IEEE TRANSACTIONS ON COMMUNICATIONS, IN PRESS

Cross-layer Rate and Power Adaptation Strategies
for IR-HARQ Systems over Fading Channels with
Memory: A SMDP-based Approach

Ashok K. Karmokar, Dejan V. Djonin and Vijay K. Bhargaviéllow, IEEE

Abstract— Incremental-redundancy hybrid automatic repeat-

in the data link layer to cope with the time-varying fading

request (IR-HARQ) schemes are proposed in several wireless channels, and to guarantee both the high reliability and the

standards for increased throughput-efficiency and greaterre-
liability. We investigate transmit power and modulation order
adaptation strategies for the IR-HARQ schemes over correlged
Rayleigh fading channels using semi-Markov decision proes-
based model. In order to jointly analyze physical layer and ink
layer, transmitter model incorporates a finite-size buffer that
receives randomly varying traffic from a higher layer application.
It is assumed that channel variations can be modeled with a fat-
order Markov chain. We show that the optimal transmission
power and rate adaptation laws under buffering delay and
packet overflow constraints can be obtained using the frameark
of semi-Markov decision process. We discuss three differén
adaptation models for the IR-HARQ schemes and compare their
performances with the non-adaptive scheme. It is shown that
unigue optimal policy exists for each case and it can be comped
using linear programming approach. This optimal policy is then
applied for realistic channel fading and incoming traffic samples
to evaluate its performance for both hard-decision and soft
decision decoding. Simulation results in general point outhat
substantial power savings can be achieved using adaptaticand
also if the transmission-delay requirements are relaxed.

Index Terms— Packet scheduling, cross-layer transmission rate
and power adaptation, Incremental redundancy type-Il hybrid
automatic repeat request system, Correlated fading channge
Semi-Markov decision process, Latency and packet overflow
considerations, Rate-compatible punctured convolutionlacode.

I. INTRODUCTION

high throughput. In IR-HARQ schemes, information packets
are first transmitted with no or few parity bits for error dete
tion and correction. Incremental redundancy bits are trétAs

ted upon retransmission request. The receiver combines the
transmitted and retransmitted bits together to form a more
powerful error correction code to recover the informatiRate
compatible punctured convolutional (RCPC) codes proposed
in [3] are particularly useful for IR-HARQ systems. RCPC
codes are constructed from a single ragéV convolutional
code, wherein a family of higher rate codes is formulated
by puncturing successively greater numbers of code symbols
These codes have practical utility in that the system reguar
single ratel /N convolutional encoder and a Viterbi decoder
[4]. In [3], a truncated IR-HARQ scheme with RCPC is ana-
lyzed for transmission over both AWGN channel and ideally
interleaved Rayleigh fading channel, assuming independen
decoding attempts. The authors of [4] have presented the
encoding as well as Viterbi and sequential decoding of high-
rate punctured convolutional codes.

Packet errors occur in wireless channels due to various
propagation impairments, such as multi-path fading andethe
errors are correlated in nature [5]. To deal with correlated
errors, a first order Markov model with a finite number of
states is considered in [6]. The case with only two states
dates back to the early work by Gilbert and Elliot [7], [8].

Incremental redundancy hybrid automatic repeat requddtis first order Markov model is widely used for packet com-
(IR-HARQ) is provisioned as a part of EDGE standard angiunications due to combination of its analytical tract&pil

is also proposed as a part 8G evolution cellular system

and accuracy. Generalized type-ll HARQ using RCPC which

standards, such as W-CDMA high speed downlink packet ammmbines the IR-HARQ strategy of Hagenauer with the code-
cess (HSDPA) and CDMA2000 1x Evolution-Data Optimizedombining ARQ strategy of Chase is analyzed in [9]. In
(EVDO) for high speed reliable packet data communicatiof&0], an IR-HARQ with selective combining is investigated
[1], [2]. IR-HARQ employs forward error correction (FEC)over a finite state Markov channel (FSMC) model. Using
technique in the physical layer as well as ARQ techniqudarkov error structure, throughput estimation methods for
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adaptive modulation systems combined with ARQ schemes are
presented in [5]. In [11], a type-Il HARQ system with a finite
size receiver buffer is analyzed over a two-state Markowneha
nel using rate 1/2 convolutional code and truncated HARQ.
Adaptive transmissions are powerful techniques to congtens
for channel variations. In [12], throughput maximizatian i
analyzed with finite number of power levels and code rates.
Performance evaluation for schemes with HARQ and rate
adaptation is given in [13]. Coding rate adaptation for type
HARQ system over a partially observable correlated Rakleig
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Fig. 1. (a) System diagram of the incremental redundancyithydbRQ system and (b) Typical sample path for a SMDP.

fading channel has been studied in [14]. In [15], delayroblem for inter-switch handoffs is formulated as a SMDP in

bounded minimal power transmissions of bursty sources oy&B] with the objective of minimizing handoff delay. In [19]

AWGN and fading channels are studied. a cross-layer optimal admission control policy that trdfleo
We adapt the transmission power and modulation order labcking probability and delay for multiclass CDMA netwark

an IR-HARQ system based on both the channel state asdoroposed based on a SMDP formulation.

the buffer state to minimize three goals: transmission ppwe

buffer delay and packet overflow. Due to incorporation gk. Summary of Contributions

finite buffer, calculation of delay and overflow is dynamic in \ye priefly summarize the contributions of this paper below:
nature and we cannot resort to a static optimization problem. we explore the applicability of the SMDP-based pol-

to find th‘? o_pt|mal control policy. Three ”.‘e”“"”ed objeesv icy optimization for an adaptive IR-HARQ transmission
are conflicting and therefore the ensuing problem can be . o . o
. L . scheme with the objectives of minimizing transmission
formalized as the minimization of average transmissiongrow .
. . power, buffering delay, and packet overflow
under the constraints on the average buffering delay and the : .

« we propose a general framework for making scheduling
average packet overflow. Furthermore, we assume that ¢ontro decisions of the rate and power considering cross-layer
actions in the IR-HARQ problem are made at the beginning L

optimization goals

of the tra_ms_mlssmn_and kept _unc_ha_nged during th_e pc_>53|ble. we propose and analyze different ways of calculating

retransmissions. This assumption is introduced to simié . o

optimization and policy implementation setting as disedss the costs for different transmission parameters. We also
P policy 1mp 9 show how to translate the SMDP framework into an MDP

in Section Il. framework in order to calculate the optimal policy effi-

St|)r|1ce tfhﬁ OptI(;nIZEtl:]IOH cntgna; d)r/]na;mcdln nat_ure, the ciently. We apply analytically computed optimal policy
probiem falls under the purview alochastic dynamic pro- for realistic channel fading and incoming traffic scenarios

grammingmethods [16]. -Further,- QUe to stochastic nature of to evaluate its performance for both hard-decision and
the duration of successive decision-epochs and dependence L .

