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Adaptive Space-Time Coding using ARQ

Behrooz Makki, Tommy Svensson, Thomas Eriksson and Mohgstied Alouini, Fellow, IEEE
Abstract

We study the energy-limited outage probability of the blgplce-time coding (STC)-based systems utilizing autamati
repeat request (ARQ) feedback and adaptive power allotaliaking the ARQ feedback costs into account, we derive
closed-form solutions for the energy-limited optimal povaéocation and investigate the diversity gain of differ&TC-
ARQ schemes. Also, sufficient conditions are derived for tisefulness of ARQ, in terms of energy-limited outage
probability. The results show that, for a large range of besilt costs, the energy efficiency is substantially imprdwed
the combination of ARQ and STC techniques, if optimal powkrcation is utilized.

. INTRODUCTION

Automatic repeat request (ARQ) techniques are commonlg imseireless networks to combat the loss of data packet
due to channel fading. In ARQ schemes, if the receiver faildécoding the data correctly, it asks for a retransmissior
Then, depending on the data retransmission approachrafiffeypes of ARQ are defined in the literature [1]-[8]. Type
| is the simplest version of ARQ, where both the error-détgcand the forward error correction information are addec
to each message and the receiver disregards the previosagessif received in error. In Type Il (resp. Type lll), a new
(resp. the same) data is sent in the retransmission rourtjsrapach round, the receiver combines all signals receive
up to the end of that round.

With multiple antennas, an alternative for Types I-lll AR®tb use the space-time coding (STC) techniques in a
ARQ-based fashion. With a STC-based ARQ approach [9]-Agk&rmutedversion of the initial sub-codeword is sent in
the retransmissions and, in each round, the receiver c@slail received permutations of the initial signal for megsa
decoding. Thus, the STC-based ARQ isiarermediatetype of ARQ with (almost) the same complexity as in Type llI
and data transmission efficiency comparable with Type || ARR[14]. Moreover, the implementation of STC-ARQ
protocols is of interest when we remember that the STCs amngnthe best approaches for exploiting the spatia
diversity and are considered in different standards, €l§], Then, as shown in the following, the performance of the
STC-based setups is improved substantially, if they arebdoed with ARQ. These are the main motivations for this

correspondence, in which we analyze the performance of SRQ-systems using adaptive power allocation
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"Here, we study the fixed-length coding schemes. Thus, astrilied in the following, adaptive energy allocation isieedd by updating the
sub-codewords powers which are the sub-codewords enestgdsd by a constant (length of the sub-codewords).
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Adaptive power/energy allocation in Types I-lll ARQ protis is addressed in many papers, e.g., [1]-[8]. Moreover
the combination of ARQ and different STCs is studied in, ,g9]—[14], where the results are obtained with uniform
(non-adaptive) power allocation.

In this correspondence, we study the problem of energytditndutage probability minimization for data transmission
in block STC-ARQ protocols. The contributions of the paper three folds:

« We derive closed-form solutions for the outage-limitedimpd power allocation in different STC-ARQ schemes and
show substantial energy efficiency improvement via optipwler allocation in STC-ARQ protocols. For instance,
consider the antenna switching (AS), the Alamouti, the iabatultiplexing with repetition (SMR) and the cyclic
delay diversity (CDD) kinds of STC with a codeword rate 1 Aag¢s-channel-use (npcu) and outage probability
10~%. Then, compared to the STC approach, the implementatioriT@-ARQ improves the energy efficiency by
6.4, 8.7, 10.8 and9.3 dB, respectively.

« We analyze the moderate/high signal-to-noise ratio (SN&jopmance of the STC-ARQ protocols; we show that
the diversity gain of the AS, the Alamouti, the SMR and the Ckibds of STC-ARQ increases from 2 without
ARQ to 3, 6, 6 and 6, respectively, if they are combined withGABNnd the transmission powers are optimally
allocated between the retransmissions.

o For different STCs, we find sufficient conditions for the wdeéss of ARQ, in terms of energy-limited outage
probability. Specially, we show the combination of STC and@techniques to be considerably useful for a large
range of feedback costs.

