is successfully decoded atithth round

considerJ, e.g. J = 20, randomly generated vectors : . .
A — [Pj pi pi ] such thatPi. > 0 and not before. Therefore, implementing random coding and
=12y m = Y-

Il. For each vector, do the following procedures typical set-based decoding, the results[of [2]. [33, chraps}
. o - can be used wherBr{S,,} is simplified to the time division
1) Determine the last retransmission powey;  , ac-

. . o ) multiple access (TDMA)-type equation
cording to (10). If P, , < 0, eliminate thej-th

vector. . - Pr{Sm} - Pr {R(m) < E,T:]gkg(lll-ﬁ-gﬂl) N
2) Determine the average powg¥ based on (9). i=1%
lll. Find the vector which results in the lowest average $ran Rim—1) < Ziod lw:i‘j?;(llj“an) } (18)
mission power, i.e.A* where P! < PJ Vj =1,...,J. y Y=l
V. Al AL Pr{Syi1} = Pr {R(M-H) > Xadt l?}igl(ll_+gp") } .
V. Generateh < J, e.g.,b =5, vectorsA7"®W, j =1, ....b -l

around A'. These vectors should also satisfy the corNote that, based on (17), we have
straints introduced in |. I 1 1
VI AJHL ¢ pAdnew 5 — 1 p, — =R (

),R(O)ioo (19)

- : ™o R R(n—1)
VII. Regenerate the remaining vectots,j = b+ 2,...,J 2=l
randomly such that/ = [P{, Pj, ..., Pj;] andPJ, > 0. and soPr{S,,} is found as a function oRR(™)’s.
VIIl. Go to Il and continue until convergence. If the data transmission stops at the end of theh time

slot, the equivalent transmission power is

B. Long-term throughput gm) S P

(m) _
Provided that the data is decoded at the end ofithth P= Yl Y
(re)transmission round, the transmission rat%lsTherefore, m 1 1
using (7), the system average rate (or equivalently, thrput) = R™ Z P, (W — W) (20)
is found as n=1 R R
n= Zi‘nf:ll % Pr{S,,} where the last equality is based on _(19). Consequentlygusin
_ ZMi—l B ef1 ) — Fal ef—1 ))' (15) (18) an_d (20), the average transmission power and the awverag
m=1m Sy Pn 20 Pn transmission energy per packet are respectively found as



M+1

P Z pm) Pr{S,} + pM+) Pr{S'MH} 21) code lengths should be designed such that the transmission

energies are increasing with the number of retransmissions
i.e., & < &y1, Vk. (For simulations, the readers are referred

and to Fig. 7.) ]
_ MAl . Remark:The difference between the performance of differ-
§= £t Pr{Sn} + gy Pr{Sy1}- (22) ent stop-and-wait HARQ protocols is in the way the proba-
m=1 bility terms Pr{S,,}, m =1,..., M + 1, are calculated, e.g.,

[15] (Also, please see RTD and INR schemes as examples.).
3 _ o Moreover, the proofs of Theorems 1 and 2 are valid indepen-
An outage probability constrainr{outag¢ < e implies dent of how the probabilitie®r{S,,} are determined. Thus,

A. Power allocation

that the rateR(M+1) = -2 should be, with probability the same conclusion can also be proved for the other stop-
1 — ¢, supported in the last (re)transmission round, i.e.,  and-wait HARQ protocols such as basic ARQ for which the
ZM-HZ log(1 + gPy) validity of the argument has been previously shown'in [29].
P { T R(M“)} As stated before, an outage probability constraint can be
Zy 1l satisfied with either a few high-power retransmissions or by
M1 1 1 many low-SNR retransmission rounds. The following theorem
Pr{ Z (W - W) log(1 + gP») <e demonstrates the optimal power allocation rule for the seco
n=1 case.
(23)

Theorem 3: Assume fixed-length coding for the INR.
Therefore, the INR-based outage-limited power allocatidfor sufficiently large number of retransmissions, the optim

problem can be formulated as outage-limited (re)transmission powers follow a specife s
) M+1 i Mt N guence of numbers which converges toa geometqc sequence.
P P {Zmzl P Pr{ Sy} + P )Pr{SMH}} Proof: With fixed-length coding for the INR, i.el; =
, L,¥i, (17) and (20) lead toR(™) = £ and p(m) =
SN 1 log(14gPy) (M+1) A m
SUbJeCttOPr{ zj‘gllj <R Se Ly P, where R = ¢ is the initial codeword rate.

