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ABSTRACT

In this paper, we propose a new transmit diversity technique for multiple-input multiple-output (MIMO)

systems to improve the link level performance of open-loop systems. By cyclically applying a predetermined set

of precoding weight vectors, artificially induced fluctuation is created to achieve additional diversity gain in flat

fading channels. To design the set of the precoding vectors, we exploit the knowledge on the distribution of

near optimum precoding vectors observed in a beamforming scheme based on the rotation transformations.

Simulation results demonstrate that the proposed open-loop diversity scheme with an arbitrary number of transmit

antennas achieves a full diversity gain with computational complexity comparable to a single-input single-output

(SISO) system.
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I. Introduction

Wireless multiple-input multiple-output (MIMO)
systems provide increased capacity as the number of
antennas grows. The capacity analysis of MIMO
systems has shown significant gains over single
antennas systems[l]’[z]. The expected benefits include
higher system capacity and improved quality of
service as a result of spatial multiplexing (SM) and
diversity gain. In this paper, we focus on diversity
gain using multiple transmit antennas.

A scheme with multiple transmit antennas at the
base station is a convenient method to obtain the
diversity gain, since mobile users are often equipped
with a limited number of antennas in practical
wireless communication systems. In open-loop
systems where channel state information (CSI) is
known only at the receiver, a number of techniques
exist for achieving the diversity gain from the
transmit antennas such as antenna hoppingm and

space-time block codingm. Time diversity can be

created by inducing spatial selectivity in the case of
the antenna hopping scheme, where a bit-interleaved
coded modulation (BICM) structure™ is used to
obtain the diversity gain. Space-time block codes
(STBC) which achieve full transmit diversity with
single-symbol decodable complexity have been
designed for the two transmit antenna case in [6].
For the case with three or more transmit antennas,
the transmission rate of the STBC from complex
orthogonal designs is limited to 3/4 or lower”"®.
The code rate can be made higher by sacrificing
either full diversity or single-symbol decodability. A
design of quasi-orthogonal STBC (QO-STBC) is
such a case made at the expense of single-symbol
decodability and the diversity order [9]. Recently, it
has been shown that the

diversity property of QO-STBC can be improved by
rotating the constellations of the symbols'®!"!,
Also, a scheme which allows single-symbol
decodability has been proposed by adopting rotation

transformations!?.
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In this paper, we propose a new open-loop
diversity scheme using the predetermined precoding
set based on the rotation transformations proposed
in [13]. The basic concept is similar to the antenna
hopping scheme!"*! which makes an artificial time
selective channel over flat fading channels. In order
to generate time selectivity, our proposed scheme
adopts the predetermined set of the precoding weight
vectors known at both the transmitter and receiver.
In the proposed scheme, a diversity gain can be
achieved by maximizing fluctuations of the effective
channels after precoding. Hence, it is the principal
goal of the paper to identify the efficient precoding
weight vectors. We design the set of precoding
weight vectors by utilizing the distribution of the
rotation angles used in the beamforming scheme in
[13]. Simulation results confirm that the proposed
open-loop diversity scheme is able to achieve the
full diversity gain for an arbitrary number of
transmit antennas. Furthermore, the computational
complexity for the proposed scheme is comparable
to a single-input single-output (SISO) system.

This paper is organized as follows: Section II
describes the system model for the transmit
beamforming scheme. In Section III, we review the
beamforming  scheme  based on  rotation
transformations in limited feedback systems. In
Section IV, a new open-loop diversity scheme using
the set of the precoding weight vectors is proposed.
Section V shows the simulation results and
compares the proposed method with other transmit
diversity schemes. Finally, the paper is terminated

with conclusions in Section VI.

I. System Descriptions

In this section, we consider general beamforming
MIMO systems with A7, transmit and A, receive
antennas, as shown in Figure 1. In this figure, the
BICM structure” is employed, and we assume that
one frame consists of /A complex symbols. In the
receiver structure, maximum ratio combining (MRC)
is adopted. A data bit stream is coded, interleaved,

and modulated to produce a complex data symbol

348

bit
stream
H encoder H interleaver H mapper

Rx/ o

() Transmitter
Vi,
Yea

- decoded
: v - bits
. demapper H deinterleaver Hdwc)der }—)

RxM, oy /

[J.m i_/

a (b) Recevier

Fig. 1. Schemaric diagram of a transmit beamforming and receive combining
scheme for AM; transmit and M. receive antennas

sequence S;, (1 < k < K). The kth modulated

data symbol s, is weighted with a unit-norm
beamforming weight vector w; = [wk,l wk’Mt] T
(||Wk|| =1) to form the M, dimensional complex
transmitted signal vector x; = [:L'k’] T, }T,

ie, x,_-w.s,, where w, is the A/, dimensional

| denotes the

complex column vector and |
Euclidean norm. The elements of the kth signal
vector X, are then distributed through A/, transmit
antennas.

