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Extended Techniques for Transmit Antenna
Selection With STBCs

Renato MachaddStudent Member, IEEE, and Bartolomeu F. Uchda-Filhd)ember, IEEE

Abstract— In this paper, we consider transmit antenna selec- receive antennas has the desired property of achieving full
tion (TAS) with space-time block codes (STBCs). We consider diversity order: N;N,.. Non-orthogonal STBCs (NOSTBCs),
a general framework for TAS which, besides antenna subset ,, the gther hand, cannot achieve full diversity but theyallgu
selection, includes the possibility of having more than on&TBC h ter t . te. STRC indicated wh
to choose from as well as non-uniform power allocation. Also ave a grea.er ransmission rate. X S gre |n' ICated when
to limit the number of transmit RF chains, we require that the ~the channel is known only to the receiver, in which case the
maximum (row) rank of the STBC matrices have an upper limit. total average transmit power is distributed uniformly amon
Simple analysis indicate that transmitting uncoded data & the the transmit antennas.

transmit antenna with the largest Frobenius norm, which can ; ; ; ;
be viewed as a particular case of TAS with orthogonal STBC When a reliable feedback path is available, the transmitter

(OSTBC), not only provides full diversity as if all the transmit ~Can Use side information to improve the system performance
antennas were used but also has larger signal-to-noise ratias in @ way that depends on the amount of feedback available.
compared to TAS with any standard OSTBC (like the Alamouti  For instance, when full channel state information (CSI) ban
code). This suggests that TAS with non-orthogonal STBCs shéd  made available to the transmitter, transtéamforming is the

be con3|derec_1, in particular by means of exploiting instananeous best strategy [12, Sec. 6.1]. In effect, transmit beamfogni
coherence within subsets of antennas. A few TAS schemes are . o

proposed and computer simulations are used to demonstratdieir  US€S all the transmit antennas and distributes the totaagee

superior error performance. power non-uniformly among them.

Index Terms— Antenna selection, channel feedback, diversity, Deployment of multiple antennas is normally associated

fading channels, MIMO systems, space-time block codes, veless with high cost since multiple antennas usually require araéq
communications. number of RF chains (transmit amplifiers, modulators, etc.)

which are expensive and power-consuming. To circumvest thi
problem, a subset of the available antennas can be selected,
thereby reducing the number of RF chains. The amount of
T is well-known that multiple-input multiple-output feedback required in this case is much smaller. Such approac
(MIMO) wireless communications systems have increasésl called transmit antenna selection (TAS). The most well-
capacity [1]-[3] if the number of receive antennas is attiealsnown TAS scheme has been proposed by Gore and Paulraj
as large as the number of transmit antennas. On the otf@&r In [6], an OSTBC is used along with the optimal subset
hand, practical constraints have resulted in the need ¢éys of transmit antennas, which is the one whose associated sub-
employing multiple antennas in the transmitter only. Insthichannel matrix has the largest Frobenius nbffis trans-
case, good performance can be achieved by means of spéaes to maximizing the instantaneous received signaleise
time coding. In particular, Alamouti [4] introduced a veryratio (SNR). Although this scheme applies to any OSTBC,
interesting space-time coding technique that achievesahree the authors have focused dransmit antenna selection with
diversity order with two transmit and one receive antenna@gamouti (TAS/A), where the Alamouti code [4] is used along
as maximal-ratio combining (MRC) with one transmit anavith the optimal pair of antennas. An important result prve
two receive antennas, thus transferring the diversity ¢@m in [6] is that TAS with OSTBC provides full diversity order,
the receiver to the transmitter. Alamouti’s scheme calleel tas if all the antennas were used.
researchers’ attention also because of its simplicity &tbiv In this paper, we consider a general framework for TAS.
decoding complexity; maximum likelihood decoding is simpl It includes the possibility of having more than one code to
fied because of the orthogonality imposed on the codewordhoose from and it allows for power allocation within the
This technique has been generalized through the conceptsefected subset of antennas. It is then shown that the TAS
orthogonal designsto an arbitrary number of transmit antennaschemes mentioned above as well as some others can be
by Tarokhet al. [5], who coined the namepace-time block described in this framework. The transmission of uncoded da
codes (STBCs). In the subclass of STBCs called orthogonaia the transmit antenna with the largest Frobenius norm is
STBCs (OSTBCs), a code designed f¥y transmit andV,, seen as a particular case of TAS with OSTBC, and a simple
argument is used to show that this TAS scheme not only
provides full diversity but also has SNR larger than that of

I. INTRODUCTION
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TAS with any standard OSTBC. This fact and an average SNRe noise block. The noise is also assumed to be white across
analysis stimulate the use of TAS with NOSTBCs, an iddane, i.e., for receive antennasandn’ and at time instants
already pursued by the authors in [7]. A few TAS schemes aaedt’, E[emej;,’t,] = Nodp n 0t r, Wheredy, , = 0if m #n,
proposed and computer simulations are used to demonstiate J,,, , = 1 if m = n (i.e., the Kronecker delta).
their superior error performance.

