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ABSTRACT

This paper introduces a new efficient design scheme for spatial multiplexing (SM) systems over closed loop
multiple-input multiple-output (MIMO) wireless channels. Extending the orthogonalized spatial multiplexing
(OSM) scheme which was developed recently for transmitting two data streams, we propose a new SM
scheme where a larger number of data streams can be supported. To achieve this goal, we partition the data
streams into several subblocks and execute the block-diagonalization process at the receiver. The proposed
scheme still guarantees single-symbol maximum likelihood (ML) detection with small feedback information.
Simulation results verify that the proposed scheme achieves a huge performance gain at a bit error rate (BER)
of 10°* over conventional closed-loop schemes based on minimum mean-square error (MSE) or bit error rate
(BER) criterion. We also show that an additional 2.5dB gain can be obtained by optimizing the group
selection with extra feedback information.
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I. Introduction

Ever since the information theoretic analysis
identified the great potential of multiple-input
multiple-output (MIMO) channels on the system
capacity[l’z], there has been intensive study in recent
years on the design of practical systems which
achieve this huge capacity. One simple approach for
taking advantage of the capacity of the MIMO
wireless channel is spatial multiplexing (SM) such
(BLAST)
Based on the perfect channel

as Bell Labs layered space-time
architecture™".
knowledge at the receiver, a number of receiver
structures including maximum likelihood (ML)
detector, linear equalizer, and decision- feedback
equalizer can be applied to handle the interference
and form multiple data streamns'™.

When channel state information (CSI) is fully
known at the transmitter, it is possible to jointly
optimize the transmitter and the receiver under the
assumption of linear transformations. There are
several designs which aim for the highest
performance gain with a variety of meaningful
constraints, such as minimum mean-square error
(MMSE)W], maximum signal-to-noise ratio (SNR)IS],

and minimum bit error rate (BER)"

. Especially the
authors in [9] proposed a unified framework to put
all these criteria together by exploiting convex
optimization tools. Although these system designs
provide good results on the BER performance, their
criteria may not be optimum.

Recently, orthogonalized spatial multiplexing
(OSM) has been developed in [10] for closed loop
MIMO systems, which allows simple maximum
likelihood (ML) decoding at the receiver with small
feedback information. This scheme achieves
orthogonality of the channel by applying a simple
transformation at the transmitter and as a result, the
subchannels exhibit the same quality. More recently,
a new precoder for the OSM has been proposed
which can improve the performance substantially'"!,

One constraint of the OSM scheme is that the
number of supported data streams is limited to two.
In this paper, we propose an extended structure of

the OSM scheme which can support a larger number

of data streams. To achieve this goal, we partition
the data streams into several subblocks by applying
the block-diagonalization process at the receiver.
Such a procedure can be utilized by a low
complexity detection technique called group
detection (GD)“Z’B]. However, they suffer from a
considerable performance loss because the noise
components are not taken into account. In this
paper, we introduce a better GD method which
shows a performance gain over the approach used in
[13]. The proposed scheme still guarantees simple
ML detection and needs small information for
feedback. In addition, we consider a group selection
issue which can provide an additional performance
gain. The simulation results show that the proposed
scheme achieves a huge performance gain compared
to the conventional power allocation schemes based
on the MMSE'™ or the minimum bit error rate
(BER)"™ criteria, and that an additional 2.5dB gain
can be obtained by optimizing the group selection.

Throughout this paper, the following notation is
used. Normal letters represent scalar quantities, bold
face letters indicate vectors, and boldface uppercase
letters designate matrices. We denote the real and
imaginary part of ¢ by Relc] and Zm[c], respectively.
The superscripts (.)7 and (.) denote transpose and

Hermitian operation, respectively. I, indicates an

identity matrix of size d and a - b denotes the inner
(dot) product between vectors a and b.

The paper is organized as follows: Section II
introduces the system model and briefly reviews the
OSM scheme and an enhanced version of the OSM
scheme. In Section III, we propose an extended
structure of the OSM and illustrate the efficacy of
the proposed scheme. Also a group selection issue is
considered to achieve a performance gain. Section
IV provides several simulation results for the
proposed schemes. Finally, Section V gives the
conclusions of this paper.

II. System Description

This section provides a description of the MIMO
communication system model with 4, transmit and

M, receive antennas. The cooperation between the
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transmitter and the receiver required in closed-loop
systems is illustrated in Figure 1. The receiver
estimates the forward link channel and then feeds
back its corresponding information to the transmitter.
Using this feedback information, the transmitter
applies a precoding operation to the transmitted

signals.

Denoting B as the number of data streams
(B< min(M,M)), the sampled baseband signal

model for flat-fading channels is given by
y=HPr+n

where z= [z,-- 2,7 € C®*! is the transmitted
symbol vector precoded by the linear precoder
Pe C , and ye ¢

signal vector. Here the channel response matrix H is

M, % B 1

denotes the received
modeled as

hyy - th
H = o D
hagy - gy

where  h;

represents the channel response
between the i-th transmit and the j-th receive
antenna. We assume that the transmitted symbols are
uncorrelated and have unit-energy, i.e., Elzz® =1,

and the noise vector n ~ N(0,021,,) is zero-mean

circularly symmetric complex Gaussian. Throughout
this paper, we focus on systems supporting full
spatial data streams (B <min(d4,M)), which
achieves the highest throughput in all range of SNR.

