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Abstract—The combination of bit-interleaved coded modu- Motivated by the approach in [1], in this letter we revisit
lation and orthogonal frequency-division multiplexing (BIC-  the problem of power allocation for BIC-OFDM. We stipulate
OFDM) forms a powerful coded modulation scheme for trans- an approximative binary channel model for BIC-OFDM and

mission over wideband channels. Recently, Moon and Cox [1] K f v derived ion for BICM
presented a new power allocation method to minimize the bit- Make use of a newly derived expression for error

error rate (BER) of BIC-OFDM. It requires the solution of a  €vent probabilities from [7] to arrive at a simplified objeet
convex optimization problem and is limited to (complex) birary ~ function?! This allows us to translate the optimization problem
transmissign. Motivated by.their work, in t.his letter we present into a linear program (LP). Solving this LP using standard
an alternative power allocation method, which has the advatges  ,merical methods is much faster than solving the general
of being alinear program and applicable to arbitrary signal con- Lo . .
stellations Our approach relies on a BER approximation which ~©ONVEX optimization problem obtained in [1] (cf. [9])' Num_e
becomes t|ght for asymptotica”y |arge Signa|_t0_n0ise aos. |Ca.| l’esu|tS ShOW that the LP'based pOWer allocatlon ae|SIeV
Simulative evidence shows that the proposed power allocatn a performance very close to that from convex programming of
method achieves a performance.very glose to that from [1] for [1] for QPSK. Furthermore, the proposed method is appleabl
the case of quadrature phase-shift keying. to arbitrary signal constellations and thus overcomes the
restriction of BPSK and QPSK signaling needed in [1].

. INTRODUCTION The rest of this letter is organized as follows. Section Il
introduces the system model for BIC-OFDM transmission.
n Section lll, a method for performance evaluation of BIC-

FDM is presented, based on which the power allocation op-
timization problem is formulated as an LP. Selected sinmitat
results are shown in Section IV to illustrate the perforneanc
of the proposed method. Section V concludes the letter.

Bit-interleaved coded modulation (BICM) [2] has gaine
immense popularity for coded multilevel transmission. |
combination with orthogonal frequency-division multiileg
(OFDM), i.e., BIC-OFDM, it is a powerful technique for
transmission over frequency selective channels [3], whizh
been adopted in a number of recent standards.

OFDM enables transmitter side adaptation according to the
present channel conditions, assuming that the channeimema Il. SYSTEM MODEL
unchanged over a sufficiently long interval. In particular
numerous algorithms for bit-loading and power allocatio,
per OFDM sub-carrier have been developed, cf. e.g. [4]—[§
Recently, [1] has studied the problem of power allocation f(fc
BIC-OFDM aiming at the minimization of bit-error rate (BER)bl
under a power budget constraint, i.e.,

'’ We consider a BIC-OFDM system with sub-carriers. At

e transmitter, the codeword= [c1, ¢, - ,cn| generated
om a linear binary encoder is bit-wise interleaved info=
7.5+, c%]. The interleaved codeword is partitioned into
ocks ofr binary symbols, which are input to a subsequent
mappern {0,1}" — X such thatr; = p (c’T,

CTF

. (i—Lr+10" 7" Cir
m;n Pger is the signal point transmitted over tith sub-carrier. The sig-
- L nal constellationt can be arbitrary, but most commonly PSK
s.t. Zpi < Pr, (1)  or quadrature amplitude modulation (QAM) constellatiors a
i—1 considered. Furthermore, binary-reflected Gray mapping is
p; >0 Vie{l,...,L}, applied.

A Assuming a sufficiently long cyclic prefix and coherent
wherep = [pi, ..., pr] denotes the vector of powers allocatedeception, the equivalent baseband channel model is giyen b
to each OFDM sub-carrietPggr denotes the BERPr is
the maximal transmit power, and is the number of OFDM Yi=+Dpihivi+z, i=1--- L, (2)

sub-carriers. Using the union bound approach to approgimat )

Pper, it was shown [1] that (1) is a convex optimizationVherevi, hi, p;, andz; are the received symbol, the frequency-
problem. However, the solution presented in [1] is limite§omain channel gain, the allocated power, and the additive
to (complex) binary transmission, i.e., binary and quadeat Whité Gaussian noise (AWGN) sample for tith sub-carrier
phase-shift keying (BPSK and QPSK), since linearity ofith varlanch_{|zi|2_} = o2, respectively. For (2) we assumed
coding and modulation was required. that L = N/r is an integer.

The authors are with the Deptartment of Electrical and Cdepé&n- 1In course of the review of this letter, it was brought to ouemtion that
gineering, University of British Columbia, Vancouver, @aa (e-mail: a similar criterion has been derived in unpublished mdtefighe doctoral
alirezak@ece.ubc.ca, Lampe@ece.ubc.ca). thesis [8].



