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Adaptive Space-Time Coding using ARQ

Behrooz Makki, Tommy Svensson, Thomas Eriksson and Moh&dfied Alouini, Fellow, IEEE

Abstract—We study the energy-limited outage probability Adaptive power/energy allocation in Types I-lll ARQ proto-
of the block space-time coding (STC)-based systems utiliy cols is addressed in many papers, e.g., [1]-[8]. Moreoter, t
automatic repeat request (ARQ) feedback and adaptive power ompination of ARQ and different STCs is studied in, e.g.,

allocation. Taking the ARQ feedback costs into account, we . . .
derive closed-form solutions for the energy-limited optinal power [9]-[14], where the results are obtained with uniform (non-

allocation and investigate the diversity gain of differentSTC- adaptive) power allocation.
ARQ schemes. Also, sufficient conditions are derived for the In this correspondence, we study the problem of energy-

usefulness of ARQ, in terms of energy-limited outage probaibity.  |imited outage probability minimization for data transsie

The results show that, for a large range of feedback costs, & in block STC-ARQ protocols. The contributions of the paper
energy efficiency is substantially improved by the combinabn of are three folds:

ARQ and STC techniques, if optimal power allocation is utilzed.
o We derive closed-form solutions for the outage-limited
. INTRODUCTION optimal power allocation in different STC-ARQ schemes
Automatic repeat request (ARQ) techniques are commonly and show substantial energy efficiency improvement via
used in wireless networks to combat the loss of data packets optimal power allocation in STC-ARQ protocols. For
due to channel fading. In ARQ schemes, if the receiver fails instance, consider the antenna switching (AS), the Alam-
in decoding the data correctly, it asks for a retransmission outi, the spatial multiplexing with repetition (SMR) and
Then, depending on the data retransmission approachatiffe the cyclic delay diversity (CDD) kinds of STC with a
types of ARQ are defined in the literature [1]-[8]. Type I'is  codeword rate 1 nats-per-channel-use (npcu) and outage
the simplest version of ARQ, where both the error-detecting probability 10~%. Then, compared to the STC approach,
and the forward error correction information are added thea the implementation of STC-ARQ improves the energy
message and the receiver disregards the previous mesgages, efficiency by6.4, 8.7, 10.8 and9.3 dB, respectively.
received in error. In Type Il (resp. Type lll), a new (respeth o \We analyze the moderate/high signal-to-noise ratio (SNR)
same) data is sent in the retransmission rounds and, in each performance of the STC-ARQ protocols; we show that
round, the receiver combines all signals received up to tide e the diversity gain of the AS, the Alamouti, the SMR and
of that round. the CDD kinds of STC-ARQ increases from 2 without
With multiple antennas, an alternative for Types I-Ill ARQ  ARQ to 3, 6, 6 and 6, respectively, if they are combined
is to use the space-time coding (STC) techniques in an ARQ- with ARQ and the transmission powers are optimally
based fashion. With a STC-based ARQ approach [9]-{14], a allocated between the retransmissions.
permutedversion of the initial sub-codeword is sent in the , For different STCs, we find sufficient conditions for the
retransmissions and, in each round, the receiver combines ysefulness of ARQ, in terms of energy-limited outage
all received permutations of the initial signal for message probability. Specially, we show the combination of STC
decoding. Thus, the STC-based ARQ isiatermediatetype and ARQ techniques to be considerably useful for a large
of ARQ with (almost) the same complexity as in Type Ill range of feedback costs.
and data transmission efficiency comparable with Type Il Notations The probability density function (pdf) of the
ARQ [9]—[14]. Moreover, the implementation of STC-ARQandom variableA is denoted byfa. Also, det(X), X*, XT
protocols is of interest when we remember that the STCSs afgy x" are the determinant, the conjugate, the transpose and

among the best approaches for exploiting the spatial diyersye Hermitian of the matrix respectively.
and are considered in different standards, e.g., [15]. Tasn

shown in the following, the performance of the STC-based Il. PROBLEM FORMULATION
setups is improved sub_stantiglly,_ if they are combined with Consider & x 1 multiple-input-single-output (MISO) setup
ARQ. These are the main motivations for this correspondenegilizing STC. With the STC, the mother codeword, of length

in which we analyze the performance of STC-ARQ systen&i channel uses. can be representekas X11 X12
using adaptive power allocatién ’ P Xo1 Xo29

