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Abstract—In this paper, we consider a transmission system [9]. Thus, ABL together with CDD can yield significant per-
employing orthogonal frequency division multiplexing (OFDM)  formance gains compared to UBL. In addition, we can employ

with bit-interleaved coded modulation and perfect channel state ; ; ; ; i
information at both transmitter and receiver. An adaptive bit glrigoglt\llr;?;?; Doppler diversity (DDoD) [10] to increase the

loading scheme in combination with cyclic delay diversity and .
discontinuous Doppler diversity is proposed at the transmitter At the receiver, the system performance can be further
and iterative demapping and decoding at the receiver. The loading improved by iteratively exchanging extrinsic information be-
procedure minjmizc_es the bit-error rate at the decoder output, and tween the demapper and decoder [11]. The critical design
e gt e corelalons a4 parameter for a BICMI receiver with feratve demapping
charts and present the achievable gains. and iterative d_ecod_lng (IDEM) is the choice of the symbol
alphabet mapping, i.e., the labeling map between the bits and
|. INTRODUCTION the symbol alphabet elements. To predict and analyze the
Orthogonal frequency-division multiplexing (OFDM) inperformance of IDEM, extrinsic information transfer (EXIT)
combination with bit-interleaved coded modulation (BICM¥harts are a well established tool [11]-[14].
has turned out a robust yet implementation efficient tech-In this paper, we study the effect of correlated channels
nique for reliable communication over fading channels withoder an ABL scheme in a BICM-OFDM system with IDEM.
channel state information (CSI) at the transmitter [1]. If théve show that the ABL scheme can be easily combined
transmitter has CSl, e.g., obtained by exploiting channel rewiith the transmit diversity techniques CDD and DDoD to
procity in time-division duplex systems, the negative effecegpmpensate the time- and frequency correlations of the chan-
of the fading can be further alleviated by an adaptation of tiel. Furthermore, we analyze the EXIT charts of the ABL
signaling to the varying channel gain [2], [3]. scheme in combination with the promising IDEM scheme [12]
Water-filling based adaptive bit loading (ABL) schemefor different mappings. Finally, BER simulations verify the
are well-known in the field of transmission over twisted-paiperformance gains predicted by the EXIT charts.
lines [4]. Since practical wireless systems, however, usually Il. SYSTEM MODEL

operate far from the theoretical capacity, adaptation technique _ o
should have a different optimization criterion. If we assume §N? consider the coded OFDM transmission set-up sketched
Figures 1 and 2. According to the principle of BICM,

that the transmitter has perfect CSl, adaptive techniquesI 0b L . : :
it-wise interleaving 7) is performed after convolutional

improve the average bit-error rate (BER) performance in endt-

ronments with frequency-selective fading are proposed in [%ncoding. The coded bits,, wherey denotes the bit index in

In general, this can only be achieved in low mobility scenarid ]
where the channel is changing slowly. For such channels/&'S andVs OFDM sym(;)ols forming the OFDM frag's"»k
typical environment could be a small office or confereng rn=0,...,N.—landk=0,...,N;— L. Letv, ; denote

: ; ; ber of coded bits associated with th¢h subcarrier
room [6], where the user is moving slowly [7]. However, thighe num . . :
scenario may not offer high frequency-selectivity as we wiﬁf the k-th OFDM symbol. We restrict the possible signal sets

: : ; ; ilp have square lattice signal constellations, i.e., we consider
show in this paper, and ABL provides only a marginal gai . L
w.r.t. uniform bit loading (UBL). 4-, 16-, and64-quadrature amplitude modulation (QAM). The

Dammann [8] introduced cyclic delay diversity (CDD) tcextension to higher order alphabets is straightforward. In any

increase the frequency-selectivity by sending multiple cyclf@se: the coded bits are assumed uniformly distributed and
cally delayed copies of the original transmit signal over severgfi€pendent due to the preceding ideal interleaving.

transmit antennas. The advantages of CDD are that it cause he main task of the ABL mpdule is the selec'_ﬂon of the
no inter-symbol interference (ISI) and a one antenna receiV& 1 €Stn.x On the basis of the given CSI. The choicewf;

is sufficient to recover the transmit signal. Compared {5 SuUPJect to the bit-rate constraint

orthogonal space-time block codes, CDD needs no additional Ne—1Ns—1

processing at the receiver and it can employ an arbitrary Z Unk = VB, Unk € {2,4,6}, (1)
number of transmit antennas as a rate one space-time code n=0 k=0

