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Abstract: In this work we evaluate a recently proposed multiple-input multiple-output (MIMO) system called the
Layered Steered Space-Time Codes (LSSTC) that combines the benefits of vertical Bell Labs space-time
(VBLAST) scheme, space-time block codes (STBC) and beamforming. This evaluation is done by comparing
the capacity and the error rate of LSSTC to the well-known MIMO system, known as VBLAST. For that, we
derive a formula for the instantaneous capacity of single-user LSSTC. In addition, an adaptive scheme that is
based on LSSTC and VBLAST systems is proposed. This scheme selects the configuration and the modulation
scheme in order to improve the performance.

1 INTRODUCTION STBC scheme, it is possible to increase the data rate
while keeping a satisfactory link quality in terms of
Various techniques have been proposed to counter thesymbol error rate (SER).
problem of propagation conditions, and to achieve In (El-Hajjar and Hanzo, 2007) beamforming was
data rates that are very close to the Shannon limit. combined with MLSTBC to produce a hybrid system
One of these techniques is using MIMO systems called the layered steered space time codes(LSSTC).
which uses antenna arrays at both the transmitter andThe addition of beamforming to MLSTBC further im-
the receiver. Wolnianskst al. has proposed in (Wol- ~ proves the performance of the system by increasing
niansky et al., 1998) the well-known MIMO scheme, the antenna gain in the direction of the desired user,
known as VBLAST. In VBLAST architecture, paral- while reducing it towards the interfering users. In
lel data streams are sent via the transmit antennas athis paper, we show the superiority of LSSTC over
the same carrier frequency. VBLAST by comparing their capacity and SER. Also
While MIMO systems as VBLAST can improve wee derive a formula for the instantaneous capacity of
the system capacity greatly, it is difficult to imple- a single-user LSSTC system. In addition, an adaptive
ment antenna arrays on hand-held terminals due toscheme based on LSSTC and VBLAST systems is
size, cost and hardware limitation(Alamouti, 1998), proposed. This scheme selects the configuration and
also it has poor energy performance and doesnt fully the modulation scheme to improve the performance.
exploit the available diversity. In order to overcome
these problems, Alamouti has presented in (Alamouti,
1998) a new scheme called STBC with two trans- 2 SYSTEM MODEL OF LSSTC
mit and one receive antennas that provides the same
diversity or_der as maxima_l-ratio receiver pombining Figure 1 shows the block diagram of a single-user
(MRRC) with one transmit and two receive anten- | gsgTc system proposed in (El-Hajjar and Hanzo,
nas. With the tempting advantages of VBLAST anq 2007). The system hasr total transmitting anten-
STBC, many researchers has attempted to combin€,ag and\g receiving antennas and is denoted by an
these two schemes to result in a multilayered architec- Nt x Nr LSSTC. The antenna architecture employed
ture called MLSTBC (Mohammad et al., 2004) with i Figure 1 hasM transmit adaptive antenna arrays
each layer being composed of antennas that corre- aas) spaced sufficiently far apart in order to experi-
sponds to a specific STBC. This combined scheme g ce'independent fading and hence achieve transmit
arises as a solution to jointly achieve spatial multi- gy ersity. Each of the AAs consists bfelements that
plexing and diversity gains simultaneously. With ML- ;.o spaced at a distancei A /2 to ensure achiev-
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ing beamforming. A block oB input information bits this Section..

The system model can be described in matrix no-
tation, where the received baseband data matgan
be expressed as

Y = HWC +N, (1)

whereY is the received signal ovértime intervals
e and has a dimension &g x I, H is anNg x M ma-

trix whose entries arB, m, andN is anNgr x | matrix

that characterizes the additive white Gaussian noise
(AWGN). The n" row of N denoted as,, where
ne[1,...,Ng], is arow vector of columns, theé'" en-

try of z, is a spatially uncorrelated circular-complex
normal random variable, and can be writtenzgas=