2x2L - — [yT T T 2xL
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However, permission to use this material for any other psepomust be @ Permuted representation of the initial sub-codewsid=

obtained from the IEEE by sending a request to pubs-perois@ieee.org. [x], xJ,]T € C2*L. Consideringn information nats for the
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IHere, we study t‘he fixed-length ching sche_mes. Thus_, adfried in Scenario 1 (STC-ARQ) Using the ARQ-based STC, the
the following, adaptive energy allocation is achieved bylatmg the sub- d . . ds: fi . . h |
codewords powers which are the sub-codewords energiezdsopla constant data IS sent in two rounds; firs; is sent viaL channel uses.

(length of the sub-codewords). Thus, the received signal is



Y1 = [hihe]X1 + Z4, 1)

where Z; ¢ C'*F is the independent and identically dis- { fll,if? Pr(Cs < R), 0 (5)

tributed (iid) complex Gaussian noise matrix whose elesent St (o1 +¢2) <, = % (i)

follow CA(0,1) andH = [hy hs| represents the fading matrix. .
(0,1) [ o] rep g IJ{gﬁwtlvely, (4) and (5) mean that with the ARQ we do

mc')'gélu(sl)ds;g:ea:]; mari(;rpr;lcrﬂ]; w;ﬁvzbée r[ast](i[(i];);hzs(;r;?:@ambling first, half of the STC-based codeword is sent. If

the codewords to be Gaussian and sufficiently long (see £EE channel quality is high, the data is correctly decoded at

for discussions on the length of the ARQ sub-codeword _end of the first r_ound and the energy cost for the second
If C, > 2 = 2R, the data is correctly decoded by thdunis saved. Otherwise, the sub-codewXsds sent, the same

receiver, a positive acknowledgement (ACK) is fed back & n the non-ARQ approach. The cost of the gambling is the

. f .
the transmitter and the data retransmission stops. Thuisisin COS: ft(?]r fgedlback, ;etw i Tfh:\; depemjmg o_nhtthe igedback
case, the consumed energy of the forward linkbis= ¢ L cost, the implementation o Q might or might not improve

where ¢; is the power of the sub-codewoiXl;. Otherwise, the performance of the STC-based schemes. In the following,

if C; < 2R, the receiver sends a negative acknowledgemevl\‘? study (4) and (5) for different kinds of STC.

(NACK) and asks for a retransmission. Hentanore channel 1. PERFORMANCE ANALYSIS FOR DIFFERENTSTCs
]l(Jses a(;elluie_d to sen ?nd the tOtil clontshgmed entehrgytlr: tlhe This section analyzes the energy-limited outage minimiza-
orward link increases t@¢; + ¢»)L. In this way, the total o, o opiem for the AS, the Alamouti, the SMR and the

weighted energy of the ARQ-based approach is obtained b(XDD kinds of STC (See Section I). First, the probabilities

USTCARQ _ 4, [ Pr(Cy > 2R) Pr(C; < 2R) andPr(Cy < R) are derived for the considered
N ; STCs and then (4) and (5) are solved for each one. Note that
+(01L + ¢ L) Pr(Cy < 2R) +wy) the considered STCs are only examples and, as illustrated in

= ¢1L+ ¢ LPr(Cy < 2R) + wi)'. (2) Subsection III.B, the same techniques are applicable fer th
. ) other kinds of STC/number of antennas.
Here, v is the energy consumed by the transmitter and the g calculate the probabilities, we need to find the achievabl
receiver during the feedback process ands a weighting ate terms>, andC, for each scheme. While these terms are
factor motivated by the fact that the transmitter and thei&r  s;mmarized in Table 1, because of the mathematical sityilari

have different power supplies, etc. Also, (2) is based on g only explain the procedure for deriving the achievabte ra
fact that, independently of the message decoding status,{@fns of the CDD code.

