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Abstract—We propose a full-diversity scheme for four transmit chooses from a list of space-time block codes the best code to
antennas and quantized feedback channel. We present a pre-pe used with a subset of transmit antennas. The code salectio
processor design that enables this scheme to achieve fullvdisity is based on the instantaneous error probability minimozati

order as well as a coding/array gain. A quantized feedback . . L ) )
analysis of the proposed scheme for quasi-static flat Raytg criterion. This idea has been refined later in [10], [11].

fading channels is also performed. Through simulation resis, The study and analysis of quantization methods for MIMO
we show that the proposed scheme has a performance gain ofchannels using a low-rate feedback channel is a well-sdudie
about 1.6dB and 2dB over ACBS scheme for 3 and 4 feedback research problem and several papers on this area can be found

bits, respectively. [12]-[19]
Index Terms—Array/coding gain; MIMO systems; quantized In [19], Choi et al. have proposed an interesting phase-
feedback; transmit diversity. feedback-assisted scheme with four transmit antennashwhic

uses a pre-processor for combining two Alamouti codes in
terms of Frobenius norm maximization. They have shown that
full diversity is achieved by the combining effect at the pre

It is well known that multiple-input multiple-output processor. Also the phase feedback is utilized to increase a
(MIMO) wireless communication systems can exploit thgoding/array gain. Herein we refer to this scheme as Alamout
spatial dimension to improve capacity and reduce sert§itivcode based scheme (ACBS).
to fading. Looking to the receiver, several techniqueshsuc Following these ideas, in this paper, we propose a four-
as selection diversity combining (SDC), equal gain comitini gntenna transmit diversity scheme with quantized feedback
(EGC), and maximum ratio combining (MRC) have been usefle design a pre-processor which combines four “trivial”
to obtain receive diversity gain. codes. The pre-processing of the proposed scheme is based

Space-time codes are an effective way to exploit spatigh the designs presented in [11], [16], [19]. As a result, we
diversity in MIMO wireless communication systems and Sin%serve an increase of the Coding/array gain_ A Compromise
the work of Alamouti [1], the spatial diversity could beof this proposal is that the receiver needs to feed, at I@ast,
obtained in multiple-input single-output (MISO) wirelessm-  pjts back to the emitter to ensure a full spatial diversitgiesr
munication systems. In this paper, we also present a procedure for determining

The orthogonal space-time block codes [2] require n@e feedback information which maximizes the signal-téseo
knowledge of the channel state information (CSI) at thestraryatio (SNR) at the receiver. Another important feature @ th
mitter to provide full diversity gain. While the orthogoftgl proposed scheme is that the maximum likelihood detector
constraint is required in order to achieve maximum diVﬂrSi‘S based on linear processing’ which leads to a very Simp|e
advantage, it has been shown [3], [4] that by relaxing th@ceiver. Simulation results reveal that the proposedrsehe
orthogonality requirement, higher transmission rates lban yields the maximum diversity advantage and also outper§orm
obtained at the cost of loosing some degree of diversityrordgye ACBS scheme.

MIMO communication systems can obtain significant per- The remainder of this paper is organized as follows. Section
formance improvements if a feedback channel exists so thgpresents the channel model considered in this work. Secti
the CSI is known at the transmitter [5], [6]. If the CSlj| addresses the proposed transmit diversity scheme with
is perfectly known at the transmitter, then maximum ratiguantized feedback. In Section IV, simulation results are

transmission (MRT) [7] is the optimum beamforming. If theyresented. Finally, Section V presents some concluding and
antenna amplifiers are not required to modify the transmihal remarks.

power of the transmitted signals, then equal gain transomss
(EGT) [8] with any combining scheme (SDC, EGC or MRC)
achieves full diversity order over MIMO flat fading channels
However, a quantized feedback channel is a more realisticConsider a MIMO system withM transmit and Mg
assumption, where only few bits can be sent to the emitteeceive antennas, and that the channels have a flat Rayleigh
Considering this scenario, Machado and Uchda-Filho [9Ehafading and remains constant over symbol intervals. The
proposed a hybrid transmit antenna/code selection schigamhe transmission model consists laiear processingas described

I. INTRODUCTION

Il. SYSTEM MODEL
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in [19]. With some slight modifications, we arrive at h=[h ... h4]T, 7 is the additive white Gaussian noige,
denotes the path gain from theth transmit antenna to the
Y =v%XH +N, (1) receive antenna, an.; andh., are given by

whereY is ther x Mz matrix of the received signals arki her = h1 + hoexp{joi1},

is theT x My matrix of transmitted signals with unit average )

energy. LetCA/(0,R) represent the joint p.d.f. (probability hez = hs + hyexp{jpa}.

density function) of a zero-mean circularly symmetric cé8xp  |n order to guarantee full diversity order, the receiverdsee
normal random vector with covariance mati Then,N is to inform the appropriate phasesy;, ¢., and 6, to the
the 7 x Mp matrix CN(0,I;,r,) representing the joint p.d.f. transmitter. Next, we present the expression for detengini

of the i.i.d. (independent and identically distributedy#itte the phases that provide the maximum instantaneous SNR at
Gaussian noise samples with unit variarideis the M1 x Mg the receiver.