(24) Therefore, for largel/, (18) and (21) can be used to rephrase

The following theorem discusses the optimal adaptive powt € average transmission power (21) as

allocation in the INR protocol with an outage probability - Mty
constraint. P=RY — (FG(Z(m_l)) - FG(Z(’”)))
Theorem 2:For INR HARQ protocols with an outage prob- m=1

ebility constraint, t.he_transmission energies must beemsing i R — FG(Z(MJrl)). 27)
in every retransmission. (M +1)ZM+1)

Proof: The contributions of thé:-th and -t_he(lc + 1)-th Here, (27) is obtained by 1) defining(™ = . 2) the
retransmission rounds on the outage probability congt(28) Z

1 log(1+ng) liy1log(14gPry1) . fact that the outage probability constraint can be saﬂsthﬂelul
are T and T , respectively. Thus, the

25— L low transmission powers when the number of retransmission

parameters{lm, Py,) and (I 41, Puy1) are interchangeable, rounds increases and B)g(1 + z) — z for small values of
in the sense that the outage probability stays the same if theThe outage probability constraint determing§“+1) as

parameters are switched. in (23). Taking the derivative with respect ("), however,
However, this is not the case if we instead study thesyits in

contributions to the average power. The contributions ef th (m) (m—1)

(k + 1)-th and thek-th retransmission rounds on the average opP = R( Fa(Z2™) - Fo(Z )

transmission power are az(m mZ(m)?
ezt fa(zt™)

mZ T m+ 1z )
(@) 1 Z(m=1)

c(Ert1) = §k+1bk+1 Prpilip1bpia, A
bk+1 = 27];/[-‘1;14»1 Zn PI’{S } + M+1 PI‘{Sl, ey SM+1}

(25) RfG( )((m+ l)Z(erl) mZ(m)Q)
and
Where (a) follows from (Fg(Z(™) — Fg(z™-V)) —
(&) = Ekbk = Prlibr fa(Z¢ )(Z(m> — z(m=1) for large values of\1. Therefore,
setting 525y (m) = 0, the optimal power allocation rule is found
= Pl (bk+1 + = Pr{Sk}> > &kbrt1, (26) by the sequence of numbers
j=1"%
respectively. Hereg(¢y,) is the contribution of the energy z(m) — m_Hz(m 1) 7(m+1) (28)
term &, on the average transmission power, that &5, = m

ZkMtl c(&). Therefore, from (25) and (26), it is obvious thaParticularly, (28) converges to a geometric sequence since
in order to minimize the average transmission power suljectZ(™) — +/Z(m—=1) Z(m+1) when m increases. Finally, it
an outage probability constraint, the transmission powecs is interesting to note that the power allocation rule (28) is



independent of the channel pdf, initial transmission ratd a VI. PERFORMANCE ANALYSIS FOR THE BURSTING
outage probability constraint. | COMMUNICATION MODEL
Remark Using (7), (18) andog(l + x) — = for small jn this section, the optimal power allocation problem is
values ofz, we can show that the performance of the RTRQy,qied for the bursting communication model, where theee i
and fixed-length coding INR protocols converges when thgng idle period between two successive packet transnnissio
outage probability constraint gets relaxed or the number of
retransmission rounds increases. Thus, the results ofréheo
3 are valid for the RTD as well.
Note that the conclusion of Theorems 2 and 3, which- RTD HARQ protocol
solve the optimal energies minimizing the average power, ar Utilizing the RTD HARQ scheme, the consumed energy
different from the results i [24], where the expected eperds ¢™ = LY "  P,, if the data (re)transmission ends
is the optimization criterion. at the end of them-th (re)transmission round. Therefore,
Finally, considering short-term power allocation, iB,, = the expected energy within a packet transmission period is
P V¥m, the minimum power satisfying the outage probabilitpbtained by

constraint (23) is obtained by M+1 / m M+1
RO EB{ =LY (Z Pn> Pr{S,,} + <L > Pn> Pr{Sy41}
PI' {log(l + gP) < R(M+1)} S € = P = Fﬁil() m=1 n];il R n=1
G \€ (b) et —1
=L|P+ PmFG(mi)> (31)
< mZ:Q Zn:ll P"
B. Long-term throughput where (b) follows from (7) and some straightforward cal-

cggations. On the other handpL channel uses are spent

in the first m rounds. Also, independent of the message
coding status, there will béM + 1)L channel uses if

all possible retransmission rounds are used. Therefoee, th

expected number of channel uses and the average trangmissio

power are respectively found as

Given that the data (re)transmission successfully ends
the end of them-th time slot, the rateR("™) is received at
the receiver. Therefore, we can use (18) to find the syst
throughput as

n =M ROM Pr{S,,}

_ =M1 p(m) m-1, 1 1 M1 .
= 2y B Pr { Lo (7 — gen 08+ 9P) < pray 1SS mPe{S,} + (M + 1)L Pr{Sa 1}
m m=1
1 SZ:nZI (ﬁ—ﬁ)log(l—F‘gPﬂ) : © M oR_ 1
29 SL(1+ ) Falem—) (32)
@) (e S ot

