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ABSTRACT

Iterative decoding of a serial concatenated coding scheme
consisting of an outer convolutional code and M-ary or-
thogonal Walsh modulation as inner Walsh-Hadamard
block code in an OFDM-CDMA system is applied. New
aspects arise because OFDM enables the iterative decod-
ing structure to exploit time as well as frequency diver-
sity of a mobile channel. Moreover, the paper points out
the low complex symbol-by-symbol maximum a posteriori
(SS-M AP) decoding of Walsh-Hadamard block codes. Be-
sidesthederivation of thelog-likelihood-ratio used for SS-
MAP Walsh-Hadamard decoding, simulation results are
shown for a differently interleaved indoor channel. They
confirm the iterative decoding property to benefit from se-
lectivity in time aswell asfrequency direction.

I. INTRODUCTION

One interesting candidate for future mobile communication
systems is the combination of Orthogonal Frequency Divi-
sion Multiplexing (OFDM) with code division multiple ac-
cess (CDMA) [1, 2] leading to diversity with additional user
separation. In recent publications, we proposed the applica-
tion of M -ary orthogonal Walsh modulation [3] for an indoor
OFDM-CDMA uplink transmission. M -ary orthogonal Walsh
modulation can also be viewed as a systematic linear Walsh-
Hadamard (WH) block codewith coderatelog, (M) /M. This
interpretation opens a completely new point of view especially
with additional convolutional coding (CC) [4]. In this sense,
combining CC and Walsh modulation represents a serial con-
catenated coding scheme (SCCS): the CC as an outer codeand
the Walsh modulation as an inner block code. Hence, the sys-
tem proposed is one possibility of low rate coding which is
required in CDMA uplink systemswith inherent high multiple
access interference (MAI)!. Other well-known schemes are,
e.g., the QUALCOMM system (that is based on single carrier
Direct Sequence (DS)-CDMA and also uses M -ary orthogo-
nal Walsh modulation) or systems with one single powerful
low rate channel code [5].

In contrast to these systems, the proposed one (i) incorpo-
rates a serial concatenation of codes, and (ii) it is embedded
in OFDM-CDMA.. Due to these differences, some important
new aspects arise. First, the decoding of the Walsh-Hadamard
block code merely works in frequency direction, whereas the
decoding of the outer CC is mainly arranged in time direction.

1Due to asynchronous received user signals, CDMA uplink transmission sys-
tems uses non-optimized Pseudo-Noise (PN)-sequences for user separation.

Therefore, in case of mobile channels, the proposed SCCS
benefitsfrom the sel ectivity of the channel in frequency aswell
as time domain (e.g. large interleaver sizes can be avoided in
case of low Doppler frequencies). Moreover, the system per-
formance for a SCCS can be improved by iterative decoding.
Results for the application in the above mentioned single car-
rier DS-CDMA based QUALCOMM system show promising
performance gains [6]. Finally, in order to carry out symbol
by symbol maximum a-posteriori (SS-MAP) decoding of WH
block codes, we can use the Fast Hadamard Transform (FHT),
i.e. MAP decoding of these block codes can be implemented
with very low complexity.

The main objective of this paper is to examine iterative de-
coding, arranged in frequency and time domain, for a SCCS
of CC and M -ary orthogonal Walsh modulation in an OFDM-
CDMA based transmission. In particular, we will derive the
log-likelihood-ratio (LLR) that is necessary for SS-MAP
Walsh-Hadamard decoding. In the recent few years, alot of
work has been done to compare conventional Non-Systematic
convolutional codes (NSC) with Recursive Systematic convo-
lutional codes (RSC). This gives us rise for analyzing RSC
and NSC codesin the proposed iterative decoding scheme. Fi-
nally, in order to show the two dimensional exploitation of the
iterative decoding structure, the examination is accomplished
by Monte-Carlo simulation results for adifferently interleaved
indoor channel. For comparison, we will also present results
for a standard OFDM-CDMA system with BPSK modulation
[2] instead of M-ary orthogonal modulation viewed as WH
block code.

