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Abstract—In this paper the quality of service (QoS) constrained Il. SYSTEM MODEL

radlc_> resource aIIocgtl_on prqblem at the downlink of a multiuser We consider the downlink scenario of an isolated single-
multicarrier system is investigated. We demonstrate and analyze . .
the trade-off between energy consumption and transmit power Cell with K users, each having one data stream to be served.
within a cross physical and link layer system model, which jointly Resource allocation is done for eagransmission Time In-
considers power allocation, adaptive modulation and coding and terval (TTI), and the consecutive transmissions of data are
ARQ/HARQ retransmission protocols. A novel transmit power  assumed to be independent from TTI to TTI. Depending on its
constrained energy minimization problem is formulated based throughputrequirement, each data stream may have a number
on the competing nature of the two resources. Due to the . . . . -
combinatorial property of the problem, a suboptimal heuristic of information bits to transmit at the beglmlnmg of a TTI. The
resource allocation algorithm is proposed, the accuracy of which other relevant QoS parameter characterizing the datanssiea
is compared with the dual optimal value obtained as a byproduct the latency is defined as:
of the algorithm. Simulation results also provide performance pefinition: The latencyr, of a packet from usef is the
comparisons on ARQ and HARQ protocols, and their different oo it experiences until received correctly with an oetag
impacts on the choice of the optimal modes of operations. o . "
probability of no more than the predefined valm&"). Let
l. INTRODUCTION fr[m] be the probability that it takes exactly. TTI's to
o . ) ) transmit a packet error-free, thep = (M), —1)(RTD+T)+T
Energy efficiency is conventionally one of the main conghere RTD representsund trip delay and
cerns in the design of mobile devices and sensor networks

I . : M
with limited bat_tery life. More recently, it _has drawn a lat o M, =minM st Z Fulm] >1— lout)
research attention for other types of devices and netwasks a M

well, on the purposes to provide better QoS with the avaslabl We derive in the following the mathematical descriptions of

Ead|o r:asources and to ”.‘ake wireless communications MG regarded system components stemmed from [6], which lay
green”. Cross-layer design has merged as one promisifd, - cic for cross-layer optimization
approach to achieve the reduction in energy consumption, '

by allowing for more information exchange between différert. Channel Model
layers and a joint adaptation of system parameters furinion The downlink broadcast channel is modeled as frequency-
across several layers in the protocol stack. In this paper welective fading over its whole bandwidth and frequency-fla
set energy consumption as the performance metric for thgling over eaclsubchannelwhich is consist ofV, adjacent
QoS-constrained resource allocation in a multiuser maritier - subcarriers. The assignment of any subchannel is exclusive
system, where the impacts of retransmission protocols @ndintercarrier interferences not taken into account. More-
energy and transmit power are studied in a cross-layerdashiover, we restrict ourselves here to the single-antennaluztse
The trade-off between energy efficiency at link layer angt BS and MS. On a particular subchannelet Hy, ,, ando;
transmit power at physical layer has been touched upgn be the channel coefficient and Gaussian noise variance of use
in [1][2], where both authors conclude that power contrgt, andp, be the amount of power being allocated. When as-
should benefit from taking energy efficiency at link layesigned to usek, the signal-to-noise-ratio SNR) is computed
into account. The main contributions of this work are th’yk,n - Wagipn_ For the remaining part of this section we
investigate this trade-off thoroughly by using a cros®fay y.,, the subscripts andn for simplicity. Assuming that one
approach, as well as to mathematically formulate and sble 1| contains N, symbols for data transmission, thenimum
cross-layer assisted resource allocation problem in o&fier 40cation unit (MAU) is defined as an allocation region of
systems based on it. We are motivated to study this problejge gpchannel in the frequency dimension by one TTI in the

through our previous works on energy and transmit POWEN e dimension. which containd’. N. symbols.
minimization algorithms [9][10], which have been proposed ' o

