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ABSTRACT the number of stream¥.. A general ST coding setup is sketched
in Fig. 1. The incoming stream of bits gets transformetftesym-
transmit multiple signal streams in parallel and hence to increasebOI streams th_rough acombl_natlo_n ofchannelco_dlng, interleaving,
communication capacity. To distribute the multiple signal streams s¥mbolbm|a|zpmg atnq Qer?Vultlplextl)nglg. The resul;t 'IS a v_ec(:jtor ?tLeam
over the MIMO channel, linear space-time codes have been shown0 Symboisx containingiy. Symbols per symbot period. €
to be a convenient way to reach high capacity gains with a rea- (-~ MO chanel,
sonable complexity. The space-time codes that have been intro- ‘ 5
duced so far are block codes, leading to the manipulation of possi- ol Y
bly large matrices. To reduce complexity, we propose an approach = | &maping |7 &
based on spatial spreading and delay diversity. The approach al-
lows full symbol rate transmission in the sense that the number
of symbols transmitted per sample equals the number of transmit ™ . RX
antennas. The approach allows furthermore for full diversity in Figure 1: General ST coding setup.
the sense that each tranitied symbol passes thugh all chan-  x_ streams then get mapped linearly to tNe, transmit anten-
nel elements in a uniform fashion. Some optimal and suboptimal nas and this part of the transmission is called linear ST precod-
receivers schemes are discussed also. ing. The output is a vector stream of symbalscontainingN:,

1. INTRODUCTION symbols per symbol period. The linear precoding is spatiotem-
4 poral since an element &, may appear in multiple coponents
(space) and nitiple time instances (time) of;. The vector se-
quencea;, gets transmitted over a MIMO channdlwith N,

The use of multiple transmitter andaeiver antennas allows to

Spatial multiplexing has been istluced independently in a 199
Stanford University patent by A. Paulraj and by Foschini [1] at
Bell Labs. Spatial multiplexing can be viewed as a limiting case

of Spatial Division Multiple Acess (SDMA) in which the various receive antennas,_leading t_o the symbol_ rate vector recgived sig-
mobile users are colocated in one single user multi antenna mobilenal y,, after sampling. The linear precoding can be considered to

terminal. In that case, the various users are no longer distinguish-be an inner code, while the nonlinear channel coding etc. can be

able on the basis of their (main) direction (DOA) since all antennas ;:or;&d_entar(l:i to be ﬁnb_?utter codel.q ﬁs t“cethnuma]téerff;treahms IS a
are essentially colocated. Nevertheless, if the scattering environ-faltl: ortln € ove;le'lleNl ri el’ we sha CZ e: € _I to the
ment is sufficiently rich, the antenna arrays at TX and RX can see ull rate case, whileV, = 1 corresponds to the single rate case.

the different DOAs of the multiple paths. One can then imagine Lnstead %f mlfjltg)le antennasl_, motr)e ge_neral rlnu_ltlpl_e CVC‘;’?‘””G_'S can
transmitting multiple data streams, one stream per path. For this, e considered by oversampling, by using polarization diversity or

the set of paths to be used should be resolvable in angle at bothorher. EM component varia_tions, by working in bgamspace, or by
TX and RX. Without channel knowledge at the TX, the Itiple considering in ph_ase and in quadrature (or equivalently comp_lex
streams to be transmitted just get mixed over the multiple paths in and complex cgnjudga_tg&colznp?gintst. In t(;'e caase ofhove(sampllng,
the matrix channel. They can generally be linearly recovered at SOMe excess bandwidth should be introduced at the titagm

the RX if the channel matrix rank equals or exceeds the number ofpOSSIbly |n\{olvmg spreading which would then be part OT the lin-
streams. This rank equals the number of paths that are simultane?f;r _predcct))dlngf. lf‘s ;Ne shall set_ehbelow, Ch%r.lg-el ca_pa[cltylcan be
ously resolvable at TX and RX. The assumptions we shall adopta amned by a full rate syste_m without precod .q}() — ) n

for the proposed approach are no channel knowledge at TX, per_that case, the channel coding has to be fairly intense since it has

to spread the information contained in each traittsch bit over
fect channel knowledge at RX, frequency-flat channels for m f . o
9 q y osto space (across TX antennas) and time, see the left part in Fig. 2 and

the paper. . . . o h L9
pap [2]. The goal of introducing the linear precoding is to simplify
_2- LINEAR PREFILTERING APPROACH (possibly going as far as eliminating) the channel coding part [3].
We consider here the case of full rate transmissi¥n & N.), In the case of linear dispersion codes [4],[5], transmission is not

