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Abstract— We study coding techniques for the single-relay
non-orthogonal amplify-and-forward half-duplex relay fading
channel. Unlike the multiple-antenna case, we show that 2 x 2
rotations induce large gains in outage probability with no increase
in decoding complexity under iterative probabilistic decoding. We
compare rotated and unrotated turbo-coded schemes and show
that they both perform close to their corresponding outage limits.

I. INTRODUCTION

Due to the nature of wireless channels, effects such as
fading, shadowing, and interference from other transmitters
can cause the channel quality to fluctuate during transmission.
One major way to combat static fading is to provide diver-
sity in either time, frequency, or space [1]. In [2], [3], the
authors set up a framework for cooperative communications,
where multiple terminals use the resources of each other to
form a virtual antenna array that provides spatial diversity.
These works triggered a flurry of research on cooperative
communications, and since, multiple works have proposed
communication schemes and analyzed outage probability in
slowly varying fading environments [4], [5], [6], [7], [8]. The
main protocols that have been proposed are the amplify-and-
forward, where the relay only amplifies the signal received
from the source, before transmitting it to the destination, and
the decode-and-forward, where the relay decodes the received
signal before transmitting it to the destination. A number of
recent works consider turbo coding for multiple scenarios, in-
cluding full-duplex, decode-and-forward, orthogonal amplify-
and-forward and distributed coding [9], [10], [11], [12], [13].

In this work, we study the performance of distributed
coded modulation schemes in the single-relay non-orthogonal
amplify-and-forward channel. We focus on the outage prob-
ability [14] of the channel with discrete input constellations.
As opposed to the multiple-antenna case, we show that full-
diversity rotations (see e.g. [15] and references therein) pro-
vide large performance gains without any increase in the
overall decoding complexity of the system. We illustrate these
effects by means of a turbo-coded [16] bit-interleaved coded
modulation (BICM) [17] scheme that closely approaches the
outage probability of the channel.

G. M. Kraidy and J. J. Boutros are with the Communications and Electron-
ics Department, Ecole Nationale Supérieure des Télécommunciations, Paris,
France, e-mail kraidy@enst.fr, boutros@enst.fr.

A. Guillén i Fabregas was with the Institute for Telecommunications
Research, University of South Australia, Mawson Lakes SA 5095, Australia.
He is now with the Department of Engineering, University of Cambridge,
Cambridge CB2 1PZ, UK, e-mail: guillen@ieee.org.

This work has been supported by France Telecom under contract 46137428,
the Australian Research Council under grants DP0558861 and RN0459498,
and by the International Science Linkages established under the Australian
Government’s innovation statement ’Backing Australia’s Ability’ with the
French-Australian Science and Technology program.

II. SYSTEM MODEL

We consider the amplify-and-forward fading relay channel.
We impose the half-duplex constraint, for which terminals
cannot transmit and receive signals in the same time slot.
We consider the TDMA-based Protocol I from [7]: during
the first time slot, the source terminal broadcasts a signal
to the relay and destination terminals, the relay is silent. In
the second time slot, both the relay and source terminals
communicate with the destination (see [7] for details). This
protocol is also known as non-orthogonal amplify-and-forward
(NAF) protocol. According to the NAF protocol, the received
signals at relay and destination are given by
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for k = 0,...,L — 1, where y,[2k],yq[2k] € C are the
received signals at the relay and destination respectively at
even time slots, yq[2k + 1] € C is the received signal at the
destination at odd time slots, z[2k],z[2k + 1] € C are the
transmitted symbols at even and odd time slots respectively,
nr[2k], na[2k], na[2k + 1] ~ Nc(0, No) are the corresponding
circularly symmetric complex Gaussian noise samples at the
relay and destination, hgy, hsq, g ~ Ng(0,1) are the com-
plex fading coefficients corresponding to source-relay, source-
destination, and relay-destination links respectively, and
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is the energy normalization coefficient at the relay [7]. Let
Es(e) and 53(0) denote the energies transmitted by the source
at even and odd time instances respectively, while &, is the
energy transmitted by the relay. We assume that the signal
constellation is normalized in energy, namely E[z|?] = 1.
We also assume that the channel coefficients are perfectly
known at the receiver and that they remain constant for
the transmission of one frame (i.e., for £k = 0,...,L — 1)
but change independently from frame to frame (quasi-static
assumption). From the NAF model described above, we obtain
that the time duration corresponding to the transmission of a
frame is 2L. By inserting (1) into (3) we obtain that
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Conditioned on a perfect knowledge of the fading coefficients
at the receiver, the noise term in (5) has a Gaussian distribution



