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Energy-Efficient Adaptive Power Allocation for
Incremental MIMO Systems
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Abstract—We consider energy-efficient adaptive power al-
location for three incremental multiple-input multiple-o utput
(IMIMO) systems employing ARQ, hybrid ARQ (HARQ) with
Chase combining (CC), and HARQ with incremental redundancy
(IR), to minimize their rate-outage probability (or equivalently
packet drop rate) under a constraint on average energy con-
sumption per data packet. We first provide the rate-outage
probability expressions for the three IMIMO systems, and then
propose methods to convert them into a tractable form and
formulate the corresponding non-convex optimization protlems
that can be solved by an interior-point algorithm for finding
a local optimum. To further reduce the solution complexity,
using an asymptotically equivalent approximation of the rde-
outage probability expressions, we approximate the non-cwex
optimization problems as a unified geometric programming
problem (GPP), for which we derive the closed-form solution
lllustrative results indicate that the proposed power allccation
(PPA) offers significant gains in energy savings as compareid
the equal-power allocation (EPA), and the simple closed-fm
GPP solution can provide closer performance to the exact mebd
at lower values of rate-outage probability, for the three IMIMO
systems.

Index Terms—Incremental MIMO, low-complexity MIMO,
ARQ, HARQ, Chase combining, incremental redundancy, power
allocation.

I. INTRODUCTION

Multiple-input  multiple-output  (MIMO)

information from a chosen transmit antenna, the transmitte
waits for the ARQ feedback. If the information is received
successfully, the receiver sends a positive acknowledgmen
(ACK) and the next packet in the queue is transmitted in the
next transmission round. If the transmission is not suéogss
negative ACK (NACK) is sent from the receiver, the same mes-
sage is encoded and sent through a different transmit aatenn
to exploit the spatial diversity. There are three possidgsin
which the encoding and decoding operations can be performed
during the transmission of an erroneous packet and they are
IMIMO using ARQ, CC-HARQ and IR-HARQ, respectively.
Readers are encouraged to refer(to [4], [5] for more detdils o
the three IMIMO systems considered in this work and their
advantages over the conventional MIMO systems.

Related Work: Previous works on MIMO with ARQ con-
sidered different aspects of the system performancel_lin [6]
diversity-multiplexing-delay tradeoff of MIMO ARQ system
has been studied. A multi-bit feedback scheme for MIMO IR-
HARQ was proposed and an outage analysis was presented
in [[7]. A progressive ARQ precoder design for MIMO trans-
mission systems to minimize the mean-square error has been
proposed in[[8]. The idea of using ARQ feedback for low-
complexity MIMO system implementation was proposed in
[4], [B] along with an outage analysis of IMIMO systems

transmission employing three retransmission mechanisims[9], among

schemes are most suitable for systems with high spectogher things, the authors showed that for many MIMO-ARQ

efficiency requirement. Despite having many advantages, athemes, the efficiency of ARQ protocols is dependent on the
of the fundamental limitations of MIMO systems is the costonsidered scheme through the accumulated mutual informa-
increased power/energy consumption and the complexiign and is independent of the performance metric.
associated with their implementation in practical systemsRecently many works have been focusing on the optimiza-
[1]. Towards addressing these problems associated with tit of resources in HARQ systems when the channel state
conventional MIMO systems, spatial modulation (SM) haisformation (CSI) is not available at the transmittérfixed
been proposed in[2] as a low-complexity MIMO transmissiooutage probability analysis of HARQ in block-fading chalsne
scheme that can improve the energy efficiency (EE) with onlyith statistical CSI at the transmitter was presented_ir.[10
channel state information known at the receiver [3]. Optimal power allocation for improving the average rate-per
Incremental MIMO (IMIMO) [4], [5] is a variation of SM, formance of HARQ schemes was presented in [11] for quasi-
in which the multiple antennas at the transmitter are usedhin static fading channels with different forms of CSI feedhack
incremental fashion by utilizing the ARQ feedback to impovPower adaptation to minimize the average transmission powe
the reliability. In an IMIMO system, the encoder functioifial under a fixed rate-outage probability constraint for botnlfR-
is simplified by letting only one antenna from the transméind CC-HARQ schemes was studied[in/[12]. A rate allocation
antenna array to be used to transmit the information at aayd adaptation policy based on dynamic programming (DP)
given time. Because of this, only a single RF chain andvgas proposed if [13] for truncated IR-HARQ systems. In the
single power amplifier can be used on the transmitter side andrks of [14], [15], the authors proposed power adaptation
the receiver with multiple antennas can decode the mess&gelR- and CC-HARQ systems in single-input single-output
optimally with relatively low complexity. After sending ¢h (SISO) i.i.d. Rayleigh fading channels to minimize the rate
outage probability under an average energy constraint.
and C(g?r?;ter Contributions: We consider the problem of minimizing the
rate-outage probability of IMIMO systems employing ARQ,
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1 Y_lo IMIMO and the instantaneous CSI feedback from the receiver