based on ideas and methodologies from [3]-[5]. Some of théBe FEC coding and modulation
algorithms are adopted here to solve certain subproblems ilWWe assume that modulation and coding across the subchan-
the whole resource allocation procedure. nels are done independently, and with reference to the WiMAX

m=1



standard 8 modulation and coding schemes (MCS) are choséock lengthn., is then given byn., = 81In("L). The PEP
as candidates which are listed in Table I. for the mth transmission can be approximated by
Table | F[M]:ﬂ‘(om), alml=1m=1,...,M —1
MODULATION AND CODING SCHEMES(MCS)
when Ry () satisfiess: Rlog, A < Ro(7y) < ;7 Rlog, A.

Index | Modulation Type | Alphabet SizeA | Code RateR | Rlog, A The system parameters are summarized in Table II.
1 BPSK 2 1/2 0.5
2 QPSK 4 1/2 1 Table Il
3 QPSK 4 3/4 1.5 SYSTEM PARAMETERS
4 16-QAM 16 1/2 2 .
3 16_8AM 16 3§4 3 Total bandwidth 10 MHz
Center frequency  fc 2.5 GHz
6 64-QAM 64 2/3 4 FFT size 1024
! Gj'Q:m 62 3/4 45 Number of data subcarriers 720
8 64-Q 6 5/6 5 Number of subchannels N 30
Number of subcarriers per subchannel N, 720/30 = 24

; ; : ; Transmission Time Interval (TTI) T 2 ms
With the absence of intersymbol interference in the system, Number of data symbols per TTI N 16

each subchannel is discrete and memoryless over which the Round Trip Delay (RTD) RTD 10 ms
noisy channel coding theoreif7] can be applied. Let the Maximum number of transmissions allowed @ 5
modulation alphabet and coding rate on the subchannel under Turbo code dgptendent psrtheter (glt) 2201
consideration bed = {ay,...,a4} and R respectively. The LAe PRy T :
cutoff rateof the subchannel with SNR can be expressed as

gzl A I1l. POWER-CONSTRAINEDENERGY MINIMIZATION
Ro(y, 4) = log, A—log, |1+ — Y. D el PROBLEM
m=1l=m+1 For each MAU, the energy consumption for the successful

The noisy channel coding theorem states that there alwdignsmission of theB information bits loaded on it is the

exists a block code with block lengthand binary code rate SUM Of expected transmit power for each symbol at each
Rlog, A < Ro(7,A) in bits per subchannel use, such th ansmission, times the number of occupied symbols in one
G2 A4 = Lol p J AU and the duratiori7y of one symbol. The transmit power

with maximum likelihood decoding the error probabilityof required for the current transmission on the other hand, is

a code word satisfies < 2~ (Fo(r,4)—Flog, 4) the transmit power for each symbol times the number of

In order to apply this upper bound to the extensively usé&gibcarriers occupied. Mathematically, we have
turbo decoded convolutional code, quantitative invetitga E = T, ¢s ¢
have been done in [6] and an expression for ¢ggivalent B
block lengthis derived based on link level simulations as where ¢g [7310&141 (4, R, M),
neq = B1n L, where parametef is used to adapt this model M 5 Do?
to the specifics of the employed turbo code, ahds the o = Z flm] < :[2 + (”;I;ngi )
coded packet length. Consequently, the transmissiah loits m=1 || | |
is equivalent to the sequential transrqi.ssionlp(fneq blocks and P = op- 022
of lengthn., and has an error probability of |H|

B
_L — .

r=1-(1—7)7a <1 (1 — 97 nea(Ro(v,4)= Rlog, A)) e where. or HRlogaAl /Nsl VA AD),
C. Protocol In the above expressiong 4, R, M) is the SNR required to

transmit a packet successfully withid transmissions using

At the link layer retransmission protocols are studied. Thacs (A, R), |H|? and |[H(@v8)|? are the instantaneous and
data sequence transmitted in one MAl#,, a packetis used zyerage channel gains, and is the noise power on one
as the retransmission unit. subcarrier. We refer to the tripléA, R, M) as amode of