)e codeword, are mapped by the ABL module oNtosubcar-
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Fig. 1. BICM-OFDM transmitter with ABL and CDD extension.
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Fig. 2. lterative BICM-OFDM receiver.
whereVz denotes the total number of bits per OFDM frame. Ill. ADAPTIVE BIT LOADING
Each OFDM symbol is transformed by an inverse fast Fourier )
transform (IFFT) of sizeVgpr in the time domain, and cycli- I the sequel, we analyze ABL for Gray mapping [15] only.

cally extended by the guard interval before it is transmittef¥s @ consequence of the ideal interleaving, the superchannel

over a time-variant multipath channel. When employing tHeonstituted by all the entities in Figures 1 and 2 from the

CDD extension at the transmitter, the time domain signHlterleaver at the transmitter up to the deinterleaver at the

after the IFFT is cyclicly delayed for each additional transmfeceiver may be viewed as a memoryless binary symmetric

antenna by, wherem = 1,..., Nox — 1 (cf. Section IV). channel (BSC) with a certain transition probability. Adopting

In this case, the OFDM signal is normalized byy/N1x to the equivalent channel model introduced for a BICM system

keep the average transmit power independent of the numBed1l, the exact uncoded bit-error probability (UBEP) can

of transmit antennad’rx. In addition to CDD, the transmitter b€ computed for each of the parallel independent binary input

can utilize DDoD (cf. Section IV). channels. This can be done by first expressing the probabilities
At the receiver, zero-mean additive white Gaussig®f @ corresponding bit-error event conditioned on each of

noise (AWGN) results in a corruption of the signals at the FFthe QAM signals in both quadrature components, and then

output by independent complex Gaussian noise terms waMeraging over these conditional probabilities.

variance N,. The adaptive demapper computes from the re- For a given channel realization, the UBEP for theth

ceived symbolsR,, ;. soft-demodulated extrinsic log-likelihoodsubcarrier of thek-th OFDM symbol after the demapper for

ratio valuesé®¥! (L-values [12]), where(i) denotes the a4-QAM signal set is given as

iteration index. To obtain the L-values, the adaptive demapper ()

uses the a-priori L—valueisf’iRI coming from the decoder and Py i qam =Q(yTnk), (2)

the channel coefficient&l,, ;.. In the initial iteration { = 0),

the demapper assumes that the L-vakfdg! are zero. Note, Where~,, ;. denotes the signal-to-noise ratio (SNR) for the

in this paper we assume perfect CSI. In a practical receivélt, subcarrier of thek-th OFDM symbol. The corresponding

however, the CSI has to be estimated [14]. After deinterleavifigfmulas for16-QAM and 64-QAM are [16]

(7~1), the extrinsic L-valuess®*T become the a-priori L-

1, (2
values to the channel decoder. The channel decoder compytes) _3 Yk |, 1 IMmir | 1 e
for all code bits the L-valueg; %} using the maximum a- bvlﬁ‘QAM_zLQ 5 )T 2Q 5 4Q( 5 k)
posteriori (MAP) algorithm. The extrinsic L-values are then (3)

interleaved to become the a-priori L-vak&éﬁé‘ff)ﬂ used in the and
next iteration in the demapper. '

In the i-th iteration ¢ > 0), the newly obtained a-priori k) 7 Yk 1 3Vn.k 1 2Tk
L-values éff(’i’)” are fed back to the demapper to imprové b.64+-QAM _EQ 21 +§Q 7 +TQ 7

the estimated extrinsic L—valueS;EféT). The above described
iterative demapping and decoding can be repeated several _iQ 25%n,k _iQ 169, ,
times. In the final iteration, the decoder returns hard decision 12 21 12 21

estimates, of the transmitted bits using the MAP algorithm. (4)



TABLE |

respectively. The average UBEP is given as POSSIBLE MODES FOR AN EVENNS.