Notations The probability density function (pdf) of the random vat@A is denoted byfa. Also, det(X), X*, XT

and X" are the determinant, the conjugate, the transpose and timitié@ of the matrixX, respectively.
Il. PROBLEM FORMULATION

Consider & x 1 multiple-input-single-output (MISO) setup utilizing ST®@/ith the STC, the mother codeword, of length

X1t Xi2 2x2L T T T = 2%L ;
2L channel uses, can be representeXas eC where the sub-codeworids = [x;, X3,]' € C iS

X21 X22
a permuted representation of the initial sub-codeword= [x], x},]T € C**£. Consideringn information nats for the

sub-codeword; and becaus¥, is a permuted representation Xf, the codeword rate is given by = 5+ npcu. The
codeword can be sent in two ways as follows.
Scenario 1 (STC-ARQ): Using the ARQ-based STC, the data is sent in two rounds; Krstis sent viaL channel
uses. Thus, the received signal is
Y1 = [hiho]X1 + Z4, 1)
whereZ; € ¢'*F is the independent and identically distributed (iid) coexplGaussian noise matrix whose elements

follow CA(0,1) andH = [hy hy] represents the fading matrix.

October 6, 2014 DRAFT



Let us denote the maximum achievable rate of the channel Inf@yldy C; and, in harmony with, e.g., [5]-[10],
assume the codewords to be Gaussian and sufficiently loreg[{§efor discussions on the length of the ARQ sub-
codewords). IfC; > 7 = 2R, the data is correctly decoded by the receiver, a positive@gledgement (ACK) is fed
back to the transmitter and the data retransmission stdpss,Tin this case, the consumed energy of the forward linl
is Y1 = ¢1L where ¢; is the power of the sub-codewoiXj;. Otherwise, ifC; < 2R, the receiver sends a negative
acknowledgement (NACK) and asks for a retransmission. Elehhenore channel uses are used to s&ndand the total
consumed energy in the forward link increases#o+ ¢2)L. In this way, the total weighted energy of the ARQ-based
approach is obtained by

YSTCARQ — o L Pr(Cy > 2R) 4 (1L + ¢ L) Pr(Cy < 2R) + wi)f

= ¢1L + ¢po LPr(Cy < 2R) + wif. (2)

Here, v is the energy consumed by the transmitter and the receivanglthe feedback process amdis a weighting
factor motivated by the fact that the transmitter and theixer have different power supplies, etc. Also, (2) is basec
on the fact that, independently of the message decodingsstah ARQ feedback signal (resp. no feedback) is sent :
the end of the first (resp. the second) round.

SendingXs, the receiver combines the received signals of the two reuHdnce, at the end of the second round, the
equivalent channel model is changed to

Yo = [h1 ho][X1Xa] 4+ Z2,Zy ~ CN2*2E, 3)

Denoting the maximum achievable rate of the channel modeby3C,, the data is correctly decoded (resp. outage
occurs) ifCy > 57 = R (resp.Cy < R). Thus, the outage probability of the STC-ARQ based apgraa®r(Cs < R)

and, for a given feedback cost and codeword raté, the energy-limited outage minimization problem is reglechas

qrﬁngl Pr(Cy < R), (i)
st ¢1 4 ¢o Pr(C) < 2R) < ¢STCARQ (ii) (4)

ISTC-ARQ - ¥=Q'L ~f - wyf
¢ Q= o722, Q" = .

Here, v is the total energy budgef) = “’T’M denotes the relative feedback cost and (4.ii) follows fr@n (
Scenario 2 (STC): With the STC, which we consider as the baselig,channel uses are used to send the whole
codeword inone shot Thus, the channel model is the same as the one in (3) and tageoprobability isPr(Cy < R),
the same as in the ARQ-based scheme. Then, as there is n@dkeald the whole codeword is sent in one round, the
total consumed energy is found @8, + ¢2)L which rephrases the energy-limited outage minimizatiasbjgm as
min Pr(Cy < R), (i)

G162 - (5)
St (g1 +¢2) < p= 4. (ii)
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Intuitively, (4) and (5) mean that with the ARQ we dmmbling first, half of the STC-based codeword is sent. If the
channel quality is high, the data is correctly decoded attiek of the first round and the energy cost for the second ru
is saved. Otherwise, the sub-codewdtd is sent, the same as in the non-ARQ approach. The cost of theligg is
the cost for feedback, i.e)’. Thus, depending on the feedback cost, the implementatiohRf) might or might not
improve the performance of the STC-based schemes. In tlwvfol, we study (4) and (5) for different kinds of STC.

