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Simple iterative receivers for MIMO
LP-OFDM systems

Pierre-Jean BOUVET*, Maryline HELARD**, Vincent LE NIR#*

Abstract

In this paper, LP-0FDM is combined with different MiMO schemes in order lo improve per-
formance in terms of diversity gain and to exploit capacity brought by the MIMO channel. The
original contribution is the development of a generic iterative receiver designed for LP MIMO
transmission able to work whatever the antenna configuration and the spatial coding
scheme. By using a global MMSE criterion, interference terms coming from space-time coding
and linear precoding are jointly treated leading to a very good trade-off between perfor-
mance and complexity compared to trellis based detectors particularly for high order modu-
lations, high number of antennas and/er large size of precoding mairices.

Key words: Radiocommunication, Space diversity, orpm. Jeu signal, Itération. Transformation linéaire,
Récepteur, Simulation,

RECEPTEUR ITERATIF SIMPLE POUR SYSTEMES MIMO-OFDM
ET A PRECODAGE LINEAIRE

Résumé

Dans cet article, le précodage linéaire est associé a différents schémas multi-antenies
dans un contexte OFpM afin d’améliorer les performances en termes d’exploitation de diver-
sité et de capacité offertes par les canaux multi-antennes. La contribution originale est de
proposer un récepteur itératif générique pour schémas LP-MIMO pouvant s'adapter & n’im-
porte guelle configuration d’antennes et de codage spatio-temporel. Les termes d'interfe-
rence qui proviennent du précodage linéaire et du codage spatio-temporel sont traités
r::{mfﬂimfmﬁnr en utilisant un crilére de minimisation de [’erreur guadratique moyenne glo-
bale. Le récepteur obtenu permet d’obtenir un trés bon compromis entre les performances el
la complexité de mise en wuvre comparé a des détecteurs a base de treillis en particulier
pour les modulations a nombre d’états élevé, des systemes a plusieurs antennes d émission et
de réception et/ou des grandes tailles de matrice de précodage.

Mots clés : Radiocommunication, Diversité spatiale, orom, Constellation signal, Ttération, Linear translorma-
tion, Recetver, Simulation.
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L INTRODUCTION

Increasing the number of antennas is a prospective solution to improve performance of
wireless transmissions. The spectral efficiency of a multiple-input multiple-output (MIMO)
‘system is known to be much higher than a conventional single antenna link. In fact, under the
‘assumption of a full rank multi-antenna channel, capacity of a MIMO system has been
‘demonstrated to grow linearly with the minimum of transmit and receive antennas [1, 2]. By
assuming channel state information (€si1) at the receive side (well adapted to radio-mobile
transmission), the capacity and diversity gains of multiple antenna systems are usually
%‘;pluited by using either spatial multiplexing transmission scheme or space-time block
‘coding (sTBC) architecture [3. 4, 3. 6].

Diversity techniques are traditionally used to combat channel fading due to multi-path
propagation. By carrying the same information through different paths, the reception is
‘achieved with more reliability. Initially introduced for single input single output (8180) trans-
mission, linear precoding (LP), also called constellation rotation, is a promising technigue
that exploits channel diversity without knowledge at the transmit side and without bandwidth
expansion [7]. By combining LP with orthogonal frequency division multiplex (orpM), the
so-called Lp-0FDM scheme was demonstrated to efficiently exploit time and frequency diver-
;j_ﬁitiﬂs [8, 9]. In case of multi-antenna transmission, each independent sub-link can be viewed
~as a new source of diversity. In order to take benefit from this spatial diversity, linear preco-
ding principle has recently been extended to MiMO system leading to new space-time coding
structures [10, 11, 12, 13, 14].

At the receive side, the detection algorithm has to deal with both effects of multi-antenna
transmission and/or linear precoding. In [11, 12], owing to a particular combination of linear
Pprecoding with orthogonal STRC leading to low interference terms, simple linear receiver pro-
vides very good performance for non coded transmission. In the presence of channel coding,
the optimal receiver consists of a maximum likelihood (ML) detector based on super-trelhs
taking into account the structures of the space-time coding, linear precoding, interleaving
and channel coding. For complexity reason, such ideal receiver could not be reasonably
implemented in a chip.

By extending the turbo-detection principle initially introduced in the field of equalization
for frequency selective channels in single-carrier transmission [15], efficient iterative recei-
vers have been proposed for LP-OFDM systems [16] or MIMO-0FDM systems [17]. Particularly,
in | 18] the authors derived a receiver performing jointly MiMo detection, linear deprecoding,
and channel decoding in an iterative loop. However all these iterative receivers have an equa-
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lization stage based on trellis-search algorithms leading to an overall complexity growing
exponentially with the precoding size. the number of antennas and the modulation order. In
order to deal with this high complexity, simpler solutions have been recently proposed either
for MIMO transmissions [19, 20, 21, 22] or for linear precoded SISO transmissions [23, 24].
These efficient algorithms are coming from filter-based turbo-equalization principle initially
proposed in [23, 26, 27]. In [28]. a low complexity iterative receiver has been extended to
linear precoded MIMO transmission. However on the one hand space-time decoding and linear
deprecoding are not jomntly optimized and on the other hand the equalization stage is based
on the matched filter approximation (see [29] for details). For all these reasons, such solution
leads to sub-optimal performance.