1 (n,k) (n,k) : , ,
b, = VB( Z 2P, fqam Z AP, 16°QAM [ mode ™k [wa [ma [ [ [ e [ [owar [ o
(n,k)EQsqam (n,k)EQi6-qam m; T 4] 4] 3 3 7 7
my 2| 4| a |- 4 4 4 6
(n,k) mg3 2 2 4 4 4 6 6
+ Z 6Pb,64—QAM>7 (®) 5 D : : : :
k)eQ Np /2 2|22 4 4 6 6
(n,k)EQsaqam m“i;%il 3 5 . : °
where V5 is kept constant over the OFDM frame, and

Q4qam, Q16-qgam, QLeaqanm are the set of subcarrier indices

n, k for the different modulation alphabets such thgt theted. However, in any practical OFDM system, we will have
card(Qs-qam U Qi6-gam U Qeaqan) = NeNs = N With — correlations between neighboring subcarriers. The bandwidth
card(-) denoting cardinality. In general, it is difficult to derivegyer that adjacent subcarriers are correlated is the coherence
exact BEP expressions for coded systems. However, forbé‘ndwidth(Af)c of the channel, which can be approximated
BICM-OFDM system, the exact BEP can be upper boundegd (Af)e ~ 1/Tmax [18] With Tax denoting the maximum

using the pairwise error probability (PEP) [1]. Here, we pref@fannel delay. As a conservative estimate, the guard interval
to have an exact UBEP for the ABL scheme rather than UsiRg |arger than the the maximum channel delay.. and

the PEP analysis to derive the loading scheme. synchronization errors, i.€Tc; > Tmax. Thus, the coherence
Since the BER of a coded transmission over a memorylgsgndwidth is lower bounded by/T¢; = Nerr 7 where F,
ar Sy S

BSC decreases with the transition probability of the channglenotes the subcarrier spacing an@; the guard interval

the subsequent loading procedure is based on a minimizatjgﬁgth_ For instance, the coherence bandwidlf), is greater

of P, in (5) W.r.t. vy, . subject to the constraint in (1). In [17], itthan 4 to 50 subcarriers ifNg; € [Nppr/50, . . ., Nepr /4],

has be_en shown that th_e integer constraint,of can _be easily Usually, Tmay is much smaller thaffg; resulting in an even
taken into account using the Lagrange multiplier methoghger coherence bandwidth and more correlated subcarriers.
However, this discrete bit allocation problem cannot, in 9e®onsequently, ABL may not yield significant performance
eral, be solved explicitly but requires an iterative solution. T'Eains compared to UBL to justify the additional complexity.
iterative process involves repeatedly the minimization of the ¢ reduce the frequency correlations, we apply CDD to the

overall UBEP w.r.t. the values, ;. while keepinglz constant. oepm system as described in detail in [8]. After the IFFT
The dependence af, on the valuesy, ;. has been inves- e time domain signat,, j, is given by

tigated in [17] for the case of a system wifliz = 2. The

direct minimization of the UBEP as in [17] is excluded for 1 Nt P2

the general caséVg > 2, since the UBEP expressions are Suk = VNrrr Z S ke’ NPT, (6)
. . . . FFT

complicated functions of the modulation alphabets, subcarrier n=0

SNR values as well as the overall SNR. where v denotes the chip time index of the-th OFDM

Instead of carrying out an exhaustive search as descrilsanbol. The CDD transmit signal for antennais then equal
in [5], we can devise a heuristic iterative approach based tm
the considerations falvg =2. We assume an eveNg, where 1
the extension to an odd’y is straightforward. The objective Sk = \/N—HS((u—aan)mod Nrpr),ks
is to devise a simple algorithm which leads to a monotonically . ] ]
decreasing UBEP as a function of the iteration index. Howevdfherez mody is the modulo operator returning the remainder
the final UBEP might not be the minimum one. The algorithif the division ofz by y. Transformings;", back into the

()

can be formulated as follows: frequency domain, we obtain

1) Sort the power channel coefficients m B
|Hool?, ..., |HN.—1,n.—1|* in increasing order and kT /Nx S e EET ' )
assign the indices of the channel coefficients up . . L
sorting toxy, .. . , k. Cllgonsequently, the received sign@), . is given by

2) Taking into account the bit-rate constraint in (1) with 1 Nox—1 an e
Vs =4Ng, we consider théVg /2+1 possible modesn Rog = \/TS””“ > Hphe TNeertn 4 7,
for the sorted channel according to Table I. T m=0

3) Start with modem; and calculate the resulting UBEP. = S, HSPP + Z,, 4, 9)