I1l. PERFORMANCE ANALYSIS FOR DIFFERENTSTCs

This section analyzes the energy-limited outage mininomaproblem for the AS, the Alamouti, the SMR and the
CDD kinds of STC (See Section 1). First, the probabilittesC, < 2R) andPr(Cy < R) are derived for the considered
STCs and then (4) and (5) are solved for each one. Note thatofisidered STCs are only examples and, as illustrate
in Subsection 111.B, the same techniques are applicablehferother kinds of STC/number of antennas.

To calculate the probabilities, we need to find the achievabte termsC; and Cy for each scheme. While these
terms are summarized in Table 1, because of the mathemsitigiédrity, we only explain the procedure for deriving the

achievable rate terms of the CDD code.

Sy L/ L2y
Using the CDD, the mother codeword is givenX§°° = ; \/qﬁl A P <L IS v < 1.
5V 4/ FU
Thus, the channel models in the first and the second rourds(1) and (3), are

Y$PP = HEPP[u v]T + Z, HFPP = /£ [hy by,
Shy \/Gh (6)
~ - . 1 2
YgDD _ [hth]XCDD + 22 = HgDD[u V]T + 227 H%DD - 2 2 ’
¢ $2
5 ho 5 hy
whereH; denotes the equivalent channel model of a scheme at the emdird . In this way, we use the capacity of

the multiple-input-multiple-output (MIMO) setups [16] find the maximum achievable rates as
CFPP = log(1 4+ HEPP(ASPP)M = log(1 + £G), G = g1 + g2, 9: = |hi|?%i = 1,2, (7)

9G VorgaRe{hih}} D

CSPP — 1og det <|2 +ﬁ§DD(ﬂSDD)“) = 3 log det ('2 * [ VoidaRe{hih} &G
1@2hve i1 ng 2

8
= 3log (1+ GG (1 + 5G) — d192Re{h1h3}),

wherel,,, denotes then x m identity matrix. Note that for Rayleigh fading channg|s~ CN (0, 1), Vi, on which we focus,
the pdf of random variableg; = |h;|%,i = 1,2, andG = g1 + g» are given byf,,(g) = e and f¢(g9) = ge 9,9 > 0,
respectively. Also, the achievable rate terms of the otA&@sSconsidered in Table 1 are obtained with the same proeedu
as in (6)-(8).

Using Table 1, the probabilitieBr(C; < 2R) andPr(Cy < R) are obtained for different STCs as follows.

AS-based STC-ARQ
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Table |

THE EQUIVALENT CHANNEL MODELS AND THE ACHIEVABLE RATES OF DIFERENTSTC-ARQSCHEMES

Mother STC method H; Ch Ho Ca
AS: Ve 0 Vil 0] log(1 + ¢191) [Vo1h1 V/p2ha] 3 log(1+ ¢191 + $292)
0 Vp2u
o1y [0z o1y, oL
SMR: 2zt \/@Vh ha] | log(1+ €L (g1 + g2)) 2M Y Llog(1+ (% + 22)(g1 + 92))
%V %V %hl %hg
b1y _ o2y o1 o1
Alamouti: [ 2 2 ] V% ha] | log(1+ 5 (g1 + g2)) [ 2h Vet } 1572 log(1+ % (g1 + g2))
D1y, b2 * bapx  _ [dapx
p) 3 U 5 12 3
o1y Jo2 o1 o1
coo: | V3V VE e ha] | log(1+ (g1 + 02) 2 Ve Eq.9)
%V %U ¢2—2h2 ¢2—2h1
_ 9 .
Pr(CPS < 2R) = Pr(log(1 + ¢191) < 2R) =1 —¢ 41,0 = 2F — 1, (i)
0
Pr(CHS < R) = Pr(prg1 + dags < 0) = [y fo () Pr(ga < 25)da ©)
_ 6 _9
- 11— ¢1¢_1¢26 1 — ¢2¢12¢1€ 2, if ¢1 7é ®2 (")
1—67£ —%efi, if gf)l :qbz.
SMR-base STC-ARQ
26 2 2
Pr(CPYR < 2R) =Pr(G < 2) = [ fa(a)dr =1—¢ o — Lo, (i) (10
Pr(C§YR < R) =Pr(G < ;2) =1 e Tt — ¢12f¢26*¢ff¢2, (ii)
Alamouti-based STC-ARQ
Pr(Cemeui < 9R) = Pr(G < 2) =1 ¢ &1 — 2o, 0)
Pr(CRamouti < By = Pr(Y"2  log(1+ £G) < 2R) PG <o) =1—(1+0)e”, (i (11)