with zero mean and variance 02 = No(1 + &.5%|h.ql?).
Therefore, by multiplying yq[2k + 1] by
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we obtain the equivalent row vector model
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and yalk] = (yal2k] , awal2k + 1)) € C°, x[k] =

(z[2k] , z[2k+1]) € X C C?, with X being the bidimensional
signal constellation, and 7j[k] € C? is a circularly symmetric
complex Gaussian noise vector with entries ~ N¢ (0, Np),
for k = 0,...,L — 1. Based on (7), the channel transition
probabilities conditioned on the channel realization are

P(FalkxiH). H) = s exp (_ [F2 - :[k]HH )

III. OUTAGE PROBABILITY AND ROTATIONS
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The Shannon capacity of the channel described by (7) is
zero, since for sufficiently large frame length, the word error
probability of any coding scheme is lowerbounded by the
information outage probability [14]

Pas(R) = P §10x5ulH) < )

where R is the target information rate, and I(x;y|H) is the
input-output instantaneous mutual information of the channel
(7) for a fixed channel realization H. The factor % comes
from the fact that one channel use of the equivalent channel
(7) corresponds to 2 temporal channel uses, one per slot.
Minimum outage is achieved with Gaussian inputs, for which
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In practice, Gaussian codebooks are not feasible, and we
usually resort to discrete signal constellations. In this case,
assuming uniformly distributed inputs over X we have that

Dxex p(yd </, H)
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where the expectation is over the joint distribution p(x, y4|H).

When quadrature-amplitude modulation (QAM) is used, the
signal constellation is X' = Xgam x Xgam where Xgam € C
is a standard QAM constellation of size |Xqam| = M. In
some cases, it can be beneficial to precode the M-QAM sym-
bols with a unit rate rotation ® € C2*2 [15], [18]. In this case,
the constellation & is a higher-order bidimensional complex
constellation, and detection has to be performed in C2. In order
to compute the outage probability (10) with rotated QAM
constellations, we compute (12) bearing in mind that now input
vectors x € X belong now to the rotated constellation. This
is equivalent to letting x € Xqam X Xqam and replacing H
by ®H. Remark that using a 2 X 2 rotation entails no increase

I(x;y4|H) = log, | X|-E lloga
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Fig. 1. Outage probability for QPSK and R = 1 bit per channel use.

in decoding complexity using probabilistic iterative decoding,
since in order to compute the channel transition probabilities
in (9), the decoder uses a list of candidates of size |X| = M2,
with and without rotation. This stands in stark contrast to the
case of ny X ngr multiple-antenna channels with i.i.d. fading,
where rotations are of dimension n% x n% (see e.g., [18], [19])
and hence increase the decoding complexity with respect to the
unrotated system. In our case, the zero entry in the equivalent
channel matrix (8) enables decoding with the same complexity
of the unrotated system. In this work, we design the rotation
matrix ® that minimizes the outage probability, namely
Prom = arg glengl Pout (R) (13)

following the method outlined in [20], where G C C?*2
is the set of complex unitary matrices and IOM stands for
information outage minimization.

Figure 1 shows P, (R) with Gaussian input, QPSK input
with no rotation, IOM rotation of dimensions 2 x 2 and
modified cyclotomic rotation [18] of dimensions 4 x 4. In
numerical examples in this letter, we have chosen &50) =& =
gi';). Remark that the model (7), the transition probabilities
(9), outage probabilities (10) and coding schemes remain valid
for general power allocation rules [7]. As we observe, the
inclusion of the rotation gives a significant gain. We also see
that 4 x 4 rotations are not needed, as 2 x 2 rotations are suffi-
cient. Therefore, coded modulation schemes constructed using
2 x 2 rotations can achieve a remarkable gain over unrotated
modulations, with no increase in decoding complexity.