4) In each iteration step, increase the mode index by one, . .
calculate the UBEP for the new mode, continue untifNereé 7, is the channel transfer function (CTF) between
the newly calculated UBEP is larger than the previod§ansmit antennam and the receive antennd/; " the
UBEP and finally choose the previous mode index. €quivalent CTF experienced by the receiver, ahd. AWGN.
From (9), we infer that CDD causes no ISI although the
IV. CycLIC DELAY DIVERSITY AND DISCONTINUOUS  cyclic delays 62 may be larger than the guard interval.
DOPPLERDIVERSITY Further, CDD does not require any additional signal processing
In the previous section, we assumed that the channel fadmgthe receiver and hence, is a standard conformable antenna

coefficients H,, ,, between adjacent subcarriers are uncorréiversity technique [8]. The spatial diversity of the transmit
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Fig. 3. Average BER values for a BICM-OFDM system applying ABLFig- 4. EXIT chart of ABL and UBL schemes for an iterative BICM-OFDM
UBL, and transmit diversity techniques over different channels. receiver atl0.5 dB Es/No, which corresponds t3.5 dB &, /No for 16-QAM
and rateR = 1/2 code.

antennas is transformed into the equivaléfif?? with in- , _
creased frequency diversity. For a large number of uncorfits. For an average BER aD~° and a system without CDD
lated transmit antennas, the channel fading coefficifffg”® and DDoD, we observe an SNR gain of abaut dB for the
between neighboring subcarriers become uncorrelated. THBL as compared to the UBL. This relative gain increases
the ABL algorithm together with CDD can yield significan®?y using CDD and CDD+DDoD. FoNtx = 4, we create
performance gains compared to UBL. two pairs of antennas, where within each pair the second
In addition it is possible to increase the time diversity witfransmit signal is cyclically delayed byy”™ = 10 Tiamp.
DDoD without causing inter-carrier interference (ICI) [10]. InThe first pair experiences a discontinuous Doppler shift of

that case, the time domain signal for antemndecomes  Afo=—583 Hz and the second one a shift Aff; =583 Hz
(cf. (10)). The results indicate also that for increasing the
1 i 2rNEp Tt NGD A,

§M = ¢ el Nepr 10) number of transmit antennas with CDD+DDoD, we approach
w,k u,k ) ( ) i .

VvV N1x the lower bounds given by ABL and UBL over an independent
where T, = 1/F, denotes the OFDM symbol duration andRayleigh (IR) fading channel. Clearly, as the subcarriers are
Af,, the antenna specific spectrum shift. Note that we c##ss correlated, ABL exhibits an increasing performance gain

combine both CDD and DDoD to increase diversity. compared to UBL, as more independent optimization choices
become available. For an IR fading channel, ABL outperforms
V. SIMULATION RESULTS UBL by 2.5 dB at an average BER df)~%. The SNR penalty

In this section, we investigate the achievable performant® joint CDD and DDoD with 4 transmit antennas is about
gains resulting from the schemes in Section Il and IV witB.25 dB and1.78 dB for ABL and UBL, respectively.
perfect CSI at the transmitter and receiver. In the following, we assume that the equivalent CTF at

To obtain BER simulation results for the ABL procedur¢he receiver (9) is an IR fading channel generated by using
of Section Ill, we consider a small office environment a€DD and DDoD. Now, we investigate the performance of an
simulation scenario, i.e., the 802.11n C channel model [7] witterative BICM-OFDM receiver for ABL and UBL with Gray
non-line-of-sight propagation;,., =200ns, and bell shaped and set partitioning (SP) mapping [19]. In Figure 4, we plotted
Doppler power spectrum (maximum Doppler frequencthe EXIT chart for various demappers and the convolutional
fp,max &~ 29 Hz at the carrier frequency.=5.25 GHz). A decoder at an Ny = 10.5 dB, which corresponds to an
BICM-OFDM scheme is assumed employing a réte=1/2 Ep/No=Es/Ng—10log,o(R-Vz/Ng) = 7.5 dB for 16-QAM
convolutional code with generato(&3,37)s [12], N. =990 and R = 1/2. Besides the UBL curves fot6-QAM, we
active subcarriers witlt, =20 kHz occupying a bandwidth of also plotted the UBL curves fat- and64-QAM as additional
19.8 MHz. The resulting OFDM symbol duration & =50us  references. As expected for Gray mapping [12], both ABL and
and the sampling tim& ..., = Ts/Nrpr = 48.828ns, where UBL demapper characteristics do not improve performance
Nrrr =1024. We choose a guard intervdly; =217,.mp ~ With additional a-priori information. Since ABL optimizes the
1.03us. The system transmitd/; = 101 OFDM symbols per UBEP for Gray mapping and thus the mutual information (MI)
frame resulting in a frame duration 6f15ms and a data rate at the output of the demapper [14], it is always above the
of 38.8Mbps. UBL curve. However, using the SP mapping, we notice that