In this paper, LP-OFDM is combined with different MiMO schemes in order to improve pet-
formance in terms of diversity gain and to exploit capacity brought by the miMo channel. The
original contribution is the development of a generic iterative receiver des gned for LP MIMO
transmission able to work whatever the antenna configuration. By using a global mimmum
mean square error (MMSE) criterion, interference terms coming from space-time coding and
linear precoding are jointly treated leading to a very good trade-off between performance
and complexity compared to trellis based detectors particularly for high order modulations,
high number of antennas and large size of precoding matrices.

The paper is organized as follows. In par I1. all stages of the transmitter are detailed:
linear precoding, MIMO systems studied in this paper i.e. spatial multiplexing and orthogonal
sTBC and finally the MIMO LP-OFDM transmitter. In the third part, two different types of non
iterative receivers are presented: a maximum likelihood based one and a linear MMSE based
one. Then, the iterative receiver is detailed. In part V, simulation results are provided for mde-
pendent frequency non-selective Rayleigh channels per subcartier and per antenna by consi-
dering s1s0, sTBC and spatial multiplexing schemes respectively. Conclusions are drawn in
the last part.

Notations: bold lower (upper) case letters are used to denote vectors (matrices). Super-
script ()%, ()T and ()" denote the complex conjugate, the matrix transpose and the conjugate
transpose operators respectively. The operand £[.] denotes the mathematical expectation.

1. SYSTEM MODEL

I1.1. Linear precoding

The principle of linear precoding 1s to linearly combine L symbols of an information vec-
tor X with the help of a complex unitary matrix ©; ol size L X L in order to bring diversity
between each component of the resulting vector § = 0, x. By using ML based receivers,
authors of [7] show that L-order diversity can be achieved by that way. Moreover this diver-
sity 1s brought without bandwidth expansion and without any channel knowledge at the
transmit side. Since the multiplication by a unitary matrix keeps the Euclidean distance bet-
ween constellation symbols unchanged and thus it does not alter performance when the chan-

nel is purely equal to additive white Gaussian noise (no fading), unitary matrices are
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prﬂfe.m::d for inear precoding. Usual precoding matrices are presented in Annex A that ;
chr;er, ‘u’tﬂnf:ierlllnnde and complex Hadamard matrices. Extended study on prﬁ:cu{]‘dj )
matrix optimization has been proposed in [30] under the assumption of ML decoding. In tllljﬂ

paper, wc choose a unitary precoding matrix based on Hadamard construction dem; strat I:
to provide good performiance with MMSE decoding when combined with the Aiam{&uii ::iﬂ:;

[11]:
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1 E1gurc 1 represents the constellation of the linear precoded Quadrature Phase Shift
;Keymg (QPSK) symbols with the complex Hadamard matrix and L = 4. The use of com plex
‘Hadamard matrices leads to constellation with (L + 1)? points. Figure 2 represents the densit

of _pmbabi]jty of the real part of linearly precoded QPsSK sym_bc::rl; with a Hadamard c:{}ml;lfi
unitary n%atrix of size L = 256. We can see that the probability density of the reu;ujtin 1
constellation approaches a discrete complex Gaussian density. Results not shown Hin thii
T}japtar demm:lstrm:_ﬂ that a similar density function 1s obtained whatever the choice of the prﬂl—
'.-;‘f;ﬂd?mg matrix if L is large enough. Shannon demonstrated in [31] that the channel capacity 1s
optimum when the transmitted symbols follow a complex Gaussian law. Since linear preiﬂ;

Eﬁ:ll_ng F:'ansfnrm-s .[Ilﬂdulﬂtiﬂ[l symbols into complex Gaussian symbols, the capacity of the
esulting system 1s increased.
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FiG. 1 — Transmitted constellation of linear precoded gpsk symbols for L = 4 with a complex
Hadamard unitary matrix. |

Constellarion des symboles QFSK emis aprés précodage linéaire avec L = 4 et une matrice unitaire
de iype Hadamard complexe.
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Fiii. 2 — Distribution of real part of QpsK symbols precoded with the complex
Hadamard unitary matrix with 7. = 256.

Fonction de densité de probabilité de la distribution de lg partie réelle des symboles
OFSK précodés avec une matrice unitaire de type Hadamard complexe avec L = 256.

I1.2, Equivalent representation for MIMO transmission

Let assume a multi-antenna flat fading channel that connects transmit antennas and
recetve antennas. The Mimo channel matrix can be written as:

T =

J;"'[J ha‘u}]
(2) H =

_hm’,. T hN,N,_

where h,;; is the flat fading coefficient for the link between the i-th transmit antenna and the
J-th receive antenna. Two different MIMO transmission schemes are considered in this paper:
the STBC of Alamouti that provides high diversity performance by keeping a simple linear
algorithm at the receive side [4] and a spatial multiplexing system that efficiently exploits the
MIMO capacity [3].