The paper is organized asfollows: In section |1, the SCCS em-
beddedin the OFDM-CDMA systemis presented. The deriva-
tion of the input LLR, and the description of the iterative de-
coding scheme are given in section 111. Section 1V deals with
the Wal sh-Hadamard SS-MAP decoding. In section V, smula-
tion results are presented, and section VI concludes the paper.

Il. SCCSWITH AN OFDM-CDMA TRANSMITTER

An OFDM-CDMA transmitter with channel encoding and
Walsh modulation is illustrated in fig. 1. For simplicity, one
of J active users is shown and corresponding subscripts are
omitted.

Thedatabitsd € {0, 1}, each of duration T, are convolution-
aly encoded with code rate R, = K/N. The input of the
encoder is a sequence d of K subsequent data bits and the
output is the encoded bit sequence b of NV bits, each with du-
ration T, = R.Ty. In order to analyze the proposed system,
weapply familiar NSC[7] or RSC codes|[8]. After block inter-
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Figure 1: SCCS and OFDM-CDMA transmitter

leaving (IT;) in time domain the encoded bits are seriad/parallel
converted to groups of log, (M) bits each. The Walsh mod-
ulation maps the log, (M) encoded bits to one correspond-
ing Walsh symbol (vector) w™ = [wi, wi, ..., wi_,]%,
m€{0,...,M — 1} including M Wash chips
wy €{+1}, p=0,...,M—1. Eachof the M parallel Walsh
chipshasaduration of T' = log, (M) Tj.

In contrast to the application of the Walsh modulation in DS-
CDMA based systems [6, 9], be aware that for the considered
OFDM-CDMA system each Walsh symbol is arranged in fre-
guency direction. Furthermore, the Walsh modulation can also
be interpreted as a systematic block code (Walsh-Hadamard
block code) of ratelog, (M) /M and Hamming-distance M /2
[5]. Each Walsh symbol (Walsh-Hadamard codeword) con-
tainslog, (M) systematic bits b, at positions

—M, k=0,.

sys(9) = 5o Llogy(M) =1, (D)

with Wal sh chips (Walsh-Hadamard code symbols)
(_ 1 ) b )
In order to obtain the symbols to be transmitted, the WH code

symbols are replicated into IV, copies. Each branch of the
paralel stream is then multiplied with one chip of the user

m —
wsys(n) -

b.€{0,1}. @)

specific PN-codec; € {£1/v/Ny}, i =0,... ,Ny — 1, and
N indicates the number of used subcarriers.
For the j-th user, we obtain the vector s™7

s = [si ... ,sﬁl’éil]T, st = @™ (3

with "7 = wy?, ¥ o = [i/Ny], m,j. The interleaver
(ITy) scrambl&s.s ’J and passes it onto the OFDM modulator.
Finally, OFDM modulation includes the IDFT and inserts the
guard interval between adjacent OFDM symbols.

Note that for the proposed transmission, log, (M) systematic
bits b,, are always mapped to one corresponding OFDM sym-
bol. In this context, Nyy = M - N,, i.e. the number of sub-
carriers Ny will be increased if the product A/ - N, will be
raised. Moreover, for an unchanged entire bandwidth, this pro-
posed mapping on an OFDM symbol will result in reduced
mismatching if M israised.

Due to the insertion of the guard interval, each subcarrier is
affected by only one channel transfer coefficient [2]. For an
uplink transmission scenario, the i-th coefficient for each user
j isgivenby H;, where H} is complex valued Gaussian dis-
tributed. For the remainder of the paper, we assume coherent
reception with perfectly known channel coefficients H? for all
subcarriersi of user j = 0. The other active users are received

asynchronously?.

