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ABSTRACT of training, what are the limits of reliable transmissidmg(tapacity).
Secondly, what type of encoder/decoder is necessary tenttiane-
liable information close to the performance limits. Thetfinoblem
has been recently addressed|(n [3], characterizing themzxeli-
able information rate, by using the notion of estimatioruiced out-
age capacity. Unfortunately, the theoretical encodeddecused to
achieve this capacity can not be implemented on practicahoo-
“nication systems. Besides, the mismatched ML decoding ées b
showed to be largely suboptimal for the considered clashahc
nels. Basically, the transmitter and the receiver strivednstruct
codes for ensuring reliable communication with a qualitgefvice
(QoS), no matter what degree of channel estimation accuasys
during the transmission. The QoS requirements stand faeoly
target rates with small error probability even with very ldhn-
nel estimates. In this paper, we propose a practical degadiet-
ric for the aforementioned mismatch scenario. This metsisithe
estimated channel and tleposteriori pdf characterizing the chan-
nel estimation process, which matches well the channel leuye
available at the receiver. Based on the derived metric, waltate
our decoding rule for BICM MB-OFDM. Interestingly, the pezd
1. INTRODUCTION metric coincides with that derived for space-time decodiog in-
dependent results ir[|[4]. In order to determine the limitgai
Ultra-Wide-Band (UWB) is defined as any wireless transmissi able information rates associated to the proposed meteejse the
scheme that occupies a bandwidth of more than 25 % of its cereomplementary results obtained H [5]. This allows us to pare
ter frequency or greater than 500 MHz over the 3.1-10.6 GEz fr the maximal supported rate associated to our metric withahthe
quency bandl]l]. Multiband Orthogonal Frequency divisionltin  classical mismatched ML and the theoretical decoder. Caultse
plexing (MB-OFDM) ﬂ] is a spectrally efficient techniquegmosed  are relevant for communication systems where a prescribatity
for high data rate, short range UWB applications. This apgino  of service (given by the outage probability) must be ensexaxh in
uses a conventional OFDM system, combined with bit intedda  the presence of imperfect channel estimation.
coded modulation (BICM) and frequency hopping for improdad
versity and multiple access. In MB-OFDM, the channel is el
changing so slowly that it is considered time invariant dgrthe
transmission of an entire frame. Channel estimation isoperéd by
one known symbol (pilot) transmitted at the beginning of itifer-
mation frame while the rest of the frame is decoded based @n t
estimated channel. Due to the limited number of pilots, Stemate
of the channel is imperfect and the receiver has only accetss
noisy channel estimate. However, the receiver/decoderierfer

We consider the decoding of bit interleaved coded moduldBsCM)
applied to multiband OFDM for practical scenarios whereyacal
noisy (possibly very bad) estimate of the channel is aviilabthe
receiver. First, a decoding metric based on the chaapekteriori
probability density, conditioned on the channel estimatddrived
and used for decoding BICM multiband OFDM. Then, we charac
terize the limits of reliable information rates in terms bétmaxi-
mal achievable outage rates associated to the proposeit.n&k
also compare our results with the outage rates of a systemg asi
theoretical decoder. Our results are useful for designicgnamuni-
cation system where a prescribed quality of service (QoSgrms
of achievable target rates with small error probabilitystioe satis-
fied even in the presence of imperfect channel estimatiormeMid
cal results over both realistic UWB and theoretical Rayidfeding
channels show that the proposed method provides significéamin
terms of BER and outage rates compared to the classical rruketh
detector, without introducing any additional complexity.