The remainder of this paper is organized as follows. IB, OSTBCs
Section Il, we present the channel model and briefly review

STBCS.' In Section I, we describe the ge_neral framework f%senting the data sequence to be transmitted. The symbols
TAS with STBCs and discuss some particular TAS schem e constrained to belong to a unit-energy PAM or QAM

Follovymg an SNR analysis, We propose a new TAS SChe'@SnstellationS. A STBC can be defined as the image of a

involving NOSTBCs. In Section IV, we present computelrnapping

simulation results that corroborate the SNR analysis of the (s}, > X (4)

previous section. Finally, in Section V, we draw some conclu k=1

sions and make some final remarks. where X is a matrix of dimensionV, x N, as defined above,
where N is the length of the space-time codeword. We often

Il. CHANNEL MODEL AND STBCs refer in a loose way to the STBC as the matiX. The

In this section, we describe the channel model and preseHtSC iS said to béinear if the elements of the matriX' are

STBCs and their maximum likelihood (ML) detection. linear combinations of the symbofs };-, and their complex
conjugates{s; },=,. The modulation used for transmission

in all antennas is als&. So the elements oX are also
A. MIMO C_hannel Model _ _ required to belong t&. (UnlessS is an algebraically closed
We consider the MIMO channel withV; transmit antennas set, this additional care must be taken).dfis real (resp.,
and N, receive antennas. The quasi-static, flat Rayleigh fadiggmplex) the STBC is said to beal (resp.,complex). Since
channel is assumed, i.e., the channel is assumed consfanyata symbols are transmitted ovaf time intervals, the
over a frame and varies randomly from one frame to anoth@fansmission rate is equal t& = n,/N.

The appropriate channel model under this scenario is the onex linear STBC X is orthogonal if, for any signal constel-

Let {s;}}2, be a set ofn, scalar complex symbols rep-
k=1

described by theV,. x N; channel gain matrix lation, the following is true:
hii - hin, ng
9 9 H
H = . : (1) XX :kZ|Sk|2'INt (5)
: : —

I wherel y, is the N;-dimensional identity matrixs;| denotes
where h; ; represents the complex gain from transmit arthe modulus of the complex numbeg, and the superscript
tenna;j to receive antenna and, fori = 1,...,N, and H stands for hermitian. The simplest example of a rate-one
j =1,...,Ny, they are modeled as independent zero me@STBC is obtained by transmission of a single symbol via
circularly symmetric complex Gaussian random variabledwia single antenna, i.eXr = [si]. The receiver performs

variance 0.5 per dimension. Letz and y be the transmit maximum-ratio combining. We shall refer to this code as the
and receive vectors, of dimensions; x 1 and N, x 1, “trivial” OSTBC, which explains the subscript iXt = [s].
respectively. These are complex vectors but the elementsTgfe SNR per received symbol fd¥, receive antennas is:

x are constrained to belong to a certain unit-energy signal

constellation. The input-output relationship at a givescdéte 7 =0 R (6)
time instant is given by: whereyy = E,/Ny, || - ||* denotes (squared) Frobenius norm,
E. and h is the single-input multiple-output (SIMO) channel
Y= \/%H:He (2) column vector. Sinceh is Gaussian,yr is a chi-squared

random variable witl2 N, degrees of freedom. A well-known
wheree = [e; ---en,]” is the noise vector whose elementsesult is that the diversity order, i.e, the slope (in a log-
(noise samples) are independent zero mean circularly symmeg scale) of the average error probability curve of a digita
ric complex Gaussian random variables with variafég/2 modulation over a channel with SNR modeled as a chi-squared
per dimension §,/2 is the two-sided noise power spectralandom variable witt2d degrees of freedom is equal #j8].
density). The superscrifit indicates matrix transposition. TheSo, the “trivial” OSTBC offers a diversity order a¥, .
factor 1/1/N, assures that the available symbol eneffy ~ The most important and referenced OSTBC is the Alamouti
is shared among theV; transmit antennas. If a sequenceode, described by:
{z1,...,xn} of N vectors is transmitted the corresponding

input-output relationship is given by: Xa= { 21 Sz* } )
2 TS5
Y — %HX +E (3) Interpreting (7), at time 1 the data symbols and s; are
Ni transmitted via antennas 1 and 2, respectively, and at time 2
where X = [x,...,zy] is the transmit block,Y = the symbolss; and—s; are transmitted via antennas 1 and 2,