The MIMO mapping represented by a coding matrix S of size 7 X N takes a block of O
mccmung complex symbols 5, and sends the element (¢, i) of S, thal can be either = s_or
* 5, to antenna i at sampling time T, where 1= k< and T_is the symbol duration. The
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coding scheme is characterized by its latency 7 and its rate defined as R, = Q/T. For the
o technigues considered in this paper, an equivalent channel repI‘E‘-}E‘;IlldtlﬂH 18 1ntro-
-.-ﬁﬁiﬂf to take into account both space-time mapping and MIMO channel response.
 incoming block of length Q to be transmitted, an equivalent receive vector r of size

-bﬁ'-ﬂﬁpl'ﬂb&rf.:{i as:

r=Hs+n

here H of size N T'X Q is the equivalent MIMO channel and n an equivalent noise vector [6].

e Alamouti sTBC scheme. Let first consider the Alamouti scheme for a MMO channel
with N, =2 and N, = 1. The coding matrix is:

85 | 8
= # s
The S1BC is applied to a block of Q = 2 incoming symbols whilst the channel 1s assumed

S be constant over T = 2 symbol durations. The equivalent representation of the Alamout!
BC is therefore:

he '“f'--hll and hll are assumed to be constant over two symbol durations whereas r A7 is the
iﬁﬂ ﬁymba] on antenna j at sampling time 17 . The rate of the Alamouti scheme 1is there-

* Spatial multiplexing. Symbols s are merely demultiplexed in as many streams as num-
Ehﬁ of transmit antennas. Thus 8 has the following form:

Z,:_.;;! § = [51 e Sy ]

The resulting latency T = 1 and the incoming block length Q = N, lead to arate of Rg =N,
lie equivalent channel matrix is merely given by:

- prr =

B+ g
hl] e h.i.'lu'Trl rl._, l

H=|": 2 andr =

ELTURERTEI OV LN, 1

1.3. General MIMO LP-OFDM transmitter

- At the transmit side, MIMO coding and linear precoding are combined in order to exploit
the capacity and the diversity of the multi-antenna system. Moreover oFbM modulation is
Considered (o convert the frequency selective MiMoO channel into flat fading MiMO channels.
Figure 3 depicts the general transmitter scheme of a linearly precoded MIMO-OFDM system
in Iludl*ng channel coding. A stream of information bits d, is first encoded and then random
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interleaved with [1. These bits are mapped to complex symbols x, belonging to constellation
A by using a Gray mapping. The variance of these symbols is denoted o~ Successive vectors
of L symbols x =[x, ... x; 1" are linearly precoded by a matrix ©; of size L X L leading to
a vector 8 = ©,x of L precoded symbols. Each group ot a}fmhuls is space-time encodec
using the c:c:ndmg matrix S. An oFbM modulation is then performed on each sub stream inclu-
ding symbol interleaving, IFFT of size Ny, and cyclic prefix insertion. Finally, the N, OFby

symbols are sent from a different antenna.

E :’=. 3
| ' = OF DM T
; ..__.] § ; ) A 1
. el A | h 1 modulation [
‘ linear MINO
d, | cha;ncl — 11 * mapping precoding | L | mapper |V
t sodmg L4 | | _ i .r
P A , o 8, sl S | : ﬂ'FD&jl Tf& :
- % | | modulation
g ad LARNEY 5.8 LRy el it [ — |

F16. 3 — General transmitter for LP-OFDM MIMO SyStems,

Schéma général d’émission de systémes MIMO OFDM précodéy.

11.4. OFDM channel representation

For time-varying and frequency selective MIMO channels, each link from antenna 1 (o
antenna j can be modelled by a finite channel impulse response filter of order L, expressed by:

LI— 1
(8) himy=> o)8n-1
Jes )

where r_x(? are time varying channel taps modelled as wide sense stationary random pro-
cesses. The frequency response of the link can be expressed for each OFDM sub-carrier p asi

—j2npl

z (I(“ & NPPI

=1

@ r.;n

The receiver performs orbM demodulation on each receive antenna by discarding the
eyclic prefix to form blocks of Ny symbols before FFT processing. Under the assumption
that the cyclic prefix is well designed, the resulting symbol on subcarrier p and receive

antenna j can be writlen as:

(10) Zhw # oy B= 1o Nepy

where s, , is the corresponding symbol sent on subcarrier p and antenna i before oFbM modu-

lation a.nd n. is the Frr processed additive white Gaussian noise with total variance G“

P
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Thus the equivalent channel comprising the orDM modulators, the MiMo channel and the
pEbM demodulators 1s equivalent to a N, X N, Mimo channel with flat fading per subcarrier as
ribed in Figure 4. With an ideal interleaver in the OFbM process of large size enough and
Jarge space between antennas, the i, | can be considered time, frequency and spatially
" correlated such that hy 15 1id. zero mean complex Gaussian random sample with unit
yariance. For brevity, suba:,npt p will be omitted in the following.

——ip  OFDM [ i | OFDM | | I
: modulation | - demodulation |
E o € E
| ? o ;
t o = :
__p| OFDM ‘ , OFDM .*
modulation ¥ N : N ; i demodulation ‘“‘":,_.’

(.

Fic. 4 — orpM modulation, Mpvo channel and orpM demodulation.