The outline of this paper is as follows. In Sectﬂ)n 2 we ddwri

the system model for MB-OFDM transmission over a frequermey s
lective fading channel. Secticﬂ1 3 presents the pilot assishannel
estimation: we specify the statistics of the CEE and theoutate
hthe posterior distribution of the perfect channel condi¢id on the
estimated channel. This posterior distribution is usedab‘[ienﬂl to
derive the ML decoding metric in the presence of imperfeeinctel
state information at the receiver (CSIR). In secﬂon 5, wethe gen-

any maximum-likelihood (ML) based detector, requires kizage eral mc_)dified metric_ for soft de_coding BICM MB-OFDM syst(_ams.
In sectlorﬂB, we derive the achievable outage rates of avesces-

of the exact channel. . . ) . oo X
A standard sub-optimal technique, known as mismatched mL"9 the proposed metric. Sectuﬂ1 7 illustrates via simafadithe

decoding, consists in replacing the exact channel by itsnase p_erformance of the proposed receiver in realistic UWB cleaen-

) . . - ! - vironments and sectuﬂ\ 8 concludes the paper.

in the receiver metric. Hence, the resulting decoding rmétrinot

adapted to the presence of channel estimation errors (CHE. Notational conventions are as follows : upper case bold sjysnb
practical scenario, with mismatched decoding, leads téofl@ving denote vectord y represents an\ x N) identity matrix;(.)” and
important questions. Firstly, in presence of CEE with agiamount  (.)* denote vector transpose and Hermitian transpose, regglgcti
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Fig. 1. TX architecture of the multiband OFDM system.

2. TRANSMISSION MODEL

An MB-OFDM system divides the spectrum between 3.1 to 10.6

GHz into several non-overlapping subbands each one oauyijayi-
proximately 500 MHZ of bandwidt{]2]. Information is tranited

using OFDM modulation over one of the subbands in a particula

time-slot. The transmitter architecture is depicted inriégf: each
bit b; is convolutionally encoded into two bit§ andc; which are
interleaved in order to break the error bursts. The inteddabits
are gathered in subsequenceshobits d, . .., dP and mapped to
complex M-QAM' (M = 27) symbolsS;, with average energy
Es = E[|Sk|*]. At a particular time-slot, a time-frequency code
(TFC) selects the center frequency of the subband over wthieh

with the same distribution a& affecting the transmission of pilot
symbols. The ML estimate off; is obtained by maximizing the
likelihood functionp (Y, |Hg, S,). After some standard calculus
we have

S'H

_ r *7r

ﬁ—ML _
k N Pr

= Hy + &, k=1,...,.M (©))

where&y, ~ CN (0, aﬁk) is the estimation error. From equatioﬂs (3),
itis obvious that?, = SNR7},, whereSNRy . £ Nfg’k

Assuming thatfs are i.i.d. and distributed &\ (0, o7), the
posterior distribution of the perfect channel conditioedthe esti-

mated channel coefficient is given pyH | Hy ) o< p(Hy|Hy)p(Hy).
After standard manipulation of Gaussian densities we nbtai

)

pos
NPr,

p(Hulfl) = CA° (Pﬁm @)

wherep,, £ o7 /(o7 + 02,).

The availability of the estimation error distribution ctinges
an interesting feature of pilot assisted channel estimatiat we
used to derive the posterior distributitﬂ (4). Next, we sew this
additional information is exploited in a modified ML metriarfim-
proving the detection process.

4. MAXIMUM-LIKELIHOOD DETECTION METRIC IN

OFDM symbol is sent. The TFC is used not only to provide fre- THE PRESENCE OF CHANNEL ESTIMATION ERRORS

guency diversity but also to distinguish between multigens.

At the receiver, assuming a cyclic prefix (CP) longer than the4.1. Mismatched ML metric

channel maximum delay spread and after performing fasti€our
transform (FFT), OFDM converts the the channel idtb parallel
Rayleigh distributed flat fading subchannels, whiefés the number
of subcarriers. The baseband equivalent observation ntadela
given subband can be written as

Y=D,S+7Z, (1)

where (M x 1) vectorsY andS denote received and transmitted
symbols, respectively; the noise bldZks assumed to be a circularly
symmetric complex Gaussian random vector with distribu#o~
CN(0,02 Iar); andDy, is a diagonal matrix with diagonal elements
equal toH = [Hi,..., Hx]%, whereH is the vector of channel
FFT coefficients.