[y1,--.,yn] is the receive block, and = [e;,...,en] is respectively. Thus, the transmission rate is equal to one.
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The ML detection of STBCs assuming perfect channélote that for theextended Alamouti (EA) code, sayXgas,
knowledge at the receiver is described by the input-output relationship for the chanrel= [h; ho hs]

can be equivalently written in two ways, as follows:
| Es
Y-/ —HX
Ny

The orthogonality property in (5) implies that all OSTBCs sy —s}
have thechannel decoupling property (CDP), that is, the 5 5 5

joint (block) minimization problem in (8) decouples inig = \/z \/jhl \/j(hQ + h3)

independent scalar minimization problems by means of a 2 3 3

linear processing oY [5]. For example, equation (3) for the +le1 es] (15)
Alamouti code with one receive antenna specializes to:

2
{8k}pz, = arg min (8)

{Sk}zll €S

E. 1 8
Y1 yo] = 2 [h1 hohs] | s2 —si | +e1 e

3 *
s1 S5
S9  —S]

That is, Xga3 can be seen as the Alamouti code for
Es * . K . _ _
1 o] = = (1 o [ §1 fﬁ* } e es]  (9) the2 mult|p2le input single-output (MISO) channét
V 2> s [\/gh1 E/;(h2 + h3)]. S0 Xpas (@nd Xpa1 and X g a2)
The following linear processing oK = [y; ] produces the has the CDP and the corresponding SNR per symbol for one

desired decoupling: receive antenna is given by:
51 = hiy1— hoys 10 h1|? + |ho + h3|?
1 iy~ hays * ) (10) pas — ,y()| 1| + [ho + hs| (16)
= (|P1]* +|h2l?) s1 + hie1 + hoes 3
50 = hyyi+ hys (11) Again, yga3 in (16) is a chi-squared random variable with
(1ha[? + [hal?) s2 + huel + hjes degrees of freedom. Thus, for one receive antenna each EA

o _ code in (14) alone can offer a diversity order of orfly<
wheres, ands, are (decoupled) decision variables farand N, = 3. Of course, the EA codes are not much interesting
s2, respectively. The SNR per symbol for the Alamouti schemg the case that the transmitter has no knowledge about the

is given by: , , channel. However, with a little bit of feedback and a clever
ya = Yo [ha|* + |ha| (12) selection scheme these codes can provide both diversity and
2 SNR gains. We show how in the next section.

For two transmit andV,. receive antennas, it can easily be

shown that the SNR is: . TAS WITH STBCs

R 13 o | |
YA = 'YOT (13) In this section we assume that a reliable feedback link
is available from the receiver to the transmitter, and that

Note that~, is a chi-squared random variable withV,. . i
degrees of freedom [8]. So the Alamouti scheme extractsthae channel is perfectly known to the receiver. We want to

diversity order of2N, [4]. A general OSTBC for the MIMO désign a communications system employing STBCs under the

(N, transmit, N, receive antennas) channel modeled as abO(/eestrlctlons of low-cost transmitters and very low ratedieack

. . transmission.
has SNR per symbol equal t@ow, and it provides a
diversity order of N;N,. [5]. '
A. Transmitter Cost Considerations

C. Non-OSTBCs Deployment of multiple antennas is normally associated
Although OSTBCs achieve maximum diversity order, thengith a high cost since multiple antennas usually require an
are some restrictions on the existence of general OSTB@sual number of RF chains which are expensive and power-
For example, rate-one complex OSTBCs for more than twwnsuming. However, if the signal transmitted via a certain
transmit antennas do not exist [5]. On the other hand, antenna is equal to (or, more generally, a linear combinatio
has been shown [9], [10] that by relaxing the orthogonalityf) the signals transmitted via the other antennaallatimes
requirement non-OSTBCs (NOSTBCs) of rates greater #ren the number of RF chains can be reduced. Clearly, this
equal to 1 can be obtained at the cost of some diversity losguation occurs with the EA codes.
A quite simple rate-one complex NOSTBC for three transmit The most effective way to reduce the number of RF chains is
antennas is obtained by extending one of the rowsXof. to transmit signals via a selected subset of the availakiknan

Here are three possibilities: nas. While reducing the transmitter cost, antenna selecto
. N be made optimal in the sense of maximizing the transmission
S1 % S1 % rate or minimizing the error probability [11]. Herein we
Xpa1=| 51 s5 |, Xgaz=| s2 —si |, '

adopt the latter approach, which amounts to maximizing the

52 7 f1 % instantaneous SNR. Next, we give a description of TAS in
51 S5 a framework that is more general than those found in the
Xgas=| s2 —s7 (14) literature (see, for instance, [11, Chapter 8] and [12, Gdrap

s2 —s8% 10]).
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B. STBCs with Linear Precoding For each pair@W,X ), the weighting matriX3¥ ;. determines

When the CSI is known only to the receiver, and multid SUPSet ofni (nj < N;) transmit antennas from thev;
ple transmit antennas are employed, then space-time Codgﬁagnsmlt antennas available for transmission of c&dgepossi-

(which spreads the energy uniformly among the transmly with non-uniform power allocation. The dimensions oé th