IV. CODE CONSTRUCTION AND EXAMPLES

We consider coded modulation schemes M C X% c C2?F
of rate R. We denote the codewords of M by X € M,
X = (x[0],...,x[L — 1]). We consider that M is a BICM
scheme [17] over X, that uses a binary parallel turbo code of
rate R. and an interleaver of size N [16]. The component
encoders are assumed to be identical recursive systematic
convolutional (RSC) codes. Under this setting, we have that
L = m. BICM symbols are then rotated by a unit
symbol rate rotation matrix ®. Since the rotation has unit
rate, the overall transmission rate in bits per channel use is
R = % = R.log, M. The presence of a rotation guarantees
full diversity for any 0 < R, < 1.

We will compare the above system with a dual scheme
that uses no rotations. In this case, the BICM codewords
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Fig. 2. NAF half-duplex fading channel, turbo code RSC (17, 15)s, QPSK.
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of length 2L are then reordered, according to the channel
multiplexer pattern [21]. A channel multiplexer distributes the
turbo-coded bits to the time slots, in such a way that full
diversity and maximum coding gain are always guaranteed.
In our simulations we use the h-w-diagonal multiplexer from
[21], which was proved to be the most powerful multiplexer
for parallel turbo codes of rate R, = % The achievable
diversity with this scheme relies on the properties of the code
and the channel multiplexer, and is bounded by the Singleton
bound [22], [23]. This implies that the largest R, that can be
transmitted with diversity 2 is R, = 3.

Figures 2 and 3 show the word (or frame) error rate
simulations for the aforementioned schemes with QPSK and
16-QAM using a parallel turbo code of rate R, = % with two
identical RSC component encoders with generators (17,15)g
and pseudo-random interleaver of size N. As we see, the
benefits of the rotated construction are clear. Furthermore,
we observe that the unrotated system with the h-w-diagonal
multiplexer performs within tenths of a dB of its corresponding
outage limit, and that when it is used with random mul-
tiplexing a diversity loss is incurred. We note that due to
the suboptimality of BICM with 16-QAM, the rotated and
unrotated performances with the h-m-diagonal multiplexer are
very similar. Note also that the multiplexer is designed to lead
the turbo code to optimal performance, while the rotation is
designed to minimize the outage probability, independently
from the code structure. As shown in [21], [23] the error
probability is independent of the interleaver length V.

V. CONCLUSIONS

We have studied coding schemes for the single-relay non-
orthogonal amplify-and-forward half-duplex fading channel.
We have shown that rotations provide a large performance gain
over unrotated constellations with no extra cost in decoding
complexity. We have compared the performance of rotated and
unrotated turbo-coded BICM schemes and have shown that
they both perform very close to their respective outage limits.

REFERENCES

[11 J. G. Proakis, Digital communications, McGraw-Hill New York, 1989.

[2] A. Sendonaris, E. Erkip, and B. Aazhang, “User cooperation diversity.
Part 1. System description,” IEEE Trans. Commun., vol. 51, no. 11, pp.
1927-1938, Nov. 2003.

[3] A. Sendonaris, E. Erkip, and B. Aazhang, “User cooperation diversity.
Part II. Implementation aspects and performance analysis,” IEEE Trans.
Commun., vol. 51, no. 11, pp. 1939-1948, Nov. 2003.

[4] K. Azarian, H. El Gamal, and P. Schniter, “On the achievable diversity-
multiplexing tradeoff in half-duplex cooperative channels,” IEEE Trans.
Inf. Theory, vol. 51, no. 12, pp. 4152-4172, Dec. 2005.

[5] J. N. Laneman and G. W. Wornell, “Distributed space-time-coded
protocols for exploiting cooperative diversity in wireless networks,”
IEEE Trans. Inf. Theory, vol. 49, no. 10, pp. 2415-2425, Oct. 2003.

