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ABSTRACT

Multiple receiving antennas increase the capacity of
wireless medium by admitting multiple users in the
SDMA mode and by reducing channel selectivity. Addi-
tionally, spectral diversity may be exploited via a fre-
quency spreading of symbols in order to combat fre-
quency selectivity. The structure of a frequency spread-
ing allows to train the channel equalizer / multiuser in-
terference chancellor with no substantial overhead. A
multicarrier modulation scheme with frequency spread-
ing is proposed which yields a simple and data efficient
detection of a desired user due to its spreading signature
only. A numerical study shows this method suitable for
broadband wireless applications.

1. INTRODUCTION

Multicarrier modulation is an efficient technique of
high-rate transmission over the frequency selective noisy
channels, see [1]. Sprectral efficiency of the existing
multicarrier systems, such as DMT and OFDM is, how-
ever, limited since, one hand, a redundant cyclic prefix is
used to handle the ISI, and on the other hand, training
symbols are periodically transmitted to ensure a reliable
channel acquisition and synchronization in time-varying
environments. Several authors have tried to improve
bandwidth efficiency of multicarrier systems by using the
redundancy introduced by a cyclic prefix [2] or, more
interestingly, a redundant precoding of the modulated
data, see e.g., [3]. The last contribution is particularly
interesting since it allows a simple and data efficient
implementation. However, the amount of redundancy
imposed by a deep selective fading and a limited data
payload lead to a sensitive spectrum efficiency loss.

Alternatively to the spectrum redundancy, the space
redundancy may be exploited to mitigate the impact of
deep fades. Recently a new multicarrier system has been
proposed that achieves a high spectral efficiency due to
a simultaneous use of spatial and spectral diversity, see
[4]. Spectral diversity is achieved via a frequency domain

spreading. The structure of this spreading is also ex-
ploited to handle equalization and synchronization tasks
in a simple and data efficient way with a vanishingly
small wireless overhead.

In this contribution, a multiuser extension of multicar-
rier systems with spatial diversity and frequency domain
spreading is presented. Multiple users are separated in
the space-time domain due to a difference of their fre-
quency interleavers. The extraction of each user signal is
based on the knowledge of its interleaver only. Moreover,
the detection procedure for a certain user is independent
on the total number of active users. The algorithm is
simple, reliable and data efficient as in the single user
case. A theoretical study as well as computer simula-
tions of broadband indoor channels and the underlying
physical layer processing, confirm a good fit of the new
approach to bandwidth expensive applications such as
wireless LANs.

2. SYSTEM DESCRIPTION AND DATA
MODEL

The baseband model of the whole transmission sys-
tem is shown in Fig.1l. The standard modulation step
consists of converting the sequence of bits {b[k]},c, to
a sequence of complex-valued symbols {v [k]}, ;. These
latter undergo a frequency domain spreading. In par-
ticular, a block spreading may be used such that the
sequence {v [k]},c is mapped to a sequence {s[k]}, .,
as follows. The consecutive blocks s, [k] of s[k] of size ¢
are obtained by multiplication of the consecutive blocks
v, [k] of v[k] of size p by a ¢ x p spreading matrix C :

s [kl =Cu,[k], s,[k] =[s[kq+1],...,s[kq +q]]",
v,[k] = [v[kp +1],...,0[kp+p]]". (1)

The sequence {s [k]}, ., is sub-divided into consecutive
blocks of the size N (N is a multiple of ¢) which are sent
via interleaver to the IFFT processor. The IFFT output
{z [k]} ¢z, undergoes a conventional pulse shaping.
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Fig.1. Baseband model of the transmission system

The resulting signal is transmitted over a frequency se-
lective AGWN channel which is shared by m < M users.
At the receiver, the mixture of signals is collected by M
antennas. Each antenna output is subject to bandpass
filtering and sampling at the symbol rate. The vector
ylk] = [y1lk],. .., ym[k]]" of the sampled antenna out-
puts verifies

y[kl =) 2l hlk — 1] + n[k] + nlk],

ez

2)