. ) LA soft-decision decoding.
of the costs on the deusmn-epoch duration, th_e optinomati .o proposed framework can be applied to any sys-
problem is formulated as a sem|-Mgrkov decision process tem that uses hybrid ARQ method utilizing either
(SMDP) problem. The optlmal_solut|on of the formu!at_ed incremental-redundancy or packet-combining techniques
cross—lgyer adaptgltlon p.roblem IS found by converting o in at the receiver. For example, HSDPA system uses either
an equivalent auxiliary d|scr_§t(_a-t|m_e Markov demspnqmss incremental-redundancy (IR) or Chase-combining tech-
(DT-MDP) problem and utilizing Imegr programming (LP) niques. The proposed rate and power adaptation scheme
methods. To our best knowledge, this is the first work that an- can directly be applied to it for improved performance.

alyzes SMDP-based pross-layer adaptation law under fatenc Our control framework is of importance for forward link

and OVErﬂOVé c;onstramti Lor IF;)'HARQ sly sdte_ﬁm-.loweV(ler, h CDMA2000 1xEVDO system that uses IR to enhance the

:szgr-k ?stblerrr??s;,;?/irousﬁ/s Ine[ir;] aﬁ\%liptil;asl'e;(?rﬁssci}:) er throughput._The only change that should pe undertaken is
' ’ the calculation of packet error rates for different channel

policies for integrated voice/data traffic in CDMA packet states and after different time-slot repetitions [20].

radio networks have been derived. A SMDP is used to model - . .
dThe remaining part of the paper is organized as follows. In

the system operation and value iteration algorithm is us% tion Il d ibe th : del including i .
to derive the optimal admission policies. Path optimizatio ection 11, we describe the system modet Inciuding incoming

traffic, buffer and channel models used in the paper. The
1The methodology described in this paper can equally be ey any observatior_1 probability for the schem_e_ being considere_d. is
HARQ scheme with packet (e.g. Chase) combining at the receiv also described for both the hard-decision and soft-datisio
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decodings. We explain the formulation of the problem d&*! < w, wherew is the least number of packets that can
SMDP and three adaptation models in Section Ill. In Sectidre transmitted with any action. The buffer dynamic that give
IV, the CMDP formulation of the equivalent DT-MDP andthe number of packets in the buffer at the start of a particula
its solution techniques are given. The non-increasing addcision-epoch can be given by,

convexity properties of the average power with respect to i X bt
average delay and overflow constraints are also discussed in O =0 " a4 at (1)

this section. We give simulation_ results in Section V to shoWnhere the multiplier; has value ofl for positive acknowl-
the pe_rformance of all adaptation models and conclude t@&gment (ACK) and) for negative acknowledgment (NAK)
paper in Section VI. feedback in the last retransmission. In (&) = a* is to
be assumed and is the random variable that characterizes
Il. IR-HARQ MODELING the number of retransmission. Note that the ACK and NAK
We consider a type-ll HARQ system using RCPC codeedback from the receiver that reflect the decoding result
with single-transmit single-receive antenna in Fig. 1. Theonstitute the observation for the IR-HARQ scheme.
transmitter is equipped with a finite buffer that can accom- Let C; > Cy > --- > Ck denote theK rates offered
modate B packets. Discrete-time representation of relevahy a family of RCPC codes which are obtained from a
variables is adopted in this paper. The discrete duration lagst low rate codeCx = 1/N (e.g., 1/2 or 1/3). Parity
transmission/retransmission, decoding of received pad®d check bitsm,.. for error detection, and tail bitsn, to
observation feedback constitutes a time-slot (also referrproperly terminate the encoder memory and decoder tregis a
to as block). We represents the duration of each discreétepended withn;, = w"G information bits that correspond to
time-slot withT’z. In general, the transmission/retransmissiom™ packets taken from the buffer, whefgis the size of each
interval is smaller than the time-slot. However for simityic incoming data packet in bits. Totatr = m;, + mere + me
of notation, unless otherwise specified, it will be assumdiits are encoded with the original mother code of ratg
that transmission/retransmission interval is equal’to Thus, encoder. In the first transmission, code bits in the starting
time-slot & is the interval between time¢* and timet¢*t!. codeC; are sent to the receiver over the correlated fading
Unless otherwise specified, we use supersckigb denote channel with the modulation constellation and transmitter
the value of particular variable &t time-slot. We assume power level determined by the scheduler. A Viterbi decoder i
the channel condition is known at the transmitter perfectlysed for error correction followed by cyclic redundancyahe

through noiseless feedback channel. (CRC) error detection. If no error is detected, the receiver
sends an ACK to the transmitter and next decision-epoch
A. System Model starts; otherwise, the receiver sends a NAK. The increrhenta

L _ . redundancy bits yielding cod€’> from code C;, which
Leta™ denotes the number of incoming packets at the buffgl, e geleted by puncturing process, are then transmittdd an

in time-slot . We assume that th? incqming t_raffic is r‘Ondecoding is performed using cod® by combining the first
constant, and is independent and identically distributtid) (' g second sets of transmitted bits. This process is cadinu
with P(a;) being the probability ofa; packets arrival. In n4 gecoding process results in no error being detected or
particular, for Poisson distributed traffic, the proba%nof the maximum number of retransmissions is reached. In either
a; packet arnvals(;QB)tLTe-slok: can be given byP(a” = 556 the buffer occupancy is updated and the whole process
a;) = exp(=ATp)=2%—; a; € {0,1,---, A}, whereaa iS s started in next decision-epoch. Note that, the maximum
the kmaX|mum number of packet arrivals in a time-slot ang,mper of retransmissions is less than the number of availab
P(a” = aa) — 0. Therefore, the state space of the incomingyes i and the Viterbi decoding process is performed by

traffic can be expressed ab= {ag,a1,--- ,aa}. . combining the current and all the previous received bits to
Assume that at the start of decision-epache Z* = form 4 Jower rate code for error correction.

{0,1,---}, the scheduler chooses a particular actighto
transmitw” packets from the buffer. The buffer occupancy ) ) o
b" and channel condition™ in decision-epoctn determines B. Rayleigh Fading Finite State Markov Channel

the choice of action,”. Each decision-epoch consists of 1 up The wireless channel in the analyzed IR-HARQ system

to a maximum ofR + 1 time-slots, wherd is the maximum s assumed to be ergodic flat fading obeying Rayleigh dis-

number of retransmissions. The duration of the decisiae®p tribution. The probability density function of power gain

is random variable and depends on the decoding result. B¢ Rayleigh fading channel is described with exponential

control action is taken at the start of a decision-epoch had tdistribution [21],

same action is continued until the end of that decision-epoc 1

Each control action corresponds to a specific modulation f(y) = jexp(—z), fory >0, (2)

constellation and transmitter power level. We denote datis v v

epoch by superscript to distinguish it from the time-slot. wherey = E{~} is the average received channel power gain.
Let B = {bo,b1, -+ ,bp} denotes the buffer state spac&Ve model the Rayleigh fading channel with a first order

in terms of packet occupancy, whebg corresponds ta € Markov model, which is described with a set of channel states

{0,1,---, B} packets in the buffer. Note that no transmissio@ = {c1,ca, - ,cc} and a matrix of transition probabilities

is possible when the buffer has insufficient number of packeimong states®. = [P, .,, 1 < 4,5 < C], whereC is the

for transmission. That is, the transmitter is in idle modeewh number of finite non-overlapping channel states dnd.;
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is the probability of transition from state to statec;, i.e., where d(frree is the free distance of codeC,, and

P.,c; = P(cjlei), 1 < i,j < C. The partitioning of the ag)(d(l)’d(z)’_,_ ,d™) is the number of paths of weight
channel states can be done in several ways, e.g., in qul,ald(l) is the distance contribution of cod€;, d® is
probability method, the stationary probability of all &8tare the contribution of the added bits 10, yielding codeCs,
assumed to be equal. Thatdg,= f:;;l f(y)dy=1/C,¥¢; € and so on. The tern®y (d,d® ... d|ct 2, ) is