9 Y Y 2 is not useful. We also assume thiat< M so that the quasi-
Encoder 3 Channel 3 Decoder static Rayleigh block-fading IMIMO system_ model described

! N above can be seen as a single-input multiple-output (SIMO)

MT ' N system using ARQ or HARQ, in which the channel fading

block is equivalent to one ARQ round.

Each ARQ round consists af symbols. We assume that
the modulation symbols have unit average energy and the same
ACK/NACK feedback ~ ———— power scaling factof, is applied to all thel’ symbols during
the ith ARQ round.We write the received signal during the
tth channel use ofth ARQ round using thenth antenna for
transmission ay, [t| = vV Ph,,xm, [t] + z [t], whereh,, =
CC-HARQ and IR-HARQ under a constraint on average effti.m. .- -, hn.m|" denotes the channel vector from theth
ergy consumption per packet. In particular, we first gefezal @antenna to thév antennas at the receiver. The index of the an-
the system model of[4] to allow for adaptation of transnuissi tenna used for transmission in each ARQ round is assumed to
power in different ARQ rounds and provide the expressions f§€ known to the receive,, ; [t] € C denotes the modulation
the rate-outage probability of IMIMO employing ARQ, CC-symbol from themth transmit antenna in thigh channel use of

Figure 1. System model for the IMIMO.

HARQ and IR-HARQ. We then formulate the optimizatiorihelth ARQ roundy; [t] = [y1:[t]. ...y~ [t]" denotes the
problems for each of the three IMIMO schemes using thhannel output and; [t] = [z1;[t],...,zn,[t]]" represents
derived outage probability expressions. However, the rgivéhe noise at the receiver and we assume(t] ~ CN (0, 1) for

rate-outage probability expressions are not mathembticak = 1,...,N andl = 1,..., L. The codebook construction

tractable to be used in an optimization problem formulatioand decoding operations for each of the three IMIMO schemes
Hence, we propose methods to convert these expressions [fag been described inl[4]._[17Using similar assumptions

a tractable form and formulate a non-convex optimizatioas in [14]-{16] about the codewords, we consider rate-autag
problem that can be solved by an interior-point algorithriarobability defined as the probability that the instantarseo
for finding a local optimum. To further reduce the solutiofiate is smaller than the target rate as a performance metric.
complexity, we propose an asymptotically equivalent appro

imation of the derived rate-outage probability expressiof\. Rate-Outage Analysis of IMIMO Employing ARQ

to approximate the non-convex optimization problems as aror the case of IMIMO employing ARQ, the receiver only
unified geometric programming problem (GPP), for which thgses the information from the current ARQ round to decode
closed-form solution is derived. a message. For a target transmission rateRabps/Hz, the