A AR EE
Here, (a) follows from the fact that > 0,G > 0 and, as a result, the equatioh+ %G)(l + %G) = ¢2f has a single
positive solutionG = o.
CDD-base STC-ARQ

260

Pr(CfPP < 2R) =1 — e o — 3)_‘9@7?17 0
' (12)
Pr(C$P° < R) = Pr (1 + LG)(1 + 2G) — ¢1¢oRe{h1h3}? < ), (i)
while, to the best of authors’ knowledge, the probabilty(CSPP < R) can not be further simplified.
Observation 1. From (9)-(12), it is found that for all considered STCs wah®1(Ch < R) = Q5 (o1, ¢2),A =
{AS, Alamouti, SMR, CDD}, whereQ5 (¢1, ¢#2) is @ symmetric function of; and ¢, i.e., the power termsg; and ¢,

are interchangeable 015 (¢1, ¢2). Also, Pr(C < 2R) = Q4 (¢1) which is a function ofp; only. O
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As a direct consequence of Observation 1, it is found thaallozonsidered STCs the minimum energy-limited outage
probability of the STC-based schemes, i.e., the solutiof5pf is achieved by uniform power allocatiah = ¢ =
%, b= % This is because both the objective function and the constod (5) are symmetric functions af; and ¢-.

To determine the energy-limited minimum outage probabdit the considered STC-ARQ protocols, i.e., solving (4),
we write the Lagrange multiplier function

A = (bl + ¢ZQ'1A(¢1) + )\AQQ((bl’ ¢2)7 (13)

where M is the Lagrange multiplier satisfying; + ¢2Q7 (¢1) = ¢5T¢ARQ for the STC-ARQ scheme A. Setting the

derivatives with respect t¢; and ¢, equal to zero leads to

arA 904 A OQA
=1+ L4\ 2 — 0OA OA H90OA
(;3?; ) ®2 aA(%QA 0p1 =14+ ¢2 86¢1 _ Q? 86¢2 (aa(bQ )—1' (14)
8(252 — Ql + )\ 8—2 - 07 1 1 2
Thus, usinggp, = % from (4.ii), the optimal power allocation rule of differe®&TC-ARQ protocols are found

as the solution of

N STC-ARQ_ g5\ HOA
qﬁlzaurg{l—i—(iq5 ,id))aqﬁ1 QA<8¢1

904
o &STC-ARQ7¢1 ) < 8¢2
S

-1
=0 i
o (,;STC-Q?L% ) } ) ( ) (15)

b1
d)STCARQ ¢>1 "
¢2 QA(¢1) ) ( )
o0 . . .. s A .
where 2 (% P 55 as a function ofp; via (4.ii). Also, ¢, ¢, are the optimal values

2= A
Ql

of powers, in terms of (4). Note that (15.i) is a single-vakaequation from whichp; is derived. For instance, as

BQ§MR 402 8QSMR B 8Q§MR 402 —_20 . .
D6 = o7 e o and De = e = Gireame the optimal powers of the SMR-ARQ approach are given by
. PRI TR
— 6 — 46 26 b1
¢1 a(;‘lg {6 ! (<125_91+1)2 }a (I)

(16)

N ZSTC-ARQ_ y
= % (i)
Then, havingh:, ¢, the outage probability is calculated (The same proceduagjiied for the other STEs Specially,
it is interesting to obtain the optimal powers of differembfmcols at moderate/high SNRs, which is the range of istere
in outage-limited conditions [5], [6], [9]. The results asemmarized in Theorem 1.
Theorem 1. Consider the moderate/high SNRs and the optimization prokl4). Then, the optimal powers of the

AS-ARQ protocol are given by, ds) = (25 2¢STQCARQ2) Also, the Alamouti-, the SMR- and the CDD-based

2 ¢STC ARQ 9 ¢STC -ARQ?