where n[k] and n[k] are M-variate vectors of AGWN
and multiuser interference (MUI) correspondingly. The
M x 1 vectors hlk] = [hi[k],. .., hn[k]]" stand for the
channel impulse response which depends on the pulse
shape, physical channel and the sampling phase. The
M-variate series {y [k]}, ., are forwarded to the IST and
MUTI canceler which produces noisy estimates Z[k] of
x[k]. After the FFT processing and de-interleaving, the
estimates §[k] are used for a soft-decision decoding.
The synchronization and ISI/MUI cancelation task is
accomplished by a linear 1 x M filter which is given by
the minimum norm inverse of the user channel within
the class of MUI-orthogonal filters. This filter, later re-
ferred to as the minimum norm canceler (MNC), pro-
vides a maximum output signal-to-noise ratio (SNR) in
each subband, under the MUI rejection constraint.
Assume that ¢ > p and define r. = p/q the coding
rate. Let us roughly compare the described system with
the conventional OFDM system. In this latter, the IFFT
processor is fed directly by {v [k]},c,. Note that the sys-
tem with spreading yields a bit rate loss of r. < 1. This
loss may be alleviated by increasing the constellation
size of v[k]. This approach implies certain reduction of
the free distance and, therefore, requires a higher SNR to
reach a target bit error rate (BER) over a Gaussian chan-
nel. However, in a Rayleigh or similar fading environ-
ments, the decrease of BER in SNR is faster for smaller
r. due to the diversity since ¢ > p. When the frequen-
cies fade independently within each spreading block, the
slope of BER versus SNR is proportional to the diversity
order, (g/p) = (1/r.), see e.g., [5]. Hence, small target
BERs may be achieved at smaller SNR levels due to a

frequency domain spreading. Additionally, the low-rank
property of the sequence {s [k]},., can be used to esti-
mate the MNC via a sample efficient structure forcing.

3. STRUCTURE FORCING PRINCIPLE

The structure imposed by the encoder may be used
to identify up to a constant scalar the MNC. Define by
H (e®™) =3 oz H[k]e 2™k a M xm transfer func-
tion of a linear time invariant (LTI) channel between m
active users and M receiving antennas. Without loss of
generality, let the first column of H (e™") stand for the
user of interest, i.e., (H (6127”’)):’1 = ez hlk] e 2™k
The remaining columns of H (e**™) contribute to the
MUI. Assume that H (e™™) is left-invertible and denote
by w (€**™) the unit norm MNC: w (e®*™) H (e"*™) =

[70,0,...,0], 7, € C, fol lw (e”™) ||* dv = 1. Let us
explain how to estimate such a MNC.

According to (1), the sequence of encoded blocks

s, [k]} yez 18 alow-rank multivariate series and its range
space is given by the column space of C. Define U
some unitary basis of the null{ C }. From (1), we have
U" s [k] = 0 for all k. In the absence of noise, ISI and
MUIL, the ¢ x 1 blocks {3, [k]} yez after de-interleaving
are also low-rank and their range space coincides with
the span{ C' }. Hence U"3_[k] = 0 in this case. Suppose
that this condition does not hold in presence of ISI, MUI
or when synchronization is imperfect. In such cases, the
MNC may be estimated by forcing the aforementioned
condition under the constraint on the filter norm.

A successful application of this estimation principle
requires a non-identical spreading structure of different
users. One way to ensure such a disparity is to design
different spreading matrices. However, much better dis-
parity may be achieved by choosing different frequency
domain interleavers. We assume in the sequel that these
interleavers are obtained as various random realizations
of a uniform interleaver, see e.g., [6].

Proposition 1 Let wy(z) = Y,z wnlk] 27% be a se-
quence of stable LTI systems and (k] = [wx(2) ] y[k].



Define yy,(z) = Ekez ’YN,i[k] z_k: 1 <9 < m, the
global system between the i-th user and {% [k]},,, that
is, vy, :(2) = wn(2) (H(2)).,;- Then

n=11€Z
k] = D wylnlk -1,
IEZ

here x;[k] is the i-th user signal (x[k] = z1[k]). Denote
n, k] = [nlkq+1],...,0[kq + ¢]]" and assume that all

wy(2) satisfy E{N-1 EN/"HUH” [K]?} = ¢ > 0. Then
wy (2) minimizes E{N~! Z 11U=3,[K]lI’} as N — o0
iff (s [y, 0117 + 2002, Zz¢o|’7N,,[l]| ) = 0.

According to the above proposition, minimization
of E{N—! ZN/ 1lU*35, [K]|I’} under the quadratic con-

straint E{N ! 3, "/7 Nia lU"n,[k][?} = c yields an asymp-
totic (w.r.t. N) extractlon “of the scaled z[k] corrupted
by the additive noise: Z[k] = 7, z[k] + n[k], where
Yo = Nlim 7Y~.:- Hence it ensures synchronization as

well as IST and MUI cancelation at large N.