At the receiver, the demapper outputs bit-wise reliabiliti. Linear Program Power Allocation

metrics The error event probability can be used as a lower bound

Aij == min lyi = /pihial® + min |lyi = /pihial®,  for the BIC-OFDM BER:

a 7,1
(3) Pggr > max [c(dHaj)Pe(dHaja h)] ) (7)
j =1,...,r, for the r coded bits transmitted over thi¢h dit.j
sub-carrier.X;;, denotes the set of symbols it with the where the factor(dy, j) accounts for the number of errors
jth bit in the binary label fixed td. Finally, the metrics are caused by an error event. This bound becomes tight for
deinterleaved and input to the maximum-likelihood seqeenasymptotically large signal-to-noise ratio (SNR). Coesidg
decoder of the binary code in order to retrieve the inforomati the expression (6), the lower bound (7) will be asymptolycal
bits. dominated by the component with the minimum effective
squared Euclidean distance
1. POWERALLOCATION METHOD "
In t_his section, we pres_ent the new power allocation metf_lpd- di(du, 5) 2 Zpskhgk dy, - (8)
To this end, we first derive an expression for the probability P
of decoding errors, which relies on a simplified BIC-OFD
channel model and the result from [7]. We then show t
this expression allows us to formulate the power allocati
problem for BIC-OFDM with arbitrary constellations as arft

rl\]/ipus, we suggest to apply power allocation such that the
inimum of d%(dy,j) is maximized. That is, the power
location problem (1) can be reformulated as

LP. max min di(dg, j)
P du,j
- L
A. Error Event Probability . St Zpi <Pr, 9)
For a given vector of frequency-domain channel gains i=1 _
[h1,...,h1] we model the effective channel between encoder pi>0 Vie{l,...,L}.

output at the transmitter and decoder input at the recewer aconsidering (8), this problem can be re-written as (redslt t
memoryless binary-input output symmetric (MBIOS) channghe indexs, is a function of(dy, )

This model is only an approximation for BIC-OFDM, as it

neglects the dependencies between binary symhatsapped mzf}X t
to the same transmitted symbe]. However, their effect on - da
the overall error probability of BIC-OFDM is negligible as st. t< ZpSkhgk V(dy, §)
long as interleaving distributes thesgacross dominant error —1 (10)
events. L
Let us identify an error event by the tupléy, j), where Zpi < Pr,
i=1

dyg denotes its Hamming weight andits index within the ~L 0 Vi I
group of events with distanag;. Under the MBIOS channel pi20 Vie{l,... L},
model, the probability for this error event can be written aswhich is an LP. The number of inequality constraints in (10)

Co needs to be limited by considering only significant erromgse
Polds, j, 1) = Pr(A < 0, ) with diy < di max, @s has been done in [1]. Different from
where i the convex program in [1], the LP is independent of the SNR.
AL Z)‘ \ ) Using CVX, a package for specifying and sol\{ing convex
— o0k programs [10], we have observed that the LP is solved ten

times faster than the convex program from [1] (for a given
is the accumulated metric difference, angd and b,, denote SNR) prog [ g

the sub-carrier index and label position of théh non-zero
bit for the event, i.e.s;, andb; are functions of(dy, j). The

bit metrics in (5) are mutually independent for the MBIOS IV. NUMERICAL RESULTS

model, and thus we can apply the PDF approximatiomfor In this section, we present selected simulation results for
developed in [7] to arrive at the proposed power allocation method. We have used the
n no T d WLAN |EEE 802.11a OFDM system with 48 active sub-
P.(dy, j,h) = Bor 1 carriers and the quasi-standard memory-6 convolutiondé co
112:21 zg; ;};[1 o with generator polynomial$133,171]s and rateR. = 1/2.

(6) All error events with Hamming weight0 < dy < 14 have
n o 1 been considered in (10). The channel realizatias randomly
xQ ZpSkhgk (lkdm) 22 | generated according to an exponentially decaying powexydel
k=1 - profile and normalized t§_" , |h;|> = L.
whered,, is the minimum Euclidean distance between signal Figure 1 compares the BER performances for (i) uniform
points of X, andn and ;,; are parameters solely defined byower allocation (UPA), (ii) minimum BER allocation for
X (cf. [7, Section 111.B] for detalils). uncoded transmission according to [6], (iii) power allocat
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Fig. 2. Absolute differenceéAp;| between the power allocation solutions
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obtained from [1] and the LP (10) (for QPSK).

Fig. 1. BER of BIC-OFDM transmission systems with QPSK an@A&.
Uniform power allocation (UPA), power allocation (PA) foneoded trans-
mission according to [6], PA according to [1], and PA using firoposed LP
(10) are compared.
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(PA) for BIC-OFDM according to [1], and (iv) the proposed , ©7}
PA from (10) as function of the bit-wise SNR measureI 0sl
A = Pr/(o?rR.). QPSK and 16QAM are considered for allz h
methods but the method from [1], which is only applicable te= °sf :'
QPSK. We observe that the proposed method clearly outper- ,| ! | 04l
forms UPA and PA designed for uncoded transmission. More !

]

importantly, its performance closely approaches thateaed o

with the considerably more complex method from [1] for the o2} ; ] 02}
case of QPSK. !
The difference between the PA solutions obtained from [1] ™| / | .l
and from the LP (10) is plotted in Figure 2. It can be seen that o/ —"——————— 0% P
the LP solution converges to the PA from convex programming T — P

as SNR grows. This is due to the increasing dominance of the

minimum distance error event for the overall error rate withig. 3. CDF ofdg, from (8) for uniform power allocation (UPA) and PA
increasing SNR. with the proposed LP (10).
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