3. PILOT ASSISTED CHANNEL ESTIMATION

Under the assumption of time-invariant channel charasttesi over
the entire transmitted frame, channel estimation is ugpaltformed
by transmitting known training symbols at the beginning atte
frame.

Assume that we are interested to estimateitle, k = {1, ...,
M}, fade coefficientH, via the transmission oiV pilot symbols
and letS,. = [S1,...,Sn]” be the (V x 1) vector of transmitted
training sequence. We will assume constant modulus trguisym-
bols for thek-th subcarrier, i.e[S1|*> = ... = |Sx|?> = Pr . From
() we have

Y, =Dy S, +Z,, )

WhereDHk is a diagonal matrix with diagonal elements equal to the

(N x 1) vector Hy, = [Hy,..
IHere, 16-QAM mapping is used instead of QPSK, proposeﬂ in [6]

. ,Hk]T andZ,. is a noise vector

The observation mode[|(1) can be rewritten in a componeséwi
orm as
Yy = Hp Sk + Z, k=1,...,.M (5)

It is well known that the ML estimate of; under the assumption
of Gaussian noise is given by maximizipgYy|Hy, Sx) which is
equivalent to minimizing the euclidean distance

§;I§IL(H;€) = arg min { Y, — HkSk|2 }, (6)
Spe

where the set” contains all of the possible discrete values in the
constellation thafS;, can take. Note that the above metric depends
on the realization of theerfect channelH and is optimum when
perfect CSIR is available. However, in a real communicasigstem,
the receiver has only access toiaperfect estimated version of the
channel. In the mismatched decoder, the estimated cha’?ﬁmﬁ
used instead off}, in the ML metric of ﬂS) as

§]1:IL(I/‘}]€) = argmin { |Yk - HkSk|2 }‘ 5 (7)

SLE S

Hy=Hy,

which leads to a sub-optimal solution due to the mismatcioint
duced by the CEE. Next, we will see how the derived postethiane
nel distribution Kkl), can be used in a modified ML metric tredets
into account the available imperfect CSI.

4.2. Modified ML metric for imperfect CSIR

Since in practice the receiver knows solely the imperfeenciel,
it is relevant to express the likelihood criterion in ternighe esti-
mated fade coefficient. For this purpose, we consider thiel@mo of



detecting the transmitted symb8j, by using the imperfect channel
estimateH, = Hy,o in an ML criterion as

S\;?A(f‘\[k,o) = argmin DM (Yk, Sk|ﬁk = ]/‘]\-k’o),
Spe S

®)

WhereDM (Yk, Sk|ﬁk) £ _ lnp(Yk|ﬁIk, Sk) The pdfp(YHﬁ[k, Sk)
can be calculated as

p(Yk|ﬁk73k):/ p(Yk7Hk|ﬁk7Sk) dHy, 9
Hy,

The joint likelihood functionp (Y, Hy|Hy, Sk) is related to known
probabilities as
p(Ye| Hy, Sk)p(Hy|Hy),

p(Ye, He|Hy, Sk) = (10)

where the last equation results from the independence batfie
and (Hy, Hi). It is clear from [b) andKiO) that(Yi|Hp, Sk) is
obtained by the following conditional expectation

p(Yi|Hy, Sk)

=Ep, i, [p(VelHi, SK)|Hr ], (1)

evaluated over the posterior distribution of the exact oehgiven
its estimate (equatiorﬂ(4)). Sing€¢H|Hy) andp(Yi|Hy, S ) are
Gaussian densities, their product remains Gaussian as@#sy to
verify thatp(Yi |H, Sk) = CN (ppy , 0, ) Wherep,, = p Hi Sk
andg =0+ (L—p) |Sk|*

Accordlng to HB) the decision metric to be minimized for ML
detection at the receiver is easily seen to be

pHiSk|”
p)ISkI2 "

[Yi —

D, (Sk, Yi|Hx) o2+ (1=
4

=In (o2 + (1 - p)|Sk[*) +

Let us first consider the ideal situation when exact chanmmlvlk
edge is available. In this ca Hk|Hk) reduces tay(Hy — Hk)
and the averaging@;, (.) of (