ARQ: The corrupted packets at the receiver are discardegheration or equivalently, aroperation modefrom here on.
hence we assume that tipacket error probability(PEP) of The set of all available modes of operations is denoted.hy
a retransmitted packet is the same as that of its original _ o
transmissionj.e., flm] = 7™"1(1 — ), m € Z+. A. Power and Energy: Competing Objectives

HARQ: The corrupted packets at the receiver are com- From the expressions it is clear that functi@nsand¢p are
bined and jointly decoded using rate-compatible puncturetiannel independent and therefore can be computed offline.
convolutional codes. For the particulacremental redundancy The channel dependent paris a function only of the number
(IR) scheme we employ where the retransmissions contaihtransmissions\/, but not the MCS. What is more, it can
pure parity bits of the same length as the first transmissiagsily be shown to be monotonically increasing with for
the code rate for thenth transmission can be expressed asoth ARQ and HARQ protocaols.
R[m] = -£- = LR, Letm denote the maximum number of As ~(A, R, M) monotonically decreases with increasing

m:-L
transmissions determined by the mother code. The equivaldd when (A, R) is fixed, transmit powerP also decreases




X Operating points
O Pareto efficient operating points

where nk,n(Bk,anIErQ)aq”) and fk‘,n(Bk,n;T]ErQ)aQ’n) are the
energy consumption and transmit power of ugeon sub-
channel given latency constrair’vt,EYQ) wheng,, is chosen as
the mode of operationB ¢ ZfﬁN represents the bit-loading
matrix with its entry By, as the number of information
bits for the kth user loaded onto theth subchannel, and
gn is the mode of operation tripl€A, R, M) taken on the

_ _ _ nth subchannel. As the domain of bit-loading matfk set

ggz ;fstg?r\fl‘mwcgmid;‘f’m‘;hose” (b) Operating points ab = 384 g 7K¥N represents the set of matrices that have only
one nonzero entry in each of their columns and thus implies
the FDMA constraint. Explicitly, there ard( bit-loading

constraints and one transmit power constraint in (1).

Besides the well known combinatorial natured problem
with more transmission trials. Yet the monotone of energdf assigning subchannels to users, (1) adds another degree
consumptionE is unclear. In Fig. 1(a) the histogram of theof difficulty by optimizing the modes of operations on the
number of transmissions chosen for a user allowing for up $¢ibchannels at the same time, and is obviously impractical
5 transmissions is shown, which is obtained by simulatiori@ be solved optimally. Instead, simplifications and heiass
on the energy-minimizing scheme [9]. With ARQ protocolhave to be employed, which we explain in the following.
allowing for only one transmission is almost always the best
operation mode in terms of energy saving, whereas with
HARQ, modes with more transmissions are also chosen )eet
transmitting with one trial is still the dominating mode.ih
can be explained roughly as follows: as the ARQ protocol

makes no use of the erroneously received packets, it is a b i d Vsi the Pareto-efficient q
expensive a retransmission as the first trial which is ener observations and analysis on the Fareto-efficient modes

inefficient. Due to the incremental redundancy obtained, r operation; on Qiﬁerent subchannels loaded with various
transmissions are not as expensive with HARQ, and theref&]‘émber of bits, which hold true in most cases.
it can be more favorable to go for more than one transmissions, There is one best choice of MCS (usually the lowest MCS
when the current channel condition is not good. possible) for givenB independent from\/, or in other

To sum up, to allow for more retransmissions saves transmit words, Pareto-efficient operating points only differ/if.
power for the current TTI but is not energy efficient in gethera , The Pareto-efficient boundary keeps stable with increas-
In fact, transmit power and energy consumption as defined ing B, until the subchannel is fully loaded and therefore
are two conflicting, or competing objectives in the QoS-  the choice of MCS might change.
constrained resource allocation problem. To further tithte
this point, the (E, P) pairs corresponding to all availableThe first observation can be explained as when going for a
modes of operations are drawn in Fig. 1(b), where each blbigher MCS, the increment inis tremendous and dominating,
cross represents orel, R, M) and the Pareto-efficient pointsi-., there is almost no trade-off between, and ¢p when
are highlighted with red circles. Note that all the Paretehanging(A, R, M). The second observation literally means
efficient points are obtained witt4, R) = (4,1/2). for B within interval N.N; - (R logy A1, Ry log, As] where
(A2, Ry) is exactly one level higher tham,, R;), the Pareto-
efficient modes of operations are the same.