7 k k k R
antennas) can be used to achieve diversity gain. HoweJ/BatricesW and X, are N; x ny andn; x N*, respectively,

if we assume a reliable feedback link from the receiver hereN" is the length of thet-th space—umelgodeword. The
the transmitter, then the CSI can be made available to tR&Erage power constraint becomeg Wi, W) = ng. Ni
transmitter as well. In this case, the transmitter should B fixed, whereas the paramete;é, N*, and, of course, the
optimized based upon this information. Depending on tHBatrices elements may vary with We shall keep the rate
amount of feedback available, the transmitter can haveseitifonstant herein, but this is not a requirement. To limit the
full CSl (i.e., the whole channel gain matrix in (1)) or pafti transmitter cost, we should make sure that the row rank'of
CSl (e.g., some statistical information such as the chanmék for @ll & is upper bounded by some constant representing
correlation matrix [11], or a few bits indicating, for insige, the number of required RF chains.

the ordinal number(s) of the transmit antenna(s) with the

largest Frobenius norm(s)); in all cases the side inforomas Design Examples

to be dispatched to the transmitter on a per frame basis [6].
When full CSI is available to the transmitter, the optimal We now present examples of TAS schemes taken from the

(in the minimum error probability sense) strategy is knowlierature and show how they can be described in the context
asbeamforming [12, Sec. 6.1]. In this paper, we assume tha&f the previous section. The expression for the instantasieo
the feedback link sends a few bits to the transmitter in th&\R for each scheme is also given, where we assume that
beginning of each frame, in which case the transmission iod@e MIMO channel matrixH obeys the model described in
should consist ofinear precoding, as described in [12, SectionSection I-A. LetC be the random variable implied by the

10.3]. With some slight modifications, we arrive at: Frobenius norm of thé-th column of H, that is:
E -
Y:,/ﬁjHWXJrE (17) Co=> |higl®, k=12, N, (19)
=1

that is, the transmitter pre-multiplies the STBC matkxwith
a weighting matrixW (of dimensionN; x N;) which is

selected f_rom a finite Seﬂ.: .{Wl""’WK} of size K, efine a new set of random variablé€s;,, by rearranging

where K is an integer which is only related to the amounf |~ < in an descending order of magnitudeas, {Cy} —

of feedback available and is independent of the number 8F iC S ming (Cy ). C kis ckalled
N . . 1) Z2be) 220N = E1VEs V(N —i+1)

22;2:;?;’ TE(";‘,‘;,hW;"I?)”E‘ ]I? I\?vr:?r]eu I_:_erdstg)nggtllc(s;‘rytrzlgepowerthe i-th order statistics [13]. Also, we defin€ ;). as the
b ' andom variable implied by the Frobenius norm of the column

It should be noted that with the transmission model in (1 .
. . : ctor obtained by the (non-coherent) sum of the two columns
given X, all the receiver needs to do is choose the mos

appropriate weighting matrix based on the channel knovdedg, L1, With the k-th and thei-th largest Frobenius norms.
pprop gnting | . . glearly, Ciy+1) = Cuy+(x)- It is interesting to note that the
and sendflog,(K)] bits (an index in{l, ..., K}) to the inequality C| > C) + C(; holds true on occasion, i.e
transmitter. The transmitter in turn transmits accordimgit7), (k)+() — (k) T () P

adopting the weighting matrix frorf2 with this index. When deg(a;dlr:g f_négisciz‘;‘?g]e; [It_a:gz:ttrlgtr;. that selects on a per
K is very small, precoding takes the particular form of TAS mple L. 9y P

In this case, the columns g constitute a subset of theframe basighe best antenna from a set df; transmit antennas

. . . . . for transmission of the “trivial” OSTBCX 1. A single symbol
columns of the identity matrix. In the remainder of this pape. . :
sent via the selected antenna and the receiver performs

we discuss TAS only (as our restrictions are having a Sm‘l?lnl?laximum-ratio combining. This scheme was broposed b
number of RF chains and having a small). However, we 9- prop y

extend the procedure above to include the possibility ofrftav Chena al. in [14], [15]' wherein it was 'Fermed TAS/.MRC' For
consistency of notation, we shall herein refer to this schem
more than one STBC to choose from and to allow for pow

: L TAS/IT. The associated matrices aXy, = [s], for all k, and
allocation within the selected subset of antennas.
Wy =1[0---0 1 0---0] where the nonzero element occurs
in the k-th position. The feedback consists [dbg, (/V;)] bits.