Hy by ﬁk in p(Yx|Hg, Sk). Similarly, we note that with near per-
fect channel (i.e.c2 — 0or N — ), p — 1 and we have
D, (Yi, Sk|Hy) — |Yi — HySk|?, which is the euclidean dis-
tance metric for perfect CSIR. However, in the presence oECE
the modified metric evaluates the average of theyddf;| Hx, Sk)
(that would be used if the exact channel were known) overrie t
channelH, using the conditional expectation Ekll)

While we have focused on OFDM, the metr.(12) can also be; —

applied for ML decoding/detection of single carrier syssemith fre-
quency selective fading. In the following, we use the abowelified
metric in the decoding process of BICM MB-OFDM.

5. DECODING OF BICM-OFDM BASED ON IMPERFECT
CHANNEL ESTIMATION

The problem of decoding BICM-OFDM with large size constella
tions has been addressedﬂn [7] under the assumption otp@&R.

) becomes equivalent to replacing

function p(Y{|b). In practice, due to the one to one correspon-
dence between the information bits and the interleavedvooiatsd,
one look for the ML estimatd of the interleaved codeword as

daM = arg maxp(YﬂI/-\II, ST). (13)
de 2

By assuming that the received symbols are independent arthém-
nel noise is white,[(13) is equivalent to (s¢e [7])

dM ~ argmaxH Hp dk|Hk,Yk) (14)
€7 % =1
where the bit metricg(d%|H, Yi) are given by
p(di|Hi, Yie) o< >~ p(VelHy, Sk(dy, .., di)),
are{o,1}
Vi#n
1 Yk — Y 2
o Z 3 exp(f%), (15)
dye{0,1} M M
Vi#n

andp(Yk|fIk, Sk) is specified from Ial). We emphasize that the
above decoding rule is conditioned on the imperfect esdéthahan-

nel sequencéﬁ{ available at the receiver. Information bits are es-
timated in the trellis decoder part from the above bit methkg ap-
plying either non-iterative or turbo procedures (see fi

p(b; YT, HT)

P(A|Yt, Ho)
Trellis
decoder

~(ch)

p(dL Y, Hy)

(Y, Hy) Soft Bit
Demapping de-interleaver
v (d}) Bit
interleaver

Fig. 2. BICM iterative demodulation with CEE.

6. ACHIEVABLE OUTAGE RATES ASSOCIATED TO THE
PROPOSED METRIC

We now derive the achievable raté€s,, of a receiver using the
modified metricD,, of (IL3). This is done by using the follow-
ing theorem proposed in|[5] for a discrete-time memoryléssoel

W(yls,H) = LCN(Hy, si,,02), wherey = (yl,...,yM),
($1,-..,8M) W|th decoding metric®, , (yx, sk|Hy):
Theorem 1.
C, = f Ps||PsPy), 16
4TS e PUPIPSR, 09
where the relative entropy functional D(fo Ps||PsPy) =
f(yls)
Ps( )1 dyd 17
| [ Psrtvion - LR o avas. a7)

and F denotes the set of all possible channels f(y|s) that satisfy:

Here we consider the same problem in the case where the decode

has an imperfect estimate of the channel state. We dends§ by
[SlT
=[YT,

transmission model of flgurﬂ 1, the sequence of transmititsdbb
has to be estimated in the ML sense so as to maximize thendeai

e Sf] the sequence of transmitted complex symbols and by
., YZ] the corresponding sequence of received sym-C2 :
bols wherer is number of OFDM symbols in a frame. Based on the

c1: Es[f(yls)] =Es[W(yls,H)], as (18)
Es |:Ef(y\s) [D(Skvyﬂﬁk)]} < E. {]Ewms) [Dls, el Hi)] |
(19)

foreveryk=1,..., M.