Also, assuming short-term power constraint (29) is simgadifi 5ng

to R
o P+ M P Fo(=ae-
M1 o= E{%} _ 1 Z ]\_/[2 (gnzll Pn) (33)
n=>» R"™Pr {R("” <log(l+gP) < R<m*1>} BE{7} L+ 30, Folsbr)
E;ll Rlm—1) RO™) where(c) follows from (7). In this way, using (10), the power
- Z R(m) (Fg(e — 1) _ Fg(e — 1)) allocation problem can be formulated as
P P
m=l (30) PSS PaFo(Gt )
ProPays 1450, Fc(zf:fi;;n) ) (34)
With the same arguments as [n [15], [18], it can be shown subjecttozgj J ;Ijr(l)
G €

that, compared to the RTD scheme, better performance is
achieved in the INR HARQ approach. Moreover, we can prowehich can be solved numerically (Simulation results can be
that the data is decoded with less (or equal) number of INRund in Figs. 4-6).

based retransmission rounds, when compared with the RTD1) Long-term throughput:Provided that the receiver can
Hence, the expected feedback load and the expected nundesrode the datap nats are received by the receiver in each
of retransmission rounds, which are of interest in limitedsacket. Therefore, the expected received information imats
feedback and delay-sensitive systems, respectivelyeageih each packet is
the INR. However, the superiority of the INR scheme over the M1
RTD is at the cost of higher complexity in both the transmitte Ay -~

and the receiver. This is because the INR HARQ requires El@y=0 <1 Pr{R > log(1+9 Z Pn)})
variable-length coding at the transmitter, producing newitp R_q

bits in each retransmission round and proper combination of =Q (1 _ FG(%)) (35)
the received signals at the receiver. Yom—1 Pn

n=1



Consequently, using (32) and &s= %, the system through- Finally, assuming short-term power constraint (42) sifiggi

put is obtained by to
R (M +1)
R(l—FG(%)) B 1— Fo(< oy
KT L s N R L NN L MY Loy
m=1" G\ Py Yol — ety + —Rortn
where the transmission powers are determined by (34).lFinal (43)
implementing short-term power allocation, i.&,, = P Vm, Due to the denominators of (33) and (40), it is difficult
the system throughput is rephrased as to prove the validity of Theorems 1, 2 and 3 under bursting
R(1 - Fg( efo1 ) communication model, although they seem intuitively valid
(M+DP . . .
n= T T+ (37) However, the following theorem studies the power allogatio
1+> 1 Fo(55) problem for simplest cases of RTD and INR HARQ feedback
where the validity of the previous arguments is proved fer th
case ofM =1 bit ARQ feedback.
B. INR HARQ protocol Theorem 4:Considering one bit feedback in the RTD
Using (18) and (22), the expected energy consumed witind the INR HARQ protocols under bursting communication
an INR-based packet transmission period is found as model, the following assertions are valid ™ = £ m =
v ) 1,2, whereR(™) and £ are the INR- and RTD-based equiv-
- — ljlog(1 + gP; issi i ively:
B{E} = Pily + Z Pl Pr Z y og(n_—il—g i) < Rin—D) f';llent (re)transmission rates in tlneth_ ro_und, respectively:
fors = Yo bl (@) In both schemes, the transmission powers should be
(38) increasing with the number of retransmission rounds.

, (b) In order to satisfy an outage probability constraingsle
Also, with the same arguments as for (32), the expected” 5 erage transmission power is required in the INR HARQ

number of channel uses in each packet is protoccﬂ.
M4l m M+1 . Proof: Please see Appendix A. [
E{7} = Z (Zln)Pr{Sm} + (Z In) Pr{Sn1} Finally, note that if there is an additional constraint om th
m=1 n=1 n=1

M o peak tr_ansmission power, the adaptive power controllens ca
@ll " Z ! Pr{z ljlog(1 4 gP;) < (-1 be easﬂy updated by the same procedure aﬂ_h [_31,_ Se<_:t|0n
— " — Z:ll l; [11.B] which was developed for throughput maximization in
=2 /=t ’ (39) communication setups utilizing quantized CSI.

