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Abstract—A constant-rate space-time code selection technique allows to obtain a constant-rate transmission. In the forme
for transmit antenna diversity systems is proposed. The prposed  STCS technique, the STBC and the antennas to be used were
technique selects both the space-time code and the number Ofselected through a comparison of the equivalent singlatinp

transmitter antennas through a comparison of equivalent SEO . .
channels with a set of predetermined threshold levels, usg single-output (SISO) channel envelopes (taken as a linear

only four bits for feedback. The constant-rate transmissim is Combination of Rayleigh channel envelopes) with a set of
based in the inclusion of a complementary transmission mode predetermined threshold levels. A no-transmission mode wa
which is used whenever no equivalent SISO channel's envelep selected whenever no equivalent SISO channel satisfied the
is found to be over the threshold levels. Simulation results predetermined conditions, producing a slight averagetsiec
show that the proposed technique outperforms other adaptie . . 0
transmission techniques, while in comparison with its varable- efficiency penalty, generally nq h!gher than 10%. I-!oweverz
rate counterpart, there is an increase in spectral efficieng with ~SUCh non-constant rate transmission could prevent its use i
a slight penalty performance. Additionally to a constant-mte constant-rate applications. The proposed modificatiorects
transmission, the new techniques makes BER performance alst  this drawback by sustituing the non-transmission mode by a
'tgger%i';?vijtgf the relative velocity between the transmitir and  complementary mode, which consist in transmitting with a

| ndex Ter'ms.—Space-time coding, adaptive transmission, an- predetermined code. In our test, it was founq that trgn'mgitt
tenna Se|ection’ wireless CommunicationS, baseband SingO- W|th a S|ng|e antenna was the most convenient Ch0|ce, thanks
cessing. to the fastest recovery of the Rayleigh channel compared to

other equivalent SISO channels.
|. INTRODUCTION Monte Carlo simulations show that, using the complemen-

Transmit antenna diversity (TAD) is one of the tools téary mode, almost the same bit-error rate (BER) performance
be applied to construct multiple-input multiple-out (MINIO than the variable-rate STCS (VR-STCS) is achieved, but-with
systems, which are expected to contribute to providing thle h out any spectral efficiency penalty. Additionally, simidats
data rates needed by fourth generation wireless systenes. ©ver a range of Doppler frequencies show that the perforsmanc
way to implement TAD is by using space-time block codegf the new technique is almost independent of the relative
(STBC), obtaining an open loop system whenever chanmnglocity between the transmitter and the receiver.
state information (CSI) is not available at the transmi&ed The remainder of the paper is organized as follows. In Sec-
[1], [2]. Closed-loop systems are designed to take advantdipn Il, the system model is introduced. Section Ill desesib
of the CSI at the transmission end. However, they are limitébe new space-time code algorithm. In Section IV, simufatio
by the need to maintain the amount of data in the feedbarssults are shown and discussed. Finally, Section V ends the
channel as low as possible. Channel feedback informationpiaper with the conclusions.
one important issue when designing transmit systems.

Several structures that combine antenna selection teasbsiq Il. SYSTEM MODEL
with space-time coding have been proposed in [3]-[7]. In [7]
it was shown that selection of antenna subsets in conjumctio In the communication system model, four transmitter and
with space-time codes produces an increase in the méH¥}¢ receiver antennas are employed. Initially, the traftemi
signal to noise ratio (SNR), maintaining the diversity ardesends pilot symbols to perform the vector channel estimatio
In this paper, a modification of the space-time code selectigt the receiver. The equivalent SISO channel envelopes are

technique (STCS) described in [8], [9] is proposed, whickPmpared with a given set of threshold levels, which are
previously chosen according to the mobile speed. Aftergjard
!The authors gratefully acknowledge financial support fds thork from  the receiver decides on the space-time code and the transmit
EFI;%:TDeA(_:])lonaI Fund for Digital Innovation in Latin Americacaihhe Caribbean antennas to use, and sends this decision to the transmitter.
2This work was also partially supported by the Spanish Minist Science Transmission is adapted to that decision, which is maiethin

and Innovation (project number TEC2008-02730). until the next decision instant, when the process is repeate
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The transmission is assumed to occur in flat frequency chegguivalent SISO channel envelope. As the rate of change of
nnels. The squared envelopes of the equivalent SISO chantleé fading envelope decreases with, it could be established

using an orthogonal STBC (OSTBC) are given by that, in order to select an equivalent SISO channel only when
nr its envelope is above a predefined threshold level during a
04721T = ng, (1) given period of time, the lower the number of antennas that