Modulation oFDs, canal Mo et démodularion orFp,

L.5. Global channel representation

NTL o
Q X L 1s mtroduced by including L/Q rea-

The extended equivalent matrix H of size
zations of equivalent matrix H:

. g

g

H, =diag (..., H....)
0

- When applied to precoded symbols, the equivalent representation of the system given by
(3) can be rewritten as:

t12) y = H_ O, x+w
here y is the equivalent receive vector consisting of a stack of L/Q successive vectors 1 and
is the FFT processed additive white Gaussian noise vector with variance g2 = o Let

rite y as a function of the desired symbol .x:f{

éf. '?E:)
S Y= Hg@'L e, x, Z H S e x + i
5 - d n=1.nek
desired signal . ~ noise tcrm
IEI terms
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where e, 18 @ complex vector of size L whose elements arc 0 except the k-th clement which ig
1. The receive signal is corrupted on the one hand by classical Gaussian noise and on the
other hand by inter-element interference (1EI) coming from antennas and linear precoding
modelled by the off diagonal terms of matrix H, O

[IL. NON ITERATIVE DECODING STRATEGIES
FOR LINEAR PRECODING MIMO-OFDM SYSTEMS

In this part, different non iterative decoding strategies are studied to cope with the inter-
ference terms brought by linear precoding and MIMO-OFDM transmission. The two different
decoding algotithims o TECOVET the initial symbol sequence X that are described require the
knowledge of the channel matrix H,.

111.1. Maximum likelihood based receiver

Decoding carried out under the Maximum Likelihood criterion consists of searching the
sequence X € AL X! that minimizes the following metric:

|i2

(14) X =arg mjgn ly-H,0, x

where | . !;'2 stands for the Frobenius norm. The complexity of such a decoder exponentially
orows with the aumber of antennas. the precoding length and the modulation order. In order
to avoid this huge complexity, sphere decoding can be used to decode symbols with a poly-
nomial complexity [7].

[11.2. MMSE based equalizer

The transmitted data can also be recovered with a sub-optimal receiver that uses a MMSE
criterion based equalizer. Let w a L X1 complex equalization vector. The MMSE criterion

leads to the following minimization:
(15) wo = arg min E ' lx—wly 'J“}
W
The Wiener-Hopf solution leads 10:

~1
s F o T H T o H T
(16) wit ot = of | @f 1Y f1,0,+ 1| Oy
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here 0-/0° Tepres > average si ' '
vhere ( §j’ . @l}j . ents ic average signal-to-noise ratio per antenna and I a square identit
x. Since ©; 1s a unitary matrix, then (16) can be rewritten as: N

H oot _ 2TovH | 13 - 52 =2
W ﬂﬂ-ek.a;[ngnﬁél] i

b
‘The main complexity of the MMSE ¢ i7ati
EHS ; - MMSE equalization ¢ G R :
5 o: IJ 4 comes from the inversion of the matrix
H?H +— 1| that only depends ; - =

i e y depends on the number of antennas modelled by H,. In case of

X

IV. ITERATIVE RECEIVER BASED ON TURBO
EQUALIZATION PRINCIPLE

‘In this section, a low v : S S
. . ‘1}: d |3W }::;Dmple:ﬂty iterative receiver is presented where MIMo equalization
1ear deprecoding and channel decoding are iterati s i o T
vely processed. Since th e g ;
ted by several i . since the receive signal 15
bf ﬁptir}irlizedhflid?tifﬂmmé terms (see eq. (13)), a generalized interference EEIECEHEI‘
b ek °r MMSE criterion, later called mms - g
S . E-1C able to cope with '
in a elobal : e o pe with interference
nel de t:g:;:iciar E}I:;;I;]ltr- ;Wﬂ :c“ ain stages, a LP-MIMO demapper and a Soft-In Soft-Out
1el decoder, exchange the information learned from one st: - : :
o , one stage to another iterativel ;
erence have been cancelled. E ei | § o ol
| . Each stage 1s separated from th :
B e I ek rom the other one by interleaver or
o aver n order to decorrelate data before feeding them to the next at&gg

p - 1. General Description

.
L ne 05 1 15 i in Fi

._:Hmirﬁlsil;ﬂ;ﬂl‘:ﬂr 15 déplctﬁd in 1‘?"1 gure 3. The LP MIMO demapping stage first consists

. mbu-y at removes g]ﬂbE{l interference terms by using a priori information of
= m}; : f?rgwen by the previous iteration. At first iteration, the LP-MIMO equalizer
R ﬂi?:l ic ;tmenil‘e that will be later detailed. Equalized symbols X, are fed t{; a
e produces logarithmic likelihood rati '
“hannel decoding stage produces i ' atio (LLR) L, |7, £] on coded bits. The
e : uces improve ik :
I to the 1r-mimvo danfap;ing %tag:n ,ﬂlf I;Zf{d 80 L it S g
- e _ : . mapper converts the im i ‘
B s b ted i proved LLRs into estimated
e X, that are fed again to the MMSE-IC equalizer. r
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Invoking the Sherman-Morri

o n-Momson-Woodbury identi Hy—

aes SRR ury identity (A +uv)y = A1 -

i
P =4 Fﬂpf

FiG. 5 — Studied iterative receiver.