where (d) comes from (18). Hence, from (17), the average
o . . VII. DISCUSSIONS
INR-based transmission power is obtained by
P ZMH Pl -1 )6 In this sectior_1, we present some discqssions on the system
_ RO n=2 " n\Rm — RG-D /YN model assumptions and possible extensions of the paper.
ML 1 )0,
R n=2 \ R(n) R(n—1) n

n—1

0, = Pr{Z( %_) _ (_171) Jog(1+gP;) < 1}.  (40) A. On temporal variations of the fading coefficients
j=1 RY RY Block-fading is an appropriate model for the stationary
Replacing (40) in (24), the power allocation problem ca] ' slow—mov_lng gsersE[Z],[ﬂ?],[ﬂB],EBCS],E[M],E@O]. For
. . he users with high speed or long codewords, compared to
solved numerically (Please see Fig. 6). . . .
the channel coherence time, one can consider the fastgfadin

1) Long-term throughputt) information nats are received .
if the data is decoded at any retransmission round. The:af,eforlnocleIS where eat_:h codeword spans a fading block, a_md the
Ip]annel changes in each (re)transmission ro@kﬂ{lﬁ]tms

the INR-based expected received information nats in ea@ase,while the average transmission power, i.e., (9), (38)

packfet 'S . and (40), is obtained with the same procedure as before, the
E{Q} = Q(1 — Pr{Sr41}) probability termsPr{S,,} andPr{Sy;+1} are replaced by
M+1
1 1 Pr{log(1+ """ g.P.) <R
=QP —— — ——)log(14gP,) >1 n=1 9nin
QPr{ ; (G ~ e log(l +9n) = } Pr(s] <log(1+5™  g.P)}, For RTD
(41) ") P og(1 4 g Py) < R

and, using (17) and (39), the long-term throughput is oletin < 2n=ilog(l+gnPn)}, ForINR
6As stated before, the same argument as in part (b) can bedpifove

by
- M+1 1 1 arbitrary number of retransmissions, if the continuous memication model
E{Q} Pr {Zn:l (7 — oo ) log(1 + gPn) = 1} is considered.
= E{f'} = 1 M+1, 1 1 o) - TUnder fast-fading channel conditions, the INR protocol tisdgd with
R + Z (R<n) T RG-D ) n fixed-length coding because the length of the codewordseisséime as the
(42) fading block length.

n=2
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Pr{8us} = Pr{log(1 + fojll gnPn) < R} For RTD s worth noting that implementation of reinforcement sckeem
MAT A pr{>- M log(1 + g, P,) < R} For INR  increases the implementation complexity substantiallgoA
) o many practical HARQ schemes are designed to operate at
whereg,, is the channel realization at the-th round. Here, e (re)transmission rates/powers, for which reinforeamn
the interesting point is that the general conclusions of the,qrithms are not feasible. Finally, the reinforcemeasedd
paper, e.g., Theorems 1, 2 and 4, hold for the fast-fadigghemes suffer from the error propagation problems where
scenario as well, since the arguments are valid for eve®NgVeroneous decoding of a single feedback bit, which may occur

probability termsPr{S,,} and Pr{Sx 4.}, independent of j, some practical scenarios, affects many successive packe
how they are found (For simulation results with fast-fading;nsmissions.

conditions, please see Figs. 12-14.).

Finally, with block-fading conditions and, e.g., a contius )
communication model, it may occur that two different chdnn®: Sub-packeting approach
realizations are experienced during the last packet trmsgon ~ In this paper, we concentrate on @mplete packeting
of a fading block. In this case, the results of the fast- ari¢heme where) nats are encoded into a, e.g., RTD-based
block-fading models can be combined to study the systegadeword of lengthZ and the whole codeword is repeated
performance during the transmission of that packet. Howevé# the retransmission$ [46]. An alternative scheme issthie-
with sufficiently long fading blocks, we can ignore the effegdacketingapproach where each codeword is constructed by
of that single packet, as inl[2], [17], [18]. [23]. [24]. [30]  concatenation ofN parallel error detection encoders, pro-
ducing subcodewords of Iengt%, and one forward error
correction encoder [46, Fig. 2]. In this case, only the eszmrs
B. On the effect of the feedback channel subcodewords, anEIE:lot thge V\}hole codeword, a)?e retransimitte