k=1 comprise the channel, the higher the requirements for thedec

wheren andr? represent the number of transmitter antenn%zslzgsg%?nlgr'i:ﬂanzf L; BE.F tgijeecr::\cl)i’a (iqmug/atlct)an(;(rJOSIS
and the square of Rayleigh distributed channel envelopt "th | gl Tlvthut W& h 'm tant b
respectively. It is well known thad,,, follows a Nakagami- 0_the envelope 'evel that produces such an instantaneous
o . BER objective. Therefore, the highest threshold leval) (
np distribution [10] with a mean value df,,, = 2ny. Its . .
probability density function is given by will correspond to the one-antenna equivalent SISO channel
while the lowest threshold levepf) will correspond to the
n — . .
(z) = nr T nr—1 S @) four-antennas equivalent SISO channel. Then, the sefectio
PN Qony I'(n7) ' algorithm proceeds as follows:

The received signal can be expressed by the following in-* I€P 1: Once the receiver obtains the CSI (which can

put/output relationship: be estimated based on a pilot sequence sent by the
transmitter using all the transmitter antennas), it corepar
Y =S, FH+V, () individually the Rayleigh fading envelopes with threshold

p1- If one or more of these envelopes are detected to
be overp;, the corresponding transmitter antennas are
marked as selected and the procedure jumps to step 6.

whereH is the 4x1 channel vecto8,,,. is a 4x4 space-time

coding matrix,F is a 4x4 permutation and selection matrix
andV is the 1x4 noise vector. The matri,, may take the i : . .
following structures, based on the space-time codes peapos ° Sep 2: The receiver compares all the Nakagami-2 fading

in [1] and [2], depending on the number of selected antennas envelopes witlp,. If one or more of.these envelopes are
(8], [9]: detected to be over,, all the transmitter antennas which

5o 00 0 compose the detected envelopes are marked as selected
s 0 00 and the procedure jumps to step 6.
Si=| 3 00 0| (4) . Sep3: The receiver compares all the Nakagami-3 fading
s3 0 0 0 envelopes withps. If one or more of these envelopes are
detected to be overs, all the transmitter antennas which
so s1 0 0 compose the detected envelopes are marked as selected
S, — —s1 85 0 0 ) and the procedure jumps to step 6.
s2 83 0 0 |7 o Step 4: The receiver compares the Nakagami-4 fading
—s3 55 0 0 envelope withp,. If it is detected to be ovep,, all
s st s2 0 the transmitter antennas are marked as selected and the
V2 procedure jumps to step 6.
—g* x S
S. — S,} SP oy 0 6) o Sep5: This step is reached only if no Nakagainfading
s % g Lscsgdmos]) g | lope is detected to b In thi the highest
vz vz 2 - envelope is detected to be oyer. In this case, the highes
Sy, sy [(sihsitso—sg) envelope’s Rayleigh channel is selected, that is, a single
vz V2 ° antenna is selected.
S0 81 % % o Step 6 The receiver constructs the permutation and selec-
—s} 53 5_22 _% tion matrix F and sends it to the transmitter.
S4= s 53 (—sU—s})/;sl—s’{) (so—sf—s1—57) . The only form of feedback is given by the permutation and
2 2 . . . . . .
{f _\S/f (sitstiso—sy)  (sotsptsios]) selection matrixF'. It is first set as a permutation matrix of
vz 72 2 2 order four with the firstny columns of the identity matrix

7 corresponding to the position of the selected antennaallfin
asF should specifynr (for selecting the corresponditgy, ),
its last4 — n rows are set to zero.

In this section, the selection algorithm, which is carried For example, if antennas 1 and 4 are selected, magrix
out at the receiver baseband in the discrete-time domagmould permute columns 2 and 4 $. Then,

is described. The selection algorithm is based on the com-

IIl. SELECTION ALGORITHM

parison of possible equivalent SISO channels with a set of (1) 8 8 (1)
four threshold levels, which are selected depending on the F=| 000 0| (8)
maximum Doppler frequency. Since the decision should be 00 0 0