Even though we consider the same optimization problem ggbability of outage aftet ARQ rounds is given by:
in [14]-[18], the present work differs in terms of the system

l
model in the sense that here we consider low-complexity mMo.ARQ a { ( 2) }
Prqlog (1+ Py ||h 1
IMIMO systems which utilize the ARQ feedback to exploit Pout,1 H rlog (1+ Pr[bll”) < R (1a)

the spatial diversity, whereas, [n[14]-[16], point-tokmtSISO . h=t

systems with IR and CC-HARQ were considered. H (N, Zy,) (1b)
Il. SYSTEM MODEL AND RATE-OUTAGE ANALYSIS -
We consider a point-to-point IMIMO system havinty/ = (Z1- Z)Ne (B 2 H Z ) (1c)
antennas at the transmitter amd antennas at the receiver k=1n= 0 )

as shown in FigJl. We assume a frequency-flat Rayleigh (leg"'Zl) O( 1 ) (1d)
=

block-fading channel. The fading coefficient betweentht& PN+
transmitting antenna and theth receiving antenna,, ,,,, 1 < mm
n < Nandl < m < M isiid. with distributionCA/ (0,1). It where~ (s,z) = 5y [y t*~'e”"dt is the normalized lower

is assumed that,, ,,, remains unchanged during a fading blockncomplete Gamma functiori; (N) is the Gamma function

of a fixed number of transmissions, and change independertyd Z, = (2% —1) /P,,1 < k < [. The relation in [(Ib)
from one block to another. As i J[4][][5], we define onaises the fact thafhy||*> ~ x2 distributed random variable
IMIMO round as up toL possible transmissions for each dataith 2V degrees of freedom and whose probability density
packet. If the destination is not able to decode a packet &ftefunction is given by f,, > (h) = ﬁhN‘le“hb > 0. In
transmission attempts, the packet is dropped. The trat@mi{Id), P,,;, = min (Py,--- , P;), and we have written the rate-

is assumed to have only statistical knowledge of the fadir@itage probability as the sum of the first term and the higher-
coefficients, whereas, the receiver is assumed to know eler terms.

fading coefficients perfectly. Moreover, in IMIMO systenas,

new transmit antenna is used for sending an erroneous pagkeRate-Outage Analysis of IMIMO Employing CC-HARQ

in each transm|35|9n round (ARQ round). Hence the ef'fect|veIn case of IMIMO employing CC-HARQ, the receiver
channel changes independentijthin each ARQ round of combines the information received across different tragsm



sion rounds using maximal-ratio-combining (MRC). The ratey/ 'O TR "HARQ andg, (1) is similar to the derivations given

outage probability aftet ARQ rounds can be expressed as:in [EHE We provide the derivation of; (t),2 < i < [ in

. Appendix A.
pIMtHlVIOaCC—HARQ 2 Pr{log 1+Zpk Ihy]? | < R We use the Jensen’s inequality il (4) together with the
o results from SectioRI[B to write:

k=1
l 1 R

IMIMO,IR-HARQ 2

=PriY ap <2f -1 @) Pout ZPr{log<1+7ZPk||hk|| ) <7}
k=1
k:1 éZ ’ ’ ’ N

A 2 L . (Zl Z2 e Zl) 1
whereay, = Py ||hg]|”,1 < k < I has Gamma distribution = l +0 T (5)

with the shape paramete¥ and the scale parametét,. (N +1) min

The term© £ Zﬁc,l oy, is @ sum of independent and non- " a . R
= — 1< < = /T _1).
identically distributed Gamma random variables. Using thvghereZZ Y()/P,1<i<landY (D) l(2 1)

results from , , We can expre 2)as:
(18], [[20] press ( )& IIl. OPTIMIZATION PROBLEMS AND SOLUTIONS

IMIMO,CC—HARQ In this section, we first state the general optimization

out,l problem and describe methods to solve the problem for each
L wSiH(ZﬁC:l Ntan*l(:cPk)—Z:z:) e of three IMIMO sysj[ems considered in this work. We define
= 5__/ - = (3a) the average transmit energy per packet as:
s 0 2

s (14 @P)?)
(2 )N & W) (), [zt
_F(ZN+Z1)Z§';J(NZ+1 <H z':! )