Although there are exceptions with lower MCS, the obser-
Let the number of information bits intended for usebe \yations could well be exploited to simplify (1). In Fig. 2 the
b, the maximum latency time for the transmission 7tééq>, minimum energy to convey varying is shown,i.e., the n
and the total available transmit power at the BS Bg:. function with ¢ chosen as the energy minimizing operation
We formulate the energy consumption minimization undepode. Drastic increments of energy can be seen at each
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Figure 1. Trade-off between energy and power

Simplifications

S1) Observations: The simplifications we make are based

B. Optimization Formulation

transmit power and QoS constraints as transition of optimal MCS, which happens after the subckinn
N is fully loaded with the current optimal MCS. Besides, eyerg
. (B (rq) . consumption increases approximately linearly on the viater
BEISI’I,lqlélMN ,;n;nk’ (Bins T ) between two transitions, and the slope of the line segment
N B increases with MCS. As a result, the valuesibht transition
s.t. Z Br,=0b,, k=1,...,K, (1) points can serve as good representatives for all pos&ible
x 2) Simplified Optimization ProblemLet the set of transi-
v ; ; (red) (red) ;
Z Z Eem(Bron, T,E @ @) < Piot, tion points beb"**”’, and set3 C B have element matrices

Pt only taking values fronb™Y. By restricting B € Bd) we



= solution is however not primal optimal because of the namzer
duality gap. Yet it provides some information about the
primal solution as being optimal to a perturbed version ef th
primal problem [11], and hence we recover the subchannel
assignment based on the dual optimal solution.

The main idea of the recovery is to guarantee that each
user gets a sufficient number of subchannels to transmit its
information bits,i.e., |Si| > N,gl) for all &, whereN,iD is the
minimum number of subchannels ugerequires. Upon this,
e 0 o e o h im0 w0 2w the users with.insufficient numbers of s_upchannels inditate

by the dual optimalB are sorted by the minimumx ¢ values
they have on the spare subchannels, and the assignmentis don
according to this order until all users have enough subatlann
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Energy n in mwW x ms

Figure 2. An exemplary) function for ARQ and HARQ protocols

simplify (1) to a tightened version of C. Determine the bit-loading matriBB
_ K N () Unlike in [9] where frequency band is the only resource
BEB(rIerdl)HtllEMN Z Z”kxn(Bk,mTk +n) the users share, under problem formulation (2) the users are
N k=1n=1 still coupled by the transmit power constraint. Therefore,
st ZBk > be, k=1,... K, @) f|X|r_19_sul_achanneI aSS|gnr_ner_1t_ does not give us independent
= optimization problems for individual users. Here we addyat t
K N . heuristic method in [10], where for each user, all efficier@M
Z ng,n(Bk,n,T,g“*),qn) < Piot, combinations are enumerated and compared with each other.
k=1n=1 Again we use the minimumy x ¢ value on each subchannel
whose optimal value is an upper bound on that of (1). ~ &s the comparison criteria.