ARQ feedback signal (resp. no feedback) is sent at the end ofysing the CDD, the mother codeword is given ¥§°° =
the first (resp. the second) round. \/Eu \/Ev

SendingXs, the receiver combines the received signals of V 2 2 7%2521 u? < 1,4+ Zle Iv[I]|]? < 1.
the two rounds. Hence, at the end of the second round, the,/%tv \/gu

equivalent channel model is changed to Thus, the channel models in the first and the second rounds,
ol i.e., (1) and (3), are
Yo = [hy ho][X1Xa] + Zo,Z5 ~ CN**7. 3) ) )
. . . YT = HEPP[u V)" + Z1, HYPP = /G [hho),
Denoting the maximum achievable rate of the channel model  cpp

cDD _ FYCDD T
(3) by O, the data is correctly decoded (resp. outage occurs) Y3 = [ahe]X0+ Zo = HPP V] + Z,, ©6)
if Cy > 5= = R (resp.Cy < R). Thus, the outage probability p—— Dhy (/G ho
of the STC-ARQ based approach ’(Cy < R) and, for 2 [62), b2, ’
a given feedback cost! and codeword rate?, the energy- 2™ V2
limited outage minimization problem is rephrased as whereH,; denotes the equivalent channel model of a scheme
. . t the end of round. In this way, we use the capacity of the
Pr(Cy < R i a
I?,lq?z H(Ce ) _ (“) multiple-input-multiple-output (MIMO) setups [16] to firitie
St d1+ 2 Pr(Ch <2R) < GSTEARQ, (i) (4  maximum achievable rates as
JSTC-ARQ - ¥—Q L ~Hf - wy . .
g SR 4 CF% — loa(1 + APP(EED)) = log(1 + 4),

Here, ¢ is the total energy budge)’ = Lf denotes the G =91+ 92,9 = |hil e 1’2~’

relative feedback cost and (4.ii) follows from (2). C§PP = S logdet (I + HSDD(HSDD)")
Scenario 2 (STC) With the STC, which we consider as the b T "

baseline2L channel uses are used to send the whole codeword= 3 log det (l 2+ [ %Refééiie{hgé} D ®

in one shot Thus, the channel model is the same as the one Llog (14 e +1ﬂ2G) v 11y . {2 iy

in (3) and the outage probability Br(C» < R), the same as 2 8 2 5 p1p2Re{h1h3}?),

in the ARQ-based scheme. Then, as there is no feedback arerel,, denotes then x m identity matrix. Note that for

the whole codeword is sent in one round, the total consumBdyleigh fading channels; ~ CA/(0,1),Vi, on which we

energy is found a$¢; + ¢2)L which rephrases the energyfocus, the pdf of random variables = |h;|%,i = 1,2, and

limited outage minimization problem as G = g1 + g2 are given byf,(9) = e 9 and fa(g) =



ge=9,g > 0, respectively. Also, the achievable rate terms of TA = 1 + oo (d1) + N5 (1, d2), (13)
the other STCs considered in Table 1 are obtained with thc—F1 A
ere \
same procedure as in (6)-(8).
Using Table 1, the probabilitieRr(C; < 2R) andPr(Cs <
R) are obtained for different STCs as follows.

is the Lagrange multiplier satisfyings; +
$2) (¢1) = ¢STEARQ for the STC-ARQ scheme A. Setting
the derivatives with respect t9; and ¢» equal to zero leads

AS-based STC-ARQ © )
EG N )
[G] 8 [G]
PI‘(CAS < ZR) Pr(log(1+ ¢191) < 2R) { 6?‘}\ _ QA )\A¢892 B é1
—1_e 0 =e2 1, () 92 A A A
PI(CSS < R) = Pr(drgs + daga < ) = 146, aiz =0 ?;;2 (25;2 L 4
o ‘f() fgl Pr g2 < = ¢1x)dx . 1 STC-AR! Q1 ' .. ’ .
1- 5% -& _ ¢¢2¢ e Wby E by Thus, usingg, = W from (4.ii), the optimal power
= 1 el mZ 0~ it 6y — o (i) allocation rule of different STC-ARQ protocols are found as
- B ' 1= ¢2 the solution of
9)
o d)STCARQ é1 QA _ A 693
SMR-base STC-ARQ 01 = we {1 +( )3 ey — 1 (aqsl g BT,
Ql
—1
PI‘(ClsMR <2R) =Pr(G < z_f)) « o004 —0 (0
% _ 260 09 —20 . Op2 FSTC-ARQ_ ¢, ’
= Jo'! fo(w)de =1 -0 — Gre 0 g sa= g
SMR ~ TSTC-ARQ ..
PI‘(02 <29R) PI’(G < 71 +¢ ) ¢2 W, (”)
=1—e om0 ez (ii) (15)
Alamouti-based STC-ARQ where ‘Zﬁ? ) denotes rewrltmg‘a— as a function
Pr(Cpamoui < 9R) = Pr(G < 22) Flgp= TN .
= ¢1 27