)i1+~~~+il k=1

L
N IMIMO,ARQ/HARQ type
Ean =T E :Plpout,lfl :
=1

We also define the quantit]/.,, = Eayg/T for mathematical
tractability. Similar to [14], [15], we formulate the general
(3b) optimization problem as:

AQLN, - N;NI+1;~Z1 ;7))

. IMIMO,ARQ/HARQ type
(Z7Zs - Zl)N 1 (P IIDIHH P )Pout,L Q/ Qtyp
= ravyn O e (30) e
Prin subjectto 0< P, for 1<I<L, (6)

where the notatiof1), =T (z1 +v1) /T (z1) with (21), = L . -
1 and the function®) %1) in @B) is the confluent Lauricella Zﬂpgfcl,lzwg’ARQ/HARQtyp < Egiven
hypergeometric function of variables[[21]. In[(3c), we have =1
written the rate-outage probability expression as the sfim o i )
the first term and the higher-order terms. A. Solution for IMIMO employing ARQ
The rate-outage probability expressions for an IMIMO
C. Rate-Outage Analysis of IMIMO Employing IR-HARQ SYyStem employing ARQ given ifL{ILb) ar{d1c) involve product
- of integrals and an infinite summation, respectively. Hefme

The rate-outage probability aftér ARQ rounds for an p\aihematical tractability, and to be used [ (6), we approxi

IMIMO system with IR-HARQ can be expressed 5 [4], [Blmate [[@b) using the standard Gauss-Legendre approximation

l as
pzl]\lltlyll\lO,IR—HARQ 52 pp {ZIOg (1 1P, ”th2) < R} N
=1 pIMIMO ARG _ (Zy---2y) H/ N=1,~tZs gy
=2 (-Rn2) —gi(0) @ T sl T
88 e () o
~ Wi [k
g(t) = a1 () x g (t) %% (t), erm))’ o 2

@ (t) = —¢! (1_7<N’ 6;1_ 1>>u(—t)—et(1—u(—t)), and Where w; and t; are, respectively, théth weight and the

ith zero of the Legendre polynomial of ordér; [22, eq.
(25.4.30)].Note that the accuracy of the approximation[ih (7)

1—et
7

(e7t— l)N_l ST

qi (t) = ~ u(—t),2<i<lI depends onV/;. An arbitrarily accurate approximation can be
P{T(N) obtained by selecting an appropriate value\éf. In practical
with « (t) being the unit step function defined ast) = systems using retransmission schemes with a typical vdlue o

1, fort > 0Oandu(t) = 0, fort < 0, and the symbol L = 3, outage probability values in the order up1o—* are

x represents the convolution operation. The derivation of
°The second term in the equation (18) of [4] should-be (1 — u (—t))

i —t
IFor a detailed derivation of the expressions, readers dante[Tg], [1g] nstead of—e™fu (¢ —1).
and the references therein.



that M, = 1024 approximates the outage probability values 2 ) < Egiven
with an approximation error smaller thar)—%. Using the . ) ) ' )
approximation in[{7), we can write the optimization problen§Ve used the same interior-point algorithm outlined [25] tufi

. . L Mo
of interest [24], andve observed through numerical redilts 1 1 ti+1
Pl"';Pl 5~ 2. ;wzklfl

in @) for ARQ as: a solution for [(ID).
N L My
min M (H lz wi i (ti + 1) ) C. Solution for IMIMO employing IR-HARQ
(Pr.PoPr) (21 (N)) k=1 Li=1 2 Using [4), the optimization problem for the IR-HARQ case
subjectto 0< Py, for1 <[ <L, (8) can be written as:
L N /l—-1 [M;
Zy- 7 ti+1 — i 2Rg; (~RIn2) — 0
+ZPI(2;Tll)1 lz wsz( 2 ) ) SEgiven (P1,1£r2171-1~1-,PL) gL( . ) gL( )
= (T(NV) =1 Li=1 subjectto 0< P, for 1<I<L, (11)
The optimization problem in{8) is non-convex and hence L
we are not guaranteed to find the gllobaIIy optirr_1um solution  p, + Zpl (2Rgl_1 (~RIn2) — g1 (0)) < Egiven
to the problem unless an exhaustive search is performed. —