By assumption orH, we know thatC}, are independent and
identically distributed chi-squared random variables. Wasv

C. General Framework for TAS The instantaneous SNR of TAS/T is given by:
For the remainder of this paper, TAS will be modeled as: yrasT = %C() (20)
. ) : .
Y — /—HWka E (18) Example 2: ConS|d9r the selection of the best two antennas
Ty (out of N; > 2 transmit antennas) for the transmission of the

{Alamouti code. The associated matrices ak&; = X4, for

all k, andWy, fork = 1,..., (1\2“) consist of the matrices

of dimensionN; x 2 with (N; — 2) all-zero rows andl 0]
Q={(W,X1),..., Wk, Xk} and [0 1] as the nonzero rows. The selected antennas need

where the paif W, X ) must be chosen on a per frame bas
from the finite set
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not be permuted; thus the feedback consist§log,(())] S0, S1 = Cy, Sz = M and so on. Now note that

bits. The instantaneous SNR of TAS/A is given by: Sy, decreases as; increases from 1 taV;. Therefore, TAS
Ciiy 4 C with standard OSTBCs should not be used. That i§) Were
VYTAS/A = 70% (21) to contain OSTBCs only then the “trivial” OSTBC would

always be the best selection, not only on the average but for
More generally, the instantaneous SNR of TAS with an OSny channel realization. Moreover, TAS witmy OSTBC and
TBC would be: in particular with the “trivial” OSTBC provides the maximal
_ T i C. (22) diversity order, as if all the antennas were used, as praved i
1TAS/OSTBC = - -t @ [14]. Therefore, by the decreasing property $f,, we can
- assure that the largest (instantaneous or average) SNR gain
Example 3: Consider the selection of the best three antegs gchieved with TAS with the “trivial” OSTBC (among all
nas (out ofN; > 3 transmit antennas) for the transmission 0HSBTCs). This leads us to consider the “trivial” as the only
the extended Alamouti cod& g43. The associated matricespSTBC, and possibly some NOSTBCs, in designihgThe
are: X = Xpas, for all k, andWiy, for k = 1,.... (), natural hybrid scheme, termed herdiybrid-2, is described as
consist of the matrices of dimensiaW, x 3 with (N; —3)  the union of TAS/T and TAS/hybrid-1p. The feedback consists
all-zero rows and1 0 0], [0 1 0], and[0 0 1] @ of [log,(3(") + N;)] bits. The instantaneous SNR is given
the nonzero rows. The feedback consist§log,((%'))] bits. by:
The instantaneous SNR of TAS/EA3 is given by:

Ciy+C
YTAS/EA3 = Wow (23) YT AS/EA2, VTAS/EA3 } (27)

hould b d that thi lecti | The average SNR analysis of TAS schemes would involve
It should be noted that this selection strategy neglect$ate o ynowledge of the probability density function (PDF) and

that the sum of two antennas with small individual Fmben'%mulative distribution function (CDF) of the order stéitis

norms may havg norm greater.théigb)ﬂ;;). Nevertheless, the \nich are in fact well-understood [13]. A closed-form expre

simplified selection strategy yields very good results. sion for the expected value af(;, as well as a table with
Example 4: Consider the selection of either the best twg, . expected value of|;, and 0(12) for N, = 3.....6 and

antennas for the transmission of the Alamouti code or the _ 9 4 .an be found in [6]. In that paper an exact
best three antennas (out of; > 3 transmit antennas) for 5 eraqe SNR analysis of TAS/A has been presented. Chen
the tre_msmlssmn_of the e>_<t(_an_ded Al_amout| Calgas. The o 5 have derived exact bit error probability expression, for
asso_mated _seﬂl is the (disjoint) union of the. two sets Ofbinary phase shift keying (BPSK), of TAS/A in [16], and of
matrices pairs in the Examples 2 and 3. Th|s_ TAS SChF"”ﬁS/T in [14], [15]. The same analysis for the hybrid TAS
was proposed by the authors in [7] and will be termeg.pemes would be somewhat more complicated, as the SNR in
hereinhybrid-1. Considering antenna permutation in this casgose cases are expressed as the largest random variable fro
amounts to including irf2 t_he NOSTBC_:SXE_Al and X paz, a set of dependent random variables which are themselves
attached to the same weighting matrices in Example 3'_ NGlthctions of order statistics. We get around this problem by
that, once the best three antennas are selegted, perniiing presenting the CDF of the instantaneous SNRs for the TAS
and h(s) in (16) makes no difference. That is why there a'€hemes in Figures 1 and 2, for () = 3, (b) N, = 4

only three essentially different EA codes. With permutasio © N, = 5, and (d) N, — 6’ transmit anténnas. In thése

the hybrid scheme will be calletiybrid-1p. The feedback figures,;vhere we have sef — 1 (0 dB), solid lines represent

consists Of{10g2(3( 31) + ( 21))1 bits. The instantaneous SNRthe CDE OerTAS/hybrid—2 and dashed lines the CDF of the