In the following, we review the OSM scheme

x:

Tx1 Rx1

Linear Detected

bit stream

Bit
stream Joint

Demapper

Precoder

AR A

TxM, Rx M,

e

i i
i i
== Feedback Information f===

1.0 mNe SAltEdel A e SAlekEdE TR
HFZ MIMO AAHle] 2%

Fig. 1. Block diagram of a closed-loop MIMO system
with A/, transmit and /. receive antennas
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introduced in [10], then summarize an enhanced
version of the OSM proposed in [11]. In the OSM,
M, transmit antennas are considered with two data
streams. For illustration purposes, we focus on the
M =2 case. The OSM scheme encodes two

transmitted symbols as

Fle.6,) = [(1) eXp(()j@o)}s(w)

where 60, is the rotation phase angle and s(z) is
defined by

Re [Tl] +jRe [rg}
Im [1’1] +jim [552}

s(z) =

Applying the above transformation, the system
model is changed to

y= HF(z.0,) +n= Hs(x) +n 2)

where H, accounts for the effective channel

matrix denoted as

1 0
H, = H{o eXp(JPO)}'

Denoting the real-valued representation of H, as

H, = [, b, by B, we can easily check that

B’

1 and hsz are orthogonal to hfjs and hf"’4,
respectively.

The rotation angle 6, is decided as to attain the
orthogonality between hf‘:l and hf‘:a (or hf‘:z and

0, . 10
k.:,), given as'"”

0, 0,
_ —1 hr,l . hr,4
90 = tan W .

o
T,1 hT,Z

Note that this rotation achieves the full
orthogonality between two subspaces spanned by the
transmitted signals, which is the key concept of the
OSM. Exploiting this feature, the optimal ML
detection can be carried out with complexity O(M1),
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where A/ indicates the size of the signal
constellation. Besides, two transmit symbols z; and
x, experience the same channel gain.

More recently, a new precoder design has been
proposed for the OSM which can further enhance
the performance by maximizing the minimum

Euclidean distance, denoted as d

‘min >

in each symbol
space!'. We refer to this scheme as enhanced OSM
(E-OSM). The E-OSM employs a real precoding
matrix P<€ R**? at the transmitter. The resulting

expression for the received signal is rewritten as

y= HooPs(a:) + n.

Here P consists of two real rotation matrices Ry,

and R, and one real diagonal matrix D as""!

P = Ry DRy, 3)
where

cosf); —sinf),

B = [sinﬁl cosf,

=
) 70\/2_7’

cosf, —sind,
and Ry, = . .

sind, cosf,

The E-OSM precoding is performed in two steps.

First, the rotation matrix Ry, orthogonalizes hﬁ’,’l and
9, 9, 9, .
h.:, as well as h’; and R, Then, the remaining
matrices D and Ry, are jointly optimized by the
following criteria

(p,0,) = arg max, y di, (p.0,).

After mathematical derivations, it has been shown
in [11] that the optimized components p and 6, can
be represented by only two and four cases for
4QAM and 16QAM, respectively. The optimal
solutions for each constellation are shown in Table
I (refer [11] for a parameter k).

Adopting the optimized precoder (3), the E-OSM
offers an excellent performance gain compared to

other closed-loop schemes with a simple ML

1. p9 6, dbe g
Table 1. Closed form expressions of p and 6,
modulation case P 0,
1<k<7 1 w/4
4QAM _
Q k=7 V2 0.464
1<k<7.58 1 /4
7.58 < k<43.11 1 0.488
16QAM
6Q 43.11 < k< 101.03 1 0.345
k> 101.03 V2 0.245

detection (called single-symbol decodable). Also, the
precoder computation is simple in comparison to
singular value decomposition (SVD) based schemes.
In addition to the feedback information 6, in the
original OSM, the E-OSM needs one more phase
value 6, and 0.5log, M bits for feedback.

. Proposed Blockwise OSM

As discussed in Section II, the main limitation of
the OSM scheme is its constraint on the number of
supported data streams. In this section, we propose
an extended structure of the OSM scheme which
does not have any restriction on the number of data
streams. For the ease of our description, we assume
M, =2K < M, where K denotes the number of
subblock channels which will be explained later.

Also B is assumed to equal 7.