whenN;. > Ni. suchthatthe rank of the channelpossibly equals continuous but packet-wise (block-wise). In that case, a packet of
Eurécom’s research is partially supported by its industrial partners: r Vec_tor symbols_zk (_hence ?N“ * T_matr_lx) ge_ts constructe_d
Ascom, Swisscom, Thales Communications, ST Microelectronics, CEGE- "’.‘5 a Ilnear_comblnatlon of fixed maF”Ces in Wh.'Ch the °°mb"?a'
TEL, Motorola, France &écom, Bouygues Telecom, Hitachi Europe Ltd. 10N coefficients are symbols . A particular case is the Alamouti
and Texas Instruments. The work reported herein was also partially sup-code which is a full diversity single rate code corresponding to
ported by the French RNRT project ERMITAGES. block lengthT = Ny, = 2, N. = 1. In this paper we shall focus
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on continuous transmission in which linear precoding corresponds T(z)=D(2) @

L s . . D(2)=ds 1. 51 —(Niz—1) Ho T = L
to MIMO prefiltering. This linear convolutive precoding can be ~ D(z)=diag{1, =7, ... ,» 1Q7Q=1,1Q4l = 5=
considered as a special case of linear dispersion codes (making ab- ?3)
straction of the packet boundaries) in which the fixed matrices are
time-shifted versions of the impulse responses of the columns ofwhereQ is a (constant) unitary matrix with equal magnitude ele-
T(z), see Fig. 1. Whereas in the absence of linear precoding, thements. Note that for a channel with delay spread, the prefilter can
be immediately adapted by replacing the elementary detayby

by, H;Odm?n& by z~L for channel of length (delay spreafl) For the flat propa-
_ 9p Sp ap? 9)" symbol sream 1 gation channeH combined with the prefilteT (z) in (3), symbol
. °°d'”9& . R . streamn (b, 1) passes through the equivalent SIMO channel
o mepping DEMux| -t |DEMUX : Niw
coding&. | by, ; Z L=y Q: (4)
Hb . I — I e Lt\gn,n
M PPy symbol stream\, i=1

Figure 2: Two channel coding, interleaving, symbol mapping and

. h | . -
demultiplexing choices. which now has memory due to the delay diversity introduced by

D(z). Itis important that the different columis ; of the channel

last operation of the encoding part is spatial demultiplexing (serial- matrix get spread out in time to get full diversity (otherwise the
to-parallel (S/P) conversion) (see left part of Fig. 2), this S/P con- streams just pass through a linear combination of the columns, as
version is the first operation in the case of linear precoding, see thein VBLAST, which offers limited diversity). The delay diversity
right part of Fig. 2. After the S/P conversion, we have a mixture only becomes effective by the introduction of the mixing/rotation
of channel coding, interleaving and symbol mapping, separately matrix ¢, which has equal magnitude elements for uniform diver-
per stream. The existing BLAST systems are special cases of thissity spreading.

approach. VBLAST is a full rate system wilh(z) = | »,, which . . .
Ieg%s to quite limited diversity. DéLAST ig(a )singletrate system 2-2. Matched Filter Bound and Diversity _

with T(z) = [1 271, ..., 2= (N==D]T which leads to full di- The Matched_Fllter Bun_d (MFB) is the maximum attainable SNR
versity (delay diversity). We would like to introduce a prefiltering for symbol-wise detection, when the interference from all other
matrix T(z) without taking a hit in capacity, while achieving full  Symbols has been removed. Hence the multistream MFB equals
(spatial) diversity. The MIMO prefiltering will allow us to cap- the MFB for a given stream. For VBLASTI(z) = 1), the MFB

ture all diversity (spatial, and frequential for channels with delay for streamn is

spread) and will provide some coding gain. The optional channel MFB,, = p|[H..»|[3 (5)
coding per stream then serves to provide additional coding gain

and possibly (with interleaving) to capture the temporal diversity hence, diversity is limited taV,,. For the proposed (z) =

(Doppler spread) if there is any. Finally, though time-invariant D(z) Q on the other hand, streamhas MFB
filtering may evoke continuous transmission, the prefiltering ap-

proach is also immediately applicable to block transmission by re- 1 R

placing convolution by circular convolution. MFB, = p5— I[HI| 7 (6)

2.1 Qapacity hence thisT(z) provides the same full diversiti¥,. NV, for all

Consider the MIMO AWGN channel streams. Larger diversity order leads to larger outage capacity.
yk:Hak—l—vk:HT(q)bk—l—vk (1)