Sl b — % e o, 0 of ¢, via (4.ii). Also, ¢y, ¢, are the optimal values of powers,

Pr(CAamoui o ) — (2?21 log(1 + %G) < 2R) (11) in terms of (4) Note that (15.i) is a smgle -variable eqoati

from which ¢, is derived. For instance, — =40 37
Wpra < a) —1-(1+a)e, (il & i ¢

1 @3
SMR SMR
and 227 _ 89 — *49 e ~#7:, the optimal powers

= (4 Tor
o=-(+ ¢2 )+ \/ b1 ¢2) + ¢1¢2 of the SMR- ARQ approach are given by

Here, (a) follows from the fact that > 0,G > 0 and, as a
result, the equatioiil + 2-G)(1 + 2G) = €27 has a single

e by g [ _ Hihn T
positive solutionG = o. 1= ¢1g = (& 1)2 , 16
CDD-base STC-ARQ by = BTG, i) (16)
_20 _20 . —(14+22)e 41
(CEEE <2R)=1—e€ 1 — i—fe o1 () ! A(H'Am)
Pr(C3°° < R) Then, havingp:, ¢» the outage probability is calculated (The

=Pr((1+46)(1+ %G) — p1goRe{h1h3}? < *), (i) same procedure is applied for the other SHICSpecially,
(12) it is interesting to obtain the optimal powers of different

while, to the best of authors’ knowledge, the probabilitfrotocols at moderate/high SNRs, which is the range of

Pr(CSPP < R) can not be further simplified. interest in outage-limited conditions [5], [6], [9]. Thestdts
Observation 1 From (9)-(12), it is found that for all '€ Summarized in Theorem 1. _
considered STCs we halr(C2 < R) = QA (1, d2), A = Theorem 1. Consider the moderate/high SNRs and the

(AS, Alamouti, SMR, CDD}, whereQ (41, é») is a symmet- optimization problem (4). Then, the optimal powers of the AS

2GSTCARQ o gSTC- -ARQ?

ric function of ¢1 and ¢», i.e., the power terms, and ¢», ARQ protocol are given byey, ¢») = (25—, 2 —).
are interchangeable iR (¢1, ¢2). Also, Pr(Cf < 2R) = Also, the Alamouti-, the SMR- and the CDD-based STC-
Q2 (¢1) which is a function ofp; only. O ARQ protocols follow the same optimal power allocation rule

FSTCARQ o ZSTC-ARQ

As a direct consequence of Observation 1, it is found th@,, ¢,) = (2 R

for all considered STCs the minimum energy-limited outagPe . . L . L L
probability of the STC-based schemes, i.e., the solutio@g)yf Proof- Using 1 —e= = S ande= = 1 — o + 555 in
is achieved by uniform power allocatien = ¢, = 2, — £. (9:) and (8.1, respectively, and because # ¢. when

20 L:
This is because both the objective function and the comstrapPtimizing the power terms |n the STC-ARQ protocols, we

: X AS _ 0 AS _
of (5) are symmetric functions af, and ¢s. have S = £ and 04 = 32— for high values of¢y, ¢».
T rmine the energy-limited minimum r il-
0 dete e the energy-limited um outage probab 2As QSPP does not have closed-form expression based on, gg's,

ity_Of the considered ST(_:'ARQ prO_tOCOIS! i.e., solving (&% e optimal powers of the CDD-ARQ should be derived via apgima-
write the Lagrange multiplier function tion/bounding techniques, as illustrated in the following