maintained until new feedback information is availableisit
not sufficient to make it based only on instantaneous C3\t the transmitter end, the number of ones Ihspecifies
it should also take into account the rate of change of the-, and the antenna selection into that code is performed
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directly through the produc$,,.F. Notice that the overhead sub-group antenna encoding (OSTBC-SGE) proposed in [18]
transmitting matrixF' is limited to 4 bits. are, to the authors’ knowledge, two of the most recent closed
The main difference between this procedure and that statedp MISO systems with four transmitter antennas found in
in [8] resides in the inclusion of step 5, in which the highast the literature. As OSTBC-BF requires weighting the trarismi
velope’s Rayleigh channel is selected whenever no Nakagasignal with a complex channel vector, 512 bits (four complex
k fading envelope is detected to be oygrin previous steps. numbers in standard IEEE 754 double precision) feedback
In this condition, it is likely that all SISO equivalent chegls were established for this technique, with the intention of
have a low instant envelope value. The selection of a singlesassociate system performance with feedback informatio
antenna is based on the fastest recovery of the Rayle@tcuracy. On the other hand, OSTBC-SGE requires only four

channel, compared with Nakagamichannels, fork > 1. bits feedback.

Figs. 1 to 4 show the BER performance of the constant-
rate STCS (CR-STCS), that is, our proposed technique which

For the simulations, symbol-synchronous receiver sargpliises the complementary transmission mode, in comparison
and ideal timing have been assumed. Uncorrelated narrawith the variable rate STCS (VR-STCS), the OSTBC-SGE
band Rayleigh channels were used, modeled as a circldatl the OSTBC-BF as a function of the SNR for different
complex Gaussian variable with zero mean and unit standagtiative velocities between the transmitter and the reteiv
deviation. For simplicity, a zero-delay feedback chanme a Additionally, the VR-STCS average spectral efficiency is
perfect channel estimation at the receiver have been assum@own. In general, it can be seen that the CR-STCS slightly
Maximum likelihood detection was employed in reception. sacrifices the BER with respect to the VR-STCS, but this

The transmitter power was maintained constant indepescrifice is compensated with a larger and constant average
dently of the number of transmitter antennas in use, distdpectral efficiency. Furthermore, it can be noticed thaBfR
buting it evenly over them. The symbol time was= 3.2us performance of the CR-STCS hardly depends on the relative
and the carrier frequency. = 3.5 GHz. The normalized velocity of the receiver.
Doppler frequency of the simulated channels was x 10—, In Fig. 1 the aforementioned systems are compared for a
3.84 x 1074, 6.4 x 10~* y 8.95 x 10~*, corresponding to velocity v = 12 km/h. It can be seen that the difference
mobile speeds of approximatety = 12 km/h, 37 km/h, 62 in performance between CR-STCS and VR-STCS is around
km/h and 86 km/h, respectively. Pilot symbols used for clednrp.3dB for a BER= 1 x 103 and 1dB for a BER= 1 x 10~5.
selection (feed-forward and feedback STCS informatiomeweCompared to the OSTBC-BF and OSTBC-SGE techniques, a
inserted every 140 symbols. Then, for the test channelsed fixignificant SNR gain is obtained. For example, for a BER

feedback spacing of 140 symbols was used, which corresponds 103, 4.8dB and 6.2dB are respectively obtained.
to 10%, 30%, 50% and 70% of the channels’ coherence time

(T¢), when using the relationship betwe&p and f; stated
by

IV. RESULTS

9 1 —©- CR-STCS |3
Tc = 16 . (9) VR-STCS
7 fa —%- OSTBC-BF

—g- sll i

In order to obtain the same average spectral efficiency
b/s/Hz) when using the differerfi,,, matrices, an 8 phase
shift keeing (8PSK) modulation was used when selecting o 10-2}
or two transmitters, while 16 quadrature amplitud modaotati
(16QAM) was used when selecting three or four transmitte@ -l
No channel coding was used. Threshold levels were fou
for an instantaneous BER objective equalltd x 10~3 (for
details about the how theshold levels were obtained, sge [¢ °
The threshold levels values used in the simulations were

—4 L

p2 = —0.43 dva3 :_p4 = ._1 dB. ] 107°F Throughput of the VR-STCS technique as a functionfaf No E
To present the simulation results, comparisons should 28906  2.8895 29105  2.8911  2.8889  2.9086

make with closed loop multiple-input single output (MISO [ ‘ ‘ ‘ ‘ ‘ ‘ ‘

system techniques that use four radio frequency (RF) chai 2 4 6 8 10 12 14 16 18

. . : . Ey/N, (dB
i.e., to use four tranmitter antennas and a single receiver v/No (0B)

antenna. A considerable effort has been focused on researdfig. 1: BER and throughput comparison of the proposed
regarding MIMO systems, such as in spatial multiplexing antechnique (CR-STCS) with other schemes for a speed of 12
linear precoding [11]-[16]. However, such systems require km/h. The throughputs of CR-STCS, OSTBC-BF and
more than one receiver antenna; in fact, they usually requir =~ OSTBC-SGE techniques are constant at 3b/s/Hz.