MIMO channel characterized by the p.ddN (0, Inz ary, ),
andy, = /p, with p the average SNR at each receive antenn& Instantaneous SNR Analysis
We assume that there a®@ QAM data symbols{s,}, i ) ) _ _ )
g=1,...,Q, with unit average energy to be transmitted over Consider th_e received signal in E_quamn (3). The folloyvmg
T symbol intervals, and a reliable feedback channel throu%iﬂe"?‘r processing produces the desired inputs to the mawimu

which b bits can be sent to the emitter. Ikelihood detection:

Throughout this paper, we consider that the receiver hag, —_— yh )
only one receive antenna. Normal letters represent scalar
guantities, boldface lowercase letters indicate vectars]
boldface uppercase letters indicate matrices. The suj@ssc with
()T and (-)* represent the transpose and the complex conju-
gate operation, respectively.

= (|he cos(0)|? + |hea sin(0) > + hRe12) s1 + hin,

|her cos(0)|? (Jh1? + |h2|® + hRer) cos®(6)

|h51|2 6052(9),

1. A FOUR-ANTENNA TRANSMIT DIVERSITY SCHEME . 9 2 2 .9
WITH QUANTIZED FEEDBACK lheasin(@)* = (|hal” + [hal* + hrez) sin*(6)
. . = |h62|2 Sin2 (9)7
In this section, we present how to perform the proposed
scheme. The transmitter has four transmit antennas and .
data symbok; is pre-processed hy, resulting in the complex hrei2 = 2R {he1hgy} cos(0) sin(0)

transmitted signal vecto: where| - |? denotes the modulus squared of a complex number

andR{-} its real part.

X = psi (2)
- . p and
cos(6) exp{j0} hrez = 2R {hsh; exp{—jp2}} .
_ | cos(8)exp{jpi} . .
= sin(6) exp{j0} 51, As we can observe, the detection can be performed with low
sin(0) exp{jg2} complexity. o
‘ T It can be shown that the SNR at the receiver is given by
s1 cos(6) )
_ | sicos(d) exp{jen} SNR = (he1|? cos(0) + |hez|? sin?(6) + hpei2) U—g (5)
s18in(6) ’ o;
| s1sin(0) exp{jiez} whereo? is the total power of the estimated signal, arfdis
where ® is the kronecker producl,, is the n-by-n identity the noise power at the receiver. _ o
matrix, s; is the information symbol, and Now, we can determine the optimal phases by differentiation
of the Equation (5), yielding a maximum signal-to-noiséaat
v, = [exp{j0} exp{jp1} exp{jO} exp{jpa}]. and full diversity order. Nevertheless, full diversity cafso

be achieved with quantized feedback. In this regard, the
From the Equations (1) and (2), the received sign@lan feedback information is used to guarantee that each one of
be written as the terms|he1|?, |he2|?, and hge12, is @ positive number in
Y = Yohes1 + 1, (3) every transmission frame. Moreover, with this feedback, th
instantaneous SNR is maximized.
where The phasesp:;, ¢2, and 6, are the variables taking into
account in this optimization process. Since there is depecel
he = ph, among these variables, we need to solve this problem in.steps
he cos(8) + hea sin(6), In this paper, we consider a two-step solution.
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TABLE | 10° , , ,
QUANTIZED FEEDBACK: CRITERIA FOR THEPHASE SELECTION.
Number of feedback bitd] 2R{h1h5} | 2R{hsh)} || w14/ ©24
>0 >0 070
_ . >0 <0 0/m
b =2 bits <0 >0 w10
<0 <0 L ES
+ v K 073
1 bit >0 f i o
<0 i - u
or + v K 04
>0 >0 r
2 bits >0 <0 i
<0 >0 ==
<0 <0 e
10°%L. | —— SISO L
—*— ACBS
—O©— Proposed
-7 L L L
First, taking the inner cross terms jih.;|? and |2 |?, i.e., %% 5 10 15 20
hre1 andhreo, respectively, we easily verify that these terms 7o (dB)
are maximized when
Fig. 1. BER performance of the proposed schemig:=4 antennasM =1
p1 =& —& and py =& — & antenna, and=3 bits.

where,h; = a; exp{j&;}.
Second, we differentiate the SNR expression in termg, of 5ier words, whei = 3 bits, the signal of is not taken into

following a similar procedure adopted in [19]. The first andgnsigeration for feeding the phase information back to the
second differentiations are given by transmitter.