C [6] Let I' = {10,71, - ,7c} denotes the set of powerthe probability that a wrong path at distandefrom the
gain threshold of the channel, whetg = 0, 7 < 7i+1  correct path is selected, given in eq. (12), [10] for hard-
andyc = co. The cross-over transition probabilities can bgecision decoding. Our analysis also holds for soft-denisi
expressed in terms of Doppler frequengy, of the channel decoding under the assumption that fading changes slowly

and block rate Rp as, and is constant over duration of a decision epoch. The packet
N, . error rate for soft-decision decoding of convolutional esd
Peieinn = R’ i=1,2-,0-1 () which is directly applicable to RCPC codes, can be found in

[21] (Section 8-2-3, eq. (8-2-21)). It is understood thathet
event of decoding success, i.e., when the received paciets a
P - Ni—y i=93... C 4) totally error free, the transmitter received an ACK obstora
cocim 0 Truncated ARQ, where the number of retransmissions are
- o . limited to finite number (e.g., 2 or 3), has been proven to
where, N; = /=2 fm exp (=2) is the level crossing rate jncrease throughput and decrease delay at the same time.
at the thresholdy; and Rg, = Rp¢; = ¢;/Tp is average However, successful transmission cannot be guaranteed eve
number of block per second in channel state Maximum after R retransmissions and there is some probability of packet
Doppler frequencyf,, = vmi/Arw, Where v, and \., error [22].
are the mobile station’s speed and wavelength of the radioLet us denote the event{decoding failure with
wave. When the fading rate of the channel is slow, the nosede C, under channel states {c!,c?,---,c"}}
adjacent transition probabilities can be assumed to be, zejgth {NAK]|ct,c?,--- c"}.  The  probability  of
i.e., P, ., = 01if |j —i| > 1. Self transition probabilities can {NAK|c!,c?,--- ¢} with actionu is given by,
be found using the property that sum of all outgoing traositi N , - Al
probabilities is equal td. In a special case whefl = 2, the EN(c ¢ ¢ yu) = 1= (1= Pp(Crle’, e, ), (6)
model can be described as Gilbert-Elliot channel contgiain yhere 1 is the number of stages in a trellis for de-
“bad” state (state;) and “good” state (state;). The steady- coding (mi + mere + my) information bits with code

and

sl
&

state probabilities of such two state channel can be given @y _ VJ‘r/L andl = mib+m‘c/rc+mtb_ Here, we assume
¢ = s=m i (= L2 that all the errors can be detected by the error detec-
tion code. The probability of the everdecoding success
X 15 )
C. RCPC Code and Observation Probability with code C, under channel stategc’,c®,---,c"}}, ie.,

_ _ . the probability of {ACK|ct,¢?,---,c"} can be found as,
In a family of rate compatible punctured convolutiona (2 u) =1 — Py(cl, 2, e )
codes, all the code-word bits of the higher-rate codes are* ~~ o

embedded in the lower-rate codes, which guarantees smomh SMDP FORMULATION OF THE SCHEDULING PROBLEM
transition to different lower rates. A mother ratgV convolu- ' FORTYPE-1 ARO SYSTEMS
tional code is periodically punctured with periddto obtain a Q

family of rate compatible convolutional code with decregsi We have discussed in Section Il that the time between
rates,VLH, whereL can be varied from to (N —1)V. The successive control choices is variable and depends on the
operation of deleting bits from the output of the low-ragev ~ current state and the choice of action. The cost per deegision
encoder is represented byMNax V puncturing matrix. A zero €poch depends on the time required for transition from one
is used to indicate deleted bits. Therefore, for variabldeco State to the next. Therefore, the problem at hand forms a-semi
rate adaptive schemes, only the puncturing matrix needs toMarkov decision process (SMDP) problem ( [16], Section 5.3)

chosen judiciously so that all the puncturing code of irgereThe semi-Markov decision process problem can be modeled

are obtained from the same low-rate encoder. through a tuple{S, U, F, Q, G}, where
Assume that a cod€. is obtained from a family of RCPC o« S = {s1,---,s5} is system state space that contains a
codes by combining successive transmissions starting with  finite number of states. The system state of the IR-HARQ
C;. Thus, given channel states:!,c?,---,¢"}, the upper problem at hand is composite and consists of buffer state
bound for the first error event probability of the Viterbi and channel state. We represent it&s= B x C =
decoding algorithm with cod€’.. is expressed as [10], {(bo,c1), (b1,¢1),---, (bB,cc)}, where total number of
, states,S = (B +1)C.
Pg(Crlct, e+ ") < o« U = {ul,--(- ,uy} is finite action space. We consider
o0 ZZZ o@D, 4@ ... g three adaptation models, where each action is mapped
d T to a set of transmission parameters. The action mapping
d=df,, ¢0d® 40 for these cases are discussed in Section IlI-A. We denote

dM+d®) - d(M=d by U, c U those actions that are available at state
X Py(d®, d® ... dD|ct 2 ), (5) S. The choice of action in a state is determined by a
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policy. In general, the policyt in the policy spacél can 1) Power Adaptation with Constant Power throughout the
be described as = {u!,u?,---}, where actionu™ = Decision Epoch:In this case, each action corresponds to a
u™(s™) is applied at decision- epoch transmission power level and the number of transmissi@srat

« Sojourn time for decision-epoeh, 7" = t"*1 —t" rep- W = 1. The power levelP, = ®(u") chosen at the start of a

resents the time spent in a particular state before movidgcision-epochu is kept fixed until the end of that decision-

to the next state, whet& is the time of occurrence of the epoch.

start of then'" decision-epoch with® = 0 (see Fig. 1(b)  2) Power Adaptation with Incremental Power for Addi-
for pictorial details). In IR-HARQ scheme, the sojourrional Retransmission:Changing transmission power level
time could be maximunh time-slot for first transmission, and taking corresponding action during the retransmission
2 time-slots for first retransmissiol® + 1 time-slots for phase would be a more general problem, and may decrease
R retransmissions and depends on the channel state &mel number of retransmissions compared to the case where
the action chosen. control action is decided at the beginning of the decision-

« Qis the set of transition distributions (also called SMDRpoch and kept fixed during the retransmission phase as in

kernels) andQs, s, (7, u;) represents the probability of Section Ill-A.1. However, this approach would consideyabl
moving from states; to states; at or before timer if increase both the computational burden of the device and the
actionu; is chosen. memory needed for storing the optimal transmission policy.