Table |
THE EQUIVALENT CHANNEL MODELS AND THE ACHIEVABLE RATES OF DIFFERENTSTC-ARQSCHEMES

Mother STC method H, Cy H, Cs
V4 0
As: | VU Véilh 0] log(1 + ¢191) [V@rh1 Vdzho] 3 1og(1 + ¢191 + b292)
0 PoU
[ P1 ¢2 b1 b1 i
S-u S-u St hy L ho
SWR: | V2V 2 G ha] | log(1+ (91 +92)) = = 3log(1+ (G + F) (g1 +92))
Tlv 72\/ Tz}ll T2h2
P1 P2\ ,* 1 [ P1 P1 1
. U — 4/ =2V =t h = h )
Alamouti: 2 2 231k ho) | log(1+ 2L (g1 + g2)) z z 2 1572 log(1 + Li(g1 + g2))
Gv g | Vo =\
P71 b2 P1 P1 1
Shu £V S-h S h
cDD: 2V 2 ZL[hy ha] | log(1+ %L (g1 + g2)) 2 V2 Eq.(8)
VEY Fu Fhy R

Thus, implementing the AS-ARQ at moderate/high SNRs, (€)5PP < Ch'amout for every given set ohy, ha, ¢1, ¢o. Hence,
is rephrased as the outage probabilities are ordered as

. 92
gy 201020
St ¢y + 222 = ¢STEARQ

é1

1,92

= 7STC-ARQ__
St gy = T ddn

{ max P12, Q5MR > QFPP > QfRMOU YR ¢ ¢, (20)

> and, from (18)-(19)QSMR = QAlamouti — d)ff;)z at high
SNRs. Thus, based on the Squeeze Theorem of limits [17,
which follows from the fact thagS — s a decreasing Chapter 14.2], the high-SNR optimal powers of the CDD-ARQ

2¢1¢2 A ZSTC-ARQ o 7STC-ARQ?
function of the productéyés. Solving (17), the high-SNR Protocol are(é1, ¢2) = (*5—, *%5—), the same as the

power allocation rule of the AS-ARQ scheme is found adlamouti- and the SMR-ARQ schemes. m

N [ 2gSTOARQ $STC-ARQ2 . N o .
(01,02) = (F=5—, =—5—), as stated in the theorem. |nyjitively, Theorem 1 indicates that at high SNRs the data
The optimal powers of the other protocols are obtained Wiff correctly decoded at the end of the first round with a very
the same procedure; using the first-order Taylor 2expansiﬁ@h probability. Thus, with a total energy budget, subtaly
of the exponential terms in (10), we ha¢g“® = % and high energy can be assigned to the second round, as it iy rarel

QSMR — = 2+9; > at high SNRs, which rephrases (4) as  used. Also, as an interesting corollary, the theorem shows
e that, although the Alamouti-based (resp. the CDD-based)
min 27‘922 max (¢ + ¢2), scheme outperforms the CDD-based (resp. the SMR-based)
(p1+¢2)2°
b1.62 2626 _ 7STCARQ — o2 (FSTAR )52 approach, in terms of outage probability, they lead to timeesa
Sto¢1t ¢7 ¢ St 2= "—agp " “-performance at high SNRs. To elaborate on this point and
(18) emphasize the effect of optimal povxéer(glloce?tion, we obtain
. . . o . log(Pr(Outag
Hence, the optimal power allocation rule of the SMR-ARANE diversity gainD = —limsnroo =15, 5nr (9 €d. 14]
8(¢1+<$STC-ARO-¢1>¢%) of the considered schemes in Corollary 1. Particularly, the
protocol is obtained by: 5520 = 0 which, corollary shows that the implementation of power-optirdize

ignoring its lowest term at high SNRs, results(if, ;) = ARQ scales up the diversity gain of the AS, the Alamouti,

(2¢SSTC-ARQ 24;5“?-”@) the SMR and the CDD protocols from to 3,6,6 and 6,
3 ’ 2762 :

. Alamouti _ 26° respectively.
hi Fr?rst\?; Alzlmoutl coding, we note thal; ¢t at Corollary 1. The diversity gains of the AS-, the Alamouti-,
'9 S. AlSO, the SMR- and the CDD-based STC-ARQ protocols arg, 6
Alamouti Lo ) o2 and6, respectively, if the power terms are optimized in terms
2 _
— l(i + i)2(,1 +l1+ 40412 2)? ©__ 20 5. Proof. Considering the high SNRs, i.ggSTC'ARQ — oo in
201 92 Voo @)t (G0 ) e have(d, dy) = (257 267 ) for the AS-ARQ