Throughout the paper, the feedback signal is supposed toibethe retransmission rounds which leads to energy saving
error-free. This is an acceptable assumption in many siEnamnd outage probability/transmission delay reduction. Jie-
because the feedback bits are sent at very low rates, cothpgsgcketing scheme is of interest in the scenario of burstyrerr
to the forward link, and with an appropriate coding they caand when short length cyclic redundancy check (CRC) codes
be decoded error-free|[2]. [17I-[19]. [23], [24]. [31]. Als are used, and is more flexible than the complete packeting
the energy consumption in the feedback link is normallypproach. Therefore, an interesting extension of the paper
much less than the one in the forward link, such that it is to study the effect of adaptive power allocation on the
ignored in the optimization probleni][1[2{5]["[23][_[24]. A performance of the sub-packeting approach when the channel
more accurate extension of the paper, however, is to take geriences very-fast-fading conditions, e.p.] [46], #nere
power consumption in the feedback channel into account. iburst error probability. Here, the same approach as befor

that case, there is a tradeoff between the feedback chann@l be used for power adaptation between the subcodewords.
reliability and the power consumption in the feedback/farav

links; with a low-power feedback signal the feedback bits
may be decoded erroneously and, consequently, lead to waste VIIl. SIMULATION RESULTS

of energy/throughput resources in the forward/feedbatisli Simulation results are given for Rayleigh-fading channels

Thus, depending on the feedback channel fading model, powger

IREUESY _ —
adaptation capability and the coding scheme of the feedb &(g) = Ae”?, g = 0 where we set = 1. Also, the initial

. . . ransmission rate is set t& = 1, unless otherwise stated.
bits, a wide range of results can be observed in the cases M% consider fixed-length coding for the INR, i.ge(™ —

an imperfect feedback channel %. Further, in all figures, the powers are presented in dB. In
Figs. 3-11, we consider the block-fading condition; For the

C. Performance improvement via reinforcement algorithms bursting model, a different gain realization is experiehoe

In harmony with practical HARQ protocols [15[=[29], weeach packet period. With a continuous communication model,
considered the same set of (re)transmission rates and powWB@NY packets are sent in each fading block. In Figs. 12-14,
for each packet transmission. However, for the continuo¥ study the system performance under fast-fading assampti
communication model, the system data transmission eftigievhere the channel changes in each retransmission round.
can be improved via implementation of a reinforcement al- Utilizing the RTD HARQ protocol, Figs. 3-5 investigate
gorithm [45f. In that setup, not only the (re)transmissiofhe effect of the outage probability constraint on the re-
rates/powers are different in each round but also the whéleired transmission power under continuous and bursting
parameters are adapted in each packet period based onC@y@munication models. The figures emphasize the validity of
decisions in the previous packet transmissions. Thus, ¢he plheorems 1 and 4. Optimal power allocation brings sizable
formance is improved, as the system adaptation capahility ains; with an outage probabili}0~* and M = 1, optimal
creases (For simulation results, please see Fig. 14). Hoyiev Power allocation reduces the average power by 9 and 11

dB in the bursting and continuous communication models,
8Reinforcement algorithms refer to the schemes where thdtsesf the respectively, compared to short-term power allocatioggF38-

previous trials and a reward-punishment rule are used foanpeter setting 5). Finally, Fig. 5 studies the power efficiency, which is defi
in the next steps[[45]. Due to the long idle period betweencesgive ’ short-term long-term «- Shon_term’ long-term
packet transmissions, the reinforcement schemes are efotl irs the bursting asAp = ¢ — o with ¢ and "

communication model. being the average power achieved by short- and long-term
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Figure 3. (a) Average transmission power and (b) transorispbwers in Figure 4. Transmission power vs outage probability coirgir&ayleigh-

the (re)transmission rounds as a function of outage prétyalwonstraint,
Rayleigh-fading channeld/ = 1 bit RTD HARQ protocol R = 1 or 0.5,

continuous communication. The required transmission poa@eases with
the initial transmission raté?. Further, in the optimal case higher power is
given to the second retransmission round, compared to tterdiund.

power allocation, respectively. As illustrated in the figsirthe
effect of long-term power allocation decreases under eslax
outage probability constraints and increases with the rarmb
of retransmission rounds.

