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ABSTRACT
In this paper, an approach to improve the code efficiency
of Alamouti codes is proposed for high data rate commu-
nications over multiple-antenna channels. Unlike most of
the existing methods which are designed to achieve full-
rate and/or full-diversity, we aim at increasing the spectral
efficiency. The proposed scheme carries more information
bits in each transmission block than the Alamouti code
does and still allows maximum likelihood decoding for sub-
streams to be decoupled at the receiver. Simulation results
also indicate that the full transmit diversity is retained with
the improvement of code efficiency. Although the case of
two transmit antennas is the main focus of this paper, the
same idea can be directly applied to Alamouti codes with
more than two transmit antennas.

I. INTRODUCTION

The rapidly growing demand for the wireless transmission
of video, speech and data is driving the communication
technology to be more efficient and more reliable. High
rate communications can be achieved by using multiple
transmit and receive antennas. However, employing multiple
receive antennas at the mobile units seems less practical due
to the size and power limitations. Thus, transmit diversity
technique becomes a promising approach to achieve diversity
for the downlink (from base-stations to mobiles) trans-
missions. Since the first full-rate full-diversity orthogonal
code proposed by Alamouti for a system with two transmit
antennas [1], there has been extensive work on a variety of
space-time transmission schemes [2]–[6].

In fact, even the so-called full-rate orthogonal code is a
low-efficient code. For example, consider the transmission
matrix of the Alamouti code with two transmit antennas

Time
→[

s1 −s∗2
s2 s∗1

]
↓ Space,

(1)

where the complex scalars s1 and s2 are chosen from a par-
ticular ( M-PSK or M-QAM) constellation. The bits related
to {s∗1,−s∗2} totally depends on {s1, s2} once the signal
constellation is fixed. Obviously, only the bits corresponding

to {s1, s2} carry the useful information and the others are
redundancy bits. In other words, the code efficiency is low.

On the other hand, to achieve high spectral efficiency,
schemes such as BLAST [7] are proposed to exploit the spa-
tial multiplexing to transmit independent data streams over
Multiple-Input Multiple-Output (MIMO) channels. Although
BLAST can handle high data rates, there are some drawbacks
against its use for downlink communications. First, the data
stream suffers from deep fades during the transmission due
to no spatial coding. Second, the receiver relies on powerful
signal processing techniques, e.g., a sequence of nulling
and canceling steps, to detect the desired signals. Third, the
decoding scheme, like [8], does not work with fewer receive
than transmit antennas.

Unlike most of the existing methods which are designed
to maximize the diversity or rate for space-time block
codes, the purpose of this paper is to improve the code
efficiency of the Alamouti codes meanwhile achieving the
full transmit diversity and retaining the decoding simplicity.
To the authors’ knowledge, all of the previous work are
focused on the symbol level. The efficiency of the code has
never been investigated from the bit level perspective. In this
paper, the efficiency of the Alamouti code is analyzed and
a method to construct spectrally efficient Alamouti code is
proposed for high-rate communications. Although the main
focus of this paper is to design the efficiency code for two
transmit antennas, the same ideas can be extended in a
straightforward way to the Alamouti codes with morn than
two antennas.

The rest of this paper is organized as follows. System
model with two transmit and one receive antennas using
the Alamouti code is briefly described in Section II. The
efficiency analysis is discussed in Section III and the design
of efficiency improvement for the Alamouti code is proposed
in Section IV. Simulation results are provided in Section V
and we conclude in Section VI.

II. SYSTEM MODEL

This paper is mainly focused on the Alamouti code with
two transmit antennas. The input binary stream is firstly
split into two substreams by a serial-to-parallel converter.
Each binary substream then passes through a constellation,
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denoted by A, to map bits into symbols. At a given symbol
period t, two symbols are simultaneously transmitted from
the two antennas. The signal transmitted from the 1st antenna
is denoted by s1 and from the 2nd antenna by s2. During the
next symbol period t+T , signal −s∗2 is transmitted from 1st
antenna, and signal s∗1 is transmitted from the 2nd antenna.
The resulting data block matrix (1) is also referred to as the
Alamouti matrix.

Assuming that one receive antenna is employed at the
receiver and the fading coefficients, i.e., {h1, h2}, are in-
variant across two consecutive symbols, the received signals
can then be expressed as,

[
x1 x2

]
=

[
h1 h2

] [
s1 −s∗2
s2 s∗1

]
+

[
w1 w2

]
,

(2)
where x1 and x2 are the received signals at time t and t+T
and w1 and w2 are complex random variables representing
receiver noise. Rewrite (2) as[

x1

x∗
2

]
︸ ︷︷ ︸

∆
=X

=
[

h1 h2

h∗
2 −h∗

1

]
︸ ︷︷ ︸

∆
=H

[
s1

s2

]
︸ ︷︷ ︸

∆
=S

+
[

w1

w∗
2

]
︸ ︷︷ ︸

∆
=W

. (3)