STC-ARQ protocols follow the same optimal power allocatraie (¢1,¢>2) = (F 95—, %5z )-

2As QSPP does not have closed-form expression based on, ¢gs, the optimal powers of the CDD-ARQ should be derived via
approaximation/bounding techniques, as illustrated enfthlowing.
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Proof. Usingl —e = = 1 ande= =1— 1+ 515 in (9.) and (9.ii), respectively, and because+# ¢, when optimizing

: _ 0 S _ _#
the power terms in the STC-ARQ protocols, we h&® = - and 0%° = 55 3 ¢o. Thus,
implementing the AS-ARQ at moderate/high SNRs, (4) is rapbd as
. 02
min s——, max ,
¢1,¢2 2162 = ®1,¢2 $1¢2 (]_7)
— +STC-ARQ__
st ¢ + M — $STC-ARQ St ¢ = (¢ . ¢1)¢1’

which follows from the fact thaf)}s = is a decreasing function of the produgtty,. Solving (17), the high-SNR

2¢ <75
power allocation rule of the AS-ARQ scheme is found(@s, ¢,) = (2255 2¢S;°9ARQ2 ), as stated in the theorem. The

optimal powers of the other protocols are obtained with th@es procedure; using the first-order Taylor expansion o

the exponential terms in we - an > at hig s, which rephrases (4) as
h | (10), we haG§VR = %f dQSMR — (¢1f;2) high SNRs, which reph (4)
. 26?
i G _ ) pax (Gt ), (18)
Sty + 2@)2%92 — §STCARQ St ¢y = ¢STCA;;2 $1)47
2(¢ +<<£~ST°'ARQ—¢1>¢%)
Hence, the optimal power allocation rule of the SMR-ARQ poal is obtained by—— a¢1292 = 0 which,
ignoring its lowest term at high SNRs, results(ip, ¢2) = (Z(EST;ARQ’ 2&?%’*:@ ).
For the Alamouti coding, we note th&xj'amouti — qui; at high SNRs. Also,
: o 1,1 1 491y () 262
Qplemoutl — 1 _ (14 0)e = — = —(— 4+ —)}(=1+,/1+ 2= . 19
? (1+2) 7 3G 5 (014 ¢2)>"  (¢1 + ¢2)? (19)

Here, (b) follows from e = 1 — o + % for smallo’s (note thats — 0 as ¢STSARQ — o0) and (c) is obtained by
V1i+z =1+ 3 asz — 0. In this way, the optimal power terms of the Alamouti-basedesae are obtained by (18),

the same as in the SMR, i.ddy, ¢o) = (225 26°T1RS

3 ’ 2702 )

Finally, for the CDD-ARQ scheme, we note 1) the SMR- and thamduti-based schemes follow the same powe
allocation rules at high SNRs, 2)$MR = QPP — gilamouti v, and 3) using Table 1 it is straightforward to show that

CSMR < O$PD < cNamouti for every given set ohy, ha, ¢1, ¢o. Hence, the outage probabilities are ordered as

Q;MR 2 Q(Q:DD 2 Qélamomi’ VRa le, ¢2) (20)

and, from (18)-(19) QMR = QAlamouti — @ +¢ 7z at high SNRs. Thus, based on the Squeeze Theorem of limits [1
Chapter 14.2], the high-SNR optimal powers of the CDD-ARQ@tpcol are(¢, ¢o) = (2¢ST3CARQ, 2‘;55;7092%3

as the Alamouti- and the SMR-ARQ schemes. O

), the same

Intuitively, Theorem 1 indicates that at high SNRs the dateoirrectly decoded at the end of the first round with a very
high probability. Thus, with a total energy budget, sub#dly high energy can be assigned to the second round, as it

rarely used. Also, as an interesting corollary, the theasbows that, although the Alamouti-based (resp. the CDRdhas
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scheme outperforms the CDD-based (resp. the SMR-base)agty in terms of outage probability, they lead to the sam
performance at high SNRs. To elaborate on this point and asipé the effect of optimal power allocation, we obtain
the diversity gainD = — limsnr oo bg(ﬁf;%“ge) [9, eq. 14] of the considered schemes in Corollary 1. Pdaity) the
corollary shows that the implementation of power-optirdiZRQ scales up the diversity gain of the AS, the Alamouti,
the SMR and the CDD protocols frotto 3,6,6 and6, respectively.