2.3. Pairwise Probability of Error P .

where the noise power spectral density matrigigy (z) = o7 I, The received signalis:

q~! by = bi_,. Theergodic capacitywhen channel knowledge v, = H T(g) bx + v« = HD(q) Q bx +vx = H D(q) ¢x + s
is absent at the TX and perfect at the RX is given by: @

C(Saa)=Ens= § Llog,det(IT+ L HS HE
(Saa)=Er g5 § < log, det(l + 27 H Saa (=) HT) whereex = Qbi = [c1(k)ca(k) ... ey, (K)]T. We consider

z H
= Erigp; § S log, det(7 + s HT(2) Sbb(Z)HTT(Z) H™) " how the transmission of the coded symbols over a duratidA of
= Enze § ©log, det(I + pHT(2) TH(z) HY) symbol periods. The accumulated received signal is then:

@ Y=HC+V ®)

where we assume that the channel coding and interleaving pe

lead ially and v whi bBle (2] — 'WhereY andV areN,, x T andC is N, x T. The structure o€
stream leads to spatially and temporally white symb8i; (=) = will become clear below. Over a Rayleigh flat fading i.i.d. MIMO
SNR

ot I, andp = Z—lz = 5. The expectatiorE’y is here w.rt. channel, the probability of deciding erroneou8lyfor transmitted
the distribution of the channel. As in [6], we assume the entries C is upper bounded by (see [3]):

H: ; of the channel to be mutually independent zero mean com- r

plex Gaussian variables with unit variance (Rayleigh flat fading P(C—C') < (H Ai)_N”(g
MIMO channel model). As stated in [7], to avoid capacity loss i=1

the prefilterT (z) requires to be paraunitary (T(2)T'(z) = 1).

Motivated by the consideration of diversity also (see below), we wherer and); are rank and eigenvalues@ — C')"*(C — C).
propose to use the following paraunitary prefilter Introduceer = =(cx — c3), then:

—Nypg T
)

)

1
Iy
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where R(z) = G'(z) G(z), and the psdf 06 (q) v, is 02 R(z).
The DFE RX is then:

0 _
C-C'= be = — L(¢g) b+ F(a) (16)
. . .. . —— i
0 0 en,(0) eN' ' '(1) feedback  feedforward
o o o .
(10) where feedback (z) is strictly “causal”. Two design criteria for

feedforward and feedbackfilters are possible: MMSE ZF and MMSE,

Leti be the time index of the first error: see [7], where we introduced triangular MIMO feedback struc-

0 ... 0 el tures, allowing to incorporate channel decoding in the feedback,
C-C= o . ) and leading to the stripping approach of Verdu &IMi or Varanasi
0 .. . .0 en.(d) &Guess..
(12) 5. RECEIVER PROCESSING AND CAPACITY ISSUES
e i In this section we study the influence of simplified receivers on the
H en(1) # 0 (12) capacity of the system. For this let us first note:
n=1

o Q = IDFTdiag{1,6:,6%,... 67"}, whereI DF'T
is the N.,-point Inverse Discrete Fourier Transform.

e For random variable¥ andX = (z,... ,z~), applying

(13) the chain rule of the mutual information leads to:

N N
I(Y,X) =Y (Y, wxlor, 20, zem1) > ) I(Y, 2x)
Hence, full diversityN,, N:. is guaranteed, and the coding gain k=1 k=1 (17)
Niz

is: i H len(#)|”. The condition (12) is well known in the

the upper bound on the pairwise error proltibbecomes (maxi-

mized for a single error everit
Niz

P(C = C) < ([T leal) = (5)

—Nrz Nig

in the Gaussian case the latter term corresponds to the mu-

=1 . . . .
design of lattice constellations (see [8], [9]), a field based on the tual information betweem and its LMMSE estimate on

theory of numbers. A solution that satisfies our criteria of unitary the basis o’
matrix and equal magnitude component§ofs the Vandermonde e In [7] it was shown that:
matrix: C=55= § L log, det(In,+ p Q" D'(z) H' HD(2) Q)
1 0, HthT'_l Nig Nig
T b U PR P = log, SNRM*F = "log, (1 + SNR;MM57)
QL = . . . (14) n=1 n=1
\Y Nt.r : . . (18)
1 HNtI HNtZNtZ_l

where SNB/M5E is the SN R at the output of the stage
where the; are the roots 0f™tc — j =0, j = +/—1. of an MMSE DFE receiver.
It was shown in [7] that whedV;, = 2"* (n; € N), and for a
finite QAM constellation with(2M)? points, thenR* maximizes

the coding gain among all matri@ with normalized columns, and

5.1. SIC with stream-wise SIMO MMSE DFE

This receiver performs a successive detection of the substeams;
we denote by{ki, k2, ... ,kn,.} the order of detection of the
substreams. Then at stepthe receiver has already detected and
cancelled the substeanfs:, k2, ... ,kn.—1}. The processing is
then done by first filtering by a MISO (Mtiple Input Single out-

put) MMSE filter, that corresponds to the LMMSE estimates of
the substreank,,, followed by a ML (e.g. Viterbi) detector of a
SISO channel. LeR(z) = Iy, 4 pQ"D' () HHD(2)Q,V, =

Nig ) (zd)2 Nig
hieves: mi n(1 = | —— , where2d is the
achieves g:gé}l len(i)] <chr§>

minimum distance between two points in the constellation.
3. ML RECEPTION

In principle, we can perform Maximum Likelihood reception since
the delay diversity transforms the flat channel into a channel with

finite memory. However, the number of states would be the prod-
uct of the constellation sizes of th¥;, streams to the power
N:z — 1. Hence, if all the streams have the same constellation
size|.4|, the number of states would hd|"t=(¥t==1 'which will

be much too large in typical applications. Suboptimal ML recep-

tion can be performed in the form of sphere decoding [10]. The ing (predictive) DFE has SNRY** = e .
thelog, of which is the capacitg’ ¥ PF¥ gon stream. We

complexity of this can still be too largéadugh and therefore sub-

[€kny €hnyrs---
ek, 1S the Ny, x 1 vector containing 1 at positiok,, and 0 else-
where. The LMMSE filtering error has a power spectrum density
equal to:MSE,(z) = (VER(2)V,)™")11, and the correspond-

sk, JandVy = [ex,, €k, ... €k, ;] Where

L § dzlog, MSE ' (2)

optimal receiver structures will be considered in the next section. can note that:

4. MIMO DFE RECEPTION
LetG(z) = HT(z) = HD(z) @ be the cascade transfer function
of channel and precoding. The matched filter RX is
@ =G'(q)y, = G'(a)G(g) be +G'(q) vx

= R(q)bx +G'(q) v

S02-3

Rk, (2) = ({Va'R(z)Va—

VIRV (Vy R(2)Vo) " VI R(2)V) 1100
> ((VIR(z)Va) ™)1 = MSE,(2)
(19)

(15) whereR, ", (2) = el Q"D'(2)(In. +pH" H)7'D(2)Qex,.
If we notev(z) = [1,27},...

2~ Ve=*11T and using the fact
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thatQ = IDFTdiag{1,0,,6%,... 8=}, thenR; !, (z) = For the first substream, there is a generally small and limited loss in
. EFELICPESIN Hopo1 ,  —d2mliacn) capacity between using a DFE or a L M=% PFE _cMMSELE
—v(ze Mo V(In, + pH" H) T v(ze Niz ) = = 2 . . o
Niz NP = log, PRy < 1. Note that alternatively applying the Viterbi
_J=zmikn — . —a
Ri'(ze” ™ M« ). Finally: algorithm for ML equalization would be complex due to the color

L e R-1 of interference plus noise.
SNRYMSE > =35 § S los2Riy (2) = gNRMMSE (20) The loss in capacity for the second substreaij§¥ S P £ & _

MMSELE 1+4/1—a2? . . .
. . =1 ——~—  which is not limi n n
That shows also thaf N RM¥M5¥ s the same for any processing 2 082~ s+ Which is not ted and can be

order, hence the capacity of the first substream is independent ofmportant for values o&? close to 1. Hence we prefer to use the
the order of processing. In the same way we can show that thisDFE for the detection of this substream, in which case the loss in
property holds also for the last processed substream, and that fototal capacity is limited to the loss in capacity for the first sub-

any order of processing and for all< n < Ny, the following stream. Alternatively, we can apply ML (Viterbi) equalization for
inequality is satisfied: the second (or in general last) substream since there is no more

MR . . interference and the noise is white: the cleaned received signal is

SNRM#F < SNRY < SNRY} Ya(q) = H[1, —e’ Tq7117ba(q) + V(a).
:>01]\/IMSEDFE < CMMSEDFE <CJJQ7/IMSEDFE
—_ n —_ tx
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SNR{\JMSE LE 2ab(1—cos? §)

at+b
SNRYMSELE — ate 17
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