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Closed-Loop Extended Orthogonal Space—Time
Block Codes for Three and Four Transmit Antennas
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Abstract—Complex orthogonal space—time block codes (STBCs)
with linear processing for more than two transmit antennas cannot
achieve a full rate in multiple-input and multiple-output (MIMO)
channels. However, at the expense of losing some degree of diversity
advantage, it is possible to achieve a full rate or even rates higher
than one for any number of transmit antennas. In this letter, we
propose new closed-loop extended orthogonal STBCs (EO-STBCs)
for three and four transmit antennas. We show that the schemes
can achieve a full transmit diversity with linear processing, and
they outperform the previous closed-loop STBCs. In addition, we
investigate the closed-loop EO-STBCs with receive antenna selec-
tion. It is shown that for four transmit antennas and up to three
receive antennas, performance gains of up to 5.8 dB are obtained
over the closed-loop EO-STBCs without antenna selection.

Index Terms—Extended orthogonal space-time block codes
(EO-STBC), linear processing, partial feedback.

1. INTRODUCTION

RANSMIT diversity (TD) is one of the key techniques
T adopted by 3G and beyond 3G standards to provide high-
speed reliable communications [1]. One of the most common
TD techniques is the Alamouti code, which is an orthogonal
space—time block code (STBC) [2]. However, when three or four
transmit antennas were considered, the maximum symbol trans-
mission rate of STBCs from complex orthogonal designs with
linear processing was 3/4 [3]. In [4], the quasi-orthogonal STBC
(QO-STBC) was proposed to achieve a full rate for wireless sys-
tems with more than two transmit antennas at the expense of
losing some degree of diversity advantage and increasing the
decoding complexity.

Recently, a lot of effort has been put into designing STBC
schemes with a full rate and full diversity for three and four
transmit antennas [5S]-[7]. For open-loop communication sys-
tems, the constellation rotation was proposed for the QO-STBC
with different modulation schemes [5]. Although the QO-STBC
with the optimum constellation rotation achieves full diversity,
this method increases the system complexity because of con-
stellation expansions. For closed-loop communication systems,
the channel state information (CSI) can be utilized to further im-
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prove the system performance. Especially, the CSI can be made
available to all transmit antennas through a separate feedback
channel. The group-coherent STBC (GC-STBC) with one-bit
feedback was proposed in [6]. From the simulation, GC-STBC
with full diversity and the limited array gain can outperform the
Alamouti code (2 Tx,1 Rx) and the ideal 4-path diversity (4 Tx,1
Rx). Inspired by the idea of Akhtar and Gesbert, Badic et al. pre-
sented QO-STBCs in the correlated fading channels with partial
feedback [7]. It is pointed out that channel-adaptive QO-STBCs
using two feedback bits per code block match the ideal 4-path
diversity based on the maximum likelihood (ML) decoder and
zero forcing (ZF) decoder.

Although a lot of partial feedback methods can be adopted to
improve the closed-loop system performance, the major prob-
lems of such systems are high cost and high complexity due to
more than one RF chain at both link ends. A promising tech-
nique to reduce this overhead is to allow the transmitter or the
receiver to select the optimum antenna subset according to some
optimization criteria [8]-[11]. Based on the above discussion,
for practical interests of the design of the closed-loop transmis-
sion schemes, it is desirable to have features such as a limited
amount of feedback information (e.g., 1-2 bits), low decoding
delay, low cost, and simple decoding processing.

In this letter, we present the new extended orthogonal STBCs
(EO-STBC:) for the quasi-static flat fading channels with three
and four transmit antennas. A simple partial feedback scheme is
proposed for EO-STBCs. We show that our scheme can achieve
a full transmit diversity with a simple detection. Furthermore,
receive antenna selection is combined with the closed-loop
STBCs. Based on the instantaneous fading coefficients, the
receiver selects the best antenna to maximize the received
signal-to-noise ratio (SNR), which can result in a maximum
diversity.