« G is the set of cost matrices. We denote the cost aSer example, if we consider the problem where transmitter

sociated with state-action pafs,u) for objective “X”  power levels are adapted in each time-slot irrespectivesof n

as GX(s,u). In this paper, we consider minimizationtransmission or retransmission of an IR-HARQ system, the
of three objectives, namely, power, delay and buffesroblem can be formed as a constrained Markov decision
overflow. The costs associated with different objectivgsrocess, where the state space would have to be increased to
will be explained in Section IlI-C. include all the previous retransmission information. Hiere,

We consider the average cost criterion for scheduling padk- transmit a particular packets, all previous actions and
ets in IR-HARQ schemes. There are two natural definitioghannel states have to be tracked from the beginning of the
of average cost per time-slot for SMDP. According to oneew transmission up to the current retransmission. This is
definition, called time-average, the average cost is thé linmecessary to compute the probability of a packet error in a
of expected total costs for a specified polieyover the finite certain retransmission time-slot (see (5) for details) fonch
deterministic horizon divided by the length of the horizon, the costs to find the optimal policy. Storing previous actod

T channel states means that the state space would have tinconta
GT = limsup lE’; {/ g(s(t),u(t))dt} _ (7) BxCx(Cx U)f states instead oB x C states when no
Tooo T 0 transmission adaptation is considered during retrangmiss
dhis reduces the feasibility of the implementation of such

According to the second definition, referred to as ratio-' " i ' ! _
pglicy even for moderate dimensionality of state and action

average, the average cost is the limit of the expected to

costs over finite number of jumps divided by the expectetPac€: o _ _
cumulative time of these jumps, One way to deal with this problem is to use pre-decided

- increasing power levels in successive retransmission-time
G™ = lim sup Ew{le}]Eg {/ g(s(t),u(t))dt}, ®) Zg)éiss.iglr\l/ee assume thgt the transmission rate th_roqghout the
moo BT 0 -epoch remains the same, but transmission power
is different in different time-slot. Let!” and ¢!” denote
the transmission power levels for first transmission atid
retransmission respectively when an action correspond$ to
¥)ower level has been chosen, i.e.,= (e(t) eM L ,el(.r)).

A A

where,s(t) = s™ andu(t) = u™ for t" < t < t"*!, andT™
is the completion time of the:!” transition. The expectation
operatolE? is the conditional expectation when the probabilit

measure is determined by the polisy and the conditioning Therefore, each action corresponds to a set of power levels,

C o0 . o
event is {s° = s}. Although, in general these criteria A'Svhere successive power levels are increasing and applied in

different, for the unichain problem at hand time-averagst CO%onsecutive retransmission time-slots.

eqqa_ls_ ratlo-aver_age COSt_ [16]. Ther_efore, we adopt secon ) Joint Rate and Power AdaptationMe adapt both the

definition due to its analytical convenience. L : .
transmission rate and the power simultaneously for thisehod

and therefore each action corresponds to a pair of trangmiss

A. Three Adaptation Models rate and power level. We denote the set of the pair of trans-
We consider three different adaptation models for the Ifnission rate and power by = £xW = {z1,29, - 2y} =

HARQ problem, each of which is described by choosing(ehwl)’(61,w2),... (e, ww)}.

different set of transmission parameters of the SMDP prable

Let & = {ey,e2,---,eg} denotes the set of all allowable - -

transmitter power levels, antV = {wy,ws, -, wy} de- B. SMDP Kernel and Transition Probability

notes the set of available transmission rates that corngispo The transition probability is defined as the probability of
to the set of modulation constellatios= {vy,vs,--- ,uw}. switching from current state to future state at/or beforetne
Two mapping function® and ¥ respectively map the actiondecision-epoch. Therefore, for certain action, it detaeanithe
into the power level and transmission rate, i®.; U — &£ length of the decision-epoch in terms of time-slots. Sidwe t
andV : U — W. transition probabilities and the costs for a state-actiair p
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depend on the length of the decision-epoch, the transiticgtransmission and causes ACK in the second retransmission

probability distribution is very important parameter falBP and can be given by,

problems. Mathematically, transition distribution sgies the nilin m

joint distribution of the transition intervatr and the next P, a(0" 770", u")

states"*! and for a given state-action pais™,u") it can = Z S{b"T — (b — W (u™) + o)} P(a"),

be expressed as [24]: amef0,1,-+,34}

Qo gnin(ru) = P =7 < 7 M n 0y, (9) )
] ] ) ] , whereP(a™) is the probability of totab™ € {0,1,--- ,Ix A}

Let, for a particular fixed poinfy on the time-axisp(, Ty)  packet arrivals inl € {1,2,3} time-slots, andi(z) is a delta

denotes a step function that has valué 7 > Ty and zero g,nction whose value id at = = 0 and zero otherwise.

elsewhere. In practical systems, truncated HARQ with BNt 5iher probability terms can be explained similarly. We assu
number of retransmissions have been found to optimize bfy; for all statess” and s*+'. and controlsu” € U
. s 1 sy
the throughput and the delay, i.e., it increases the thrpughQSn st1(r,u™) are known and that the average transition
and minimizes the packet delay in the buffer at the sam&,qo’is finite. i.e [>rQ +1(dr,u") < co. The expected
e, g , :

time [11], [22]. It is also intuitively clear that rather tha \a)ye of the transition time corresponding to state-acfia
retransmitting large number of times, it is better to tryited (s",u™) can be given by

number of times and if still decoding fails, then transmigizg -
with higher transmission power and/or lower rate. Withossl - (u™)= Z / TQun gnir (d7, u")
of generality and to avoid cumbersome long expressions, we 0

Sn+les
assume that the maximum number of retransmissions is two. nilln nilln  m
Therefore, the transition distribution function can beressed = ; Tp[Pa(c™]e", u™) + 2Py a(c" |, u")
CTL
as, n+l| n n n+l| n n
. . +3Pn n,a(c" " u") + 3PN N N (<" e u)].
Qs",s"+1 (Ta un) = p(Ta TB)PA (Cn+ |Cna un)PA (anr |bn7 un) (12)

+ 72{z-v P n+1 n7 nP bn+l bn’ n . ) . ]
p(7,2T5) P, ale nlcl g )nN’A( |n+1un) " As a consequence of choosing particular actigh in a

+p(7,3T) Py v a(c" T [e", u™) Py, v, a (0" 0", u") particular states”, the system moves to a new state’!

+p(7,3TB) Py,nn ("™ u™) Py, v (0" 0™, w™)  (10)  with probability given by transition probability. The trsition

where, the channel transition probabilities upon gettibg oprobabilities can be specified by transition distributiomes

servation forc"** € C are given by, Pn sn+1(u")= Tllngo Qsn gn+1(T,u™)
Py(c" e u™) = Pa(c”,u™) Pon ent1, = Pa(c" e u™)Pa (0" D™, u™)

—|—PN7A(cn+1|cn, u")PNyA(b"+1|bn, u™)

+PN,N,A(Cn+1|Cn, Un)P]\]_]]\]_,A(b"Jrl|b"7 u™)

+Py NN (T u™) Py vy (BB u™).
(13)

Py a(c™ e ut) =) Pr(c® u)Pa(c®, )

ck+1

XPCn_’CkH»l Pck+17cn+17

n+l| n ny __ n n
Prona(c™ e u") = Z Z Py(c",u") C. Costs Associated with Different Objectives
ck+2 ck+1 . . . . e
n k+l  n n k+l kt2 m In this paper, our objective is to minimize three parameters
X P (e, e, ut) Pa(e”, ¢, ¢ u) that guarantee the QoS requirements for the IR-HARQ prob-
X Pen cht1 Portr oht2 Pokt2 ent, lem: transmitter power, buffer delay and packet overflow. We

discuss the corresponding costs for achieving these dlgsct

and ) : : "
in the following sections. The one-stage expected tramsiti
Py (e u") = > Py(c"u) cost for objective“X” corresponding to state-action pair
RE2 kil (s™,u™) is defined as,
k+1 k+1 k42
x Py (™, "t u™) P (e, R R T2 ™) GX (s, u™)
chn_rck+1 Pck+1yck+2pck+2_’cn+l ss o
o X/.n n _n+1l n
. = s u™, ST T)TQgn gnt1 (dT,u™).
The term Py y, a(c"tt|c, u™), for example, is the proba- ; /Tzog ( )TQun s )
snTl=gq

bility of switching to channel state®*! from channel state
¢” for actionwu”™, which causes NAK in the first transmission
and in the first retransmission and causes ACK in the secondl) Power Cost: Minimizing transmission power is of par-
retransmission. In (10), the termy y a(b"*1[b", u™), for ticular importance for wireless devices that usually ofeera
example, is the probability of occupying buffer statet! with battery of limited energy. The power cost for a partéul
from buffer stateb™ for incoming traffica™ and actionu™, state-action pair is the transmission power correspontting
which causes NAK in the first transmission and in the firghat action and doesn’t depend on future buffer state. The