3 o+ iZgn Wherez , andz, , are two independent
zero-mean Gaussian random variables having a vari-
is sent to the vector encoder of LSSTC and serial-to- ance ofNp/2, we will representz, as ¢ A( (0, Np).
parallel converted to produde streams (layers) of  FurthermoreW is anM x M diagonal weight ma-
lengthB1,Bp,...,Bk, whereB; + Bz +--- + Bk = B. trix, whose diagonal entrwmm is theL-dimensional
Each group oBy bits, k € [1,K], is then encoded by  beamforming weight vector for thef" beamformer

a component space-time co8&Cy associated with  AA and then!" receive antenna, and can be written as
mg transmit AAs, wheremy +mp + - + Mk = M. Wmm = [P, -+, bm], whereby, i € [1,...,L], is the
The output of thed" STC encoder is ark x | code-  jth weighting gain of theri" AA. The received signal
word, ¢, that is sent ovelrtime intervals. The space- v can be written in matrix form as

time coded symbols from all layers can be written as

Vector Encoder:
Tx data

Serial to Parallel
of length B

Converter

Figure 1: Block diagram of a single user LSSTC system.

C=[c1,Co,...,ck]", whereC is anM x | matrix. \ b)Y - huwwen 1[G n

The coded symbols fror@ are then processed by V2 (V| peNT1 o hemvmm I ®
the corresponding beamformers, and then transmitted | © | : : : i
simultaneously over the wireless channels. The trans- L ¥ PngaWir o PNgMWMM o Ng

mit antennas of all the groups are synchronized and
allocated equal power. Moreover, the total transmis-
sion power is fixed, where the transmitted symbols
have an average powerBf = 1, where the average is

taken across all codewords over both spatial and tem-
poral components. For the LSSTC system to operate hyiwis -+ himWmwm

The beamforming vectawmnm is given by (Shu et al.,
2007) asvmm = dj, ,,, where the superscriptrepre-
sents the conjugaie of the matrix. Refering to (2), a
modified channel matrix is defined as

properly, the number of receive antenrds should - h2awia -+ homWum
be at least equal to the number of layKrs H= . . N C)
We formulate the system model as follows. The ) ' .
Y PNg1W11 -+ hngMWMM

channel model is a MIMO quasi-static Rayleigh flat-

fading channel witiNr transmit antennas adk e~ harey is the reconstructed channel matrix compris-

ceive antennas. The quasi-static assumption indicateqng the MIMO fading channel and the DOA informa-
that the channel gain coefficients remain constant fortion Note that we assumed that the nulling vector

the duration of the STBC block and change inde- ¢, a1l the : :
; paths corresponding to one AW{m) is
pendently for each STBC block. The flat-fading as- e same. This follows from the assumption that the

sumption allows each transmitted symbol to be rep- gonaration between the receive antennas is much less
resented by a single-tap in the discrete-time model y5 the distance between the AA and the receiver,
W'(;h ho éjnter—symlbql ;]nterfifr.e.nce (ISD. ¥V§_assum? then roughly speaking, they will have the same direc-
Independent Rayleigh coefficients, 1.e.,fading coetf- i, o arrival, which will result in having the same
ficients are independent and identically distributed nulling vector

(i.li.d.) circular-complex r_10rmal ran(_dom v_ariables According to Equation (2Y can be rewritten as:
with zero-mean and.B variance per dimension, ab-
breviated ag A (0,1). The correlation caused by the Y =HAC +N. (4)
small distance separation is approximately removed )

using the beamforming processing as we will show in The channel coefficienH,m can roughly ex-
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pressed as
|:|n,m = hpmWmm
= Onpm- [dn,m]T [dn,m]* %)
= L-dpm.

whereHppy is the Post-Processing (PP) matrix cor-
responding to thdd" layer after nulling out the in-
terference from the yet-to-be-detected layers. It is
clear that the LSSTC capacity is dominated by the
worst group which has the minimum value l9ppk,
k=12... K.

Therefore the received signal can be expressed as in

(El-Hajjar and Hanzo, 2007):

Y =LHAC +N, (6)

whereH is an (Nr x M) matrix whose entries are
onm. Looking at (6), the effect of beamforming can
be clearly seen, which is a direct SNR gain.