Note that HHH = HHH = (|h1|2 + |h2|2)I2, where I2 is
2 × 2 identity matrix. It follows that

Z =
[

z1

z2

]
∆= HHX = (|h1|2 + |h2|2)I2S + HHW, (4)

Therefore, maximum-likelihood decoding of s1 and s2 can
be decoupled:

ŝ1 = arg min
sk∈A

{|z1 − sk|2 − (|h1|2 + |h2|2 − 1)|sk|2},(5)

ŝ2 = arg min
sk∈A

{|z2 − sk|2 − (|h1|2 + |h2|2 − 1)|sk|2},(6)

For PSK signals, the decision rule in (5) and (6) can be
further simplified as follows:

ŝ1 = arg min
sk∈A

{|z1 − sk|2}, (7)

ŝ2 = arg min
sk∈A

{|z2 − sk|2}. (8)

III. EFFICIENCY ANALYSIS FOR THE ALAMOUTI
CODE WITH TWO TRANSMIT ANTENNAS

Assume that all the symbols in the Alamouti transmission
matrix (1) are drawn from a QPSK constellation with Gray
mapping, as shown in Fig.1.

Define Alamouti patterns to be all possible matrices with
bit representation of (1). For example, if s1 = e(j π

4 ) and
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Fig. 1. QPSK constellation with Gray mapping.

s2 = e(j 3π
4 ), then s∗1 = e(j 7π

4 ) and −s∗2 = e(j π
4 ). The

corresponding bit representations of four signals are 00,01,10

and 00, respectively. One Alamouti pattern,

[
0000
0110

]
, is

achieved by replacing each symbol with its bit representation
in (1). Similarly, running {s1, s2} through all the con-
stellation points can generate all Alamouti patterns, which
are enumerated at the bottom of this page. Clearly, not
all bits in each Alamouti pattern are independent. Define
crucial bits to be the necessary bits uniquely determining
the Alamouti pattern, and auxiliary bits to be the bits totally
dependent on crucial bits. In fact, only crucial bits contain
useful information and auxiliary bits are redundancy in some
sense. In this case, crucial bits can be chosen to be bit
representations of s1 and s2, i.e., the first two columns of
each Alamouti pattern.

Define the code efficiency (Eb) as the ratio of the number
of crucial bits to the total number of bits in each Alamouti
pattern. Clearly, 0 ≤ Eb ≤ 1. Due to the use of auxiliary
bits, in this particular case, Eb = 0.5. Actually, for all the
other full-rate space-time block codes, the efficiency is only
0.5, and even worse for none full-rate codes.

On the other hand, if we partition the original bit stream
into groups with size (2 × 4) like Alamouti patterns, and
each group consists with one of Alamouti patterns, then

Alamouti patterns
for QPSK :

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

[
0001
0010

]
,

[
0000
0110

]
,

[
0011
1010

]
,

[
0010
1110

]
,

[
0101
0011

]
,

[
0100
0111

]
,

[
0111
1011

]
,

[
0110
1111

]
,

[
1001
0000

]
,

[
1000
0100

]
,

[
1011
1000

]
,

[
1010
1100

]
,

[
1101
0001

]
,

[
1100
0101

]
,

[
1111
1001

]
,

[
1110
1101

]
.

⎫⎪⎪⎪⎬
⎪⎪⎪⎭

(9)
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no extra bits need to be inserted into data stream in order
to form the Alamouti matrix before transmission. In other
words, the data rate is really “full” in this situation and the
efficiency is maximum, i.e., Eb = 1. However, since the
original data stream is random, the probability of each group
being a Alamouti pattern is only 24

28 = 6.25%. Suppose that
the number of groups is N and groups are independent of
one another. It turns out that the probability of achieving
Eb = 1 for the random data stream is (6.25%)N , which is
a very small number if N > 2. In other words, using the
Alamouti code, practical systems can achieve Eb = 1 with
probability nearly zero.

Now consider another situation. Assume that the input
is a 2 × N bit matrix, denoted by B. We always can find
a partition of the matrix such that the number of extra bits,
required to be inserted between any two blocks to make each
block become one of Alamouti patterns, is minimum. Each
partitioned block could be 4-column, 3-column or 2-column,
which depends on how many columns consist with one of
16 Alamouti patterns. The pseudo-code of this irregular
partitioning is listed as follows:

Irregular Partitioning

Initialize i = 1, j = 4.
While i < N

If B(:, i : j) doesn’t match any Alamouti patterns
j = j − 1
If B(:, i : j) doesn’t match any Alamouti patterns’

first three columns
j = j − 1

End if
End if
Record j
i = j + 1
j = j + 4

End while

According to the above irregular partitioning, the proba-
bilities of resulting 4-column, 3-column or 2-column blocks,
in theory, are 24

28 = 6.25%, (1 − 6.25%) 24

26 = 23.44% and
(1−6.25%−23.44%) 24

24 = 68.75%, respectively. Assuming
that the receiver has the knowledge of the partitioning
strategy, the theoretical code efficiency is given by

Eb = 1·6.25%+0.75·23.44%+0.5·68.75% = 0.5820, (10)

which is pretty close to the simulation results, Eb = 0.5796.
On the other hand, the Alamouti code is actually a regular
partitioning of the input. Each partitioned block is always 2-
column, treated as crucial bits. The other 2-column auxiliary
bits are appended to crucial bits in each block. Thus, Eb =
0.5. Although the code efficiency is improved a little by the
irregular partitioning scheme, it introduces extra complexity
to the transmitter and the assumption of knowing the data-
dependent partitioning strategy a prior is unreasonable.