more receiver than transmitter antennas. The combination o

beamforming and orthogonal STBC (OSTBC-BF) proposed in In Fig. 2 the velocity isv = 37km/h, and when comparing
[17] and the combination of orthogonal STBC with adaptiv€R-STCS and VR-STCS a difference of around 0.6 and 1.8dB
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can be observed for a BER equallto 102 and1 x 1075,
respectively. However, the spectral efficiency, besideadgbe ik
constant, is a 6% higher than with VR-STCS. Regardir
OSTBC-BF y OSTBC-SGE, again it can be noticed a BE
difference of around 5dB and 7dB for a BERL x 1073, g

-6~ CR-STCS |3

VR-STCS
—% OSTBC-BF
—= OSTBC-SGE |]

- crsTcs |1 &

VR-STCS «Q
—#— OSTBC-BF
—5- OSTBC-SGE ||

101

107’1 -

1072 )
107 Throughput of the VR-STCS technique as a functionfgf' Ny

& 2.6943 2.7022 2.6973 2.7071 2.7129 2.7149
M 10-3 4
10-6 . . . . . . . .
2 4 6 8 10 12 14 16 18
Ey/N, (dB)

Fig. 3: BER and throughput comparison of the proposed
technique (CR-STCS) with other schemes for a speed of 62
km/h. The throughputs of CR-STCS, OSTBC-BF and
OSTBC-SGE techniques are constant at 3b/s/Hz.

107 Throughput of the VR-STCS technique as a functionff Ny

2.801 2.7961 2.8171 2.7848 2.7936 2.

2 4 6 8 10 12 14 16 18

Ey/N, (dB)
Fig. 2: BER and throughput comparison of the proposed il = orstes N
technique (CR-STCS) with other schemes for a speed of ! VR-STCS

—% OSTBC-BF
—5- OSTBC-SGE ||

km/h. The throughputs of CR-STCS, OSTBC-BF and :
OSTBC-SGE techniques are constant at 3b/s/Hz. 0

1072
Figs. 3 and 4, containing results for= 62km/h andv =

86km/h, show the same trend. For= 62km/h the CR-STCS &
suffers a performance degradation with respect to VR-ST(® 10°F
of around 0.7dB and 1.5dB, for a BER equal tox 10~3
and1 x 10~°, respectively. Fow = 86km/h, the degradation 10}
is around 1 and 2dB. In comparison with OSTBC-BF an
OSTBC-SGE, SNR gains higher than 6dB are obtained f | | , ,

a BER= 1 x 1073, The increase of spectral efficiency with Throughput of the VR-STCS sechnidue as a unctortmfNox
respect to VR-STCS is higher than 10%. It can be notice ‘
that VR-STCS achieves a high BER performance throught ' 4 6 8 10 12 12 16 18
rate sacrifice. As CR-STCS maintains a constant rate, tere Ey/N, (dB)

a hlgher degradation of CR-STCS in terms of SNR Compareq:ig_ 4 BER and throughput Comparison of the proposed

with VR-STCS. However, results show that BER performanc@chnique (CR_STCS) with other schemes for a Speed of 86

and rate are maintained by the proposed technique. km/h. The throughputs of CR-STCS, OSTBC-BF and
Finally, Fig. 5 shows the confidence intervals with 95% of OSTBC-SGE techniques are constant at 3b/s/Hz.

confidence for the Monte Carlo simulation for a velocity=

12 km/h (see Fig. 1). The fluctuation of the results from the

different simulations is noticeable only for the lowest BER V. CONCLUSIONS

values. In general, only BER results close ftox 10-¢ or

lower show a significant uncertainty. This is a consecuefice o An adaptive space-time code selection technique for

using a large amount of samples, which increments with tkenstant-rate transmit diversity wireless systems has bee

SNR. As a general rule, for low SNRs half a million samplegroposed. The proposed technique selects both the spaee-ti

were used, as no BER lower thdanx 10~2 was expected. code and the antennas to be energized, using the instantaneo

For medium SNRs 1 million samples were used, expectingchannel state information and comparing it with a set of