We denote H and y;, as the M, by M, channel
matrix and the A/, dimensional complex vector of
the kth received signal, respectively. Then, the
received signal vector y, for k=1,2,---,K is

given as

Vo= [Up1 Yo yk,M,,]T: Hx,+n;, (D

where 1n; is an independent and identically
distributed  (i.i.d) complex Gaussian noise vector

with the covariance matrix 0'72LIM. Here I, indicates

an identity matrix of size d. We assume that the
elements of the MIMO channel matrix H are
obtained from an i.i.d complex Gaussian distribution.
The channel is assumed to be flat fading and fixed
during one frame, and varies independently from
frame to frame. The channel response matrix H can
be defined as
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H= [h1h2 hM]

where h; is defined as the 9th column vector of the
channel response matrix H.

In the receiver, the kth combining vector c; is
given as ¢, = [cp1 gyl = Hw,/|[Hw,|
by MRC which is optimal in a signal-to-noise ratio
(SNR) sense. By combining the received signal

vector y;, with c¢;, the corresponding estimated

symbol z, for k=1,2,---, K can be written as
z= ¢y = [Hwlls; ci'n, @

where (- )H denotes the complex conjugate
transpose of a vector or matrix.

Then, the maximum-likelihood (ML) estimate of
the transmitted symbol s, is given by

—~

sp=argming ¢ [z, — [[Hwylls,| 3

where (). denotes a signal constellation and

represents the magnitude.

Note that in the closed-loop system, the channel
gain ckHHwk is maximized when the dominant right

singular vector of the channel matrix H
corresponding to the largest singular value is

employed as the weight vector w;, [14]. In contrast,

in the case of open-loop systems, it is not possible
to use the optimum weight vector since the
transmitter has no CSI of the channel H. In this
paper, we propose a transmit diversity scheme which
employs a predetermined set of the precoding weight
vectors. For open-loop systems, we first construct
the set of the precoding weight vectors known at
both the transmitter and receiver. The weight vectors
in the predetermined set are cyclically applied at the
transmitter in each frame. An efficient design of
weight vectors is important to maximize the
diversity gain in open-loop systems. In the following
section, we will review a closed-loop beamforming
scheme based on the rotation transformations which

achieves the performance close to the optimum

beamforming. Based on this scheme, we develop a
new open-loop system by utilizing the observations
made in the closed-loop scheme.

I. Transmit Beamforming based on
Rotation Transformations

In this section, we consider a transmit beamforming
based on rotation transformations presented in [13]
for closed-loop MIMO systems to orthogonalize two
column vectors of the channel. Note that we can
increase the channel gain using the fact that the
norm of a column is maximized when the column
becomes orthogonal to the other columns in the

channel matrix!"**%!

. Hence, we concentrate on the
precoding matrix to orthogonalize the column
vectors of the channel matrix H.

Given two column vectors h; and hj in H, the

Hermitian product of the two  complex-valued

vectors is defined by [13]
<hi.hj>: thhj: <hi,hj>R + j<hi.hj>] 4

where < -, - >R and < -, - >] denote the real

part and the imaginary part of < -, - ),
respectively.

Two rotation transformations were introduced in
[13] which make this Hermitian product zero so as
to maximize the channel gain. First, we consider

the following transformation
[Bh,]= [h;h,]1(60) )

where 1(0) denotes the inner rotation matrix

given as

| cos@ sinf
10) = [—sin@ cos@]'

We define the condition <l~11,l~1]> P 0 as inner

orthogonal [13], which can be satisfied by the

rotation angle

0" = tan~

1(,4—\/,4%4/5’2) ©

2B
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where A = [b ][ —[[b{I* and B= (h;h;) .
Next, the condition <1~17-,1~1 ]-> ;= 0 is referred to

as outer orthogonal [13]. In order to make two
complex column vectors outer orthogonal, we need

to employ the rotation operation as
[B,B,]= [h;h;]O(0) ™
where the outer rotation matrix O(6) is defined as

cosf jsinf
jsinf cos@

0(9) =

Here, the rotation angle to achieve the outer

orthogonality is obtained as

A— A 4B j ®

2B

ij -1
0% = tan (

where B= (hphy)
We note again that with the above rotation angles,

the norm of HZ is maximized while minimizing the
norm of }~1j in (5) and (7). It is straightforward to
verify that these rotation transformations are unitary.

Furthermore, in (4), the Hermitian product
becomes zero by the transformation I1(07)0(6%)
with

09 = tan~ 1[;1—

where A= v/ A%+ 4B? . Thus, this transformation
can achieve the optimum beamforming gain.