(14)
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immediate power cost for state-action p&éi*,«™) can be some incoming packets may be dropped due to insufficient
written as, space in the buffer. Therefore, packet overflow rate from the
buffer is an important QoS requirements when the incoming
P _ P +1 +1 .. . .
G (s"u") = Z Tplg™(s"u 8" Pa(™ " u")  yraffic is bursty and the buffer is of finite length. The buffer

C”*;EC . . overflow rate costs depend on the current buffer occupancy,
g7 (s" u", s 2) Py a (" e u) maximum number of packets that can come in a time-slot and
+gP (5™ u™, 8" 3) Py v a(c <™ u™) the observation for certain action and channel state. When t
1P (5™, u™, 5", 3) Py v v (¢, u)] buffer hasB — A + 1 or more packets, thef, 1,2,--- | up
Y ’ ” ’ ’15 to a maximum of3A packets can be dropped as a result of
(15) overflow. The expected overflow rate cost for above buffer
whereg? (s”,um, s 1) = e® and P (s",u", s"+1 k) = States can be given by,
I ’ I 7 I I )
el e .. -+e(-k), k=1,---, R are the immediate power O/ n mn
i P P g G- (s™,u")
cost for first transmission and total uptd® retransmission A
respectively. For Section Ill-A.1 and Section 1lI-A.3, the ntlin n s on o
. . . = Tg|P P -
transmitter power doesn’t change during the decisiondepoc Z BPa(e™ e, u") Z (@®)(a” =r7)
(t) (R) . cntlel an=1+4rn"
thereforee,” = --- =¢;". It can be noted that (15) is sum oA

of four terms. The first _term is due to ACK in the_flrst tme- +PN’A(Cn+1|cn’un) Z P(a™)(a™ — ™)
slot, the second term is due to NAK and ACK in the first

anr=1-+rm

and second time-slots respectively, the third term is due to 34
NAK, NAK and ACK in the first, se_cond and third time-slots +Py Al ) Z P(a™)(a” — ™)
respectively, and the fourth term is due to NAK, NAK and =1t
NAK in the first, second and third time-slots respectively. 34

2) Buffer Delay Cost:Since different traffic have different +Pn (T u™) Z Pa™)(a" — 1" + ®(u™))],
delay sensitivity, delay is another important parametet th an=1+rn
guantifies QoS requirements in modern wireless networks. It a7)

can be noted that since packets are coming in each time-slot,
delay is not fixed throughout the decision-epoch. The immehere, 7" is maximum number of packets that can be ac-
diate delay cost, therefore, for IR-HARQ problem depends @@mmodated without overflow and equaks+ ®(u™) — b".

the present buffer state as well as the next buffer statepandNote that whenB — 24 +1 < »* < B — A, the number
the stochastic evolution of the buffer occupancy betweem tf packets that can be dropped due to overflow,is, 2, - - -
decision epochs. We proposed three variants of approximéfeto a maximum of2A4. Therefore, the expected overflow
immediate cost in this paper. We show their differences numé&ost is given by the sum of last three terms of (17). When
ically in Section V. We takg/” (s™,u",s"t!) = (b —1)/\, B —-34+1<0b" < B —2A, the number of packets that can
gP(s™,um, st = (bt — 1)/ and gP (s, u", s"T1) = be dropped due to overflow i51,2, - - - up to a maximum of
0.5(b™ + b1 — 2)/\, Ve, "t € C as the immediate delay A. The expected overflow cost for these buffer occupancies
cost per time-slot for the three analyzed cases. For examgian be given similarly. For all other buffer occupancies, no
the third choice is based on the approximation that the buffeacket overflow occurs, therefore the cost is zero.
occupancy changes linearly between the successive decisio
epochs. The expe_zctgd Qelqy cost for the IR-HARQ system IV. SOLUTION TECHNIQUES
with two retransmission is given by,

Semi-Markov average cost problem formulated in Section

GP(s"u) = D2 Y g7t s 1l can be transformed into an auxiliary discrete-time agr
- prrien C"HGSH Lo cost problem, which can be solved easily with the dynamic
XTp[Pa(c"™ e, u") Pa(b" 7 [b", u") programming algorithms for DT-MDP. The details of the
+2Pn a(c" " u™) Py, a (0", u™) equivalence between the SMDP and DT-MDP is discussed
+3Py v (T E, u™) Py v a (7T [B, u™) in Appendix I. We consider constrained Markov decision

process (CMDP) formulation for the equivalent DT-MDP

problem. The motivation of taking CMDP formulation is its
(16) mathematical artistry of solving problem with large number
of states and easy incorporation of more than one congraint

+3PN,N,N(Cn+1 |Cn7 un)PN7N7N(bn+l |bn, ’U,n)]

3) Buffer Overflow Cost:lt can be noted that while the
scheduler is trying to send packets in a particular timé-slo

2 ) A. Constrained MDP Formulation
The above power cost formulation can also account for urdequa

transmission intervals in different equal duration tinietted retransmissions The CMDP problem can be expressed by the foIIowing
by weighting transmission power levels with appropriatectdes.

For example, for a maximum of two retransmission scheme, hi# t €quations, where our objective is to find optimal policy
transmission interval of the first transmission dg Tz and transmission over the set of all stationary policid$ that satisfy [24],
intervals of second and third retransmission areTp and wsTp

respectively, then the transmission power levels shouldweghted to . APT . AD™ 0™
wlgP(S",u”,S"Jrl,l)7wggP(8"7u",8"+172) andwggP(S”,u",S"+l,3) £rnEllI_IlG y SUbJeCt toG <D andG < Po. (18)
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Long-term expected average power cost for policgan be 14

given by,
L —— [T =0.01 i
m 13

=P . 1 “P/ n " —— fnTp =0.02

G* = limsup —E; Z G (s",m(s"™)) (19) No Adaptation Case — [T =0.05
mroo MM — 12F E

n=1 —— [T =10.07
Constrained long-term expected coét8” and G°” in (18) ul *inTs=01] |

for policy = can be given similarly. Nonnegative constant
D and Py are the maximum allowable long-term averag
delay and long-term average overflow rate. The choice

these parameters depends on the QoS requirements ¢
particular application. The constraints (18) are calletivac

if the equality holds for the optimal policy*. The CMDP 8t
formulation can be solved using linear programming methc
as given in Appendix II. s

_ Power-Adaptive Case

Average Power [mWwW]