Corollary 1. The diversity gains of the AS-, the Alamouti-, the SMR- ahd CDD-based STC-ARQ protocols are
3,6,6 and6, respectively, if the power terms are optimized in terms of (4

2 (ESTC-ARQ 2 (ESTC-ARQQ

Proof. Considering the high SNRs, i.eST¢ARQ ; ¢ in (4), we have(r, d2) = (

) for the AS-ARQ

3 7 90
which, following the same arguments as in Theorem 1, regultaitage probability)S = %Sf%w and

log(—_270°
DASARQ _ i og( SGSTCARD ) _3 21)

FSTCARQ 500 loOg QESTC-ARQ

( 9 QESTC-ARQ 9 (ZESTC-ARQ"

The same procedure is applied to derive the diversity gaithfother protocols; replacir(g31, g?)z) T o)

into the approximate expressions of the outage probalili{18)-(19), we have

. 2log( QQ;STC-ARQ:/E;STC-ARQ% ) (22)
DSMR—ARQ — DAIamoutl—ARQ - _ 1im$STC-ARQ4)OO 103g d’)sTc-ARszz — 6.
Finally, for the CDD-ARQ we reuse the Squeeze Theorem anji®ich leads toDCPP-ARQ — ¢, O

SettingQ' = 0 and R = 1 (npcu), Fig.1a shows the outage probability of differenCSARQ protocols and compares
the results with the ones achieved by the STC. As demondtirétte implementation of ARQ improves the energy
efficiency substantially. For instance, with an outage phility 10~%, the required transmission SNR, i.e,, of the AS,
the Alamouti, the SMR and the CDD kinds of STC is decrease@.by8.7, 10.8 and9.3 dB, respectively, if they are
combined with ARQ. Moreover, we can use, e.g., [6]-[8], [1a}], and follow the same procedure as in (6)-(8) to
show that, for @ x 1 MISO setup,C;*P®"" = cAlamouti gng VPl — OSMR wp, hy i = 1,2. Thus, with a maximum
of M = 2 retransmissions, the energy-limited outage probabilftyhe Alamouti-ARQ (resp. SMR-ARQ) is the same
as the one achieved by Type Il [6] (resp. Type IIl [8]) ARQ, wlhiis becaus@r(CYP°" < z) = pr(CAamouti < 4)
and Pr(C"**" < 2) = Pr(C3MR < 1), vz, i = 1,2. Finally, the figure emphasizes the validity of Theorem illary
1, where the outage probability of different schemes folln same order as in (20) and the diversity gains, i.e., th
negative of the slope of the curves at high SNRs, matchesrths derived in Corollary 1.

Shown in Fig.1b are the optimal values ¢f for the AS- and the Alamouti-ARQ protocols and the ones acte
through the approximation techniques of Theorem 1. For maddéigh SNR, the approximations match the exact value

with very high accuracy.

3Following the same procedure as in Corollary 1, the divergitin of all considered STCs (without ARQ) is found Bs= 2.
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Scenario 3 |~AS 40 ---Numerical simulation
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Figure 1. (a): Comparison between the STC, the STC-ARQ aadi#ta transmission schemes of Scenarios 3-4. The sames quriatgpbility as
in the Alamouti-ARQ (resp. SMR-ARQ) is achieved by Type legp. Type Ill) ARQ protocol. (b): Comparison between theiropt values of
¢- obtained via numerical simulations and the theoreticat@pmations of Theorem 1. (c): Acceptable range of relafaedback cost)’ vs the
transmission SNRb. For the considered STCs, the bounds in Theorem 2 match tteainained via Corollary 2. (d): Outage probability for the
QOSTBC-ARQ protocol with different partitionings of the ther codeword. In all figures, we s& = 1 npcu. Figs.(a)-(c) are for 2x 1 MISO
setup. Fig.(d) represents the results fot & 1 MISO system. In Figs. (a), (b) and (d) the results are obthioe Q" = 0.