SNR' = 2k (cos(f) sin(0)) + 2v (cos®(9) — sin®(0))  (6)
and IV. SIMULATION RESULTS

SNR" = 2k (cos®(#) — sin®(#)) — 8v (cos(f)sin(d)), (7)  In this section, we present some simulation results to
illustrate the performance of the proposed scheme. In order
to assess the coding/array gain of the proposed scheme, we
compare the BER of the proposed scheme to the Alamouti-
code based scheme [19]. The performances are compared in

respectively.
Solving (6) and (7) under the conditiosVR’ = 0 and
SNR" < 0, we obtain the following optimal theta phase

[19] . . terms of bit error rate (BER) versus SN | over quasi-static
Oops — arctan | FE VT i @) flat Rayleigh fading channels.
2v In Figures 1 — 3, the results are given fofr = 4 transmit
with antennas)M g = 1 receive antenna, 4-QAM, 130 symbols per

frame, and considered as stopping criterion the occurrefce
k= (|hs]> + |hal® + hre2) — (|P1]* + |h2|® + hge1) 300 symbol errors per each SNR. The proposed and ABCS
schemes are full-rate, i.e., we compare two unitary spatial
andv = R (herhls). ; _ _
) €2/ 2 ) ~ transmit rate scheme®(= Q/7 = 1). The BER for the no-
We decide to omit the tern§s in (6) and (7), since it is giversity scenario (SISO) is also plotted, used as a referen

irrelevant to the phase optimization. The BER performance is presented in Figure 1 o 3
feedback bitsp1, andps, € {0, 7}, andf, € {—n/4, w/4},
B. Quantized Feedback and in Figure 2, forb = 4 feedback bits,p1, and g,

In this section, we present how to use the proposed schemet®: 7}, and b, € {-2r/6, —=/6, =/6, 2m/6}. The
with quantized feedback. We assume two uniform phagélantlzatlon adopted in this paper is different from the one
quantization:p;, and g, € [0 7], as adopted in [17], [18], presented in [19]. The quant|zat|o.n used here (for the case
andé, € [-w/2 7/2]. The receiver needs to send, at least, = 4 = 2 + 2 bits) seems to be slightly better than the one
three feedback bits (three-phase information) to the tétter presented in [19]. However, it is just an inference and we did
(see Table ). not prove it. Figure 3 presents the BER performance of the

Table | defines the criteria used to choose the quantiz@'a)pos_ed scheme for different levels of feedback quaiizat
phases. Two bits are used to guarantee that the ténms In Figure 1, we observe that the proposed scheme has a

andh .. are positive. The third bit ensures full diversity ordefP€rformance gain of about 1.6dB over ACBS schemefer3
and the other “extra” ones are used to improve the SNR gaff€édback bits. Figure 2 illustrates that the proposed settes
In Table 1, the symbot specifies the “do not care state”. In@ performance improvement of about 2dB over ACBS scheme

for b = 4 feedback bits. Figure 3 shows a performance loss
Loptimal in the sense of maximizing the instantaneous SNR. due to the quantization on the phase feedback.
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Fig. 2. BER performance of the proposed scheimg:=4 antennasM =1
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(6]
(7]
(8]

El

[10]
x
w
[an]
[11]
[12]
107k Proposed, b=3 bits !
—©&— Proposed, b=4 bits
——8&— Proposed, unquantized
107" : : : (13]
0 5 10 15 20
Yo (dB)
[14]
Fig. 3. BER performance of the proposed scheme for diffetevels of
feedback quantization.
[15]
V. CONCLUSIONS ANDFINAL REMARKS [16]

In this paper, a four-antenna transmit diversity schemé wit
quantized feedback was proposed. The main idea backlhg
the proposed scheme was to explore the benefits of the
equal gain transmission scheme [8], and Alamouti-codedages]
scheme [19] in a new transmit diversity strategy. A quaitize
feedback analysis for the quasi-static flat Rayleigh fading
channels was performed, and their error performance was
evaluated through computer simulations. It was observat th
the proposed scheme outperforms the ACBS scheme in terms
of coding/array gain.

It is worthy mentioning that the proposed scheme adopts
a very simple linear decoding method with a small decoding
delay ¢ = 1), while the ABCS has a decoding delay equal to
two (7 = 2). A compromise of the proposed scheme is that the
receiver needs to feed, at least, 3 bits back to the traresmitt

to ensure full transmit diversity.
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