B. Effect of the Delay and Packet Overflow on Transmissic  °©
Power

In this section, we analytically show that the optms 't 2 3 4 5 6 7 8 9 10 11 12 13 14 15
. ] Average Delay [Time-slot]
average power of the auxiliary DT-MDP problem is a nor
increasing and convex function of the average buffer deI% 5 Tradeoff bet . " thgecbufier del
g. 2. radeo etween average transmitter power an ufrer aelay
and the average packet overflow. Lé_l* (D, Pof) denotes for constant incoming traffic arrival, specified overflow bhduand different
the average power needed by the optimal pofi¢ys,u) t0 fading rates. Comparison between power adaptive and ndaitapis shown.
maintain certain feasible average delayand feasible average

overflow Py. Thus, for fixedD and Py, no other policy can

achieve average power smaller thafi(D, For). Therefore,  Observation 1 (Power Adaptations Onlyffirst we con-
G*(D, For) also defines the lower bound on the achievablgder adaptation model given in Section I11-A.1. We choose
region of transmission powers for any policy. Theorem the set of power levels so that for all actions and channel
provides the characterization of that region. states, the values of ACK/NAKSs probabilities are distinatia

Theorem 1:For the adaptation problem defined in Sectioprovide diversity for the choice of power levels in diffeten
lll, we can state the following: (1) achievable region of th@hannel states. In Observation 3, we show an optimization
average powe& (D, Pef) is @ non-increasing function of the grocedure to calculate optimal power levels for specifiagel
average buffer delay) and the average packet overfld¥:, and overflow constraint. For simulation purposes, we use the
i.e., G*(D?, P§) < G*(D', Py) for some feasible constraintsfollowing: the set of power level€ = {6.4,15,30} mW,

D* > D' and Py > Py, and (2) G*(D, Py) is a jointly number of packets taken for transmission in each decision-
convex function of the average buffer delByand the average epochw = 2, and overflow boundPy; = 10~* for Figs.

packet overflow%s. © 2-7. When the scheduler has nothing to send, the transmit
The proof of Theorem 1 is given in Appendix IIl. power is equal to zero as it is in idle state on that time. In
Fig. 2, we show the tradeoff between the average transmissio

V. SIMULATION RESULTS power and average buffer delay for constant incoming traffic

In this section, we present simulation results, unless otbf 1 packet/time-slot. It is seen from the figure that the power
erwise specified, for the following sets of data: number afecreases as delay increases and the rate of decrease of powe
channel stateg’ = 2, buffer size B = 100 packets, average is more for faster fading channels in the lower delay regions
channel gairny = 1, noise powers? = 1 mW, maximum But in the higher delay regions, the rate of decrease of p@ver
number of retransmission® = 2, block rate R = 10* more for slower fading channels. For smaller delays, fldikyjbi
blocks/sec, average arrival rake= 1 packet/time-slot, maxi- of storing packets is limited. Therefore, when the fading
mum number of packets arrival in a particular time-slot 7, rate is slow, the scheduler has to choose higher transmissio
number of actionsU = 3 and binary phase shift keyingpower to send the packets. For larger delays, the scheduler
(BPSK) transmission. The bit error rate (BER) expression fbhas more flexibility to store packets in bad channel states
BPSK is given in [21], where the received signal to noiseorativhen the fading is slow and can allow more fluctuation in
is P. = ”U—’;f The transmission powef, may depend on the the buffer. Also, for slower fading the channel states in a
action taken and on the particular time-slot within a paitic decision-epoch are more predictable, therefore the degodi
decision-epoch. The terr); is the average channel gain ofsuccess is increased. Hence, in these regions the fasiteg fad
statec?, which is computed using; = % 7;‘4 ~vf(~)dv. The channels needs more power. We also compare the achievable
set of rates of the family of RCPC coJes at the transmittaverage power vs. average delay curves for adaptive and non-
is {1,1/2,1/3}, which are generated from a parent rag8 adaptive cases. For non-adaptive case with specified bdund o
code with memorym;, = 4 (Table IV, [10]). We use LP 10~* on the average packet overflow, we vary the immediate
to find optimal randomized scheduling policy and averageansmission power fron80 mW to 7 mW, and find the
transmission power for specified delay and overflow boundsverage power and the average delay. It can be seen that
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9.5 T T T T 11
o fuTp = 0.01,L = 100
* fmTp =0.02,L =100 P =0.6,P,=04
9 o T = 0.05, L = 100]] DO
o fuTg = 0.07,L = 100 107 ~R=05R=05 1
WTB - 0'1 L *100 , —~ P, =0.45,P, =0.55
85- #fmTp = 0.1, L =100 | P =04, = 0.6
0T =001, L =20 X 4P, = 0.333, P, = 0.667
T =0.02,L =20 ok
% ok e, 4 [, Tp = 0.05,L =20 | %
E h . 2 fnTp =0.07,L =20 -
3 Yow | -fnTe=0.1,L=20 g
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Average Delay [Time-slot] Average Delay [Time-slot]

Fig. 3. Tradeoff between average transmitter power ancageebuffer delay Fig. 5. The effect of unequal channel state stationary pitibaon the
for Poisson distributed incoming traffic arrival, specifieeerflow bound and average transmitter power vs. average buffer delay curwesided number

different fading rates. The effect of different buffer size also shown. of channel states and packet overflow bound.
12 9.5
—--)=0.9 9 —P. .. =095 Vi
11F —e—Pp“Q = 0.92 Vi
=P, =08; Vi
8.5- ——P ., =07; Vi
EIO* =
E 2o
o o g 750
g )
> > 7
<
8 <
6.5
7,
6 0= 3
P =09
S c.c
6 1 L L L L L L L L L L L L 5.5 | | | | | | | | | | | ' |
12 3 4 5 6 7 8 9 10 11 12 13 14 15 M 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Average Delay [Time-slot] Average Delay [Time-slot]

Fig. 4. The influence of different packet arrival rates on twerage Fig. 6. Comparison of average transmitter power as a fumatioaverage

transmitter power/average buffer delay tradeoff for fixetfdr size and packet buffer delay for constant (solid curves) and Poisson disted (dotted

overflow bound. curves) incoming packet arrival for different channel statemory and packet
overflow bound.

the non-adaptive case needs approximately double average

transmission power than the adaptive case for the sameggvera The influence of different packet arrival rate with fixed

delay and average overflow bounds. buffer size is shown in Fig. 4. It is seen that for the same
Fig. 3 shows the effect of buffer sizes on the power/del@verage delay, the average transmission power increases as

curves for different fading rates and same average rats®oisaverage arrival rate increases. Since to maintain the same

distributed traffic. The figure shows the same trend as tHelay and overflow the scheduler has to send more packets

constant traffic. Since the larger buffer gives more fleiipil with larger power in the lower channel state, the average

in terms of storing packet in lower channel state, the féasidransmission power increases as arrival rate increases.

delay region is larger and hence achievable average power iFhe effect of unequal stationary probabilities of the chenn

smaller. states is shown in Fig. 5 for two states channel. The figure
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Fig. 7. Comparison of average packet overflow as a functiomvefage Fig. 8. Performance of the FSMC-optimal power schedulinicpan Jakes
buffer delay for constant (solid curves) and Poisson disteéd (dotted fading channel with Soft-decision and Hard-decision Déwpdchemes.
curves) incoming packet arrival for different channeletatemory and packet

overflow bound.

as a finite-state Markov channel. Therefore, to calculage th
. . average power, delay and overflow costs, one has to calculate
shows that the average power increases as the stationalhynje path average of these accrued costs over the ensemble
probability of lower channel state increases. Since thedch ¢ ;nannel gain and incoming traffic realizations for a sfieci
uler uses larger transmission power action to send paoket%bncy_ The channel gain produced by the Jakes fading model