Our goal is to improve the efficiency of the Alamouti
code, meanwhile achieving the full transmit diversity and
retaining the decoding simplicity. Starting with Alamouti

patterns of QPSK, we try to increase the number of crucial
bits by one. Since the number of Alamouti patterns are 16,
each can be uniquely determined by four crucial bits. How
to increase one more crucial bit? As a solution, the fifth
crucial bit can be utilized to indicate a specific constellation
for transmission. In this case, one constellation, denoted by
A1, is realized as Fig. 1, while the other one, denoted by
A2, is achieved by rotating A1 clockwise by π/4.

IV. EFFICIENCY IMPROVEMENT DESIGN FOR
THE ALAMOUTI CODE

At the transmitter, the binary data stream is firstly divided
into 5-bit groups. The first four bits are used to picked up one
Alamouti pattern from (9). The fifth bit chooses one of two
constellations, which are depicted in Fig. (2). In particular,
“0” means the use of A1 while “1” takes A2 as an alternative.
It turns out that the transmission matrix has the same format
of the Alamouti matrix, but each transmission block now
contains 5 information bits rather than 4 bits in the original
Alamouti code.
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Fig. 2. Constellation design for the spectrally efficient Alam-
outi code.

Let b5 ∈ {0, 1} denote the fifth bit and {s1, s2} ∈ A1.
The transmission matrix can be represented as[

s1 · e−j π
4 b5 −s∗2 · ej π

4 b5

s2 · e−j π
4 b5 s∗1 · ej π

4 b5

]
. (11)

It follows that (3) and (4) become

X = H
[

s1 · e−j π
4 b5

s2 · e−j π
4 b5

]
+ W. (12)

Z ∆= HHX = e−j π
4 b5(|h1|2 + |h2|2)I2S + HHW. (13)
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b5 is decided by the location of z1/z2 which is closer to
the decision boundary. Once b5 is determined, maximum-
likelihood decoding of s1 and s2 can still be decoupled:

ŝ1 = arg min
sk∈A1

{|z1 − ske−j π
4 b5 |2}, (14)

ŝ2 = arg min
sk∈A1

{|z2 − ske−j π
4 b5 |2}. (15)

V. SIMULATION RESULTS

Note that the constellation used at the transmitter is com-
posed of two QPSK constellations. The minimum Euclidean
distance between two QPSK constellations is the same as
that of a 8PSK constellation. Therefore, in the worst case,
the BER performance of the efficiency-improved Alamouti
code (EI-Alamouti) will be slightly worse, due to additional
b5 errors, than that of Alamouti code with 8PSK modulation
(Alamouti-8PSK). On the contrary, if the recovery of b5 is
perfect, i.e., the number of errors related to b5 is zero, then
the selection of the QPSK constellation at the receiver is
always correct. Correspondingly, the minimum Euclidean
distance turns out to be the same as that of a QPSK
constellation. Thus, in the best case, the BER performance
of EI-Alamouti will be slightly better, due to none errors
of b5, than that of Alamouti code with QPSK modulation
(Alamouti-QPSK).

As shown in Fig. (3), three schemes have the same diver-
sity order. The BER curve of EI-Alamouti with BER(b5) �=
0 lies between that of Alamouti-8PSK and Alamouti-QPSK,
and EI-Alamouti with BER(b5) = 0 does outperform
Alamouti-QPSK as expected. Compared with Alamouti-
QPSK, EI-Alamouti achieves higher code efficiency and
higher data rate, while EI-Alamouti gains higher code effi-
ciency and better performance in comparison with Alamouti-
8PSK. The specific results are provided in Table I.
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Fig. 3. The BER performance comparison of the proposed
scheme and the Alamouti code in Rayleigh flat fading

Table I. Comparison of three Alamouti codes.
Schemes Eb R (bit/s/Hz) BER
Alamouti-QPSK 0.5 2 low
EI-Alamouti 0.625 2.5 ↓
Alamouti-8PSK 0.5 3 high

VI. CONCLUSION

The efficiency of Alamouti codes is investigated from the
bit level perspective. Inspired by the low efficiency of the
code, we propose an improvement design by transmitting
more information bits than redundancy bits in each block.
The approach also achieves the full transmit diversity and
allows maximum likelihood decoding for signals to be
decoupled at the receiver. The developed scheme has no
specific constraints, therefore can be directly extended to
any Alamouti codes.
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