Récepteur itératif éttdié.

g 1
& { -i-U;EfHHpﬁﬂf]

by = o2(H, ©,0f HY (62 ) + o21)” H,O,¢,

By using the unita 0L E
._ ary property of ©,, the latest equation can be rewritten as

P = (fla ﬁf (crf_,— U?i,) + oﬁI) 3 I:Ig Qe

V. 2. Minimum mean square error receiver with @ priori information

The proposed equalizer structure is based on MMSE soft nterference cancellation prin-
+:.1ple originally introduced in [26] in the field of turbo-equalization for single-carrier trans-

mission. The idea here 1s 10 remove the interference Lerms brought by the linear precoding
and the MiMo channel by using soft estimate of transmitted symbols provided by previous ite-
cation. The output of the MMSE-IC can be expressed as:

H! t: E HTIE IrE: f -th h Ilii ] I ]
§ ¥ i kfﬁ lfjiﬁi EIJII}Fjlt: t
}{I j}

of L E:quahzt:d aymbnls (see section III}.

he vari :
. The variance o can be simply evaluated by averaging the instant
: . | stantaneous power of the

nated symbols over a suffici
3 a sufficient large block of N sy '
A A A A : AT xth: LY 8 Iﬂb g . Yy , . _
where 4, = [ Xg, -0 % 10 0, Xy 15 020 I,ﬂ! with X, the astimated of x, given by the previot e length: ymbols that usually corresponds to the
N TL

w1 and L1 complex vec [ N

steration. The two weight vectors Py and q are respectively i
tors optimized under the MMSE criterion: A TN AZ{} A
t the first ite
_ i g ration, since no prior
(19) (gt a) = A8 ]1]111 Q . ht*]-zl% %, - Ik‘ l i t estimate of transmitted Symb{}?s is IEf“”Tlﬂtlﬂn on transmitted symbols is available, a
e ; obtained by setting o; = 0 and 4, = 0 leading to the

h:u:,al MMSE equali
| , 1Zer presente
The derivation of the exact equations of the MMSE-IC 18 pl‘ﬂ%ﬂﬂtﬂd in Annex B and leads 10 P P d in section III:

the following expression:

i e/ x;; = EOH[H?I:I +<—T§"f:| HH}r
por = (y?(H E}ka{af* HH+ (:FQI} [—] Etek C’i

%lf Xy Y stand
(20) [ g =0/ Alp 5 for estimate of x; after first iteration.
' g

.

589

Imthef L identi hi 02 ;
_ ty matrix whereas o is the variance of the estimated symbol x,. O
X.. One

e AL S e
0 | 0 nversion 1s invoked in order to calculate both optimal

. the
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At the end of the process, the output of the equalizer tends toward the Uptimii}l IC $tructure

where 02 = o and X,_= x replacing these values in (18), the output of the equalizer become;
i \ . _ i : 7 N
exactly equal to the output of a maximum ratio combining (MRC) receiver:

2 1
1 T oxH aH

n T oHOH
—EkEiLHgn

3

(28) %, =

9,

1V.3. Soft bit mapping/demapping

Equalized symbols are first converted to LLR on coded bits. Under the assumption that the

-, - 4 . : s , ] R ; " i
output of the equalizer follows a Gaussian law and according to the “max-log™ approxima-
tion. the LLR on the i-th coded bit of the k-th demapped symbol can be expressed as:

' gi ] . z
ﬂlﬁhlgk",ﬂkﬁi _ﬂlﬁ‘i |“"‘k_ﬁk3[ ]

' - B
(29) L, Li Kl = 27

where Af;] denotes the subset of the constellation for which i-th bit 15 equal to .b whemlas-; B,
and 72 denote the bias at the output of the equalizer and the variance of the noise plus inter-
ference terms respectively. These values are derived from Eq. (13) and (18):

(30) B=p/HO, ¢
(31) yi=a2B,(1-B)

The soft mapper provides the mverse transformation at the output of the cha‘nmﬂ::l d-;:c.nflerr
by converting the block of [L,,.[1, kl, .- Ly [, k]! calculated by the decoder into .ﬂ aoi
symbol X,. If we denote [b;... b_] the bits that CDHSIHUU?: the m-ary syn?b'::u] haln:-.ngmg L
constellation A, the soft estimated symbol is given by the following expression [27]:

2

i

o T e, rLdH(f,k)”
(32) Scﬁéxﬂler —— tanh |

IV.4. Channel decoding

The input of the channel decoding stage is the set of a ;ffiﬂﬂ‘: LLRS qf coded bltH "[l;h:
channel decoder processes the soft information, computes refined LLRS [}F cndad' I:nta. an ;4-_
the last iteration the LLR of the information bits. A forward-backward algoﬂlthm of thf-.i type l;!r
BCIR [32] could be implemented here. For complexity reason, we prefer using the soft outpt
Viterbi algorithm (sova) that provides only slight performance degradation [33].
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V. SIMULATION RESULTS

s

gimulations have been carried out with a half rate convolutional code with (133, 177), as
tor polynomials and a QPSK modulation leading to a raw spectral efficiency of

delling an ideal OFDM transmission over time and frequency channel. This assump-
be casily verified by carefully designing in the oFpMm process the guard interval, the
ier spacing and the interleaving depth according to the time and frequency cohe-
the channel. Furthermore, sufficient spacing between transmit and receive antennas
med leading to a perfect uncorrelation between each link. Degradation due to correla-
tween antennas is not evaluated here but would probably remains low as demonstrated
for spatial multiplexing scheme including similar iterative receiver. In fact for a theo-
| correlation of 305, degradation in bit error rate is inferior to 1 dB at 10 %, Finally, we
e that perfect channel information is available on the receiver side. This can be accom-
d by classical means of channel estimation, e.g. insertion of pilot symbols or pilot

TABLE I. — Main system parameters.