3.1. Signal fluctuations

Although the constrained quadratic minimization de-
scribed in the Proposition 1 suggests asymptotic rejec-
tion of ISI and MUI at N — oo, it can not guarantee
a reliable level of SNR and signal-to-interference ratio
(SIR) at the output of a canceler estimated in such a way.
More precisely, the contribution of z[k] at the filter out-
put, specified here by ~,, is not controlled. In particular,
any nonzero 1 x M filter f(z) such that f(z) H(z) =0
can be scaled so as to satisfy the constraint of the Propo-
sition 1. The resulting filter will be a solution to the
constrained quadratic minimization which yields v, = 0.
Note that the equation f(z) H(z) = 0 have nonzero so-
lutions whenever m < M.

As explained in [4] in the single user context, the
maximum of |y,| is reached when wy(z) tends to a
minimum norm filter within the class of ISI and MUI
cancelers. This condition is not ensured by the pro-
cedure suggested in the Proposition 1. In practice,
the signal gain |vy,| varies arbitrarily depending upon
the additive noise realization. This results in arbitrary
variations of the output SNR. Indeed, unlike |y,|, the
output noise has a fixed power, due to the constraint
E{N 1 YN |U=a,[k]||?} = ¢. Moreover, the output
SIR also exhibits arbitrary variations. To show this, let
us define an empirical measure of the interference :

Iy 2 Z > il

i=1 l;: 1170
Note that 7y equals to the inverse of the output SIR

3)

where the interference comprises both IST amd MUI. Al-
though, according to Proposition 1, the numerator of (3)
converges to zero as N — oo, the convergence of Iy is
not guaranteed since |v, ,[0]| may be arbitrarily small.

4. ROBUST MNC ESTIMATION

A consistent MNC estimate stems from a similar es-
timate designed in [4] for the single user case. Let us
replace ||[U¥3_[k]||* in the Proposition 1 with the cost

1078, [KII1P — wll3,[KI1%. (4)
One can show that at N — oo, (4) converges to
Q—re—p Z Do vl = sl ()

i=1 1;: 1,40

modulo a term that remains constant under the con-
straint given in proposition 1. Note that the minimum
of (5) over wy(z) is negative for any p > 0 since (5)
is negative when wy(z) is replaced by the appropri-
ately scaled w(z) so as to meet the constraint. Indeed,
w(z)(H(z)).1 = 7,, and therefore (5) equals to —u |v,|.
Hence the true minimizer wy(z) asymptotically yields
(1 —Tc— N) Ez_l El :117#0 |7N 1[ ]| < M|7N 1[O]| ;e

Iy < p(l=re—p)

where 7, is defined in (3). By putting p — 0, we obtain

Iy — 0. The minimizer of (4) is also as good as the
MNC in terms of the output SNR. Indeed,

Z Y v P gl 07 <

i=11;: 1, #0

since —pu|v,|?> is the value of (5) obtained for w(z).
Hence |7y, ,[0]| > 7,, i.e., the signal power at the output
of wy(2) is not less than the signal power at the output
of the MNC. Meanwhile, the output noise power is fixed
by the constraint. Hence, (4) yields the MNC.

We will estimate a FIR approximation of the MNC.
Define f(z) = 24 Zf:o flk] z=% a 1 x M FIR filter of or-
der K with the reconstruction delay d and the M (K +
1) x 1 vector of its coefficients f = [f[K],..., f[0]]".
Denote by Hy (y ) the N x M (K +1) block-Hankel ma-
trix with 1 x M blocks the first block column [y[1 —
kol,y[2 — ko], ...,y[N — ko]]” and the last block row
[y[N - kO]TJy[N - kO + 1]T7 - 7y[N - kO + K]T] Here
K, k, are chosen so as to ensure the synchronization and
interference cancelation. Let Uy £ In/g®U, (® is the
Kronecker product) and By is the unitary IFFT basis or-
dered according to the interleaving. One can show that
the vector w = [W[K],...,w[0]]" of MNC coefficients
corresponding to (4) yields

1 Te— —H |’Yﬂ|2

w=arg min f"[Hg(y
I1fll =1 -

Q.=N"

D@ Hly )11,

Y (ByUyUy"By™ — ply).  (6)



Such  is given by the minor eigenvector of the M (K +
1) x M(K +1) Hermitian matrix [Hx (y )" Q. Hx(y,)]-
The matrix (), depends only on the encoder and inter-
leaver parameters, hence it may be pre-calculated.

A large sample analysis of the (6) reveals a robustness
of the estimator w.r.t. y in the region specified by

o= pep N34/ (K + 1)1 —r)/M, pe~1, (7)
where p? is the average SNR per antenna.