However, nonlinear optimization techniques can be used
find a local optimum of[(8). We use an interior-point algomith

outlined in [25] W.hiCh Uses eith(_er a Newton step ora conjeg We can express this convolution operation in terms of a
gradient step using a trust region to find a solution. For ea ltiple-integral inl — 1 dimensions. Similar to the techniques

.used in SectionsT=A and TIT-B, we can approximate the énit
@imensional integrals as finite sums using the Gauss-Legend
approximation, or by applying the method described[in [26]
for two dimensions. These finite summations can then be used
B. Solution for IMIMO employing CC-HARQ in the optimization problem of{11) and can be solved using

The expressions given if_(3a) and (3b) are not matterior-point methods.
ematically tractable as functions of optimization varéesbl

Where the functiory,; (t),1 <1 < L is obtained by the con-
volution of the functionsy (¢),---, ¢ (t) defined in Section

hence the complexity of finding a solution is high.

(Py,- -+, Pr). Hence for mathematical tractability, we approx- 1V. GPP APPROACH ANDCLOSED-FORM SOLUTION
imate [3#) using the standard Gauss-Legendre approximatio|n, this section, we provide approximate expressions for the
as: rate-outage probability of IMIMO systems employing ARQ,
IMIMO,CC—HARQ CC-HARQ and IR-HARQ to formulate an unified geometric
out,! programming problem (GPP), for which the closed-form so-
. ; o 7t lution is derived. From the rate-outage probability expi@ss
1 1 [t Sm(Zkzl N tan™ (ﬁpk) - m) for IMIMO using ARQ, CC-HARQ and IR-HARQ given in
= 5_;/0 N dt (@Id), [3¢) and[(b), respectively, we neglect the higheeord
Hé;l (1 + (ﬁ Pk) ) (t—12) terms and write an asymptotically equivalent approxinratio
as:
IMIMO,ARQ/HARQ type __ Wi
Lk (t) Pout,i = 7(P1N ] "PzN). (12)
M.
L1 1 iw'/ﬂ tit+1 (9) Where
2 27|~ " 2 SN ,
=1 g for IMIMO using ARQ
In this case also, an arbitrarily accurate approximation wa W, = F(ﬁ\l]il) for IMIMO using CC-HARQ  (13)
obtained by selecting an appropriate valué/ff. We observed Y ()N i
through numerical results that/s = 512 approximates the T(IN+1) for IMIMO using IR-HARQ

outage probability values with an approximation error semal The motivation for the approximation ifi{[12) is: i) & =
than10~5. Using [9), the optimization problem ifl(6) for CC-,;,, (Py,--+,P) — 0o , theO (.) terms in [T, [(Bc) and15)
HARQ case can equivalently be written as: go to zero faster than the approximated termsid (12}, (13);
1 1 [ b1 and ii) the maximum possible diversity order achievable in a
min - — — ZwikL ( ! ) Rayleigh fading channel for IMIMO system witN receiving
(Pi,Pay.PL) 2 2m | 4 2 antennas aftet ARQ rounds islN, which is also achieved
subjectto 0< P, for1 <1< L, (10) by the approximations in[(12) and {13fEven though the
asymptotically equivalent approximations of the rateaget
3The actual approximation error depends on th/;th derivative of probability for the three IMIMO methods have a similar

fr (t) [22, eq. (25.4.30)]. Nonetheless a reference value can hwwaed . . .
numerically by generating many random variables and comguhe rate- structure, they differ in terms of the coefficierl; as shown

outage probability usingT._, Pr(||hy||? < Z). in @3). The similarity in the structure of approximated age
probability expressions i {12) allows us to approximate th




optimization problem in[{(6) as a unified GPP as:

L
(Pr.Pavpr) (P - P
Subjectto 0< P, for 1<I<IL, (14)
Wl 1 —
P + P Eiven
1 Z ((PY-BY) T

In the following theorem, we prowde the closed-form salati
for the problem in[(T4).

Theorem 1. The closed-form solution for the problem [n}14
is given by:

Egiven N (N +1)"71

*_

(N+1)" - ’
= W2 (pr W toro<i<r (15)
Wi (14 N) ’ -
Proof: Please see Appendix B. |

As can be seen fromi (IL5), the solution of the GPP approg
differs for different IMIMO methods through the coefficient
valuesW;,1 <[ < L.

V. NUMERICAL ILLUSTRATIONS AND DISCUSSION

In this section, we present illustrative examples for aqerf
mance comparison of the proposed power allocation (PPA) &
equal power allocation (EPA). For the non-convex optimiz:
tion case, we solve the optimization problerbs (B)] (10) ar
(11) using the interior-point algorithm presented [in] [285iis
method is labeled as ‘PPA-exact method’ in the r the
‘PPA-GPP approach’ we solved the approximated optiminatic
problem in [I%#) for IMIMO with ARQ, CC-HARQ and IR-
HARQ, respectively. For the EPA case, we solved fousing
the additional constrainP, = --- = P, = P, in (8), (I0) and

D).
Proposed Power Allocation vs Equal Power Alloca-

IMIMO,ARQ
out,L

b,

IMIMO,CC—HARQ

out,L

b,

tion: Figure [2 shows a performance comparison of PPA

and EPA for IMIMO employing ARQ, CC-HARQ and IR-
HARQ under different system parameter values. We plotte
ii/[tnlwo'ARQ/ HARQtyPe a9 a function 0f Egiven. Following
observations can be made from Fi§s. F(@j2(c). First, fc
higher values of outage probability, the EPA has a simila
performance as that of the ‘PPA-exact method’, especiall
when the diversity order is high. The gains offered by the
‘PPA-exact method’ over EPA are more significant for smalle
values of rate-outage probability (equivalently for higlag-
erage energy limit). Second, for the caselof= N = 2,
at a rate-outage probability df0—°, the gain for the ‘PPA-
exact method’ over the the EPA solution is 4 dB, 3.1 dB an
2.3 dB, for IMIMO with ARQ, CC-HARQ and IR-HARQ,
respectively. However, the gains reduce as the diversidgror
of the system increases (i.e., as the valueNoincrease

4Although we cannot guarantee the global optimum, we havifiagthat
the solution offered by the interior-point algorithm magshvery closely with
the optimal solution found by an exhaustive grid search dker possible
values of P;,1 <1 < L.

5Note that one can increase the diversity order by increasiayalue ofL
as well. However because of space constraints, we couldhoot the results
here.

IMIMO,IR-HARQ

pout,L
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Figure 2. Performance comparison of the proposed powesaditm with the
equal power allocation for an IMIMO system employing ARQ, -BBRQ

and IR-HARQ. The parameters for the simulation dre= 2, M = 2 and
R = 2 bps/Hz.
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30

Point corresponding to
ARQ with Egiven = 3 dB

20r Using Exact Method

o

Third, in general, the closed-form ‘PPA-GPP approach’ prt
vides higher outage probability than the ‘PPA-exact metho
and the performance gap between the two proposed schel
get closer as the energy limk,;.., increases, especially for
smaller values of. and N. The reason for the “loss” seen by
the ‘PPA-GPP approach’ relative to the EPA for higher value
of rate-outage probability is as follows. The approximatio Bgn =3 dB 000

error of outage probability expressions is non-negligitoe | el e
smaller values oﬁgiven. The approximations become tightel

Egiven = 7 dB

P, (dB)

20/ =B~ IMIMO with ARQ, Exact Method S e

A . —©— IMIMO with CC-HARQ, Exact Method o)
(asymptotically equivalent) and the performance of the PGF —¥— [MIMO with IR-HARQ, Exact Method