[I. COHERENT OFDM-CDMA RECEPTION WITH
ITERATIVE DECODING

The receiver with iterative decoding is shown in fig. 2. The
OFDM-CDMA receiver (shadowed block) includesthe OFDM
demodulation, deinterleaving (IT; "), multiplication with the
user specific code, one tap equalization, and correlation of V,,
subcarriers[2]. Finaly, since the Wal sh-Hadamard code sym-
bols are real-valued, we take the real part.

Reception for the user j = 0 is assumed. With (3) the compo-
nents of vector v can be expressed by

(u+1)Np—1 J—1 o
Z Re{ )s7°GY + Z A Gl + A Em;
i=pNyp Jj=1
_ w:770 Re {GO} Zw JJ Z {iGJ}
N ~ E
Z Re {E nz}, (4)

where E; indicates the equalization coefficient of the i-th sub-
carrier, G = E H? the equalized channel coefficient and
w,m € {0, — 1}. If we assume independent adjacent
fading subcarriers ensured by perfect frequency interleaving
(IT;) aswell asindependent user signals, theinterferenceterms
(3 and ) can both be considered as real-val ued zero mean Gaus-
sian noise with variance o3 and o, by applying the central
limit theorem. Consequently, the total relevant Gaussian noise
has a variance equal the sum of o7 and ;.

The MAP decoder for the Walsh-Hadamard block code ap-
plied here uses LLR’s as input signals. In order to derive the
LLR L, we benefit from the knowledge that signal (w};°)
suffersfrom fading («) and disturbance by real-valued AWGN
(8, n) [2, 10] which is given by

P(Uu|wL”’0 =+1) N a

V.
2 2 VK
Uﬁ—i—an

L, =1In ©®)

P(Uu|w2%0 =-1)

2We assumed delay times of the other active users that equals an integer mul-
tiple of the OFDM sampling time. Hence, the reception can aso be inter-
preted as quasi-synchronous.
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Figure 2: Coherent OFDM-CDMA receiver and iterative decoding scheme

We assume a non-dissipative channel (E{|H?|*} = 1,V1i,7,
where E indicates the expected value). With (4) and (5) the
LLRresultsin

ﬁ > ;Re{E; H}}

where F; is the energy of a WH code word in the bandpass,
and Ny /2 indicatesthe two-sided noise spectral density. More-
over, wetakeinto account the well-known equalization scheme
maximum ratio combining (MRC) [2]. In order to estimate
the coefficients, pilot based estimation in one or two dimen-
sions [2] is possible. Due to the orthogonality of the Walsh-
Hadamard code words, the first code symbol always equals
+1, and dependent on the amount of spreading V,,, thisknown
information can here be used for pilot tones®. In this pa-
per we regard MRC with perfectly known coefficients, thus,
E; = (HY)*. Thederivation of the LLR is then accomplished
by the expression

E, 1
A J—1 E,
NO 1 + Nar No

LH ~ 4 ULL I (6)

E, 1

L,~4 ©)

where L. is called reliability of the channel.

The iterative decoding structure is a serial decoding scheme
[6] being similar to the schemeintroduced in [8], and is shown
in detail in fig. 2. It consists of two symbol-by-symbol MAP
(SS-MAP) decoders, where the inner one represents a special
SS-MAP decoder for the systematic Walsh-Hadamard block
code. This means, in order to carry out the decoding process,
we can use the efficient Fast Hadamard Transform FHT being
amajor advantage because of low decoding complexity. The
outer SS-MAP decoder is based on the MAP decoding algo-
rithm introduced in [12] and in contrast to the modified algo-
rithmin [8] it delivers soft information for the information bits
as well as for the code bits. Both decoders are working in the
logarithmic domain and therefore require input LLR’s. From
[10] we know that the LLR’s given in (1) consists of three
parts:

LI(I;N) :chsys(n) + L(Iz(bh) + Lg(l;h)
Lo(i)n) :chsys(m) + Lg(bﬁ) + L?(l;h) (8)