Throughout the paper, we concentrate on the ARQ schemeisateat by the fact that the ARQ is already implemented
in most standards and implies low implementation compfexibwever, the same procedure can be applied to combin
the STC and other feedback approaches. For instance, leinssder the scenarios where the transmitter is informet
via one bit channel state information (CSI) feedback at thgiriming of the codeword transmission (resp. at the end ¢
round 1) whether the channel is in outage, such that the wdaadeword (resp. the second sub-codeword) should not &

sent. In these models, referred to as Scenario 3 (resp. Bzenathe power allocation problem (4) is rephrased as

min Pr(Cy < R), min Pr(Cy < R),
Scenario 3 { %192 ) Scenario 4 { 192 B
S.t. (qbl + gbg) PI“(CQ > R) < qb - Qf, S.t. QZ51 + gbg Pr(01 <2R& 02 > R) < QZ5 - Qf.

Fig.1a shows the performance of these scenarios for the SMR &s seen, at moderate/high SNRs, on which we focus
the same performance as in the STC (resp. STC-ARQ) is achiavBcenario 3 (resp. Scenario 4). Thus, depending o
the complexity/available feedback resources, one candendifferent feedback approaches. Finally, it is stréfgtvard

to prove that the diversity gain and the high-SNR optimal goallocation of Scenario 3 (resp. Scenario 4) are the sam
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as the ones in Scenario 2 (resp. Scenario 1) (For further ansgm between different feedback schemes, see [7]).
A. On the Effect of Feedback Cost

As mentioned before, the implementation of ARQ improvesethergy efficiency of a STC scheme if the expected gair
achieved by sending only part of the mother codeword exctefeedback cost. To investigate the range of feedbac
costs for which the STC-ARQ approach outperforms the oaig®ITC, in terms of energy-limited outage probability,
one can derive the optimal power allocation rules of the$emes and compare their outage probability for each kin
of STC. The procedure is as follows. For every given value,ainiform power allocation and (5) are used to determine
the minimum outage probability of the considered STC. Thwemsidering (4), we sweep on different values of relative
feedback cost€)’ in the range of/0, ] and follow the same procedure as in (15) to find the maximuraevaf Q' for
which the STC-ARQ leads to less outage probability, congbémethe STC-based scheme.

The following Theorem demonstrates a sufficient conditionthe usefulness of the ARQ.

Theorem 2. The AS-based (resp. the Alamouti-, the SMR- and the CDRMpSTC-ARQ outperforms the STC

scheme, in terms of energy-limited outage probablllt)Qif< 873" (resp.Qf < ¢(1 ?) «zb)

Proof. As shown before, the minimum outage probability of all cdesed (non-ARQ) STC schemes is achieved by
1 = o = %. Let us consider the same power for the first round of the ST@A®Rotocol, i.e..p1 = %, which is not
necessarily optimal for the STC-ARQ protocol. As the outpgmbability is a decreasing function of transmission powel
¢2, the STC-ARQ leads to less outage probability, compareddocS(RC scheme, if- > . Moreover, using (4.ii) and

¢1 = 2, we have -

¢ _ Q'
A = {Alamouti, AS, CDD, SMR. 23
Thus, considering the constraing > %3, a sufficient condition for the usefulness of ARQ, i.e., a loweund on the
20f
acceptable range of feedback cost§, is founq,—%gm > 1 which, using (9)-(12) and; = , leads to
. S, for AS-STC
Q<4 = a8 (24)
21+ %)e~+, for Alamouti-, CDD-, SMR-STC
O