Figs. 6 and 7 demonstrate the effect of an outage probabili
constraint on the required transmission power of the INI
protocol and compare the results with the ones obtained f
the RTD protocol. Here, the results show that 1) with mediur
outage probability constraints, the average transmigsiover
of the INR HARQ scheme is about2dB less than the one
in the RTD protocol (Fig. 6). 2) Less transmission powe
is required to satisfy an outage probability constrainthie t
continuous communication model when compared with th
bursting model. However, this difference diminishes as th
outage probability constraint becomes more relaxed, d.e.,
becomes larger (Fig. 6). 3) Considerable performance in
provement is achieved with adaptive power allocation irdhar
outage probability constraints, i.e., smals. For instance,
comparing with short-term power allocation at outage prok
ability 10~ and M = 1, adaptive power allocation leads to 8

Power efficiency, Ay

fading channel, M/ = 1 bit RTD HARQ feedbackR = 1, different power
allocation scenarios. Under long-term power allocationdition, the optimal
transmission power in the first round is less than the onearsétond round.
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and 9dB average power reduction in bursting and continuokigure 5. Power efficiencyhp = @Shortterm_ long-emfor different number

communication models, respectively (Fig. 6). However, thg

retransmission roundd/. Rayleigh-fading channel, RTD HARQ feedback
= 1. The data is (re)transmitted a maximum (@f/ + 1) rounds.
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--=RTD, continuous
30- —INR, continuous

e Short-term ' wwINR, bursting
—Long-term bursting

===Long-term continuous

Average transmission power
Transmission power

Rayleigh-fading channel,

M=1 bit HARQ feedback, R=1 Rayleigh-fading channel, R, “-'
_c | | M=1 bit HARQ feedback, R=1, %
fo-s 102 - 10—1_ long-term power constraint
Outage probability constrairg, I R

10 10 10
Outage probability constrairg,
Figure 6. Average transmission power vs outage probabddwpstraint,
Rayleigh-fading channel\/ = 1 bit HARQ feedbackr = 1, different power
allocation scenarios. With high outage probability camists, the average
transmission power of the INR HARQ schemeli€dB less than the one in
the RTD protocol. Further, less transmission power is meguto satisfy an
outage probability constraint in the continuous commum@camodel when
compared with the bursting model.

Figure 7. The first and the second rounds transmission pawelifferent
HARQ schemes and communication models, Rayleigh-fadiranmeél, M =

1 bit HARQ feedbackR = 1, adaptive power allocation scenario. The effect
of power allocation diminishes under relaxed outage prilibalzonstraints,
ie,e— 1.

power allocation wins (loses) in competition with shontrte

effect of power allocation diminishes under relaxed outag@Wer allocation in terms of outage probability (througfpu
probability constraints (Figs. 6 and 7). Moreover, Figs43, (Fig. 10). This point is further evaluated in Fig. 11 where

B short-term____long-term N
and 7 emphasize that with long-term power allocation ariie relative throughput losds = —gdm—"% is plotted

for both protocols, the optimal transmission power in thstfirversus the power efficiencgiy. Here,nsho-€m and ylong-term
round is less than the one in the second round, in harmatgnote the throughput achieved by short- and long-term powe
with Theorems 1, 2 and 4. allocation, respectively. Interestingly, the relativeotinghput
ConsideringM = 1 and 2 retransmission rounds, Fig. 80ss, due to outage-limited power allocation, diminishés a
shows the transmission power as a function of the outage pré@laxed and hard outage probability constraints, because t
ability constraint under short-term power allocation ctind. required average power goes to zero and infinity, respégtive
In particular, Fig. 8 (Fig. 3) indicates that the requireans- Also, the figures emphasize that different optimal power
mission power satisfying an outage probability constrdixt allocation strategies are obtained, depending on whetfeer t
creases (increases) with the number of retransmissiordsoufutage probability or the system throughput is considesed a
(the initial transmission raté?). Moreover, comparing Figs. the optimization criterion. That is, the power-limited age
3-8, optimal power allocation is much more effective thaminimization and the power-limited throughput maximipati
increasing the number of retransmission rounds in impvifroblems are not interchangeable.
the outage-limited performance of HARQ protocols. As mentioned before, block-fading is a coarse but effective
Figures 9-11 investigate the system throughput versus ffioretical model of the fading channels, particularly the
outage probability constraint in different conditions.releit ~Stationary/slow-moving users. In Figs. 12-14, we analyee t
is emphasized that with the same transmission power, |&stem performance with the more realistic correlated time
outage probability and higher throughput are achieved f¥arying fading model of[[47, eq. 12] (and the references
the INR protocol, compared to RTD. Also, higher throughptferein) where the channel changes in each codeword transmi
and less (or equal) outage probability are achievable in thi@n period according to a first-order Gauss-Markov process
continuous model, in comparison with bursting model (Fig. 9
and 10). Moreover, consigering the same pogvvers, Iogg—%erm i1 = Bhi + /1 = 29,9 ~ CN(0,1).
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o
= 0.4-
5,
0.3
0,
0.2-