In [13], it has been shown that most gain of the
optimum beamforming can be realized by selecting
one of two rotation matrices for the precoding

matrix P according to the following criterion:

_{1(97) AE[(hphy) = (b )
0(p7),if |<hiahj>R|§ |<hi7hj>]1.
This criterion is a direct consequence of the fact that

the inner rotation operation annihilates the real part
$\langle {\hv}_i,{\hv}_j \rangle_R$ of Equation
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Fig. 2. The distribution of the rotation angles used in the selected
transformation after selecting one of two rotation transformations
(\ref{eq:hermitian}) while the outer rotation operation

is used to nullify the imaginary part (hyh;) .

While the rotation angles 07 and % in (6) and
®) have a
—7/2 <60 < 7w/2, the angles of the selected

transformation in (9) are no longer

uniform  distribution ~ over
rotation
uniformly distributed. The distribution of the rotation
angle is found by a numerical search as shown in
Figure 2. This plot illustrates that the distribution of
the rotation angle is concentrated around the value
near /4 or —m/4. Therefore, the rotation
transformation with 7/4 or — /4 may achieve a
good channel gain for open loop systems. Motivated
by this observation on the distribution of the angles
of rotation transformation, we will design the

precoding weight set in the following section.

IV. A New Transmit Diversity Scheme
based on Cyclic Precoding Weight Vector

In this section, we propose a new transmit
diversity scheme with the set of precoding weight
vectors to artificially create selective fadings. The
predetermined set of precoding vectors is produced
by utilizing the observation made in the previous
section that the distribution of the angles used in the
rotation transformations is concentrated on iw/ 4.

Denoting P, as the unitary precoding matrix for

the kth symbol s, the beamforming weight vector
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W), can be written as

Wy -p| (10)

where pr denotes the ith column of the matrix P,

Then, the kth received signal y, in (1) is given as

yi =Hws, +n; = prsk +ny

In the case of M, =2, the precoding weight
vector for the proposed scheme is determined as
w, = p]f, where the precoding matrix P, is
cyclically given as one of four possible
transformations I(w/4), I(—x/4), O(x/4) and
O(7r/ 4). Thus, the precoding weight vectors with
the period of 4 are obtained as in the table I.

To apply our scheme to the case of M, > 3, we
define the M, by M, inner transformation matrix

as the form of
1 .- 0 0 -+ 0

CO‘SQ si.nH--- O
0 --- —sinfcosf--- 0

O e

1(3,0) =
0-- 0 0 -1

Here I(,6) is an identity matrix with the exception
of

[I(z,@)],, = cosf,
[1(:,0)];, ¢y, +1 =sind,
[I(iae)]<i>ﬂ+1,i =—sind,
[I(z}@)]@%ﬁ RO cosf

where [ - denotes the (i, j)th element of a

L,

matrix and < - >Mf represents the modulo operation

with A/,. In a similar way, the outer transformation
O(4,0) is obtained. It is straightforward to show
that the above two rotation matrices are unitary.
These two operations will affect only columns % and
1+ 1 while leaving the rest of the matrix unchanged.

For M, = 3, we employ the orthogonalization

process on the column pairs (i, ]) of the channel
matrix H in the order of (1,2),(2,3), -,
(M, —1,M,),(M,,1), which is called a sweep cycle.
Therefore, one sweep cycle involves the
orthogonalization of A4, columns pairs. By
performing this sweeping, additional diversity gain is
obtained from A/, columns of the channel matrix
H. For M, = 3, the set of precoding weight
vectors in (10) is then given as

. fork=1,---, K (11

We adopt the (< LEJ >

1 —|—1)th column of

2
the kth unitary precoding matrix P, to rotate sweep

cycles, where | - | denotes the floor operation.

The unitary precoding matrix is given as

I(< {%J > +1,£),if oy, =1

M,

> 1,2 if ey, =2
M, 4

(12)

=~

4
{%J > +17£),if (ky, =3

M

0(< {%J > +1,—§),if<k>4:4

M,

The unitary precoder in (12) cyclically adopts
inner and outer rotation transformation matrices
with the rotation angles 7/4 and — 7/4. After the
selection of the unitary precoder based on the
sweeping ordering (12), the precoding weight vector
W), is determined as in (11). The precoding matrix
P, for M, = 3 has a period of 4/,. As an
example, the set of precoding weight vectors for the
proposed algorithm with four transmit antennas and
a period of 16 is illustrated in Table II. The order
of the cyclic beamforming pattern in the proposed
algorithm can be randomly permutated since
interleaving is employed in the BICM structure.