Considering the AS and the SMR kinds of STC, Fig.1c shows tlce@able range of feedback costs versus the SNF
Each curve in Fig.1c shows the set of feedback costs for wiiehPARQ is useful improving the energy efficiency of
the STC-based systems. This set of feedback costs cor@dspomthe area below each curve. Thus, the higher the cur
is, the higher feedback cost is tolerated. Also, the figumapmares the numerical results with the bounds developed i
Theorem 2. As it is seen, 1) the proposed bounds are verydighmoderate/high SNRs. 2) At low SNRs, the AS-ARQ
tolerates higher feedback costs, compared to the SMR (andldmouti/CDD-ARQ, although not demonstrated in the

figure). However, the acceptable range of feedback costseo€onsidered schemes converges at high SNRs.
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B. Extension of Results to Other Kinds of STC/Network Corafiiguns

Throughout the paper, we concentrated on 2he 1 MISO setup and the results where obtained for the AS, th
Alamouti, the SMR and the CDD kinds of STC. Our reasons foed@lg the2 x 1 MISO setup are 1) the analytical
results can be easily explained/followed, and 2) the ST@s baen first designed for tlex 1 MISO channel. However,
the same procedure as the one presented in Sections linlbeapplied for the cases with more number of antennas/oth
kinds of STC. Specially, partitioning the mother codewofdadSTC approach intd/ equal-length sub-codewords and
sending the sub-codewords in an ARQ-based fashion, thehtegigenergy and the outage probability are obtained by

WSTEAR = (M 601 + Q"M% ), 2 =1, () 25)
Pr(Outage = Qus, O, = Pr(C,, < 1), (ii)

respectively, wherd?,,, is the probability that the message is not correctly decadedund m. Then, deriving the
achievable rate termg),,,, one can follow the same iterative derivation approach ad %) or use other optimization
algorithms such as [7, Algorithm 1], to find the optimal posein terms of energy-limited outage probability. Indeed,
with more number of antennas or other kinds of STC the motbdeword can be broken into sub-codewords in severe
ways, and the proper partitioning of the mother codeword lmametermined based on, e.g., the feedback cost. As ¢
example, considering 4x 1 MISO setup and)' = 0, Fig.1d shows the performance of the quasi-orthogonalestiae
block code (QOSTBC) [13, eq. 2] in the cases with a maximum/of 2 and4 (re)transmissions, i.e., partitioning the
QOSTBS mother codeword into 2 and 4 equal-length sub-cosymespectively (see [13, eq. 2] for the mother codewort
of the QOSTBC). As it can be seen, the combination of ARQ an@ 8Xduces the outage probability considerably, anc
the effect of ARQ increases by increasing the maximum nurobeetransmissiong/.

We close the discussions with the following corollary theteads the results of Theorem 2 to different ARQ schemes

Corollary 2. For every STC-ARQ protocol, a sufficient condition for theetulness of ARQ, in terms of energy-limited

%, wheree is the outage probability in round 1 withy, = 2.

outage probability, is given b)?— <
Proof. The proof follows the same trend as in Theorem 2; gset: , Vi, for the STC-ARQ protocol which is not
necessarily optimal, in terms of energy-limited outagebptulity. Therefore, the same outage probability is ackicly
the STC and the STC-ARQ schemes. From (25.i) ane- %,W, the STC-ARQ approach leads to less total weightec

energy, compared to the STC, if
MZZ 1911(:2@]( M—l)(l—e)

f i < o f< 6 ,
Here, (d) is obtained by some manlpulatlons and the fact that= 1 and2; < ¢, Vi. O

For M = 2 and different STCs, the bound (26) matches the ones presenicheorem 2. Also, the simulations show

the tightness of the bound at high SNR (Fig.1c). Finally,anrhony with Fig.1c, (26) emphasizes that the ARQ feedbac
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cost is of more importance at low SNRs, i.es: 1, while its effect decreases at low valueseof.e., high SNRs.
IV. CONCLUSION

This correspondence studied the effect of adaptive powecatlon on the performance of the STC-based system
utilizing ARQ. As demonstrated, the energy-limited outggebability of the STC-ARQ setups is reduced substantially
if the sub-codewords of the STC are scaled appropriatelgci@fly, optimal power allocation increases the diversity
gain of the STC-ARQ protocols remarkably. Finally, the joifesign of ARQ and STC achieves considerable energ

efficiency gain for a large range of ARQ feedback costs.
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