YT AS/hybrid—2 = maX{VTAS/% YTAS/EA1s

of TAS/hybrid-1 and TAS/hybrid-1p are, respectively: instantaneous SNR for the other TAS scheme. The average
VEAS hybrid—1 = max { VT AS/A» 7TAS/EM} (24) ﬁnl\éis of the two schemes in each figure appear as vertical

and In Figure 1, we present the CDFs 0% 4s/nybria—2 and
of yras/4. As expected, the average SNR of each scheme
VTAS hybrid—1p = Max{YrAs/A; VTAS/BAL gets larger as the number of transmit antennas increases. Th

VTAS/EA2, 7TAS/EA3} (25) average SNR gain of TAS/hybrid-2 over TAS/A decreases as
N, increases. It is about 1.51 dB, 1.42 dB, 1.35 dB, and 1.33
dB for N; varying from 3 to 6, respectively. The reason for
this behavior is that a®V; increases the best norms become

In this section, we present an average SNR analysis mbre uniform, i.e.,.S, (see (26)) tends t6; as.V; increases.
the schemes given in Examples 1-4. As a consequenceVg can also see this decrease in SNR gain as a functidf of
the results we propose a new hybrid TAS scheme, whidfom the code selection statistics. In simulating TAS/lighit,

E. Average SNR Analysis

outperforms the previous ones. it was seen that the “trivial” code is the selected code farov
Let us begin by defining,,, (for n, =1,...,N;) as 76% of the channel realizations whé&f = 3, and 51% when
N, = 6.

Sy, 2 1 i:c(i) (26) In Figure 2, we present the CDF; Q&As/hyb”d_? and
ne of yras 7. Here the average SNR gain of TAS/hybrid-2 over
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Fig. 3. BER of TAS/EA3, TAS/A, TAS/EA123, TAS/T, TAS/hybrtlp, and
TAS/hybrid-2, for BPSK,N; = 6, and N, = 1.

under flat, quasi-static fading. In all simulations we have
assumedN, = 1 receive antenna, 130 symbols per frame,
and considered as stopping criterion the occurrence of000,0
symbol errors per each SNR. The maximum number of RF
chains for all schemes simulated is 2. The BER for the case
of no diversity (V; = N, = 1) is also plotted to serve as a
reference.

Figure 3 shows, forV; = 6 transmit antennas, the BER
of TAS/EA3, TAS/A, TAS/EA123, TAS/T, TAS/hybrid-1p,
and TAS/hybrid-2. The scheme TAS/EA123, not previously
described, corresponds to the selection of the best three
antennas and the best EA code (EALl, EA2 or EA3). It is
just the scheme TAS/hybrid-2 without the “trivial” code offm
the simulation results, we observe that TAS/EA3 does not
achieve full (i.e., order 6) diversity. This would be expatt
since EA3 is a NOSTBC. However, it is interesting to note
that when permutation of the selected antennas is considere
(TAS/EA123), full diversity can be extract despite the fiit
in this case all codes ife are non-orthogonal.

The contribution of the EA codes to the overall gain
obtained by TAS/hybrid-2 can be quantified by the gain of
TAS/EA123 over TAS/A in Figure 3, which is 0.5 dB. About
the same gain is achieved by TAS/T over TAS/A. The complete
system (i.e., TAS/hybrid-2), as can be seen from Figure 3,

TAS/T increases withV;. It.is about 0.13 dB, O.23_dB, 0.29gh0ws an improvement of about 1.3 dB over TAS/A. This
dB, and 0.33 dB forV; varying from 3 to 6, respectively. The hints that multi-code selection can be interesting.
reason for this is that the “trivial” OSTBC belongs {0 in

the two TAS schemes. The average SNR advantage acCries_ 3 4 and5 is respectively3, 4, and6. For N, = 6

from the opportunistic selection of the EA codes. Althougthere aregs pairs (W, X&) in Q. With negligible loss of
the gains in terms of average SNR are small, the gains g&formance, we can discard two such pairs rounding the size

measured by the SNR required to achieve a given bit ermgy o) so that the system requirdsbits of feedback. These
rate (BER) are more significant, as we shall see next.

IV. SIMULATION RESULTS

The number of feedback bits required by TAS/hybrid-2 for

figures represent no more than two extra bits as compared to
TAS/A.
Regarding the other curves in Fig. 3, the superior perfor-

In this section, we compare the TAS schemes discussednce of the hybrid schemes corroborates the average SNR
in Section Il in terms of their error performance, by meanadvantage of Section IlI-E. Note that the SNR gain (from the
of computer simulations. We present the BER for BPSBER curves) of TAS/hybrid-2 over TAS/T is about 0.7 dB in
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obtained in this way. Another interesting scheme wherein
non-orthogonal STBCs are considered has been proposed by
Akhtar and Gesbert [17], [18]. The so-called Group-Cohtren
Codes (GCCs) are non-orthogonal STBCs that are used in a
selection scheme based upon the instantaneous channél cond
tions. They can be described in the context of the framework
in Sec. llI-C, and correspond to no-antenna, but purely code
selection, i.e., thes, = N, case. For example, the simplest
GCC would be described aX; = X, = [X47 X477,

and W, = diag I, (—1)*11,), for k = 1,2, with N; =

n; = 4. It requires 1-bit feedback. SincX;, has rank 2 this
system requires only two RF chains. If more transmit antenna
were available, then the GCCs could be used in combination
with antenna selection, thus following the idea of TAS with
non-orthogonal STBCs.