Principaux paramétres systéme.

set A set B set C
1/2 rate NRSC (133,171 )0
Random type. 10000 bits
QPSK

Hadamard complex
precoding size none, 4, 8. 16 or 64
5 Euﬂﬁgumtiﬂn 1x1 2x1 222
~time mapping none Alamouti Spatral multiplexing
spectral efficiency n 1 bpsiHzx | bps/Hz 2 bps/Hz
- |

iy

i
T

T
L
i
Ty

: ';-'-SIS.O transmission

_.f“ Figure 6 and Figure 7, bit error rate performance (BER) is presented in case of SISO
eHsmission, that is one transmit antenna and one receive antenna. Figure 6 provides perfor-
8 8 g IE'E rﬁSU]tS Df ﬂ]E MMSIE nﬂﬂ-itﬁ[‘ﬂﬁv& IECEiiI.-'EI f[_u- diﬁerﬁﬂt prﬂcﬂding hli:f:;.‘; FDF Eﬂiﬂpﬂﬂ—
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son, we add the curve labelled 'no LP’ that corresponds to a system g’.rherc no !inazq precoding
has been implemented thus performance provided are those of an OFDM system with a ::l:ms.»;.'},
cal ZF equalization. As demonstrated in [8], we can note thal LP-OFDM outperforms OFDy {f
the SNR is greater than a threshold that depends on the cha—nz:{el code struc}:u-re and the Q{ECH,
ding length. In case of the half rate convolutional code, this threshn'iq 18 equal t{.} 3.5 dB.
45dBand 6dB forL=4, L=8 and L = 64 respectively. The degradation of L.,P—{IFDL:I cOm-
pafe& to OFDM is due to interference terms brc:-'ugh{. by the linear ]?I"ﬂt‘{}diﬂg. By. J_nc:r@mng the
precoding size, the asymptotical performance of 1.P-OFDM are Imprm'ed. owing to a belter
exploitation of the signal-space diversity but the degradation due to 1nter;fc:r=3;1ﬂe terms
becomes slightly greater at low SNR. Same performance resaulta.hﬂvﬁ been obtained for L = 14
and L = 64. Therefore following simulations are carried out m_rlth = _] 6.

Figure 7 provides the performance of the proposed itm;amf-s: TECeIVer. lnterf?:mm?; tcrn_'n;
are progressively removed during the iterative process leading to meampgfu[ gains after on !.-f-,'
2 few iterations. At BER = 10~* the gain over the non-precoded curve 1s about 2.5 — 3.5 _dB
depending on the size of L. For L = 16, Gaussian -.[:ufve.is reached f[_f!'lf Ebff_qﬂ > 3 dB, I‘ﬂt?:ﬂnm.g
that signal space and code diversities are tfully exploited. {_:.}rnly 4 iterations are required
reach these performances. Same results have been obtained in [23].

TEF —— 2 X:rl olP.ZF |
| ‘ e O L
. s 1LP =4, MMSE
{E-01 T___—!“""*%h = S mes
i e «— LP =64, MMSE
I |
ﬁ ~, \
21E-02 ‘N
1
1E-03 |
1E-04 _ '
0 1 2 3 ;- > ; :

Eu/No [dE]

Fi. 6 — Performance of the MMSE non-iterative receiver for a LP scheme over a 8150 Rayleigh fading
channel. with a gpsk and 17 = 1 bps/Hz.

Performance d’un récepteur MMSE non iteratif pour un schéma avee du p rém;mge_ﬂﬂfi’rm
sur canal $150 & évanouissement de type Rayleigh, une modulation 9rsk et 1) = 1 bit/{s.Hz).
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i 1E+00 —_— e,
no LP, 7ZF
A o LP =4, 4it.
1E~ﬂ1 50 f il L o 8, 4it.
s L —e—LP =16, 4 it.
\”x " — — —-AWGN
1E-02 N
H |
b
1\ 1
M K
™
1E-038 | s
_______ SN\
1Tx-1RBx "
1E-04 S | :
0 1 D 3 4 5 6 7
E,/Ng [dB]

FiG. 7 — Performance of the proposed iterative receiver with 4 iterations for a 1.p scheme over a SISO
Rayleigh fading channel, with gpsk and 1= 1 bps/Hz.

mance du récepteur itératif proposé aprés 4 itérations pour un schéma avec du précodage linéaire
S un canal 5150 @ évanouissement de type Rayleigh, une modulation ovsk et 17 = 1 bit/{s.Hz).