II. OpeEN-Loor EO-STBCs

In the following, an EO-STBC for four transmit antennas is
presented. In the case of two transmit antennas, the well-known
Alamouti code [2]

_ r1 T2
can be used as a building block to design an EO-STBC with four
transmit antennas and full rate, given by

@
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where ¢ is a constant value £ = 1/2. For simplicity, in the fol-
lowing discussions, we ignore this constant value since it does
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not affect the performance. Especially, by deleting one column
of E'As), we can get two EO-STBCs for three transmit antennas
as

T r1 T2 ry T2 T2
|: * ok * and * Ok x | - (3)
—Ty —Ty I, —ZIy T; Iy
When one receive antenna is considered, the received signals
r1 and 79 at the time intervals 1 and 2, respectively, can be ex-

pressed as
L BE2! 1
] = e [0] + 03] @

where [n1 n3]7 is the additive white Gaussian noise (AWGN)
noise vector, and £ H, ) is an equivalent channel matrix corre-
sponding to E'As), given by
_|hMthy  hytha
EHp) = [h§+h;§ k| ®)

Here the channel coefficients hq, ho, h3, and hy are modeled
as independent zero-mean complex Gaussian random variables
with variance 0.5 per real dimension. Applying the matched fil-
tering at the receiver with the £ H g) matrix, we can obtain the
Grammian matrix as follows:

a+p 0
Gy = EH{3EHy) = { 0 ot /3] (6)

where o = Y0, |hil?, B = 2Re(h1h3) + 2Re(hshy). From
(6), it is obvious that the Grammian matrix of the EO-STBC is
orthogonal, which indicates that the code can be decoded with
a simple receiver. In particular, with a linear processing, the de-
tected signals 27 and z5 can be obtained as
T _ T (h{ + h;)nl + (}Lg + h4)n§
|:£I?~2:| o G(Z) ' [xg} + |:(h§ + hz)nl — (hl + h2)7’L; - ()

Although the decoding complexity is low, 5 may be negative,
which leads to some diversity loss. In order to achieve a full di-
versity, we can use two feedback bits to rotate the phases of the
signals for certain antennas to ensure that 3 is positive during
the whole transmission. Similarly, based on the extended code
matrices in (3), we can design a scheme with three transmit an-
tennas using one feedback bit. Proposed feedback schemes will
be explained in the following section.

It is worth pointing out that the presented EO-STBC in (2)
has advantages over other STBCs for more than two transmit
antennas. First, a single RF chain can be adopted for two
transmit antennas that transmits the first two columns or the
last two columns of EA(z), since EA(Q) has the same first
two columns and the same last two columns. In addition, the
full-rate is achieved with the decoding delay equal to two.

III. CLOSED-Loop EO-STBCs

The block diagram of the proposed closed-loop EO-STBC
scheme with four transmit antennas and one receive antenna is
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Fig. 1. Baseband representation of the proposed closed-loop system.

depicted in Fig. 1. We assume that the CSI can be estimated at
the receiver.

At the transmitter, an information sequence is encoded and
modulated, and then the modulated symbols are fed into the
EO-STBC encoder. At two consecutive symbol intervals ¢; and
to, we can assume that the modulated inputs of the STBC en-
coder are z; and z5. The EO-STBC encodes the input data sym-
bols x1 and x5 to four data streams, and the outputs of the STBC
encoder can be written as

slst:[_l’i] and sg,:m:[ﬂ ®)

Lo Ly

where s;, corresponds to the kth output stream of the STBC
encoder, which is transmitted from the kth antenna.

A. EO-STBC for Four Transmit Antennas and One Receive
Antenna Using Two Feedback Bits

For the convenience of description, Fig. 1 shows the system
for both four (4 Tx) and three (3 Tx) transmit antennas. In the 4
Tx case, the four transmit antennas are denoted by Tx11, Tx12,
Tx2, and Tx3. Inthe 3 Tx case, we can group Tx11 and Tx12 to
represent a single antenna Tx1, since s; equals sy in (8). Now
let us first consider the 4 Tx case. In order to achieve full diver-
sity, the signals s; and s3 are multiplied by U; = (—1)* and
Uy = (=1)k, where i,k = 0, 1, before they are transmitted
from antennas Tx11 and Tx2, respectively. Here ¢ and k are two
feedback parameters determined by the channel condition. In
particular, when 7 (or k) = 1, Uy (or Uy) = —1, which means
that s; and s3 in (8) will be phase rotated by 180° before trans-
mission. Otherwise, they can be directly transmitted.