(19) which, following the same arguments as in Theorem 1, results

; iitOAS _ _ 270°
Here, (b) follows from e~ = 1 — o + % for small o’s N outage probabilitf2,® = =% and

(note thate — 0 as ¢STCARQ . o0) and (c) is obtained 2703

by vI+z =1+% asz — 0. In this way, the optimal power DASARQ_ i log(S7sreme) _3 @1
terms of the Alamouti-based scheme are obtained by (18), the  GSTOARG,oo log ¢STC-ARQ

. L0 9gSTOARQ o &STC-AR@

Sagr?a’clllf/ I?o?hishégbl.iﬁsa q?c)h;rrge v?f/ o nvotewla)z th()a' SMR The same procedure is applied to derive the diver-
' i ) ' sity gain for the other protocols; replacingp:, =

and the Alamouti-based schemes follow the same power alf y 9 P P G, 2)

cation ru'?s at high S_I\!Rs, Z)EMR = QPP = Qffemout vig,, 3Following the same procedure as in Corollary 1, the divergiin of all

and 3) using Table 1 it is straightforward to show thgt"R <  considered STCs (without ARQ) is found &= 2.




Qd;STc-ARQ 2CZ)STC-AR@

(¥25—, === into the approximate expressions of théhe complexity/available feedback resources, one canidens
outage probability in (18)-(19), we have different feedback approaches. Finally, it is straightfard to
DSMR-ARQ _ pyAlamouti-ARQ prove that the diversity gain and the high-SNR optimal power

2 Log( 30 ) allocation of Scenario 3 (resp. Scenario 4) are the sameeas th
) o8 z«ﬁfﬂh@;_jﬁ (22)  ones in Scenario 2 (resp. Scenario 1) (For further compariso
= — limgsreara o0 Tog ¢STCARQ = 6. between different feedback schemes, see [7]).

Finally, for the CDD-ARQ we reuse the Squeeze Theorem ag\d On the Effect of Feedback Cost
(20) which leads taDPP-ARQ — ¢, '

As mentioned before, the implementation of ARQ improves

Setting Q" = 0 and R = 1 (npcu), Fig.1a shows the energy efficiency of a STC scheme if the expected gain
the outage probability of different STC-ARQ protocols angchieved by sending only part of the mother codeword exceeds
compares the results with the ones achieved by the STige feedback cost. To investigate the range of feedbacls cost
As demonstrated, the implementation of ARQ improves thfgr which the STC-ARQ approach outperforms the original
energy efficiency substantially. For instance, with an getasTC, in terms of energy-limited outage probability, one can
probability 10~*, the required transmission SNR, i.€, of derive the optimal power allocation rules of these schemds a
the AS, the Alamouti, the SMR and the CDD kinds of STC igompare their outage probability for each kind of STC. The
decreased by.4, 8.7, 10.8 and 9.3 dB, respectively, if they procedure is as follows. For every given valuedofuniform
are combined with ARQ. Moreover, we can use, €.9., [6jyower allocation and (5) are used to determine the minimum
(8], [10], [14], and follow the same procedure as in (6)-@) toutage probability of the considered STC. Then, considerin
show that, for & x 1 MISO setup,C*P®"" = CNamouti and 4y we sweep on different values of relative feedback costs
PP = CSMR hy, hy,i = 1,2. Thus, with a maximum of @ in the range of0, ¢] and follow the same procedure as in
M = 2 retransmissions, the energy-limited outage probabilify 5) to find the maximum value @' for which the STC-ARQ
of the Alamouti-ARQ (resp. SMR-ARQ) is the same as thigads to less outage probability, compared to the STC-based
one achieved by Type Il [6] (resp. Type Il [8]) ARQ, whichscheme.
is becausePr(C/™*" < x) = Pr(CMamul < z) and  The following Theorem demonstrates a sufficient condition
Pr(CPP" < z) = Pr(CSMR < z),Va,i = 1,2. Finally, for the usefulness of the ARQ.
the figure emphasizes the validity of Theorem 1/Corollary 1, Theorem 2 The AS-based (resp. the Alamouti-, the SMR-
where the outage probability of different schemes follow thand the CDD-based) STC-ARQ outperforms the STC scheme,
same order as in (20) and the diversity gains, i.e., the Megalin terms of energy-limited outage probability, ff < %e‘%e
of the slope of the curves at high SNRs, matches the Ork?gsp o < é(l 4 ﬁ)e_%)
derived in Corollary 1. Yoo 2 ¢ '