2. MIMO STBC scheme

L

igure 8 and Figure 9 present BER performance in case of Alamouti STRC scheme over a
hannel. Performance results of the non-iterative receiver are shown in Figure 8. Since
amouti code is orthogonal, the classical MRC receiver is used for the non-precoded sys-

_H@WEV&I‘ by adding precoding, the resulting system becomes non-orthogonal and thus

IMSE linear receiver is considered. We can notice that the snr threshold for which 1.p-
_‘%‘:‘»‘Hlpelf orms the OFDM curve is quite higher than in siso case. In fact the intersection
18 located at Eb/NO=35 dB. This can be explained by the fact that the Alamouti code
ﬂ@_ﬁrﬂcmiﬂg provides a 2-order diversity without bringing interference terms. The addi-
_ﬂl-gerﬁit_y brought by the linear precoding is negligible comparatively to the number of

flerference terms created.
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Fii. 8 — Performance of the MMSE non-ilerafive receivet foralLp Als;_flnﬂuﬂ OVEr a
e ' : . i 4 = r
Rayleigh fading channel, with QFSK, and 17 = 1 bps/Hz.
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e S TR T nolP, MRC | |
| —e—LP=4.4it. ||
i-—l——LF’:E-, 4it. ||

1E-01 la_hh T | g A0
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| N .
I 1\.
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1E-03 | O\ |
ded hePrro i
" laTx-1Rx |
B syt Mt (W) .
e B i IFIRIN SRR
i 0 1 ) 3 4 5
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: T o vouti scheme over
Fic.. 9 — Performance of the proposed terative receiver with 4 Herations for a LP Alan
i, 9 — Nk

42 > 1 Rayleigh fading channel, with QPSE and 17 = 1 bps/Hz.

o L Ll i tiel du

_ : _ g ec un codage espace temps d’Alamoutl €

. g - itdrati ot schéma oved Ul el _ ) .
srfmance din récepteur itératif pour un | . PR s e modulalion (PSK
: H’dﬂémﬂﬂ;mmira i un canal siso 25X 1 @ evanouisses prde LR RaRaR i, #HE

précodage HNEQre : er 11 = 1 bit/(s.HZ)
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Jowever Figure 9 demonstrates that substantial dB gains are provided by the iterative
er after only 4 iterations, Since Alamouti exploits a 2-order diversity, the total diversity
led by the system is equal to 2L. Thus, with a small precoding size L = 4, performance
s are about (.5 dB from the Gaussian curve. Considering the non-precoded scenario,

3, MIMO spatial multiplexing scheme

|
L]
.

In Figure 10 and Figure 11, BER performance is presented in the case of the spatial multi-
system over a 2 X2 MIMO channel. In case of non-precoded transmission, the non-
nality of the spatial multiplexing scheme makes necessary the use of a MMSE receiver.
0 shows the BER performance of OFDM and LP-OFDM system with non iterative linear
eceiver. As in Alamouti case, 1P-0FDM still remains worse than orpm for Ber > 104
‘the presence of interference terms, Since spatial multiplexing is non orthogonal, per-
jance results remain inferior to the Alamouti one at same power per receive antenna thus

no LP, MMSE
= LP=4, MMSE
= LP=8 MMSE
——LP = 16, MMSE |

1E-02

En/Ng [dB]

. 10 — Performance of the MMSE non-iterative receiver for a Lp spatial multiplexing scheme overa 2 X 2
- Rayleigh fading channel, with QPsk and 7 = 2 bps/Hz.

Performance d’un récepteur MMSE non-itératif pour un schéma avec un multiplexage spatial
J‘. et du précodage lindaire sur un canal Miso 2 X 2 a évanouissement de type Rayleigh,

wne modulation QPSK et 11 = 2 bit/(s.Hz).

e
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er are presented in Figure 11. Since

q et svstem are both non-orthogonal in case of spatial mﬂ.l_ﬂplﬂx e, the prt‘f';
Gru and e e . used for the two cases. Please note that the iterative receiver for the
e been proposed in [19]. By using linear precoding, an exirg
i i: won over the spatial multiplexed UF.DM. Thlﬁ {j’ﬂﬂ 13"1';_‘
ding systems exploit higher orders of diversity than the

Performance results with the proposed iterative recen

posed ite
non precoded scenario has already
gain of 0.8 — 1.3 dB gain at BER = |
explained by the fact that linear preco
¢lassical OFDM.

As for Alamouti case, with L
this a double spectral efficiency.

— 16. Gaussian performance are reached at a higher SNR. bul

i e s L _nu_LFh 4it. |
s 1P=4411 | |
:: | L—-.——"LP == E', 4it [ |
1E-01 = _ II__._;{_“—-LP L 16, A
4 -——-AWGN 'i
1E-02 |
|
|
|
1E-03 - l
. |
|
| \__ e Ky s el
P o L e S
0 1 s 3 4 B
Ey/No [dB]

th 4 iterations for a L spatial multiplexing scheme

. ' ¢ e ol i fve receiver wi
Fic. 11 — Performance of the iterative e e

aver a 2 % 2 Rayleigh fading channel, with grsk and 711 =
. e g : - - enaticl

tératif apres 4 iterations pour un schémat avec U ?HHIHF{EJTIE;’: spati

;i | aiMo 2 X 2 & évanouissement de type Rayleigh,

opsk et 1) = 2 bit/(s.H Tk

Performarnce d i réceptenr 1
et du précodage linéaire suruit caad
une modulation

VI CONCLUSION |

ceiver is performed for LP-OFDM 8Y stems 1_n LE IS0 a:ji
ving global interference e1ms I_‘:Tu'ught by e h:‘a bi‘
d receiver tends toward the optimal curve given ;
ons demonstrating that frequency.