) 7o) =30 @ IMIMO with ARQ, GPP approach Y
gpproach matches that of the exact methodtas.., value O IMIMO with CC~HARQ, GPP approach o
increases. To reduce the loss of the ‘PPA-GPP approa ~ % IMIMO with IR-HARQ, GPP approach

relative to ‘PPA-exact method’, one method is to use tight
approximations by considering the higher-order terms ef tl,
rate-outage probability expressions. However, when Hhighe (b) L =3,M =3,N =2, R = 2bpcu.

order term_s are also_ considered, _they_may mCIUd_e bOthlmSItFigure 4. Comparison aP;,1 <[ < L values to be used in different ARQ
and negative terms in the approximations, and this mayicestrounds for the three IMIMO schemes for a givV&R;yen-

the use of the geometric programming approach to find a

2
ARQ round index (1)

solution.

Comparison for Different Values of R: For an IMIMO sys- Proof: The proof follows the same arguments as in the
tem employing ARQ and CC-HARQ, we have the followingproof of Proposition 1 in[[15]. ]
proposition. Hence, for an IMIMO system employing ARQ and CC-

- . ARQ, it is sufficient to solve the optimization problem [ (6

Egﬁ’:ggﬂ %c.)rlnaan i\I/I(\aArlercr)\ai?/r‘?]tSrtnn irrﬁlgg;n%fAﬁgnsﬁisq a single value ofR and scale the resulting power values

sions I, ar;d taraet grate-outa e probability value of, if according to [(16) to obtain the optimal power values for a
9 ge p y ' different value ofR. In fact, a similar result as in Proposition

|(£|10}:11\7Nf|;2h}1i{e 'al.v’e]rjgil)efetrhe Opt'Toa;I g(;wggtiglog?f:ggn?' 1 applies to EPA and GPP approaches as well. Hence for a
9 Bavg,1 X Y given change in the value a@t, the performance of all power

Ry > 0, then the optimal power allocation solutions and th‘glllocation methods shift by the same amount and hence the

average energy for a spectral efficiency/of 7 I, are given relative performance difference remains the same indepgnd

by of the value ofR. However, for an IMIMO system with IR-
2f2 1 HARQ, optimal power values for different values &f does
Pir, = PR,y (2R1 _ 1) 1<i<L, (16) not scale according td (1.6), and hence performance differen

values ofR, this can be seen from Fig] 3.

Power Values: Figure[4 shows the power values obtained by

oRs _ between ‘PPA-exact method’ and EPA is different for differe
2R 1)

Eavg,Q = Eavg,l (



solving the optimization problems using different apptoes: APPENDIXA

As can be seen from Fif. 4]a), for a given value B en, PROOF OFg; (t),2 <i <1
and for L = 2, the three IMIMO systems haveimilar Define Q; (s) as in [4]:

optimal power valueobtained using the exact method, and

the samepower values obtained using the GPP approach. U (N,N—i—s,%)

The reason for this can be explained by noting that, all theQ: (s) = PN -

three optimization problems have the same average energy o N il o1

constraint agi, ) RV HARQNPE s the same for all the :/ L Gl N I RSP S (17)
three IMIMO systems (both the exact and approximated 0 PNT (N) 7 o

value). ;I'I\?I?Aga%r&)grﬁgéegmexpressmn for packet drop profnere 7 (a,b,c) is the Tricomi confluent hypergeometric

ability po,¢» 1/ (P£P;) for all the three fynction [23], andg; (t),i = 2,--- .1 can be obtained as:
IMIMO systems and hence they have the same solution using

the GPP approach and similar optimal power values using thé: (t) =L~ (Qi(9))

exact methodFor L = 3 in Fig.[4(b), we can clearly see the or . fetice oy Nl
difference in the values of; for the three IMIMO schemes = /0 [%/ e+ ds] W(N)dr
using the exact method. Furthermore, as the valu&of.., c= :
increases, more power is allocated for “later ARQ rounds”, =L ((r+1)71)
which are towards the end of the ARQ process. Since the N_1 1=~