Another point that is worth mentioning is the benefits of
non-uniform power allocation. If the weighting matricesas
ciated with the NOSTBCs in the framework of Sec. IlI-C are
prepared to distribute the transmit power among the transmi
antennas in an optimal fashion, then further coding/areyg
can be obtained. Non-uniform power allocation also plays an
important role in the case of feedback errors. In this regard
the high-SNR regime, while the average SNR gain found Rvery interesting result has been presented by Gargsain
Section IlI-E was only 0.33 dB. [19]. According to their analysis, TAS/T experiences daigr

In order to demonstrate the full diversity gain obtaineghss in the presence of errors in the feedback path. Under
with TAS, even in the presence of NOSTBCs, the BER qhese non-ideal conditions, it turns out that TAS/OSTBC
TAS/hybrid-2 and TAS/A is shown in Figure 4. Note that th&yith optimal non-uniform power allocation represents a enor
slope of the curves is related ;. robust solution. The analysis of the error performance of

TAS schemes involving non-orthogonal STBCs for unreliable
V. CONCLUSIONS ANDFINAL REMARKS feedback lies beyond the realm of this paper, but it is an

In this paper we have considered a general framework fimteresting problem for future investigation.
transmit antenna selection with space-time block codes. In
general, transmit antenna selection schemes require itéey |

feedback as compared with optimal transmit beamforming.The authors would like to thank Prof. Richard Demo Souza

Furthermore, the nature of the transmit antenna selectigy} helpful discussions and for his many suggestions that
approach is such that the amount of feedback is independﬁﬂﬁroved the paper.

of the number of antennas. Another important advantage of
transmit antenna selection is the reduced transmitter apst
fewer RF chains are required.

—— TASIA, Nt=3 : ; :

—+— TAS/hybrid-2, Nt=3 |- : <

—o- TASIA, Nt=4

_7|| “0— TAS/hybrid-2, Nt=4
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—%— TAS/A, Nt=6 <

—&— TAS/hybrid-2, Nt=6 ks
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Fig. 4. BER of TAS/hybrid-24: = 1 or 3) and TAS/A ¢ = 2) for BPSK,
Ny =3,...,6, and N, = 1. Full (i.e., orderN;) diversity is achieved as if
all the transmit antennas were used.

ACKNOWLEDGMENT

REFERENCES

[1] G.J. Foschini and M. J. Gains, “On limits of wireless commitations in
a fading environment when using multiple antenn&jeless Personal

In our general framework, based on the instantaneous
channel conditions, the transmitter chooses a STBC and [d
weighting matrix for transmission aiming at minimizing the[3]
error probability. It was seen that the “trivial” orthogdna
STBC — obtained by transmitting uncoded data via a singl
antenna — is the best choice within the class of orthogongﬂ
STBCs, both in terms of instantaneous (and average) SNR
and in terms of the number of transmit RF chains. It wad°l
then shown that to improve error performance further non-
orthogonal STBCs have to be included as options for selectioe]
A few transmit antenna selection schemes containing simple
non-orthogonal STBCs as well as the “trivial” orthogonalm
STBC were proposed, and their error performance was evalu-
ated through computer simulations.

Perhaps the most important conclusion that can be drav&%l
from the results in this paper is that in transmit antenngo]
selection non-orthogonal STBCs should be exploited. The
schemes proposed in Sec. IlI-D are only simple special casés
that may serve as an indication of the improved performance

Commun. , vol. 6, pp. 311-335, 1998.

I. E. Telatar, “Capacity of multi-antenna Gaussian afels,” European
Trans. Telecom., vol. 10, pp. 585-595, 1999.

J. H. Winters, “On the capacity of radio communicatiorst®ms with
diversity in Rayleigh fading environmentsfEEE Journal on Select
Areas in Commun., vol. 5, pp. 871-878, Jun. 1987.

S. M. Alamouti, “A simple transmit diversity techniqueorf wireless
communications,”IEEE Journal on Selected Areas in Commun., vol.
16, no. 8, pp. 1451-1458, Oct. 1998.

V. Tarokh, Hamid. Jafarkhani, and A. R. Calderbank, “Spdéime codes
from orthogonal designs/EEE Trans. on Inform. Theory, vol. 45, no.
5, pp. 1456-1467, Jul. 1999.

D. Gore and A. Paulraj, “MIMO antenna subset selectiothv@pace-
time coding,”|EEE Trans. on Signal Proc., vol. 50, no. 10, pp. 2580-
2588, Dec. 2002.