Shown in Fig.1b are the optimal values ¢f for the Proof. As shown before, the minimum outage probability of
AS- and the Alamouti-ARQ protocols and the ones achievedl considered (non-ARQ) STC schemes is achievedpy-
through the approximation techniques of Theorem 1. For mog; = %. Let us consider the same power for the first round of
erate/high SNR, the approximations match the exact valugg STC-ARQ protocol, i.e¢;, = %, which is not necessarily
with very high accuracy. optimal for the STC-ARQ protocol. As the outage probability

Throughout the paper, we concentrate on the ARQ schemigsa decreasing function of transmission power the STC-
motivated by the fact that the ARQ is already implemented [RRQ leads to less outage probability, compared to the STC

most standards and implies low implementation complexityeheme, ifg, > %. Moreover, using (4.ii)) andy; = %, we
However, the same procedure can be applied to combipge 3 )

the STC and other feedback approaches. For instance, IE(B _ 5 —Q A = {Alamouti, AS, CDD, SMR

us consider the scenarios where the transmitter is informe Pr(CP < 2R)’ T ’ '

via one bit channel state information (CSI) feedback at the (23)
beginning of the codeword transmission (resp. at the end of o ) 3 .

round 1) whether the channel is in outage, such that the thlQ_“S' considering the constraigt > 2,8 sufficient con-
codeword (resp. the second sub-codeword) should not be séfffon for the usefulness of ARQ, i.e., a lower E’Sf“”d on the
In these models, referred to as Scenario 3 (resp. Scenarioaéceptable range of feedback costs, is foung;% >1

the power allocation problem (4) is rephrased as which, using (9)-(12) and, — %37 leads to

min Pr(Cy < R), 6 =22 _
Scenario 3 1 & (C2 < R) - o< B  forAS-STC
S.t.(¢1 + ¢2) Pr(Co > R) < ¢ — Q' | g1+ 4—(5)67, for Alamouti-, CDD-, SMR-STC
) min Pr(Cy < R), (24)
Scenario 4 ¢ ¢1.42 _
St.¢1 + ¢ Pr(Cy < 2R&Cy > R) < ¢ — Q. O

Fig.1a shows the performance of these scenarios for the SMRConsidering the AS and the SMR kinds of STC, Fig.1c
STC. As seen, at moderate/high SNRs, on which we focishows the acceptable range of feedback costs versus the SNR.
the same performance as in the STC (resp. STC-ARQ) Esch curve in Fig.1c shows the set of feedback costs for which
achieved in Scenario 3 (resp. Scenario 4). Thus, dependingtbe ARQ is useful improving the energy efficiency of the
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Figure 1. (a): Comparison between the STC, the STC-ARQ aedd#tia transmission schemes of Scenarios 3-4. The sameequtalgability as in the
Alamouti-ARQ (resp. SMR-ARQ) is achieved by Type Il (resgp& Ill) ARQ protocol. (b): Comparison between the optimalues of¢$- obtained via
numerical simulations and the theoretical approximatiofisheorem 1. (c): Acceptable range of relative feedback €svs the transmission SNR. For the
considered STCs, the bounds in Theorem 2 match the onesethtaia Corollary 2. (d): Outage probability for the QOSTBR&Q protocol with different
partitionings of the mother codeword. In all figures, we Ret= 1 nPcu Flgs (a)-(c) are for @ x 1 MISO setup. Fig.(d) represents the results fof & 1
MISO system. In Figs. (a), (b) and (d) the results are obthioe Q