. . L. . . .. et(e—t_l) e P
objective of the optimization is to minimize the outage afte — u(—t) (18)

ARQ rounds, we need to improve the probability of successful PNT (N)
decoding during these later ARQ rounds. In other words, the . B s—1
energy cost associated with an unsuccessful decodinggiu H (I8), we used the relation,! ((TJF 1) ) -
these later ARQ rounds increases. Hence, for large values;of £~ ((r +1)°) = L7 (estn(r D)
FElgiven, PPA assigns high power values to these later AR (¢ +1n(r +1)) andd (.) is the Dirac delta function.
rounds. We can also note from Hig. 4(b) that for smaller \falue
of Egiven, in case of IMIMO with ARQ), it is optimal to use the APPENDIXB
total transmission power during the first transmissionnayte PROOF OFTHEOREM 1

Practical Aspects. For limited r_eql-time computational_ ré-  \We write the Lagrangian function df {L4) as:
sources, one can solve the optimization problems offline by
using nonlinear optimization techniques and store thelt®esu &« (p, ... Pp A\ g, -, pup) = Wi
in a lookup table. For real-time online power allocationngs (P " 'PN)
nonlinear optimization techniques to sold (6) may be too Wz .
costly. In such cases, to achieve low target rate-outage-pro <P1+ZP1 gwen> Zusz (19)
ability, the simple closed-form ‘PPA-GPP approach’ is more - )
computationally efficient and can provide closer perforogan where), uy, - -- , iz, are the Lagrangian coeff|c|ents. Since
to the ‘PPA-exact method'. If high outage probability (¢.gthe Karush-Khun-Tucker (KKT) conditions are necessary for
around10~2 or higher) is acceptable, then one can use thg optimal solution, we have:

EPA method.
g;f =0, for1<I<L (20a)
VI. CONCLUSIONS LI(Pr o PR )
We considered the problem of energy-efficient adaptive Wi—1 — B
power allocation in IMIMO systems. In general, these opti- Py +ZPI P 1) = Eaiven | =0 (200)

mization are difficult to solve as the rate-outage probghili ‘Pt 0 for1<i<L 20
expressions are not mathematically tractable. We devdlope by =0, tor ks b= (20c)

methods to convert the rate-outage probability expressian Since the objective is to minimizeWL/(Pl PL)

a tractable form and solved the optimization problems usifgm (208), it is clear thaty; = 0, forl1 < | < L.
interior-point algorithms. We used asymptotically eqievé Considering [[20a) forl = L and S|mpI|fy|ng, we have
expressions of rate-outage probability and presented diedin « _ NWy/ WL71(PE)NH . Now considering [[20a)

geometric programming formulation for which the c:Iosedf

form solution is derived. Possible extensions to the cudrren

work include, i) considering IMIMO systems with a subset of 1
N+1 N+ 1)W (P*)N+1

antennas transmitting (as in generalized spatial modmi)atl( 5 T HL ( *)N ( L1\

in each ARQ round instead of a single transmit antenna; =1 Um=141¥m

or 1 <l < L -1, together with\*, we obtain

i) solving the optimization problems with the objective of L2 . = N
minimizing the average delay or maximizing the long-term NZWkPk+1 H (Pr) : (21)
k=l m=k+1

average throughput.



Substituting for( l’iH)NH
the recursive relation fo2 <! < L as:
Wlfz N+1
PPr=——>—=_ (P} , 22
l (1+N) Wl—l ( l—l) ( )

Now to solve forP}, we use the fact that the average enerd$?l
constraint should be satisfied with equality at the optimal

solution, i.e.,

*

1

Wi Py Wy Py W1 P}
AN « pr\ N N « \N
(Pl) (P1P2) (P1"'PL—1)

- ngvcnv (23)

Now using [22) recursively in (23) witfiVy = 1, we obtain

the

(1]

(2]
(3]
(4]

(5]

(6]

(7]

(8]

El

[20]

[11]

[12]

(23]

[14]

[15]

[16]

[17]

(18]

[19]

solution forP;* as in [15).
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