IV. RESOURCEALLOCATION ALGORITHM .
D. Choose the modes of operations

Despite the simplifications we make, to tackle the con-
strained optimization problem is no easy task. In this secti AS for eachB;, , > 0, there could be a number of Pareto-
we propose a heuristic algorithm with low complexity whictgfficient modes of operations, the problem of which mode of

gives us suboptimal solutions to (2). operation to choose needs to be solved with the obtafBed
o Let Vg, Vp € RT*Y be the matrices containing the energy
A. Feasibility Exam consumption and transmit power of Pareto-efficient opemati

First of all, the feasibility of (2) should be put under testmodes on each of th& subchannels, where is the largest
Let P, denote the optimal value of the transmit powenumber of efficient modes on one subchannel, and the extra

minimization problem entries for subchannels with less thanefficient modes are
X N set to infinity. The optimal selection of operation modes is
: (rq) given by the solution to problem
min n(BrnsTe 5 Qn
TS 9) SIL B S
N @) [mi]q N tr(VEX)
s.t. Bin,>br, k=1,... K. Xelos]m
2::1 o =k ’ st te(VEX) < Por, @
If Pmin < Piot, then (2) is feasible, and solution obtained with Z Xpn = 1, n=1,...,N,
(3) provides an upper bound on the optimal energy consump- me1

tion. Otherwise we determine that (2) is infeasible. Reigard

solving (3), two suboptimal algorithms are proposed in [10)vhere X is the selection matrix. In order to turn (4) into
By suboptimally takingPy.;» We tend to be pessimistic about? convex problem, we replace the constraky,,, € [0;1]
the system performance, but avoid the complexity to find tNdth Xon, € [0,1] which actually makes (4) solvable with

optimal solution to (3). linear prpgramming. If rounding up the fractiqnal solutiisn
not feasible to (4), adjustments on the selection can be done
B. Dual Methods also based on the minimumx ¢ value on each subchannel.

Following the same approach proposed in [5] and adaptedWe have so far solved (2), and the solution obtained is
in [9], the Lagrange dual problem of (2) can be formulateféasible to (1). By cutting down the additionally loadedsbit
and solved via Lagrange dual decomposition and the ellipsantroduced with the coarse granularity &f; ,, the solution
method. At convergence, the dual objective gives the besin be refined. The whole resource allocation procedure is
lower bound on the primal optimal value. The dual optimaummarized in Algorithm 1.



Algorithm 1 Resource Allocation Algorithm
Solve the power minimization problem (3);
if Ppin < Piot then
With the optimal bit-loadingB, select modes of opera-

- ARQ, F;w‘:so dBm
09r Il ARQ, P =44 dBm
0.8F - HARQ, P, =50 dBm
HARQ, P,_=44 dBm

tions on each subchannel; %0'6’
else '§Zj
Decide that (2) is infeasible and exit; ol
end if ol
Solve the dual problem of (2) and recover the subchannel ol
assignment; . | |

2 3 4
Number of transmissions

Determine the bit-loading matriBs;

Select modes of operations on each subchannel;
Choose fromB; and B» the one with less energy con- Figure 4. Modes of operations chosen for user 8

sumption as the solution to (2);

For each user, cut the extra bits off on the subchannel with

the largest line segment slope (see Fig. 2). drawn in Fig. 4. As compared to Fig. 1(a), the transmit power
constraint causes more transmissions especially wherg bein
critical to the system. HARQ reveals a more variety of cheice
than ARQ due to cheaper retransmissions and the less crutial

power constraints to it than to ARQ.

1
- ARQ

- == ARQ, dual optimum

—%— HAR

- - = HARQ, dual optimum

! - ARQ, P, =50 dBm

-= ARQ, P, =44 dBm

= HARQ, P =50 dBm
HARQ, Pwl:44 dBm

°
°

VI. CONCLUSIONS

At the downlink transmitter with a multicarrier infrastruc
ture, a novel QoS-constrained resource allocation proligem
et e formulated based on studies on the trade-off between energy
Foverndem ey n i consumption and transmit power. This trade-off is rootednfr
(2) CDF of transmit power  (b) CDF of energy consumption with  gptimizing the transmission modes which involve adaptive

Pror = 50 dBm modulation and coding as well as retransmission protocols,
both integrated in a unified cross-layer framework. A subopt
mal algorithm is proposed to solve the optimization prohlem
and its performance has been demonstrated by simulations.
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Figure 3. CDF of transmit power and energy consumption
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