Figure 3 displays the average BERs at the decoder outpatv ABL performs worse than UBL at low a-priori Ml at the
as a function of the SNR Ny for ABL and UBL using demapper input, intersects with UBL at approximately an Ml
Gray mapping. Since Gray mapping does not benefit froof 0.24 and outperforms UBL at high a-priori MIl. As we are
IDEM [12], a non-iterative receiver estimates the transmittezhly aware of exact UBEPs for Gray mapping, we used for SP



VI. CONCLUSIONS

In this article we investigate a BICM-OFDM system with
ABL, CDD and DDoD schemes at the transmitter, and an
IDEM scheme at the receiver. We show that CDD and DDoD
can be used to achieve independent Rayleigh fading channels,
and can be combined with the proposed ABL scheme without
increasing its complexity or the receiver complexity. We also
analyze the combination of the loading procedure with the
IDEM scheme. At an average BER 969, it turns out that
the ABL scheme with SP mapping yields a performance gain
of about6.6 dB w.rt. UBL with Gray mapping. Here, the
choice of the mapping is crucial, and further investigations
are needed to adapt the ABL scheme to non Gray mappings.

G --OUBL, Gray, i=0| 7
101 = --B8UBL, Gray,i=1| _|
G—O ABL, Gray, i=0| 3
E—H ABL, CGray, i=1| ]
160 UBL,SP,i=0 | _|
UBL,SP,i=5 | 3
ABL,SP,i=0 | ]
1603 ABL, SP, i=5 o
W E
o E
[ 4
g) -
[ 1e-04 3
< E
1e-05 3
1e-06 R =
N 3
SN E
\\\1 E

1le-07 L L

12 16 18

E,/N, [dB]

(1]
Fig. 5. Average BER values for a BICM-OFDM system with iterative receiver
applying ABL and UBL with Gray and SP mappings for different iterations

(i=0,1,5). [2

[3]
as an approximation the same UBEPs as for Gray mapping in
the ABL algorithm (cf. Section Ill). Comparing thi, 16-, and  [4]
64-QAM UBL curves for Gray and SP mapping, we can see
that the MI at the demapper output of SP is always worse than
the one of Gray mapping at low a-priori Ml and outperformsi5]
the one of Gray mapping at high a-priori MIl. According to (6]
[13], [14], we can map the MI at the demapper output to an
average UBEP, where for increasing MI, the UBEP decrease]
Since at low a-priori MI, the MI at the demapper output 8]
for SP is always worse than the one for Gray mapping, the
UBEP for SP will be larger than the one for Gray mapping.
However, at high a-priori MI, the MI at the demapper outpu ]
for SP is always better than the one for Gray mapping and
hence, the UBEP for SP will be smaller than the one for Gray
mapping. Therefore, the approximation for SP in the ABELO]
algorithm calculates too small UBEPs at low a-priori Ml an
too large UBEPs at high a-priori MI. Consequently, UBL with
SP outperforms ABL with SP at low a-priori MI, and ABL[n]
with SP can outperform UBL only at medium to high a-priori
MI, which is in contrast to Gray mapping. Considering high a-
priori Ml, both ABL and UBL for Gray mapping should result?]
in a large BER at E/No = 7.5 dB, whereas ABL and UBL
with SP should result in a significant lower BER. Further, &t3]
Es/No=10.5 dB ABL with SP and an average df bits per [14]
symbol performs as well as UBL fo-QAM and SP. Hence,
we expect the same BER for ABL with SP&tB less /Ng
and twice the spectral efficiency. [15]

Figure 5 shows the average BERs for a BICM-OFDNL6]
system with iterative receiver applying ABL and UBL for
different iterationsi. Note, the iterative receiver convergesi7]
within five and one iterations for SP and Gray mapping. The
results confirm the behavior of ABL and UBL with SP and
Gray mapping predicted by the EXIT chartab dB. At an [1g]
average BER ofl0=%, ABL with SP outperforms UBL with
SP and UBL with Gray mapping by abot dB and6.6 dB, [19]
respectively. Using the SP mapping instead of Gray mapping
in the ABL scheme results in a performance gainidf dB.
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