We assume Gaussian i.i.d. inputs ~ CN(0, P). Further-
more, since we aim to minimize the mutual information|in (26g
choose the Gaussian distributigity|s, 1) = [Tr~, CN (pksk, o7)
with o = (p1, ..., uar). Itis easy to see from constraint that the
variances of the optimal channel distributifity|s, 1) are given by

|1U‘k|2)7 k=1,..., (20)

Then, for any given channdfl and its estimatdd, the resulting
achievable rates for the proposed metric are obtained as

ot =02 + P(|Hy|* — M.

M

(H,H) = inf " log, (1+P|“’“| ) (21)

w uR€V(Hg Hy) 1

Cu

WhereV(Hk,Hk) are the constraint sets corresponding to the
metricD a4, derived from the inequality constrairjt [19) as

V(Hk,ﬁk) = {N/k cC: |Hk — akﬁk|2 < |/“€ —aﬁk|2}7 (22)

P(1—pk))/( Aol — P(l Pr)(1=Ak));
By (piZy) andEi(2) £ [[7% 2272 du

Whereak = pk( )\ka§ —

0_2
Ak = exp (550 ) E1 (prsy
is defined as the exponential integral.

We note that[(21) is an increasing function |gi||>. Conse-
quently, the infimum is obtained fQix = popt,k resulting from
minimizing ||x||* constrained by the equality in the constraint set

). Finally, by using Lagrange multipliers we obtain

foptk = Mg o Hiy k=1,...,M (23)
where
aki%’ if akz()
k
S _ (24)
, Hy, — apH,
ak+| A ’“|7 if ap <0
| H|

The achievable rates associated to the m&j¢ are given by

M P 2 H\' 2
H) = log, [ 1+ Tl D)
k=1 o2 + P([Hy> =03, [Hk]?)
(25)

Then, the associated outage probability for an outageRate0 is
defined as

out Y
Py (R, H) =

Pryyq (H € Ay (R H)H),

with A, (R,H) = {H : C,,(H,H) < R} and the maximal
outage rate for an outage probabilityis

Cijt(%ﬁ) = s%p {R >0: Pj\’/‘llt(R7 ﬁ) < fy}A (26)

Since this outage rate still depends on the random chantilatss
H, we will consider the average rates over all channel eséisat
out

O (1) =Eg [ (v, H)]. (27)
The achievable rateﬂZ?) are upper bounded by the estimiatioiced
outage capacity, the maximal outage rates (i.e. maximiairey all
possible transmitter-receiver pairs), derivedEh [3] bingsa theo-
retical decoder. In our case, this capacity is given by

out

Cg" () = Eq[Cg" (7, H)], (28)
where the outage rat«%‘éf’“t (v, ﬁ) are computed using
Zlog ( L |H’“| ) . (29)

16-QAM, 3 decoding iterations, channel CM1
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Fig. 3. BER performance of the proposed decoder over the LOS
UWB channel CM1 for various training sequence lengths.
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Fig. 4. BER performance of the proposed decoder over Rayleigh
fading channel for various training sequence lengths.

7. SIMULATION RESULTS

Simulations have been carried out in the context of IEEEBD2.
wireless PAN [B]: M = 100 data subcarriers along with 32 CP
samples compose one OFDM symbol. Information bits are exttod
by a rateR = 1/2 convolutional encoder with constraint length 3
defined in octal form by (5,7). The interleaver is a pseudwoan
one operating over the entire frame and the mapping is 16-QAM
For each frame that contains 100 OFDM symbols, a differeait re
ization of the realistic UWB channel model specifiedﬁln [8% eeen
drawn and supposed constant during the whole frame. Beglues
same average energy is allocated to training symbols arad iogt,
E, = E(|%[*) =

Figure|B depicts the bit error rate (BER) performance gaat th
is obtained by decoding BICM MB-OFDM with the modified ML
decoder in the context of LOS CM1 channel, where the charsiel e
timation is performed by sending different training seqesnwith
lengthsN = {1, 2,8} per frame. It can be noticed that the proposed



decoder outperforms the mismatched decoder especiallp ¥eve
numbers of pilot symbols are dedicated for channel estonatiote
that the modified decoder witN = 1 pilot performs very close to