3 CAPACITY OF LSSTC

The system capacity of VBLAST is given by (Mo-
hammad et al., 2004) as
7

NR

Nt [Wer,i[12

lo 1
NT{ gz( +

4 NUMERICAL RESULTS

In all the Monte-Carlo simulations conducted in this
work, we used Alamouti’s STBC matrix of unity rate
for the STBC encoders in each layer. In addition, un-
less otherwise mentioned, non-ordered serial group
interference cancelation (SGIC) detector is used.
Figure 2 shows a fair comparison between LSSTC
and VBLAST in terms of the symbol error rate. The
two systems use a total humber of transmit anten-
nas,Ny = 8, and the receiver is equipped with 4 an-
tennas. In this comparison we have also compared
many transmitter configurations, in each a different
modulation scheme is used such that the spectral ef-
ficiency would be the same for all of them, which is

where SNR is the average signal-to-noise ratio, and set to 4 bps/Hz. From Figure 2 it can be clearly seen

[Wri||? is the squared Frobenius norm of the zero-
forcing projection row for thét" layer.

To derive a formula for the capacity of LSSTC per
user, we will follow the derivation of (Al-Ghadhban

that VBLAST outperforms LSSTC in the low range
of SNR, whereas for values of SNR that exceed 9
dB, the LSSTC outperforms VBLAST because it has
a higher diversity order resulting from using STBC,

et al., 2005). First, the instantaneous capacity was Wwhich drives the SER to decay sharply. Next, we pro-

foundin (Sandhu and Paulraj, 2000) for an orthogonal
STBC with Mg transmit antennas ari} code rate,
Coroc = Relogs (14 7 [HIE) @
S
In MLSTBC which is a combination of VBLAST
and STBC, an outage occurs if an outage happen:
in any layer because all the STBC encoders (layers)
are transmitting at the same rate. The layer that is
the most probable to fall in an outage is the weakest
layer, i.e. the one that has the least valud|if|?,
i=1,2,...,K, whereH; is theit matrix ofH. There-

fore, the instantaneous capacity dldayered STBC
system with a sub-stream SNR@€tan be written as:

)

K-Rs- kZEanK {log, (1+p-[Hil?) }-(9)

C K -Rs-log, (1+p~k:rlnzin K{IIHiHZ}

3 Lgene

Extending the last results, the instantaneous capacity’

of LSSTC can be expressed as:

: L2-Pr
n | 1
12|K{ OgZ( VR No

IHppklI?

(10)

Crsstc = KRsk

10°
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Figure 2: SER of LSSTC employing non-ordered SGIC
at 4bps/Hz and different modulation schemes witg =
8 & Nr = 4 (comparing VBLAST to LSSTC fairly).

pose an adaptive transmission scheme that selects the
configuration and the modulation scheme in order to
improve the performance. Table 1 lists the proposed
transmitter configuration and modulation scheme de-
pending on the SNR level. The adaptive scheme can
be designed using an antenna array with the capability
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Table 1: Proposed Tx. and modulation configuration.  have approximately the same capacity. However, Fig-
ure 2 shows that LSSTC has a lower SER in the last

NR level (dB fi i Modulati : )
S <e%/e6 (dB) co\r;églg_l;rg%[on ogl;gt“(on range, and therefore, choosing LSSTC is better.
6.6—9.2 VBLAST 16-QAM
>972 LSSTC 16-QAM
5 CONCLUSIONS
T scweacn & In this paper, we evaluated the performance of LSSTC
e / by comparing it to VBLAST. Also an adaptive sys-
| VaASh (e oy /] tem that selects between LSSTC and VBLAST was
o XEtiZI Eiit ;‘; A proposed. This study showed that combining beam-
20 =1L= 4 B

forming, STBC, and VBLAST in LSSTC has better
performance than VBLAST at high SNR range.

Capacity (bits/s/Hz)
=
(42

=
o
T
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