In the first part, L. indicates the channel reliability. The sec-
ond one is the a-priori information L (b,,) for the decoded
bit of the inner code, and LY (b,) for the coded bit of the

3The application of WH block codes also offers the possibility of channel
phase estimation based on decision-directed estimation without required pi-
lot tones. Thismethod isinvestigated in [11].

outer code. Finally, we obtain the extrinsic LLR's, Lg(?)N)
and L9 (b,.), gleaned from the decoding process for the de-
coded/coded bit, respectively. In the first iteration, no a-priori
informationisavailable, whereasfor theiteration stepsfollow-
ing the extrinsic information delivered by the inner decoder is
used as a-priori information for the outer decoder, and vice
versa. Thus, we obtain

LL(by) = LO(by)
LO(by) = LL(by). ©)

IV. SSMAP DECODING OF WALSH-HADAMARD
BLOCK CODES

SS-MAP decoding of block codes with low decoding com-
plexity is still an open problem, and there exist different de-
coding algorithm or implementations. Some significant exam-
ples are the trellis implementation, the dual code method, and
the direct implementation[10]. Sincewe use WH block codes,
it is possible to meet the requirement of low decoding com-
plexity by applying the FHT embedded in the MAP-decoding
structure.

Furthermore, besides the foregoing mentioned general decod-
ing implementations, we can use special Walsh-Hadamard-
MAP decoding structures first introduced in [13], enhanced
in[6] for iterative decoding in DS-CDMA systems, and intro-
duced in [14] for coherent OFDM-CDMA transmission with
Viterbi decoding. All these algorithms have in common that
the evaluation of the output LLR proceed from the knowledge
of the inherent probability density functions, and uses the di-
rect signal v, instead of the corresponding LLR as input.
Inthis paper, we focus on the direct implementation of system-
atic block codes|[6, 10], where especially for Wal sh-Hadamard
codes the SS-MAP decoding rule can be expressed by*

Czb N P(w|v)
I3\ _ wmeCl b,=+1
L'(b;)=1In > Plwlv)

wmeCl b.=—1

> exp(zFHT{L(wy;0,)})
WmeCl b,=+1

=In , (20
> exp(zFHT{L(wy;v4)})
wWmeCl b,=—1
with
Lo, + LE(b,) for  u = sys(k),
L(“’u?“u):{ LL’U (b) ase @
o ' (11)

4In comparison to (2), the coded bits b, can have values {—1, +1} by map-
ping0 —» 1and1 — —1.



Eg. (10) shows the inherent application of the FHT in the
MAP-decoding implementation, where it is used to carry out
the correlation operation.

The approximation In(e®! + e%2) ~ max(x1,zs) can be used

in order to further reduce the complexity of the MAP decoding
algorithmin (10). Then we obtain the simple expression [6]

. 1 1

I [ . —_ = .

L' (by) = 5 vgr;l?% FHT{-} 5 WIE?(),CI, FHT{-}.

(12)

b=—1

V. SIMULATION RESULTS

Detailed results concerning the trade-off between convolutio-
nal coding of rate R., WH block coding, and simple replica-
tion V,, were presented in [14] when straight-forward Viterbi
decoding is applied. For the analysis of the iterative decod-
ing scheme, we choose R, = 1/2, M = 64, and N, = 4
throughout the presented simulations. Termination of the con-
volutional codeis performed for 18 - 32 = 576 code bits, and,
hence, the influence on the code rate of the tail bits can be ne-
glected. Moreover, in order to avoid high complexity, we ap-
ply the MAX approximation (12) for the decoding of the WH
block code and the MAX-LOG-MAP decoding agorithm for
the convolutional codes [10].

For al cases, J = 8 active users are taken into account and
perfect channel estimation as well as perfect synchronization
is assumed for the user concerned.