[6] J. N. Laneman, D. N. C. Tse, and G. W. Wornell, “Cooperative diversity
in wireless networks: Efficient protocols and outage behavior,” IEEE
Trans. Inf. Theory, vol. 50, no. 12, pp. 3062-3080, Dec. 2004.

[71 R.U. Nabar, H. Bolcskei, and F. W. Kneubuhler, “Fading relay channels:
performance limits and space-time signal design,” IEEE J. Selec. Areas
in Commun., vol. 22, no. 6, pp. 1099-1109, Aug. 2004.

[8] S. Yang and J. C. Belfiore, “Optimal Space-Time Codes for the Amplify-
and-Forward Cooperative Channel,” 43rd Allerton Conf. Commun.,
Control and Computing, Monticello, IL, Sept. 2005.

[9] Z. Zhang and T. M. Duman, “Capacity-approaching turbo coding and
iterative decoding for relay channels,” IEEE Trans. Commun., vol. 53,
no. 11, pp. 1895-1905, Nov 2005.

[10] Z. Zhang and T. M. Duman, “Capacity approaching turbo coding for
half duplex relaying,” IEEE International Symposium on Information
Theory, 2005., pp. 1888-1892, 2005.

[11] Y. Li, B. Vucetic, T.F. Wong, and M. Dohler, “Distributed Turbo Coding
With Soft Information Relaying in Multihop Relay Networks,” IEEE J.
Selec. Areas in Commun., vol. 24, no. 11, pp. 2040-2050, Nov 2006.

[12] B. Zhao and MC Valenti, “Distributed turbo coded diversity for relay
channel,” Electronics Letters, vol. 39, no. 10, pp. 786-787, 2003.

[13] M.R. Souryal and B.R. Vojcic, “Performance of amplify-and-forward
and decode-and-forward relaying in Rayleigh fading with turbo codes,”
2006 IEEE International Conference on Acoustics, Speech and Signal
Processing, vol. 4, 2006.

[14] L. H. Ozarow, S. Shamai, and A. D. Wyner, “Information theoretic
considerations for cellular mobile radio,” IEEE Trans. on Vehic. Tech.,
vol. 43, no. 2, pp. 359-378, May 1994.

[15] F. Oggier and E. Viterbo, Algebraic Number Theory And Code Design
For Rayleigh Fading Channels, Foundations and Trends Commun. and
Inf. Theory, Now Publishers, 2004.

[16] C. Berrou, A. Glavieux, and P. Thitimajshima, “Near Shannon limit
error-correcting coding and decoding: Turbo-codes.,” IEEE Int. Conf.
Commun., Geneva, 1993.

[17] G. Caire, G. Taricco, and E. Biglieri, “Bit-interleaved coded modula-
tion,” IEEE Trans. Inf. Theory, vol. 44, no. 3, pp. 927-946, May 1998.

[18] J. Boutros, N. Gresset, and L. Brunel, “Turbo coding and decoding for
multiple antenna channels,” Int. Symp. Turbo Codes & Rel. Top., 2003.

[19] J. C. Belfiore, G. Rekaya, and E. Viterbo, “The Golden code: a 2 x 2
full-rate space-time code with nonvanishing determinants,” IEEE Trans.
Inf. Theory, vol. 51, no. 4, pp. 1432-1436, Apr. 2005.

[20] G. M. Kraidy, N. Gresset, and J. J. Boutros, “Information theoretical
versus algebraic constructions of linear unitary precoders for non-ergodic
multiple antenna channels,” Can. W. Inf. Theory, Montreal, June, 2005.

[21] J.J. Boutros, E. Calvanese Strinati, and A. Guillén i Fabregas, “Turbo
code design for block fading channels,” 42nd Allerton Conf. Commun.,
Control and Computing, Monticello, IL, Sept.-Oct. 2004.

[22] R. Knopp and P. A. Humblet, “On coding for block fading channels,”
IEEE Trans. Inf. Theory, vol. 46, no. 1, pp. 189-205, Jan. 2000.

[23] A. Guillén i Fabregas and G. Caire, “Coded modulation in the block-
fading channel: coding theorems and code construction,” IEEE Trans.
Inf. Theory, vol. 52, no. 1, pp. 91-114, Jan. 2006.