In this paper, an efficient iterative 1e
MIMO transmissions. By iteratively remo
mitter and the MIMO channel, the propose s
the coded Gaussian curve with only a few number of iteratl

| —J. BOUVET — SIMPLE ITERATIVE RECEIVERS FOR MIMO LP-OFDM SYSTEMS 50

the iterative process only requires matrix operations depending on the MIMO architecture, th
receiver leads to a lower complexity than ML based solutions described in state of the ar
Thus, large size of precoding matrix, high order modulation and high number of antenn;
gan be used while keeping feasible algorithm at the receive side. The proposed receiveruc;j

rrrrrr

" Under theoretical uncorrelated channels, all studied systems converge toward the sam
asymptotical performance with the proposed iteralive process. Nevertheless, with i
“double™ capacity, the spatial multiplexing system outperforms the other ones. Taking int
opunt correlation between antennas should slightly degrade BER performance as noted |
ilar MIMO systems without linear precoding. In order to compare different system
eive antenna gain and the addressed spectral efficiency should of course be taken ini

account as well as different spatial, time and frequeney diversities available in the channel.
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Annexe A

monde and the complex Hadamard matrices ot size L X L

A. Fourier matrices

fi= 1 hie | 7

: L. :

J_ H 1"1-'2 T -H-"L_ |.
i 1 = .‘}
(34) O Lotk W w AL L)

L v

3 2 _1 WL -1 H,:E{L ~1) H,-IfL — 1ML -1}
with w=e77 . ‘

B. Vandermonde matrices

B e
) @ = diagl1, & ..., o~ 1| @7

" | | 1 = e
r 6, & | ISR - e
36) afes 1 0 KBRS T i &
p= = 3 T
| E=1 gl— =
Lget el 851

0= awi= Bl
rﬂ”lﬂ'] Hi == ﬁglijﬂ-‘

C. Complex Hadamard matrices based on SU(2) group

EST} E.}Hﬂd i .'Ilg {@ L2 @L—E}
i \/ L'©, —-O5
With L = 2, n> 2 and
(38) 0, = F‘F‘B]'CDS T
= _afsin n w

e cos

belonging to the ' I
ging to the Special Unitary group SU(2), therefore det (©,) =1 and E)E‘] =0

H
s

299

In this Annex, the uni '
unitary linear precoding matrices described are the Fourier, the Vande
; s 3 EI-_
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Annexe B

In this annex, we derive the equation of the proposed MMSE Interference Canceller pre-
sented in section IV. The optimum filters are <olution of the following optimization problem:

ot
(39) i ) = arg pin x5 1

The optimum weight vectors p and g/ are determined in two steps. We begin by develo-
ping the expression of the signal to interference and poise ratio (SINR). Let rewrite the expres-
sion of the equalized symbol as a function of x, :

AT o wHE H 1 ol I
(40) X, = P',:;ngr, o R HRG)L a, —q;4, + p;n
aseful -T:EI‘[I"]. -— ter;.m noise term

where e, is a vector of length L whose elements are () except the k-th element which is 1. The
expression of the SINR Is:

(41)  SINR = E[p}H,©, & {0/ Hip]. o &
INR = (T, 8, a8, + P00, a, -+ o)~ O

Following [26]. we propose 10 determine the optimum filter which maximizes the SINR al
the equalizer output. In fact, the max-SNR criterion constitutes a generalization of the stan-
dard MMSE criterion. By looking at the SINR expression, we can notice that only the denomi-
nator depends on g, thus the optimal weight vector g can be determined by minimizing
the term 0%, By deriving with respect (o q, we obtain:

doy, ; ; -
(42) ﬁﬂi =-—E[4, af] E}f Hf p.k-E [a, n]p, + E[4; all q;
k

One can demonstrate that E [a, a’;f] =E {4, ﬁfL Morcover we assume a perfect non corre:
lation between symbols and noise.

By setting a%jﬂ — (0 we found the first optimal weight vector:
T

(43) pe'=0f fif'p,

The expression of the equalized symbol becomes.:

X=Py Y- P, H,©0/4,+ p; n

(44) g -
¥, =pl(y-H, 98 + pin

and new expression of the MSE 18:

A et g
(45) E% =E [(.Ig;; * P,;:H(F - Hg @La;;j') (I;; == l}kH(}r & Hg@;?k)yq

(47)

By assumi

.

(50)
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Let derive with respect to p,:

o oe;
'-E_%l-f]) _.&-_ = E = ] A w A ; L i
op, 10~ H O 8) 0~ 1,0, 8)] BBl - 1,0, 8]
R Sl
.- e
By setting ﬁiﬂ = (), we obtain:
4q;

p;:pf o R—l“
ng perfect uncorrelation between two different symbols, we have:
R = 1,0, E[(q—d). (,—a)"] of f! + E[nn")]
= ﬁgE}L (Elxx"] - E[4, 47]) ©f ﬁ? +0, 1

i Hg@f_._vﬁ: Bfﬁ? +(}§’I

u= g0, El(xx] = o7 §,0,¢

- Thus, the final expression of the optimal weight vector is:

pot = C‘i(flﬂ 8.V, @fﬂg +o7l) 1ﬁH@LEk_

601

Where V, = diag [0°— o -

Inat§ [G% Oi s Gzr o ﬁ— U’%J 18 a complex matrix of size L X L which is the
B R OLA =k where the k-th element of the diagonal is set to 02 and where o2 is
he variance of the estimated symbols. On the other hand we have: 5 | 4