STC-based systems. This set of feedback costs correspomdpectively, where?,, is the probability that the message
to the area below each curve. Thus, the higher the curigenot correctly decoded in roung:.. Then, deriving the
is, the higher feedback cost is tolerated. Also, the figueehievable rate term§),,, one can follow the same iterative
compares the numerical results with the bounds developeddierivation approach as in (15) or use other optimization
Theorem 2. As it is seen, 1) the proposed bounds are vetgorithms such as [7, Algorithm 1], to find the optimal
tight at moderate/high SNRs. 2) At low SNRs, the AS-ARQ@owers, in terms of energy-limited outage probability.dad,
tolerates higher feedback costs, compared to the SMR (amith more number of antennas or other kinds of STC the
the Alamouti/CDD-ARQ, although not demonstrated in theother codeword can be broken into sub-codewords in several
figure). However, the acceptable range of feedback costsvedys, and the proper partitioning of the mother codeword
the considered schemes converges at high SNRs. can be determined based on, e.g., the feedback cost. As an
example, considering @& x 1 MISO setup andQ’ = 0,

B. Extension of Results to Other Kinds of STC/Netwok- Fig.1d shows the performance of the quasi-orthogonal space
figurations time block code (QOSTBC) [13, eq. 2] in the cases with a
Throughout the paper, we concentrated onZhel MISO maximum of M = 2 and4 (rejtransmissions, i.e., partitioning
setup and the results where obtained for the AS, the Alamodtie QOSTBS mother codeword into 2 and 4 equal-length
the SMR and the CDD kinds of STC. Our reasons for selectiggb-codewords, respectively (see [13, eq. 2] for the mother
the2 x 1 MISO setup are 1) the analytical results can be easipdeword of the QOSTBC). As it can be seen, the combination
explained/followed, and 2) the STCs have been first design@ldARQ and STC reduces the outage probability considerably,
for the 2 x 1 MISO channel. However, the same procedure &hd the effect of ARQ increases by increasing the maximum

the one presented in Sections -1l can be applied for treesa humber of retransmission¥ .

with more number of antennas/other kinds of STC. Specially, We close the discussions with the following corollary that
partitioning the mother codeword of a STC approach ilfo extends the results of Theorem 2 to different ARQ schemes.
equal-length sub-codewords and sending the sub-codeword€orollary 2. For every STC-ARQ protocol, a sufficient
in an ARQ-based fashion, the weighted energy and the outamgmdition for the usefulness of ARQ, in terms of energy-

probability are obtained by limited outage probability, is given byQ— < 71&1](\&(11)\}1726))5)7

USTCARQ — (™M 6,0 1 + QT M 20:), 9 =1, ()  wheree is the outage probability in round 1 wity = 2
Pr(Outage = Qus, Q= Pr(C,, < A{, n, (i)
(25) Proof. The proof follows the same trend as in Theorem 2; set




o; = %,Vz’, for the STC-ARQ protocol which is not necesq{12]
sarily optimal, in terms of energy-limited outage probéil
Therefore, the same outage probability is achieved by th@ Sﬁs]
and the STC-ARQ schemes. From (25.i) apd = Vi,

the STC-ARQ approach leads to less total weighted eneréy!
compared to the STC, if

_ [15]
M M—2 1 —M

¢ f e o L= ar 20 i

— Qi1 +Q 2 <o Q <o — )

M i=1 ; Zi\ioQQi

W@ _ _(M-1)(1-q 26
¢~ MO+ (M—2)) 17

Here,(d) is obtained by some manipulations and the fact that
Qo =1andQ; < G,Vi. [l

For M = 2 and different STCs, the bound (26) matches
the ones presented in Theorem 2. Also, the simulations show
the tightness of the bound at high SNR (Fig.1c). Finally, in
harmony with Fig.1c, (26) emphasizes that the ARQ feedback
cost is of more importance at low SNRs, i.es 1, while its
effect decreases at low values &fi.e., high SNRs.

IV. CONCLUSION

This correspondence studied the effect of adaptive power
allocation on the performance of the STC-based systems
utilizing ARQ. As demonstrated, the energy-limited outage
probability of the STC-ARQ setups is reduced substantiélly
the sub-codewords of the STC are scaled appropriately. Spe-
cially, optimal power allocation increases the diversiaigof
the STC-ARQ protocols remarkably. Finally, the joint desig
of ARQ and STC achieves considerable energy efficiency gain
for a large range of ARQ feedback costs.
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