Iowgr channel sta}tg, the average power increases W'thrlar%equantized with the threshold being the median value of the
stationary probability of lower channel state due to lorgay gain, as was done in the analytical calculation of the chianne

there. In _ _ thresholds and transition probabilities of the two-staSME

Fig. 6, we give a comparison between the constant apthdel. In Fig. 8, we show average power vs. average delay
Poisson distributed incoming traffic for the same averag@st performance of the FSMC-optimal policies in Jakes
packet arrival rate of packet/time-slot and different channekaging channel for different fading rates. The FSMC-optima
state memory. It is seen from the figure that the differenggyjicies are calculated for Poisson incoming traffic and for
between transmission power for constant and Poisson tratigerent delays using the same setting as the one shown
with same delay decreases as the fading correlation ireseag, Fig. 3. Sample-path length of the simulation for the

The packet overflows as a function of delay for constashlculation of the average costs is taken to 119600 slots.
and Poisson traffic is shown in Fig. 7. Note that to maintaifhe traffic samples are generated using Poisson distriigitio
fixed overflow rate, Poisson traffic suffers more delay. It casnd the number of paths in the Jakes modelds It can
also be noticed that the packet overflow rate is almost zase easily noticed that average power-delay curve of the
in smaller delay region, but it increases as delay increaseSMC-optimal policies in Jakes fading channel follows
Therefore, when the buffer size is large, overflow rate basndthe same general properties as in the FSMC channels. The
not important in the lower delay regions. That is, in the loweaverage power also decreases with the increase of the delay
delay regions, it is sufficient to fix a constraint on the agera as well as with the increase of Doppler frequencies for both
delay as the average overflow constraint does not representige hard-decision and soft-decision decoding cases. Hawev
independent degree of freedom. But, in higher delay regioas expected, for a particular delay, average power is less
both are important to consider. for soft-decision decoding than hard-decision decodirtie T

Observation 2 (FSMC-optimal policy in Jakes channel): power saving facilitated by the use of soft-decision decgdi
In order to evaluate the performance of the FSMC-optimabmpared with hard-decision decoding is increasing with th
policy in realistic channels, we have simulated its perfamge increase of the delay.
in Jakes fading model for Rayleigh channel with both hard- Observation 3 (Optimization of Power Leveldj this ob-
decision and soft-decision decodings. In this observatimn servation, we explain the choice of the power level set used
analyze the performance of the optimal policy calculated fin Observation 1. The optimal choice of power level set is
the FSMC channel model (such policy will be referred to avade for a given constraint on average delay and a given
FSMC-optimal policywhen applied to the Jakes fading modetonstraint on average overflow. We carried out an outer
with the same Doppler frequency. Since channel gains monlinear optimization to calculate the best power level se
Jakes model are not quantized, it cannot be directly modekba@t gives minimum long-term average power for specific



KARMOKAREet al. CROSS-LAYER RATE AND POWER ADAPTATION STRATEGIES FOR IRARQ SYSTEMS OVER FADING CHANNELS WITH MEMORY 11

10gr 95
95 ——Delay=(b"-1)/\ i s ——Constant Power
Ce- _ 1 9 ¥ -e-Incremental Power, Set1|
) Delay-(b”+b"* e ; -- Incremental Power, Set 2
ol ¥ - Delay=(0"-1)A | ’

Average Power [mW]
©
= ot

Average Power [mW]
~
e

-
T

6.51

| | | | | | | | | L
4 6 8 10 12 14 16 18 20 22 24 26 28 30 S 5 7 9 11 13 15 17 19 21 23 2%
Average Delay [Time-slot] Average Delay [Time-slot]

55
2

Fig. 9. Comparison of average power/average delay curveglifierent Fig. 10. Tradeoff between average transmitter power anchgeebuffer delay

immediate delay cost models. All immediate delay cost modele approx- for constant and incremental transmission power duringrécpéar decision-

imately the same performance. epoch. For suitably chosen incremental power sets, inar&zthpower actions
outperform constant power actions.

average delay and average overflow bounds. Therefore, ;5
optimization problem is divided into two distinct problems
(1) inner dynamic programming optimization problem whicl
provides the optimal power control law* and optimal av-
erage powelG*(D, Py) for a fixed transmission power level
set and (2) outer static optimization problem to choose tl
best set of transmission power levels that gives the minimu .
average powel:,. MATLAB optimization toolbox is used E
for this purpose. We computed optimal power level sets fig
average delay bounds fro = 2 to D = 15 and average < 85
overflow boundP,s = 10~*. For example, the optimal power ;'f’ ﬂ,‘,’)'wer
level set found for delay bound® = 4,6,10 and 15 are 5 8- and Rate
respectively as followsE* = [6.8524 14.9988 29.9380] mW, Adaptation
[6.8151 14.9192 29.6175] mW, [6.5433 15.5318 29.6420] 750
mW and [6.4000 15.1252 23.8367]) mW. The corresponding
optimal average powers arel 769, 6.6073, 6.1859 and6.0265 -
mW respectively. From the calculated optimal power lew
sets for different delays, we chooffe4 15 30] mW for our
simulations. The optimal average power for this set anda@bc ! 3 S e 9 u 13 15
verage Delay [Time-slot]

delays are as followg:.2808, 6.6786, 6.2154 and6.0351 mW
respectively. The simulation results are given 8r= 50 _ o _
packets.f,, T = 0.1 and Poisson disrbuted waffic. =9 1, Comparisonof ol pover sptaton wit comlmeand paer

Observation 4 (Comparison between Different Buffer Costs) power adaptation due to the addition of more degreeseefibm in the
In Section 1I-C.2, we have proposed three approximatiofdgtion set.
for the immediate costs that account for the delay in the
transmission buffer. These three different immediate scost
model the change of the buffer occupancy and delay betwdbg same.
two subsequent decision-epochs in three different ways. InObservation 5 (Incremental Power Adaptation3he per-
Fig. 9, we explore the influence of these models on the powfermance of incremental power adaptation in successive
vs. delay performance for the same set of data as Fig.t®ne-slots is shown in Fig. 10 for Poisson traffic with
It can be seen that the choice of the immediate delay cost = 7. Two sets of transmission power are used to
does not significantly influence the power performance of teempare the performance with constant power described in
IR-HARQ scheme. Therefore, whatever delay cost amo@pservation 1. Sets 1 and 2 are respectively as follows:
these three costs in this framework is chosen, the resudts & = {(6.4,8,10), (15,17,20),(25,27,30)} mW and & =

-o-f T.=0.01
Only Power m'B i
Adaptation o £ T5=0.02

— fmTBZO.OS

10

9l
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VI. CONCLUSIONS

Average Delay = 7.6935 [Time-slot] Average Delay = 1.5080 [Time-slot] SMDP framework has been utilized to calculate the optimal

Action Action rate and power adaptation policies of an IR-HARQ system.
To the best knowledge of the authors, this is the first result
that analyzes the rate and power adaptation under latency
and overflow constraint for an IR-HARQ system designed to
service a real-time traffic stream. For the stated IR-HARQ

= system with finite transmission buffer, we have derived the
Buffer State /7 SMDP kernel, transition probability and costs associatéd w
different objectives. The SMDP problem has been then con-
verted into an auxiliary discrete-time CMDP problem and its
solution is obtained by linear programming.