Note that the MRC receiver in (2) and (3) has the
detector complexity comparable to a SISO system
regardless of the number of transmit and receive

antennas. The cyclical application of the precoding
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TABLE I
THE PRECODING WEIGHT VECTORS FOR M; =2
3 I P 3 1
P IS S I S I S B
Vel B VE| VE| V2
S O T I
ol v vl BV

TABLE II
THE PRECODING WEIGHT VECTORS FOR M; =4

F T 1] 23257677 ]=
1 1 1 1
o2 v M- 2 v S I L L I
wo | =L | | S| S| | | |
El 7@ v=|vE| 2 E|VE| VRV
i =1 1 _J =1
S L B B v v 2 B B v
0 0 0 0 0 0 0 0
E ] 0 W l] 23] 1]5]106
; A I A B e
Itl 0 0 0 75 75 73 73
wel| 0| 0] o] o]0 |9 | 0|0
a1 || | o |
A AR R e e e
S| | X | S | | |
/2 /2 /2 /2 /2 /2 /2 /2

weight vectors given in (11) and (12) can be easily
done to any antenna configurations without
modification of the transmit structure. Consequently,
the proposed scheme with the precoding vector set
can offer a diversity gain for an arbitrary number of

transmit antennas in open-loop systems.
V. Simulation Results

In this section, we present simulation results for
the proposed transmit diversity scheme in flat fading
channels and compare them with conventional
systems such as the STBC and the antenna hopping
scheme. The constellations used are A/-QAM with
M constellation points. Hence, the spectral efficiency
of the proposed system is /2= R - log,// bps/Hz
while that of the STBC system is given as
R;=(Rq+ M, - log,M)/2 bps/Hz, where R,
denotes the rate of the convolutional code and 7"
represents the block period for the STBC. In our
simulation, the STBC systems with full rate
(7T'= M,) are considered to make a fair comparison
with the proposed system. Throughout the paper, we
use 16QAM constellation (A/=16) with gray
mapping and employ a convolutional encoder of rate
1/2 with polynomials (133,171) in octal notation.
The symbol length A in one frame is set to 128
and 256, and a pseudo random interleaver is used.

In Figure 3, the proposed scheme is compared to
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—#— No spatial diversity
—&— Using DFT columns
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Fig. 3. Frame-error-rate performance companson for four transmit and one
receive anfennas

the conventional schemes with four transmit
antennas. The plot shows that the proposed scheme
outperforms the antenna hopping method and the
scheme utilizing the columns of a discrete Fourier
transform (DFT) matrix by 2dB and 1.5dB at a
frame error rate (FER) of 1072, respectively. Here
the antenna hopping scheme can be considered as a
special case of the proposed scheme where an
identity matrix is used as a precoding matrix, i.e,

P= IM in (12). This figure exhibits no performance

gap between the proposed method and the
QO-STBC scheme with rotated constellation [10] at
a FER of 107°. The QO-STBC is full rate, but
requires a joint ML detection for two symbols.
Thus, the QO-STBC with constellation rotation has
much higher decoding complexity compared with
the proposed diversity scheme. In this simulation,
the demapper of the QO-STBC system needs to
search 167 =256 candidates to compute the
log-likelihood ratio (LLR) value, whereas only 16
candidates are to be searched for the proposed
scheme.

When the number of transmit antennas increases,
the performance gain of the proposed scheme
becomes more pronounced. In Figure 4, we plot the
diversity gain of the proposed scheme for various
numbers of transmit antennas. In this figure, the
dotted lines show the MRC scheme performance
where the SNR penalty of 10log, A/ (dB) is

included to account for the array gain of a receiver
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1 receive antennas, 2bps/Hz R =,!— k=128, Flat fadling channels

| P | P -
- 2 transmit antennas N
- 3 transmit antennas
- 4 transmit antennas
- & gansmit antennas
— [Propased schemes] .-
— - [MRCwith armay gain penalty]

FER

Fig. 4. Frame-error-rate performance comparison for various transmit and
one receive antennas

diversity scheme over a transmit diversity scheme.
We can see that the diversity order of the proposed
scheme is the same as that of the corresponding
MRC scheme for different numbers of transmit
Furthermore, the transmit

antennas. proposed

diversity scheme has the detection complexity
comparable to a SISO system for all antenna
configurations since the proposed system employs a
beamforming scheme with only one data stream and

an MRC receiver.
VI. Conclusion

We have proposed a new open-loop transmit
diversity scheme based on the precoding weight
vector set. The precoding weight vectors used in our
scheme are built up based on the selection scheme
between the inner rotation and outer rotation to
make two complex-valued vectors orthogonal. We
have noticed that the rotation angles of the rotation
transformations are concentrated on =+ /4 after
selecting one of two rotation transformations. The
proposed transmit diversity scheme cyclically
assigns two rotation transformations and two rotation
angles +7/4. The simulation results demonstrate
that the proposed scheme is quite effective in
achieving the full diversity order for an arbitrary
number of transmit antennas with single decodable

ML detection.
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