5. NUMERICAL STUDY

Let us use (4 x 2) spreading matrix and QAM-16
symbols v[k] with Gray encoding. The columns of C
are given by a subset of the Fourier basis. This semi-
unitary matrix maximizes the free distance for big input
constellations; it also guarantees the equal energy distri-
bution between different inputs/outputs of each block.
After spreading, the block of N, points of s[k] is com-
pleted by N, known training symbols. These symbols
are necessary to recover the unknown scalar which is re-
quired for the soft-decision decoding; this scalar is not
identifiable from the received data only. The following
results are presented for m = 2 users, M = 4 antennas,
OFDM symbol sizes N = 256 (N, = 4) and N = 512
(N, = 8) corresponding to 63 and 126 information bytes
per OFDM symbol. The total wireless overhead is less
than 2%. A stochastic Rayleigh multipath propagation
channel model is used which corresponds to a severe fad-
ing in indoor environments in 5.2 and 17 GHz bands.

In Fig.2, the ratio of noise power at the outputs of
empirical and true MNC (i.e., the output SNR loss)
is plotted versus 10log;, ptx- The residual interference
level versus 10log;, p« is plotted in Fig.3. The asymp-
totically achievable theoretical interference level, Zy, is
plotted by the solid line. The results are averaged over
100 Monte-Carlo trials with independent channel real-
izations. Note that Fig.2-Fig.3 yield the asymptotically
achievable performance at py =~ 1, i.e., they confirm (7).

We compare the system with spreading versus a con-
ventional OFDM system. To obtain such a reference
system, we remove spreading (i.e., s[k] = v[k]) and re-
place QAM-16 by QAM-4. Both systems are equivalent
in terms of the raw bit rate (40 Mbps) and the occupied
bandwidth (20 MHz). In Fig.4, we plot the BER versus
the average SNR per antenna. The theoretical curves
(Chernoff bounds) assume a perfect channel knowledge.
The empirical BER is plotted for both systems with per-
fect channel knowledge (N = oc) as well as for the sys-
tem with spreading and an empirical MNC obtained for
the OFDM symbol of sizes N = 256 and N = 512, with
10% of outage channels. In the latter case, the system
with spreading outperforms the perfectly trained refer-
ence system at SNR more than 16 dB.
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.
18 * q
16+ v theory -

_1al 4 =] N=256, SNR=15 dB & i

[%2]

=12k 3 N=256, SNR=20 dB - |

2L v v N=512, SNR=15 dB a ¢ i

3 o

= 8 . o N=512, SNR=20 dB o S i

£ v o o v %

£ 6F P o o v * N

2ap o %o v T SR A 1

© 0.4 86 %oV o F
s . %.,Q B g0 - Z * i
ol Yoy X * i
i i i ; i i i i i i ;
-10 -8 -6 -4 -2 0 2 4 6 8 10

Loading parameter

Fig.3. Residual (Zy/Zy) in dB versus 10log;q fiy-

‘
o 3
.

w
V
o v

Bty

standard  theory

Bit error rate

spreading theory
standard modeling N =
spreading modeling N = o
spreading modeling N = 256
spreading modeling N = 512

1 1 1
8 10 12 14 16 18 20
Signal-to-noise ratio

Fig.4. Bit error rate versus the signal-to-noise ratio.

REFERENCES

[1] J. Chow, J. Tu and J. Cioffi, “A discrete multitone tran-
siever system for HDSL applications,” IEEE J. Sel. Areas
Commaun., vol. 9, pp. 895-908, Aug. 1991.

[2] B. Muquet, M. de Courville, P. Duhamel and V. Buzenac,
“Subspace based blind and semi-blind channel identifica-
tion method for OFDM systems,” in In Proc. SPAWC
International Workshop, pp. 170-173, May 1999.

[3] A. Scaglione, G. Giannakis and S. Barbarossa, “Self-
recovering multirate equalizers using redundant filter-
bank precoders,” in Proc. ICASSP, May 1998.

[4] A. Gorokhov, “Blind equalisation in SIMO OFDM sys-
tems with frequency domain spreading,” IEEE Tr. on
Sig. Proc., vol. 48, pp. 3536-3548, Dec. 2000.

[6] J.G. Proakis, Digital communications.
McGraw-Hill, 1995.

[6] S. Benedetto and G. Montorsi, “Unveiling turbo codes:
some results on parallel concatenated coding schemes,”
IEEE Tr. on Info. Theory, vol. 42, Nov. 1996.

New York:



