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Abstract—The use of multiple transmit and receive antennas allows to interleaving, symbol mapping and demultiplexing. The result is
transmit multiple signal streamsin parallel and hence to increase communi- 5 yector stream of symbob,% containingNs symbols per sym-

cation capacity. Apart from capacity, the MIMO channel also offers poten- . .
tially a large number of diversity sources. To exploit these diversity degrees, bol period. ~ TheN; streams then get mapped linearly to the

and hence enhance outage capacity, bit interleaved coded modulation is now ~_MIMO channel
a classical solution. In this paper we propose to exploit the diversity sources

by linear precoding, to turn the fading channel into a non-fading one. Addi- channel )
tional channel coding then only serves to enhance robustness against noise. | coding 7L,
To streamline the processing and analysis, the linear precoding considered T & mapping |/ bi

here is convolutional instead of blockwise. We particularly focus in this

paper on two non-iterative receiver strategies. Performance improvements
are shown over conventional VBLAST.

Fig. 1. General ST coding setup. RX

|. INTRODUCTION N¢, transmit antennas and this part of the transmission is called
linear ST precoding. The output is a vector stream of symbols
Spatlal mUItipIEXing has been introduced independently t{k ContainingNtx Symbois per Symboi period_ The linear pre-
a 1994 Stanford University patent by A. Paulraj and by Fognding is spatiotemporal since an elemenbpimay appear in
chini [1] at Bell Labs. Spatial multiplexing can be viewed agyltiple components (se) and miiiple time instances (time)
a limiting case of Spatial Division Multiple écess (SDMA) in of .. The vector sequenace, gets transmitted over a MIMO
which the various mobile users are colocated in one single UgAanneH with N, receive antennas, leading to the symbol rate
multi antenna mobile terminal. In that case, the various usgf&ctor received signa}, after sampling. The linear precoding
are no longer distinguishable on the basis of their (main) diregn be considered to be an inner code, while the nonlinear chan-
tion (DOA,) since all antennas are essentially colocated. Neye| coding etc. can be considered to be an outer code. As the
ertheless, if the scattering environment is sufficiently rich, thgmber of streams is a factor in the overall bitrate, we shall
antenna arrays at TX and RX can see the different DOAs of tg§l| the caseV, = N,, thefull rate case, whileN, = 1 cor-
multiple paths. One can then imagine transmitting multiple dat@sponds to thsingle ratecase. Instead of multiple antennas,
streams, one stream per path. For this, the set of paths togre general multiple channels can be considered by oversam-
used should be resolvable in angle at both TX and RX. Wlth%“ng, by using po|arization diversity or other EM component
channel knowledge at the TX, the multiple streams to be traRgyiations, by working in beamspace, or by considering in phase
mitted just get mixed over the multiple paths in the matrix chagng in quadrature (or equivalently complex and complex conju-
nel. They can generally be linearly recovered at the RX if thfate) components. In the case of oversampling, some excess
channel matrix rank equals or exceeds the number of streagigndwidth should be introduced at the transmitter, possibly in-
This rank equaIS the number of pathS that are Simultaneouﬁdﬂving Spreading which would then be part of the linear pre-
resolvable at TX and RX. The assumptions we shall adopt fegding. As we shall see below, channel capacity can be attained
the proposed approach are no channel knowledge at TX, perigeta full rate system without precoding(z) = ). In that
channel knowledge at RX, frequency-flat channels for the initighse, the channel coding has to be fairly intense if we want to

part of the paper. exploit all available diversity sources, since it has to spread the
information contained in each trangted bit over space (across
Il. LINEAR PREFILTERING APPROACH TX antennas) and time, see the left part in Fig. 2 and [2]. The

We shall call here rate the numba¥, of symbol sequences 90al of introducing the linear precoding is to simplify (possi-
(streams, layers) at symbol rate. A general ST coding setug?l¥ 9oing as far as eliminating) the channel coding part [3]. In
sketched in Fig. 1. The incoming stream of bits gets transformégt the goal of the linear precoding is to exploit all diversity
to NV, symbol streams through a combination of channel codirgpurces and transform the channel virtually into a non-fading

channel so that possible additional channel coding can be taken
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ear combination of fixed matrices in which the combination co- C(Saa) = EH#]» $ % log, det(I + % H Saa(z) HY)
efficients are symbols, . A particular case is the Alamouti code — EH#]»;{ dz_zlogz det(I+ ULQHT (Z)Sb;(z)TT(z) HH)

:/vhlch is a_full d|vErS|ty smgle rate code corresponding to block _ En 5t § % log, det(I + pHT(2) T' (2) H) (2)
engthT = Ny = 2, Ny = 1. In the first part of this paper J

we shall focus on continuous transmission in which linear preshere we assume that the outer coding leads to spatially and
coding corresponds to MIMO prefiltering. THisear convolu-  temporally white symbols:Sy(2) = o7 1, andp = oy

tive precodingcan be considered as a special case of linear di§NR_ The expectatioriZy is here wirt. the distributiogvof the

persion codes (making abstraction of the packet boundaries . '
which the fixed matrices are time-shifted versions of the impulgﬁgnnel' As in [6], we assume the entikés; of the channel to

- _ bé mutually independent zero mean complex Gaussian variables
responses of the columns ®fz) in Fig. 1. A number of con with unit variance (Rayleigh flat fading MIMO channel model).

7 Joodng& | by As stated in [7], to avoid capacity loss the prefiltgf:) is re-
e P mepping | gl tream 1 quired to be paraunitaryl ((z)TT(z) = 1) (hence full stream TX
| oding& | P o j is required). Motivated by the consideration of diversity also
T mapping DEMUX LT DEMUX - (see below), we propose to use the following paraunitary pre-
b | Jooding& | b filter
e LT meping | stean, _ _ g 1 —(Nie—1
Fig. 2. Two channel coding, interleaving, symbol mapsginbgo; 2:13 demultiplexingT(Z) =D(2) @, D) = diag{l,27",...,2 ( )} (3)

choices.
) ) ) i where D(z) introduces delay diversity an@ is a (constant)
figurations are possible for the channel coding part (outer codgitary matrix with equal magnitude elemeni§ il = vl—

3 Nta: ’

see Fig. 2. In thelobal channel coding/mappirgase (see left that performs spatial spreading (columns are spatial spreading

part of Fig. 2), the last operation of the encoding part is Spfi‘t')des). Note that for a channel with a delay spreall symbol
tial demultiplexing (serial-to-parallel (S/P) conversion) (ma;:?-ﬁ

: e : . eriods, the prefilter can be immediately adapted by replacing
ping refers to bit interleaving and symbol constellation ma| e elementary delay-! by -~ . For the propagation channel
ping). At the other extreme, this S/P conversion is the first opy,

ion in th ise ch | codina/ i (z) (with columnsH. ;(z)) combined with the prefiltef (z) in
erathn In the case ca‘treamvylse channel coding/mappisge ), symbol stream (b,, ;) passes through the equivalent SIMO
the right part of Fig. 2. An intermediate approach consists ’

annel

global channel coding followed by S/P conversion and stream- Neo '
wise mapping. Systems withoutlinear precoding require at least Z Z~ =1L H.i(2) Qin 4)
streamwise mapping The existing BLAST systems are special i=1

cases of such approaches. VBLAST is a full rate system with o
T(z) = ln,, which leads to quite limited diversity in the ab-which now has extended memory due to the delay diversity in-

sence of outer coding. DBLAST (in a simplified version) igfoduced byD(z). Itis important that the different columis ;

a single-rate system witli(z) = [1 27!, ... z=Wew-D]T of the channel matrix get spread out in time to get full cﬁvergty
which leads to full diversity (delay diversity) (on frequency-flafotherwise the streams just pass through a linear combination of
channels). We would like to introduce a prefiltering maffix) the columns, which vyould offer thg same limited dl\./ersr.[y as in
without taking a hit in capacity, while achieving full diversityVBLAST, the case without spreading). The delay diversity only
(in the absence of outer coding). The MIMO prefiltering will a|b¢comes gﬁectlve by the mtroductlon of the mlxmg/r.otatlon.ma-
low us to capture all diversity (spatial, and frequential for chafiX & which has equal magnitude elements for uniform diver-
nels with delay spread) and will provide some coding gain. TIS8Y Source exploitation.

optional channel coding then serves to provide additional cod-A strongly related approach with an interesting interpreta-
ing gain and possibly (with interleaving) to capture temporal ciion is obtained as follows. Consider grouping the symbol se-
versity (Doppler spread) if there is any. In its simplest forngjuenceb; in groups of N, consecutive symbols, then one
the outer code can consist of global channel coding withddfouPbx - .. +1:x Of i Symbols forms a square matrix of size
interleaving. Some (multi-stream) detection schemes may &« X Niz. An alternative approach is obtained by transpos-
quire stream-wise channel coding though. Finally, though timi@g the matrixb; _ v, .11.» before inputting its colums intd(z)
invariant filtering may evoke continuous transmission, the préence inputting the rows &, _ v, 1. into T () instead of the
filtering approach is also immediately applicable to block trang0!lumns). This interleaving has no effect if no channel coding is
mission by replacing convolution by circular convolution (se@troduced. It corresponds to spreading within streams instead

below). of between streams. The resulting scheme can be interpreted as
follows. It corresponds to the sawtooth threading approach of
A. Capacity [12], which transforms the time-invariant (flat) MIMO channel
Consider the MIMO AWGN (flat) channel into a periodically time-varying SIMO channel for gach ;tream
(period NV:,.), and then we exploit the temporal fading with the
Yy =Har +vp =HT(q) b + vy (1) N x N, constellation rotation matri as suggested in [8].

where the noise power spectral density matrixSisy (z) = B. Matched Filter Bound and Diversity

21, ¢g"tb, = by_,. Theergodic capacitywhen channel The Matched Filter Bound (MFB) is the maximum attain-
knowledge is absent at the TX and perfect at the RX is: able SNR for symbol-wise ML detection, when the interference



from all other symbols has been removed. Hence the multihere feedback (z) is strictly “causal” (causal is here first be-
stream MFB equals the MFB for a given stream. For VBLASTween users and then in time(z) = I + L(z) is lower trian-
(T(z) =1), the MFB for stream is gular with causal diagonal). Fig. 3 illustrates that this MIMO
MFB,, = p||H..|[3 (5) DFE corresponds to SIMO DFE'’s per stream plus cancellation
of each detected stream from the RX signal (or MF output) be-
fore detection of the next stream. This scheme is hence the
extension of the VBLAST “nulling (in the ZF case) and can-
celing” RX to the spatiotemporal case. Two design criteria for
feedforward and feedback filters are possible: (MMSE) ZF and
MMSE, see [7], where we indicated that triangular MIMO feed-
back structures allow to incorporate channel decoding before
té(ancellation, which leads to the stripping approach of Verdu &
C. Pairwise Error ProbabilityP. (Flat Channel Case) Mtller or Varanasi & Guess. Simplified RXs can be obtained by
] ) ] o the use of a (noise) predictive DFE which allows to approximate
Itwas shown in [7] that the following choice f@F minimizes  he (| MMSE) forward filter via polynomial expansion (filtering
an upper bound to the pairwise error probability at high SNR;iy r(-)) and to reduce the order of the feedback filter (pre-
the Vandermonde matrix: dictor) to a desired complexity level.

hence, diversity is limited tav,,. For the proposed (z) =
D(z) @ on the other hand, streamhas MFB

1
MFB,, =N |IH||% (6)

hence thisT (z) provides the same full diversity:, N, for all
streams. Larger diversity order leads to larger outage capaci

16 ... g Nt
Nig—1 . . . .
R U I S TR A. Diversity Order Considerations
V=T : "
1 9]\.7 Oy Nie—1 In VBLAST, one can easily identify the diversity orders for

the various substreams in the case of a frequency-flat chan-
which is unitary (for amximum capacity) and has equal magrel, on the basis of (MMSE) ZF RX considerations (the same
nitude components (as appropriate for a spreading operationdflersity orders also hold for the corresponding MMSE de-
maximum diversity) and where tifiare the roots of ¥t —j = sign). In VBLAST, stream enjoys a diversity order equal to
0,j= \/—_1 WhennN,, = 2™ (nt S N),and for a finite QAM Npg — Nig+n, n=1,..., Ny, assuming]\frx > Nip. Us-
constellation witf2/)? points,Q* maximizes the coding gain ing similar ZF design considerations, one can obtain that for a
among all matrix) with normalized columns, and achieves thehannel with delay spreaf, streamn with our convolutional

Nig .
following coding gain: (W) _ The details for the PrecoderT(z) = D(z*) @ and the triangular MIMO DFE RX

case of circular convolution (wrapping) within blocks or chan'?njoys; diversity order equal &/, — Neo + 1) New L, .=
nels with delay spread are also presented in [11] o

Il. ML R ECEPTION V. MIMO DFE RECEPTION
In principle, we can perform Maximum Likelihoogkcep-
tion since the delay diversity transforms the (flat) channel into We now consider a classical MIMO decision feedback equal-
a channel with finite memory. However, the number of statézer, in which the symbols vectotg are processed sequentially
would be the product of the constellation sizes of thig, in time (see Fig. 4). For the approach considered here to be
streams to the powet N, — 1. Hence, if all the streams havesmoothly combined with channel coding, it is desirable that the
the same constellation sizél|, the number of states would besymbols components of the vector symbpbelong to the same
|A|Ne= (LN =1) which will be much too large in typical appli- stream and that consecutiig belong to different streams. To
cations. Suboptimal MLeception can be performed in the fornthis end, a third type of stream assignment (layering) should be
of sphere decoding [9]. The complexity of this can still be tomtroduced. In this case, the frame of data to be transmitted gets
large though. Alternatively, PIC and turbo RXs can be used partitioned into consecutive blocks. Each stream has one diago-
approximations to ML reception. Anothenlsoptimal eceiver nal set of symbols in any given block, and hence stréemmom-
structure will be considered in the next section. posed of diagonalin every block (for a frequency-flat channel).
IV. STRIPPING DFE (SIC) RECEPTION Hence, every block contains only one vector symbol (diagonal)
) bi, belonging to a particular stream. The non-iterat®eaption
Let G(z) = H(z) T(z) be the cascade transfer function ofjets performed by running the DFE in parallel oeach block
channel and precoding. The matched filter RX is and decoding each consecutive stream sequentially, before using
er =Gl (q)y, = Gl (¢)G(q) b +Gl(q) v it in the feedback for the detection of the next stream.

= R(q) b + Gl (q) vy (®) + :
is U —h:cA, i

where R(z) = G(z)G(z), and the psdf ofG!(¢) v
o2 R(z). The MIMO DFE RX is then:
Fig. 4. MIMO DFE Receiver

b, = — L(g) be+ Flg) X 9)
~—— —~—

feedback feedforward




decoder by
SIMO DFE
EJ.I (2)

Stream Cancellation

decoderJ bz
Los(2)
Fig. 3. Triangular MIMO DFE Receiver.
The DFE output is then: B. Unbiased MMSE MIMO DFE RX

F(g) Xx — B(z) by, is a biased estimate bf;, since:

F(q) % — B(q) bx B
=M~ B_T( )G (q G(q) — B(2))bx

br = — B(g) be+ Flg) Xu (10)
~—— ~——

feedback feedforward

)
where the feedback filteB(z) = Y,5,Biz~" is such that +M_1B_ (0)G (9)vx ) T (14)
B(z) = I + B(2) is causal, monic and minimum phase. We = (/ =M™ B7"(¢)) by + M~ B~T(¢)G' (¢)vs
shall consider the MSE as filter design criterion. =- 1 M~ by + €
A. MMSE MIMO DFE RX wheree] = M~'B~(¢)GT(¢g)vr — L M~' (B™T(g) — I)by
, ith covariance matrix R = oZMY(I - LMY
Let's consider the backward channel model based on LMMSE erer — % 2 '
[10]: The feedforward UMMSE filter is theiF(q) = (I —

IM~H=IM~'B(g) = (M — £ I)=! P'(g), whereas the cor-
be = bi + b = Spy(4) Sxx(9) Xk + by (11)  responding feedback filter &’ (¢) = (-1 M~)=1(P~*(¢)—
I). The capacity of such a TX system with UMMSE DFE RX,

where Spy(2) = Spplz)G'(2)G(2) and Sxx(z) = assuming perfect feedback and joint decoding of the compo-
GT( )G(z )Sbb( 2) G ( )G(z) + ol GT( )G(2). Hence nhents ofbg, is after some simple manipulations:
be = R7!(z) with R(z) = G'(2)G(2) +
o? sbb G (2)G(2) + p[ So by, = R—l( )X -+ . C=35 j{—logzdet(PM) (15)
we allso gelst(Z) = Spp(#) — Spx(#)Sxx(2)Sxp(#) '~ To show thatC is equal to the capacity of the MIMO channel,
oy R™'(2). Let B(z) be the unique causal monic minimumet's notice that for a minimum/maximum phase monic MIMO
phase factor oR(z), then: filter A(z) (Ao = 1), 555 § % logdet(A(z)) = 0. This leads
to:
R(z) = B'(z) MB(2). (12) c = ZM § L log, det(p B! () MB(2)) 16
dz T
where M is a constant matrix. Then b, = N 2”3 $ 5 loga det(I + pHI(z) H(2)
B~'(¢) M~'B~"(g) ¢ +by. By choosing=(¢) = M~'B~(¢), Hence this decoding strategy conserves the capacity. Finally,
we get for a frequency-flat channel, it can be easily shown Bfaf =
_ T(2)" L T(z) whereL results from the LDU decomposition of
Flg)xe = M7'B T(q)x = B(q) bx — ()bk (13) H'H+i7=LDL".
= B(g)br + e = by + B(2) by o N
C. Diversity Order Considerations
where See(z) = B(z)R™'(2)BI(z) = e2M ™. The exact analysis is somewnhat involved and is omitted here
TheB(z) = B(z) — [ is tightly related to the MIMO predic- for lack of space, but the following heuristic reasoning leads to
tion error filterP(z) of the spectrunR(z), P'(z)R(z)P(z) = the correct result. In this case we jointly detect ffig com-

Constant Matrix. Indeed?(z) = B™*(z) obviously. ponents oy, which in the SIC design case, would each taken



Ntx=2, Nrc=5, L=1, prediction order=1 Ntx=2, Nrx=5, L=2, prediction order=3
~— T T T Sy T T T
.. — STS-DFE J N —— STS-DFE J
—8 —— STS-DFE S N —— STS-DFE S
N — VBLASTJ S — VBLAST J
N ~O- VBLAST S ~_ ~O- VBLAST S
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Fig. 5. VBLAST vs. STS-DFE, joint and sequential detection,far, = 2, Fig. 6. VBLAST vs. STS-DFE, joint and sequential detection,far. = 2,
Nyrz =5,L =1, pred. order 1. Nyrz =5,L = 2, pred. order 3.

separately be subject to varying degrees of diversity as sta _ Nox=t, Noc=, L=, rediction order=7

earlier. In the different streaming design considered here, ¢ wi—0© | | T oo
to the joint detection of the componentstgf. the resulting di- NS © vassrs
versity degree becomes the average of that of its compone S

which is (N, — Ye=1) Ny, L. ‘ \\
VI. SIMULATIONS , O

We wish to evaluate here the performance attainable
the linear precoding and hence we shall consider transne
sion without channel coding. In this case, the organization
bits/symbols into streams becomes irrelevant (when error pre
agation in DFEs gets neglected). We can then also easily ¢
sider the MIMO DFE RX just considered for the case of chai
nels with delay spread. We shall compare two transmissi
techniques: VBLAST, which corresponds T4z) = I, and
the proposed spatiotemporal spreading (STS) technique co
sponding to the convolutional precodg(z) = D(z1) Q. We ° e 0 ° 7 ’
shall also consider two reception techniques cuasing to
joint (J) or sequential (S) detection of th&, components of Fig. 7. VBLAST vs. STS-DFE, joint and sequential detection,far. = 4,
by.. For VBLAST with a flat channel, the joint technique correl¥r= = 4 L = 2, pred. order 7.
sponds to ML detection, with exhaustive evaluation of all confe] V. Tarokh, N. Seshadri, and A.R. Calderbank. “Space-Time Codes for High

inations of th mbols involved. Th ntial or _ Data Rates Wireless Comm.: Performance criterion and code construction”.
binations of theV:, Sy bols olved e sequential process IEEE Trans. Info. Theoryol. 44, no. 2, pp. 744-765, March 1998.

ing for VBLAST is the classical VBLAST receiver (tm@ular (4] B Hassibi and B. M. Hochwald. “High-Rate Codes that are Linear in Space
DFE). For STS, the receiver will be the MIMO DFE, with ei- and Time”. Submitted tdEEE Trans. Info. Theory

ini ; i ; [5] S. Galliou and J.C. Belfiore. “A New Familly of Linear Full-Rate éfe-
ther joint detection of théV;, components ib; by exhaustive Time Codes Based on Galois Theory”. Draft paper,

evaluation, or sequential detection (which corresponds to LO§J | E. Telatar. “Capacity of Multi-antenna Gaussian Channefir. Trans.
factorization ofM and absorbing the triangular factors in feed- Telecom.vol. 10, no. 6, pp. 585-595, Nov/Dec 1999.

: ; ; A. Medles and D.T.M. Slock. “Linear Convolutive Space-Time Precoding
forward and feedback filters). The results of the simulations daré for Spatial Multiplexing MIMO Systems”. Pro@9th Allerton Conf. on

shown in Fig. 5-7 for various configurations 8., N, , chan- Comm., Control, and Computinionticello, lllinois, USA, Oct. 2001.
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. : ulation Schemes for Fading Channel$£EE Trans. Info. Theoryol. 43,
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versity order at higher SNR, but at all SNRs. Joint processifg M.0. Damen, A.Chkeif and J.C. Belfiore. “Sphere Decoding of Space-Time
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