BER higher tharl x 10~%. Finally, for high SNRs 3 millions predefined threshold levels. In case no channel satisfies the

samples were used. established conditions, a complementary mode is chosen, in
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[7] D. Gore. and A. Paulraj, “MIMO antenna subset selectiathvgpace-
time coding,”|EEE Transactions on Sgnal Processing, vol. 50, no. 10,
—x— CR-STCS pp. 2580-2588, Oct. 2002.
$g§fgggF [8] D. Mavares and R. P. Torres, “Space-time code selectiwrtrinsmit
— + OSTBCG-SGE antenna diversity systemdFEEE Transactions on Vehicular Technology,
vol. 57, no. 1, pp. 620-629, Jan. 2008.
[9] ——, “Space-time code selection for transmit antennaeudiity sys-
tems,” in Proceedings of the First Mobile Computing and Wireless
1 Communication International Conference, 2006 (MCWC 2006), 2006,
pp. 83-87.
[10] H. Shin and J. H. Lee, “Exact symbol error probability @thogonal
1 space-time block codes,” IBLOBECOM 2002 - |IEEE Global Teleco-
mmunications Conference, vol. 21, no. 1, Nov. 2002, pp. 1206-1210.
[11] D. Lu and D. So, “Performance based receive antennactsmiefor
1074 1 V-BLAST systems,”|EEE Transactions on Wireless Communications,
vol. 8, no. 1, p. 214, Jan. 2009.
[12] H. Lee, S. Park, and I. Lee, “Orthogonalized spatial tipléxing for

107°F . : E closed-loop MIMO systems,JEEE Transactions on Communications
Throughput of the VR-STCS technique as a functionfiaf No ’ !
28906 28895 29105 2.8911  2.8889  2.9086 vol. 55, no. 5, p. 1044, May 2007. _ _
[13] C.-Y. Chen, A. Sezgin, J. Cioffi, and A. Paulraj, “Antenrselection
10-6 ‘ ‘ 1 1 ‘ ‘ ‘ ‘ in space-time block coded systems: Performance analyds|am-
2 4 6 8 10 12 14 16 18

complexity algorithm,”|EEE Transactions on Sgnal Processing, vol. 56,
Ey/No no. 7, p. 3303, Jul. 2008.

. . . . . . 14] Y. Kim, H. Lee, S. Park, and I. Lee, “Optimal precoding fathogonal-
Fig. 5: Confidence intervals of the S|rr_1ulat|on results for @ ized spatial multiplexing in closed-loop MIMO systemE=EE Journal
Speed of 12 km/h (See Fig. 1)- on Selected Areasin Communications, vol. 26, no. 8, p. 1556, Oct. 2008.
[15] Y. Fu, C. Tellambura, and W. Krzymien, “Limited-feediiaprecoding

for closed-loop multiuser MIMO OFDM systems with frequenaif-
sets,” |[EEE Transactions on Wireless Communications, vol. 7, no. 11,

which a single antenna is selected. The addition of the com- p. 4155, Nov. 2008.

: s - . ~[16] Y. Kakishima, T. Kawamura, H. Taoka, and T. Nakamurayti&ptimal
plementary mode allows to obtain a constant-rate trangniss precoding vector selection scheme combined with frequetmyain

without sacrificing the spectral efficiency. Simulation uis scheduling for closed-loop MIMO transmission in LTE-adved up-
show that, when considering the channel state information link,” in 2010 IEEE 21st International Symposium on Personal Indoor

: : and Mobile Radio Communications (PIMRC), 2010, p. 2466.
obsolescence, the proposed technique widely outperfor[‘{lﬁ G. Jongren, M. Skoglund, and B.(Otterst)en, .‘Conﬁ’biniwmformmg

other adaptive transmission techniques. Regarding tiggnati and orthogonal space-time block codintgEE Transactions on Infor-
space-time code selection technique, which provides alviari mation Theory, vol. 48, no. 3, pp. 611-627, Mar. 2002.

) P ; ; - : [18] J. Wu, H. Horng, J. Zhang, J. Olivier, and C. Xiao, “Comhg
rate-transmission, the proposed technique slightly Beesi orthogonal space time block codes with adaptive sub-grotpnaa

the BER performance, in no more than 2dB in the worst encoding,Intern. J. Wreless Info. Networks, vol. 12, pp. 179-186, Jul.
case (for high relative velocity and high SNRs), but attains 2005.

more than a 10% increment in spectral efficiency. Finallg, th

proposed technique achieves a more stable BER performance

with respect to the relative velocity between transmitted a

receiver.
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