As shown in Fig. 1, for one receive antenna, the received sig-
nals at two independent time intervals are

r1 =21U1h11 + 21hi2 + 22Ushe + z2hs + 1

ro = — x5Urhy1 — 25h1a + 27Ushe + 2Ths + 12 (9)
where h11, h12, ho, and h3 are independent channel coefficients
between the corresponding transmit antennas and the receiver.
Equation (9) can be rewritten as

T _ h hy+hs| |21 ny
[r;] = [hf; I N P R P I
. ]
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where h} and h), represent Uihy; + hio and Ushsy, respec-
tively. Furthermore, we can calculate the Grammian matrix of
NEH @3

H

_ [P + |k + by 0
= 0 B[ 4+ [y + 2] D
where
|hy 12 = |Ui?|h11|® + |ha2)® + 2Re(Urhaihyy)  (12)
and
Wy + hsl? = [Ua?|ha|* + |hs]® + 2Re(Ushahi).  (13)

From (10) and (11), we compute the decision vector
X = [¥1,72)7 with the receive vector R = [ry,7r3]7 as

X =NEH{-R=(h}* + |y + ha|*) X +V
= ([ULP1hu]? + [ha2]? + [Ua]?|R2]? + |Bs|?

9e

9gr

where V = NEH, le N is a noise component with the covari-
ance matrix (|h}|? +|h% +hs|?)I2No. Since U1 |2 = |Us]? = 1

g. = |hi1|* + |h12]?® + |ha|* + |ha|? (15)

Here, g is the conventional channel gain for four transmit an-
tennas. The feedback performance gain is

g7 = 2Re(hi1h}y)(=1)" + 2Re(hah})(—1). (16)

It changes with the defined values U; = (—1) and Uy =
(—1)*, which are determined by the two feedback information
bits 7 and k. Moreover, we calculate the SNR at the receiver as
follows:

9.+ 95
4

where g = E,/ Ny is the SNR without diversity. It is obvious
thatif gy > 0, the designed closed-loop system can obtain addi-
tional performance gain, which leads to an improved SNR at the
receiver. According to the above analysis, we can propose the
design criterion of the two-bit feedback scheme. That is, each
element of the feedback performance gain gy in (16) should be
nonnegative

VEA., = Y, (i,k=0o0r1l) (17)

(0,0), if Re(huhﬁ) > 0 and Re(hghg) > 0
k) = ) (01, i Be(hnahiy) > 0and Re(hoh3) <0
’ (1,0), if Re(hi1h%y) < O and Re(hah3) > 0
(17 1)7 if Re(hnhﬁ) < 0and Re(hzhg) < 0.

(18)

It is worth pointing out that the proposed new scheme is dif-
ferent from [6], in the sense that we choose the feedback bits
to maximize the value of g¢ in (14). This can lead to a larger
received SNR. It turns out that the new scheme achieves better
performance than the GC-STBC in [6]. Moreover, our scheme
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can be generalized to a large number of transmit antennas, e.g.,
five or six antennas. However, more feedback bits are required
for a large number of antennas.

B. EO-STBC for Three Transmit Antennas and One Receive
Antenna Using One Feedback Bit

As mentioned before, for the system with three transmit an-
tennas, we can use one transmit antenna Tx 1 to replace the group
of the antennas Tx11 and Tx12, which is shown in the dotted re-
gion in Fig. 1. Accordingly, we adopt a single path gain hy to
replace the path gains hy; and hqs in (10). In this case, we set
U, = 1. Therefore, only a single feedback bit £ is required to
determine Uy = (—1)*. With this encoding scheme, the SNR at
the receiver is expressed as

9+ g5

’YEAQQ) = 3 705

where 7o = Es/No, g/ = [ln|* + |ha|* + |hs|* with [U]* =
L, and g} = 2Re(hoh)(—1)*. The single feedback bit k is
computed to ensure that g} > 0. It is given by

0,
k_{L

C. Receive Antenna Selection for the Closed-Loop EO-STBC

In this section, we combine receive antenna selection with the
proposed closed-loop EO-STBCs. Here, EO-STBC is one of the
nonorthogonal STBCs. We present the selection criterion for the
code with four transmit antennas as follows.