R. Machado and B. F. Uchba-Filho, “Space-time block ingdwith
hybrid transmit antenna/code selectio®foc. of the 2004 IEEE Int.
Conf. on Commun. (ICC’'04), in CD-ROM, Jun. 2004.

J. G. ProakisDigital Communications, New York: McGraw Hill, 3rd.
edition, 1995.

H. Jafarkhani, “A quasi-orthogonal space-time blockled |EEE Trans.
on Commun., vol. 49, no. 1, pp. 1-4, Jan. 2001.

] M. Uysal and C. N. Georghiades, “Non-orthogonal sptee block

codes for 3Tx antennasElectronics Letters, vol. 38, no. 25 pp. 1689-
1691, Dec. 2002.



195 JOURNAL OF COMMUNICATION AND INFORMATION SYSTEMS, VOL. 21, NO. 3, 2006

[11] A. Paulraj, R. Nabar, and D. Gotetroduction to Space-Time Wreless
Communications, Cambridge University Press, Cambridge, UK, 2003.

[12] E. G. Larsson and P. Stoic&pace-Time Block Coding for Wreless
Communications, Cambridge University Press, Cambridge, UK, 2003.

[13] H. A. David and H. N. NagarajaQrder Satistics, Third Edition, Wiley
Series in Probability and Statistics, John Wiley & Sons,,,12003.

[14] Z. Chen, B. Vucetic, J. Yuan and K. L. Lo, “Analysis of smit
antenna selection/maximal-ratio combining in rayleigdifig channels,”
Proceedings of ICCT2003, pp. 1532-1536, 2003.

[15] Z. Chen, B. Vucetic, J. Yuan and K. L. Lo, “Analysis of imit antenna
selection/maximal-ratio combining in rayleigh fading ohals,” Proc. of
the 2003 |EEE Int. Symp. on Inform. Theory (IST'03), pp. 94, June-July
2003.

[16] Z. Chen, B. Vucetic, J. Yuan and Z. Zhou, “Performancalysis of
the Alamouti scheme with transmit antenna selection ineighl fading
channels,”Proc. of the 2004 |IEEE Int. Conf. on Commun. (ICC'04), in
CD-ROM, Jun. 2004.

[17] J. Akhtar and D. Gesbert, “Partial feedback based gdnal block
coding,” in Proc. of the 2003 | EEE Vehicular Technology Conf. (VTC'03-
Soring), vol. 1, pp. 287-291, 2003.

[18] J. Akhtar and D. Gesbert, “Extending orthogonal bloakdes with
partial feedback,1EEE Trans. on Wireless Commun., vol. 3, pp. 1959
- 1962, Nov. 2004.

[19] G. Ganesan, P. Stoica, and E. Larsson, “Orthogonalespiare block
codes with feedbackMreless Personal Commun., vol. 28, pp. 287-312,
2004.

Renato Machadowas born in Jal, SP, Brazil, in
1979. He received the B.S. degree in Electrical En-
gineering from the Sao Paulo State University (UN-
ESP), llha Solteira, SP, Brazil, in 2001. He received
the M.Sc. degree from the Federal University of
Santa Catarina (UFSC), Florianopolis, SC, Brazil, in
2004. He was a Visiting Research in the Department
of Electrical Engineering, Arizona State University
(ASU), Tempe, AZ, U.S.A., from August 2006 to
June 2007. He is currently concluding his Ph.D.
at the Communications Research Group (GPgqCom),
UFSC, Florianbpolis, SC, Brazil.

Renato Machado is a student member of the Institute of Edattand
Electronics Engineers (IEEE) and the Brazilian Telecomication Society
(SBrT). His research interests include MIMO systems, sjiace coding,
linear dispersion codes, cooperative diversity, and w§&lcommunications
in general.

Bartolomeu F. Uchba-Filho (S"94-M"96) was born

in Recife, Brazil, in 1965. He received the B.S.E.E.
degree from the Federal University of Pernambuco
(UFPE), Recife, Brazil, in 1989; the M.S.E.E. degree
from the State University of Campinas (UNICAMP),
Campinas, Brazil, in 1992; and the Ph.D. degree in
electrical engineering from the University of Notre
Dame, Notre Dame, Indiana, U.S.A., in 1996. Dur-
ing 1997-1999 he held a Post-Doctoral position at
the State University of Campinas. From August 1999
to January 2000 he was a Visiting Researcher in the
Department of Electrical Engineering, Federal UniversifySanta Catarina,
Florianopolis, Brazil. Since February 2000 he has been ssogéiate Professor
in the same Department. His research interests are in tlzecdreoding and
information theory, with applications to digital commuaions systems.

Dr. Uchbda-Filho is a member of Eta Kappa Nu, the IEEE Informa
tion Theory Society, the IEEE Communications Society, amel Brazilian
Telecommunications Society. For the 2003-2004 period, émwesl as the
Editor-in-Chief of the Journal of the Brazilian Telecomnations Society.