0.1- Rayleigh-fading channel,
Short-term power constraint,
M=1 bit HARQ feedback, R=1

Rayleigh-fading channel, R=1
—10- Short-term power constraint

— L “Humi L “Humi L NI | 0 1
10° 0° 10" 10 0 0.2

1
Outage probability constrairg,

L L L N
0.4 .. 06 . 08 1
Outage probability constrairg,

. L . . Figure 9.  Throughput vs outage probability constraint,rsteyrm power
Figure 8. Transmission power vs outage probability comgtrahort-term constraint, Rayleigh-fading channel/ = 1 bit HARQ feedback,R = 1.

power constraint, Rayleigh-fad_ing channaf, = 1_0r2_ bits HARQ feedb_e_u:k, Circles (squares) represent the results with transmigsiover P = 1 (P =
R = L. The required transmission power sat|sfy|_ng‘ an outage giriity 2). With the same transmission power, less outage probatalitd higher
constraint decreases with the number of retransmissiondsou throughput are achieved in the INR protocol, compared to RiIBo, higher

throughput is achievable in the continuous model, in comsparwith the
Here, 5 is the correlation factor of fading realizations exbursting model.

perienced in two successivg codeword transmissions .WBBwer Phiia Of the algorithm are optimized by exhaustive
3 =0 (resp.f = 1) representing the uncorrelated fast-fadingearch, to minimize the average power. The simulation tesul
(resp. block-fading) channel model. With this model, diiet ;¢ presented in Fig. 14 which show that, depending on
channel realizations are experienced during a packet gherighe fading condition, considerable performance improveme
The simulation results indicate that the generql conchssiosgn pe achieved by applying reinforcement-based techsique
of the paper, e.g., Theorems 1, 2 and 4, hold independentfyyever, as mentioned before, reinforcement-based scheme
of the fading channel characteristics (Please see SubBecfjcrease the implementation complexity substantially are
VILA as well). For a given outage probability, the averaggensitive to feedback channel noise. Also, reinforcemeént a
transmission power increases with temporal correlation 5Brithms are not useful in the bursting communication model
the fading channel (Fig. 12). However, the gain of optimg); iy the continuous communication model with uncorrelated
power allocation is almost constant for different corrielat fast-fading condition.
conditions (Fig. 13). Finally, for further discussions @bo  The intuition behind the better system performance in the
the fading channel models, the readers are referred {9, e@ntinuous communication model (in comparison with the
[37]—{40], which present remarkable equivalences betvisen prsting) is that more packets are transmittegondchannels
block-fading and continuous fading models, when the Dapplg, continuous communication than in the bursting model. In
spectrum Of the continuous fadm_g model is bandlimited.  sther words, the good channels are more efficiently exgloite
To investigate the effect of reinforcement-based schemgs.the continuous model. Finally, it is interesting to note
we obtain the outage-limited average power of an RTD pregyat, comparing with the case when there is no feedback
tocol using Algorithm 2. The algorithm follows the samgng retransmission), considerable performance improveise

structure as in adaptive quantization schenies [48, Sectigftained with limited number of feedback bits (see Figs0B-1
11.6]|§ For a given outage probability constraint, the up-

dating stepsd;,i = 1,...,4, and the initial transmission IX. CONCLUSION

9 _ _ _ _ Considering delay-sensitive networks, this paper andlyze
Algorithm 2 is presented for the case with a maximum /af = 1

retransmission. The extension of the results to the cagdeasliitrary number .the performapce of the RTD_ a.nd INR _HARQ protocols
of retransmissions is straightforward. in outage-limited data transmission conditions. The tssul
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Figure 10. Throughput vs outage probability constraintah RTD or (b)
INR protocols, different power allocation conditions, Ragh-fading channel,
M = 1 bit HARQ feedback, R=1. Circles (squares) represent thdteewith
average transmission power= 1 (P = 2). In all schemes, INR outperforms
the RTD in terms of throughput and outage probability, forigey average
transmission power. Further, higher throughput and loweage probability
is achieved in the continuous communication model, in compa to the
bursting model. With the same average powers, long-termep@location
wins (loses) in competition with short-term power allooatiin terms of O+ | |
outage probability (throughput). N et

10 1

RTD HARQ, M=1, R=1, continuous
communication model, correlated.-*
time-varying fading modgl,"

Outage probability achieved by P:

o5 . 0 0.1
—Continuous

== Bursting Figure 13. Outage probability achieved by average powWer= 10 dB
and different correlation factors8. Correlated Rayleigh fading channel model
of [47]. The difference between two curves, i.e., the gairopfimal power
allocation is almost constant for different valuesf