(k=0orl) (19)

if Re(hah3) >0

otherwise. (20)

Step 1) Calculate Re(hii;hi,;) and Re(ho;hj;), i =
1,..., M, where M is the number of receive antennas. Use
(18) to obtain different feedback bits for every receive antenna.
Step 2) Calculate the corresponding values U;; and U, ; ac-
cording to the partial feedback information at the receiver.
Step 3) Calculate q’“ and gy ; using (15) and (16) to obtain the
YEA(),i» © = 1,..., M, for each receive antenna.

Step 4) According to the maximum receiver SNR, select the
corresponding receive antenna. At the same time, the receiver
sends two feedback bits to the transmitter.

In this criterion, steps 1) and 2) ensure that the values of
gy,i are positive, ¢ = 1,..., M. Step 4) selects the desired re-
ceive antenna based on the EO-STBC with full diversity. For
the system with three transmit antennas, it is straightforward to
apply this scheme accordingly.

IV. SIMULATION RESULTS

In this section, we evaluate the error performance of the pro-
posed schemes in quasi-static flat fading channels. The fading is
constant within a frame and changes independently from frame
to frame. For the closed-loop system, we have simulated the
BER against E}, /Ny using QPSK symbols leading to an infor-
mation rate of 2 bits/s/Hz. Each frame consists of 1000 sym-
bols in our simulation. In Fig. 2, we show the performance
of the proposed closed-loop EO-STBC for four transmit an-
tennas. The performance of the O-STBC [3], the QO-STBC
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—+ O-STBC (1/2 rate, 16QAM) [3]
—*%— QO-STBC (full rate, QPSK) [4]
~%— GC-STBC (full rate, QPSK) [6]
—8- EO-STBC (full rate, QPSK) |4
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Fig. 2. Performance comparison for various STBCs in 4 X 1 systems.

[4], and the GC-STBC [6] is also shown in Fig. 2 for compar-
ison. All schemes have the same spectral efficiency. We can see
that the new EO-STBC with two-bit feedback is better than the
O-STBC, the QO-STBC, and the GC-STBC. It is obvious that
in the high SNR region, the slope of our codes is parallel to that
of O-STBC. Especially, the closed-loop EO-STBC can outper-
form the ideal four-path diversity. As shown in Fig. 2, when the
BER is 1074, it can get a 2.1-dB gain over the ideal diversity.
Moreover, our scheme outperforms the GC-STBC [6] by 0.6
dB at the BER of 10~%. Furthermore, the performance of the
closed-loop EO-STBC with the imperfect CSI is investigated. A
pilot sequence with a length of eight symbols is inserted at the
beginning of each frame for the channel estimation. The simu-
lation results show that due to the imperfect channel estimation,
the scheme performance is degraded by about 1.2 dB compared
to the case with the ideal CSI at the BER of 1075,

Fig. 3 shows the simulation results of the EO-STBCs with re-
ceive antenna selection for four transmit antennas. Simulation
results for four transmit antennas and up to three receive an-
tennas indicate that when the BER is 10~°, performance gains
of up to 5.8 dB are obtained over the closed-loop EO-STBCs
without antenna selection. In Fig. 3, at the BER of 1075, in-
creasing the number of receive antennas from one to two, we
achieve an SNR gain of 4.2 dB, whereas only an additional gain
of 1.6 dB is obtained to increase the number of the receive an-
tennas from two to three. In addition, our scheme can get 1 dB
over the scheme for the QO-STBC in [11] with receive antenna
selection.

V. CONCLUSION

A simple closed-loop EO-STBC is proposed in this letter.
For systems with three and four transmit antennas, the amount
of the feedback information is as few as 1 bit and 2 bits,
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—— proposed closed-loop EO-STBC (4 Tx, 1 Rx)
—— 1 of 2 receive antennas for QO-STBC [11]

—*— 1 of 2 receive antennas for closed-loop EO-STBC
-6~ 1 of 3 receive antennas for closed-loop EO-STBC H

BER

|
15 30
Eb/No (dB)

Fig. 3. BER of the EO-STBCs with receive antenna selection for 4 Tx.

respectively. Receive antenna selection is combined with the
closed-loop EO-STBC:s to achieve the additional performance
gain. Simulation results show that the proposed closed-loop
EO-STBC outperforms not only the open-loop diversity tech-
niques but also previous closed-loop STBCs. It represents a
good candidate for the future space—time multiple-input and
multiple-output (MIMO) systems.
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