Simulation results have been given to examine the in-
fluence of randomly varying channel and traffic parameters
for three different transmission models to allocate ratd an

T, power policy optimally. It has been shown that by employing
Channel State optimal power allocation, fast fading channels performtiast

under stringent delay constraints, while the situationhis t
opposite if delay constraints are relaxed. Simulation ltesu
show that FSMC-optimal scheduling policy performs very
Fig. 12. Optimal policies are shown as a function of chantatesand well in realistic channel (such as employing Jakes fading
buffer state. For fixed sets of Lagrangian multipliers, weedigelative model for Rayleigh channel) and traffic settings. With the
e teraton () o 0 Sompute ot deteic polcies b increased delay, soft-decision decoding gives more_povier
adaptation with constant traffic for this plot. In each sebpthe average Savings compared to the hard-decision decoding. Signffican
overflow is below10~*. power savings can be achieved with either incremental power
allocation policy or joint rate and power allocation poliag
compared to only power allocation policy.

Channel State

{(6.4,8,10), (15,18,22), APPENDIX |
(30,32,35)} mW. It is seen that the performance of the EQUIVALENT AUXILIARY DISCRETETIME MDP
incremental power in general is better than constant power FORMULATION FOR SMDP

case. But, one need trials or outer optimization to find betst s
of incremental power. In our example, power $eperforms
better than se?.

Let us assume thakb,, ;,(u;) < 1 forall s; € S andu; €
U,,, and~y be any scalar satisfying following inequality,

Observation 6 (Rate and Power AdaptationResults for 0<y< Luz)
third adaptation model described in Section 1lI-A.3 are 1= Pu s (ui)
given in Fig. 11 for Poisson traffic withA = 7 The transition probability and the expected average cost pe
and Py = 10~ The set of transmission parameter§me-slot corresponding to state-action p@ir, u;) for auxil-
is X = {(94,2),(9.4,3),(20,2),(20,3),(30,2),(30,3)}, iary discrete-time problem can be obtained respectiveynfr
where 4—QAM and 8—QAM are used to transmi2 and 3

(20)

P o (us .
packets respectively. The approximate expression for BERs (u;) = %i())v if sj # s, 55 €S,
of M-ary quadrature amplitude modulation (M-QAM) that =~ *"% 1— W’ if ;= s;, 5 €S,
is valid for both low and high SNR is derived in [23] (eq. Teitte 21)
(18)). The performance for joint rate and power adaptation ~ G(si,ui)
is compared with only power adaptation case WithQAM Gsi,ui) = 7o (1) (22)

and the same set of power levels= {9‘4’.20’30} mW. It A SMDP is consideredinichainif every policy, 1™ induces a
is revealed from the figure that as the joint rate and power . .
single recurrent class plus possibly an empty set of tratsie

adaptation has more degrees of freedom and hence wider rafge. o (i.e., under every", the state process is an ergodic

of action set, the power needeq for the same delay is Iq\ﬁgrkov chain). For finite SMDP with unichain structure and
compared to only power adaptation case.

bounded costs, the optimal policy is stationary and Markoyi
Observation 7 (Policy Structure)Finally, in Fig. 12 we i.e., it is only dependent on the current system state. Note
show the variation of the optimal policy with the currentfeuf that the infinite horizon average cost of a finite unichain
and channel states. The optimal deterministic policiessha8MDP are not dependent on the initial state[24] and thus
been computed for two sets of Lagrangian multipliers. It catependence on the initial state has been dropped from the
be seen that for larger average delays, the optimal scheduletation. The analyzed transmission rate and power adamptat
applies less aggressive transmission policy. That is, it cproblem for the IR-HARQ system possesses the unichain
delay applying action associated to larger powers untijdar structure. To prove this statement, we first note that thambla
buffer occupancies. component of the state variable is independent on the a&ction
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and its evolution is ergodic. Next, we demonstrate that the APPENDIXIII
buffer component of the state variable is also ergodic under PROOF FORCONVEXITY PROPERTY
any policy. Let the current buffer state &, then the next

buffer state,b."“ can fall into thellnterval offmax(b" _ follows by noting the fact that increasing the constraimtsrf
wi, 0), -, min(b" +(f+1)A, bp)] with non-zero probability D' P to (D?, P%), the region of feasible policies defined
under any action. Repeating this reasoning for a sufficigt 1 g)'is increased. Therefore, the global minimum achdeve
number of decision-epochs, any buffer state is reachabie frfor the feasible region defined by constrairt®!, P) is
any other buffer state. Thus, the buffer state componertef i

. ) ) ) ' arger than or equal to the global minimum achieved for
state variable is also ergodic under any policy. This guaem the feasible region defined by constrairtt®?, P%). That
that the SMDP has a unichain structure. ' of

h i dthe S h h t<):onc|udes the proof for the first part of the theorem.
The auxiliary DT-MDP and the SMDP have the same prob- (2) The convexity property of functio* (D, Py) can be

abilistic structure [16]. Thus, if a stationary policy isicimain established by a proof of contradiction. S DP
for SMDP problem, the same is true for the auxiliary DT-MDP ! yap iction. SUpP@EED), o)

; . > —Is a non-convex function oD and Py, then there exist two
problem. Therefore, dyn_amlc brogramming (DP) algonth airs of feasible constraint&D,, P}), (D2, P%) and a real
for DT-MDP can t_)e applied to the auxiliary pr_oble_m n orde umberf in the range) < § < 1 such that the inequality
to solve the semi-Markov problem. The multi-objective DT-

MDP problem can be solved in two ways. In unconstrained BG*(D*, Py) + (1 — B)G*(D?, P%)
Lagrangian formulation, the optimal policy is obtaineddte < G*(BD' + (1 - B)D2, BPL + (1 — B)P2)
tively using DP algorithm by solving the Bellman’s optimgli (25)
equation (cf. [25]). In constrained formulation, longster

average cost for one objective is minimized keeping othgblds. Letr}, 75 andx? be policies that are optimal for pair of
costs (called constraints costs) below some specified tmuné’onstraints(Dl, PL), (D2, P2) and(8D'+(1—B)D?, BPL+
(1 — B)PZ) respectively. Due to ergodicity of the incurred
APPENDIXII Markov chain implied by the unichain structure, mixed pgplic
LINEAR PROGRAMMING SOLUTION TECHNIQUE g of policies 77, n5 (wheren} and 75 are applied with

Let v(s, u) represents the “steady-state” probability that tharobabilities3 and (1 — 3) respectively for sufficierIt nl;mber
process is in state and actionu is applied. We seek to find Of successive decision-epochs) attains the 865t(D", Fy)+

the control policy which is represented in terms of protigbil (1 — #)G*(D?, P%). Such mixed policy has larger or equal
distribution » over S x Y. The optimal policy»* can be COSt than the optimal cost of the minimization problem for

(1) The non-increasing property of functio* (D, Pe)

obtained by solving the linear program: the pair of constraint§3D" + (1 — 3)D?, BPgi+ (1 — ) FPg).
_ This is a contradiction to (25) and our initial assumption
min Z G (si,ui)v(si, uq) (23) that G*(D, Py) is a non-convex function ofD, Py) fails.
$:€S,ui €Us, ThereforeG*(D, Py) is a jointly convex function ofD and
Pof.
subject to:
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