0 1 2 3 4
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Figure 3: Perfect interleaving: Concatenation of RSC/NSC codes
with WH block code and iterative decoding. I = 1,2, 4 iterations
compared with concatenating an NSC code with BPSK

Resultsfor an RSC code as well asan NSC codeare plotted in
fig. 3 when perfect interleaving in time (I1;) as well asin fre-
quency (IT) direction is considered. The results indicate that
RSC codes perform better at small Ej, /Ny, and at large E;, /N
it isthe other way around [8] (be awarethat E;, denotes the bit
energy at the output of the outer decoder).

Furthermore, independent of the code used, note the gain of
about 0.7 dB for the second and approximately 1.0 dB for the
fourth iteration at a BER of 10~2. For comparison, a concate-
nation of an NSC code with R, = 1/2, BPSK modulation
and simple replication (IV, = 24), i.e., the standard OFDM-
CDMA system with convolutional coding [2], leads to an un-
acceptable BER.

For an uplink indoor channel differently interleaved, fig. 4
shows the BER using an RSC code and iterative decoding

Ey /Ny [dB]—
Figure 4: Differently interleaved channel: Concatenation of an RSC
code with WH block code and iterative decoding I = 4 compared
with concatenating an NSC code with BPSK. (1) random frequency
(IT¢) and a 18x32 block time interleaver (1), (2) merely sufficient
in time (3) merely sufficient in frequency, and (4) sufficient in time
aswell as frequency

with four iterations. The indoor channel is related to the Euro-
pean HIPERLAN/2 standardization. In particular, we assumed
avery low Doppler frequency of 9 Hz, a coherence bandwidth
of approx. 1.8 MHz, and atotal bandwidth of 25 MHz. There-
fore, the fading on each subcarrier as well as the fading be-
tween the subcarriers is highly correlated, resulting in burst
error structures. Four cases of interleaving are considered: (1)
random frequency (II;) and a 18x32 block time interleaver
(I1;), (2) merely sufficient in time, (3) merely sufficient in fre-
quency, and (4) sufficient in time as well as frequency.

Note, athough we use a powerful outer CC in time direc-
tion, and a less powerful inner block code in frequency direc-
tion, the system sufficiently interleaved in frequency direction
outperforms the one sufficiently interleaved in time domain.
Thus, the inner system, and, hence, the achievable diversity
gainin frequency direction mainly determinesthe overall sys-
tem performance. There exists only a small loss for the suf-
ficiently frequency interleaved system in comparison with the
two domain perfectly interleaved one.

The results for the random frequency and block time inter-
leaver confirm the extreme sensitivity of existing channel de-
coding algorithm to burst error structures caused by the in-
door scenario (Not shown in the figure, only less gain can be
achieved by iterative decoding in this case).

Fig. 4 aso showsthe results for BPSK modulation, and again,
they emphasizes the tremendous loss compared to the appli-
cation of M -ary orthogonal Walsh modulation viewed as WH
block code.

VI. CONCLUSIONS

In this paper, we examined iterative decoding of serial con-
catenating an outer convolutional code and M -ary orthogonal
Wal sh modulation as an inner linear block codein an OFDM-
CDMA system. Since the outer code mainly works in time
direction and the Walsh-Hadamard block code is exclusively
arranged in frequency direction, the new aspect arises that the
iterative decoding scheme exploits the time as well as the fre-
guency domain. In this context, we gave a derivation of the
input LLR for SS-MAP decoding of Walsh-Hadamard block



codes.

Simulation results for RSC as well as NSC codes show again
of about 1dB in E, /N, (BER=10?) for the fourth iteration
assuming a perfect interleaved Rayleigh fading channel. The
analysis for a different interleaved indoor mobile channel in-
dicate the robustness of the proposed two dimensional coding
scheme against very slowly fading or non-frequency selective
channels, and, thus, enhance the system property to benefit
from time as well as frequency selectivity.
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