[4] Giorgio Taricco and Ezio Biglieri, “Space-time decodiwith

imperfect channel estimation,1EEE Transaction on Wireless
Communications, vol. 4, no. 4, pp. 1874, 1888 2005.

the mismatched decoder wifti = 2 pilots. For comparison, results [5] Neri Merhav, Gideon Kaplan, Amos Lapidoth, and Sholmo
obtained with theoretical Rayleigh fading channel arestiiated in Shamai, “On information rates for mismatched decode¢EEE

figure[4. It can be observed that isr = 2, the SNR to obtain a BER Transactions on Information Theory, vol. 40, pp. 1953-1967,
of 107" is reduced by about.5 dB if the modified ML decoding is November 1994.

used instead of the mismatched approach. e[_6] Anuj Batra, Jaiganesh Balakrishnan, and Anad Dabak, ItiMu

Figureﬂs shows the BER performance versus the training s :
) band OFDM physical layer proposal for IEEE 802.15 task group
quence lengthV at a fixedEb/Ny of 12 dB for the CM1 channel. 3a Tech. Rep.. IEEE, july 2003,

This allows to evaluate the number of training sequence ssacg )
to achieve a certain BER. We observe thatiayN, = 12 dB, the  [7] P. Magniez, B. Muquet, P. Duhamel, V. Buzenac, and M. De-
modified ML decoder required’ = 9 pilot symbols per frame to courville, “Optimal decoding of bit-interleaved modutati:
achieve a BER ofl0~* while the mismatched decoder attains this ~ Theoretical aspects and practical algorithms Pioc Int. Symp.
BER for N = 12 pilot symbols. Besides, this has been outlined ~ 0n Turbo Codes and related topics, Sep. 2004, pp. 169-172.
in Section IV, for large training sequence lengtié > 12), both  [8] J. Foerster, “Channel modeling sub-committee repoulfin
decoders have close performance. Tech. Rep., IEEE802.15-02/490, 2003.

Figure|]5 shows the expected achievable r@s (27) corrdsmpn
to one OFDM symbol transmission withf = 16 data subcarriers
(in bits per channel use) versus the SNR, for an outage pildpab 10
~ = 0.01. For comparison, we show the expected outage rates ¢
mismatched ML decoding and that obtained in the case of tHiegte
theoretical encoder/decod28). It can be observed ttatreean
outage rate of 4 bits, the modified metric reduces the SNR bytab
dB. Indeed, we observe that the achievable rates using tipoged
decoding metric are close (onydB of SNR) to those obtained by
using a theoretical decoder.

16-QAM, 3 decoding iterations, channel CM1, Eb/NO = 12 dB

T T T T T T T T T T T T T T
—©— Mismatched
—%— Modified ML
—=8&— Perfect channel

8. CONCLUSION

This paper studied the problem of ML reception when the wecei
has only access to a noisy estimate of the channel in the €afleto
assisted channel estimation. By using the statistics ok#tiena-

tion error, we proposed a modified ML criterion that is expegsin O e o 1 1 1 1 16
terms of the estimated channel coefficient. This modifiedrimkt N (number of pilot symbols per frame)

us to formulate appropriate branch metrics for decodinghBINIB-
OFDM with imperfect channel knowledge. Achievable outaates
associated to this modified metric have also been derivechp@o
ison in terms of BER and achievable outage rates was made wi
a system whose receiver uses mismatched ML decoding and a per

fect theoretical decoder. Simulation results conductest ogalis- outage probabilty y= 0.01
tic UWB channels, indicate that mismatched decoding isecslit- 6 ;

optimal for short training sequence and confirmed the adsgof
the proposed decoding rule in the presence of channel diiima
errors. This was obtained without introducing any addaiocom-
plexity.

Fig. 5. BER versus the number of pilot symbolsiag/No = 12 dB
t?Iver the LOS channel CM1.

Ergodic capacity
—=6— Mismatched (N=1)
—%— Modified ML (N=1)
Theoretical decoder

al
T
i

N
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