0.2 0.3 0.4 0.5 0.6
Correlation factorf}

e=0.3

N
Q

Relative throughput loss vs the
power efficiency, RTD HARQ, M=1

=
[6)]

emphasize that considerable performance improvement (in
terms of both the required transmission power and the sys-
tem throughput) is achieved with limited number of HARQ-
based feedback bits. To minimize the outage-limited aver-
age power in the RTD and INR protocols, the transmission
powers and energies must increase in every retransmission,

Relative throughput loss) n %
=
o

5 respectively. Moreover, for sufficiently large number of re
< transmissions, the optimal (re)transmission powers can be
=107 5 determined via a specific sequence of numbers. This sequence
% 5 2 6 8 10 which is independent of the fading distribution, converges
Power efficiency, Ay to a geometric sequence when the order of retransmission

rounds increases. Also, adaptive power allocation between
Figure 11. Relative throughput lossn = W% vs the power the data retransmission rounds is very beneficial in hard
efficiency Ay dB. RTD HARQ protocol, Rayleigh-fading channelf = 1 outage probability constraints while its effect diminishia
bit feedback,R = 1. Down right is the desired region in the figure. more relaxed outage-limited conditions. Depending on the
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and show that less average transmission power is obtained

[uy
N

\—Short term in the second case. Note that based on (10) and (23) there
13- -e-Long-term without reinforcement algorithm is no preference between the transmission powers from the
_ 12 —=Long-term with reinforcement algorithm outage probability constraint perspective, as the powegs a

interchangeable. Then, based on the following inequalitie

[uy
=

P+A+PFo(pt - P+(P+A)Fa (2t

3]
=
o
[o8
S 10° @ =¢
8 casel — 1+FG(;R+A1) = 1+FG(€RP71) case2
E O -1 B
% (P+A+PFG(§3+A))(1+FGI£5P ) B
=8 > (P +(P+ A)Fo(<54))(1+ Fo(pa))
L R B 1
§7 @12FG(§D+A)FG(6P )
< 6 (45)
5t ated d » it is obvious that less average transmission power is obtain
Correlated time-varying fading mod¢=0.9; S ; ; ; Qi
4 RTD HARQ, M=1 bit HARQ feedback, m_the_s_econd case, i.e., the o_pt|_mal (re)transmlssmn_ mowe
R=1, continuous communication model minimizing the average transmission power should be irscrea
fo-z 10" ing with the number of retransmission rounds.
Outage probability constrairg, To prove part (b), we assume that the transmission powers

Figure 14. Outage-limited average power for different powtocaton P; and P, in (44) have been optimized for the RTD-based
schemes, RTD HARQM = 1. Correlated Rayleigh fading channel modelscheme ie., according to the ConStl’dﬂTt{log(l + g(pl +

of [47], B8 = 0.9. For the reinforcement-based scheme, Algorithm 2 is us
where the constanté, . .., d4 are optimized, in terms of average power, fo

fﬁ )) < R} < e. Now, the same transmission powex is

every given outage probablllty considered for the first transmission round of the INR-based

Algorithm 2 ARQ-based data transmission by a reinforceme
algorithm

ﬁlﬁ eme which is not necessarily optimal for this protocol.
en, according to the properlyg(1 + ax) + log(1 + by) >

Il. Start a packet transmission with powét and do the

log(1 + az + by), Va,y,a,b > 0, it can be easily shown that

less transmission power thd is required to satisfy the INR-

based outage probability constraltit{log(1+ gP;) +log(1+
P,) < R} < e. That is, defining

For a given initial transmission rat&, set the initial
transmission power t@ = Pjtial -

following procedures
1) If the codeword is decoded in round = 1, P« w = arg{Pr{log(1 + gP1) +log(1 + gz) < R} = ¢}
(1 —d;)P, and go to Il. *

2) If the codeword is not decoded in roumd = 1, We havew < P,. Therefore, as the average power in both
set P «+ (1 + dp)P and retransmit the codeword.Schemes is found by (44), the optimal outage-limited averag
Continue as follows: transmission power required in the INR HARQ scheme is less

than the one required in the RTD protocol. Finally, the tleaor

a) If the codeword is decoded in round= 2, P «+ can be further veriied in Figs. 4-7.

(1—ds)P and go to Il

b) If the codeword is not decoded in round = 2,
declare an outage, sét + (1 +d,)P and go to REFERENCES
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