3.1 Blockwise OSM

We first describe a system structure for the
proposed scheme, as shown in Figure 2. One
noticeable change is the adoption of the linear

M, % M,

receive filter Ge C The function of this

j Fmiindniiis i i)
Jaly b z s
74» Precoder ! ﬁ;l; OosM kx,l
= Rx1 . Detector !
; Linear ]
£} 4 : : combiner | i '
. . , G . . :
X | osm Y Y qu, Ze| osm | L%
7 Precoder T Ea Detector >
F XM, RaM i
S
1
i
--------------
a2 2. B-OSM Al2Hle] B2 Pxe
Fig. 2. Block diagram of B-OSM systems
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combining matrix @ is to partition the transmitted
data streams into A independent subgroups. After A
subgroups are arranged at the transmitter, the OSM
is applied into each subgroup to support two data
streams. The filtered output signal vector z € oM

at the receiver can be expressed from (2) as
z = GHFy(z,0) + Gn = HyFyp(z,0) + v

where F, accounts for the OSM rotation

M, M,

operation at the transmitter, H, € C' is defined

M, < 1

as Hy,=GH, and v € C
noise vector with the covariance matrix o> GG¥. We

call this scheme as blockwise OSM (B-OSM). When
the same procedure is applied to the E-OSM

represents the filtered

scheme, we refer to it as blockwise E-OSM
(BE-OSM). We omit the overlapped description for
the BE-OSM for the remaining part of this paper.

Now the question is how to design the receive
combining matrix G. The main objective is to
suppress the interference coming from other
subgroups. This concept was originally suggested for
code-division multiple access (CDMA) multi-user
detection and was applied to multiple antenna
systems, referred to as GD"*" where projection
matrices were used to obtain G. However, they
suffer from a considerable performance loss because
they ignore the noise correlation. Moreover, the
complexity for filter calculation and detection can be
high if the grouping is overlapped or the group size
is large.

In the following, we illustrate an improved design
method for G, which can overcome the performance
degradation by preserving the noise statistics. While
the size of each subgroup can be adjusted to an
arbitrary value, all the group sizes are fixed to two
in the B-OSM system structure. First, we express

the original channel matrix H of (1) as
H= |H H, - H] @)

where H, € C"""* (1 < k < K) represents the k-th

subgroup channel matrix which consists of the
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(2k—1)-th and the 2k-th column vectors of H. We
denote hy, and k., as the first and second column
vector of H, (H,= [k, k,]). Its complementary

M2

channel matrix &, € """ is defined as

Hy= [H -~ Hy Hyyy Hgl

By the same notation as in (4), G can be

similarly expressed as
G= G GF - GE”

where G, € " represents the k-th subgroup
combining matrix which consists of the (2k—1)-th
and the 2k-th row vectors of G. Also g, and g,
denotes the first and second row vector of
G, (G, = lg{,98,)"). We want to design G, such
that the k-th subgroup channel H is free from the

interference channel ﬁk as
Gka = 0 (5)

However, by relaxing this null constraint, a better
solution can be obtained. The solution based on the

MMSE criterion is given by
ki = (& A+ ”31114—1)711?5{}(1.:)7 i=12 (6)

where [4], , denotes the first row of A4, and H,,
consists of the desired channel vector A, ; and the

interference channel matrix I}; as
H, ;= [hk,i Hk]'

By taking the first row of the MMSE based filter
matrix (6) of fi; ;» the interference channel FI,C can
be nearly eliminated in the k-th subgroup channel.
We note that although each g, is optimal, the
solution G| obtained from (6) may not be optimum
in the MMSE sense. Nevertheless, the proposed

method provides a good performance in low SNRs

www.dbpia.co.kr
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by taking the noise components into account, as will
be shown in the simulation section.

Then, we perform the Gram-Schmidt process in
the row space of G, in (6) to preserve the statistics

of the subblock noise vectors as follows:

- Gk1 < gk,l/ [ Gk,1 |
T Gk2 gk,Z(IM - 951919,1/ I g1 | 2), then
k2 < gk,z/ [ Ik [l .

This simple projection process finds the
orthogonal basis without a noise whitening filter
using eigen-value decomposition (EVD).

Now we return to our system model. By applying
the receive combining filter G obtained by the
above method, the resulting effective channel model

H, is represented as

Hgy Gy - GHy

H,= ci— | @ Ha - G

Gy Gylly -+ Hgy
where Hg, = G.H, is the k-th subblock channel
matrix of size 2x<2, and G;CHJ accounts for residual
interference from other subblock j+#k to the k-th
subblock.
The output signal vector z, at the k-th subblock

channel can be written as

24 = Hg Fz,,01) + ;k GHF(@, 07) +v, (7
=

where =, z, and v, (€ C°"') denote the
transmit signal vector, the received signal vector,
and the noise vector for the #k-th subblock,
respectively. Also 9(0” stands for the rotation angle
for the k-th subblock. Note that thanks to the
previous Gram-Schmidt process, the noise vector v,
=?G.GH = 5’L. As

remains white, ie. Elvol] 2
will be shown in the following section, this property
results in good performance.

Applying the Gaussian approximation to the

interference term in (7), it is clear that the resulting

effective channel model can be considered as being
equivalent to the original channel model (2). Thus,
the OSM can be directly applied to each
transmission subblock. The receiver calculates the
rotation angle 95"') independently and feeds back to
the transmitter. Then at the transmitter, the k-th
input symbol vector z, is precoded by the function
F(mk,G(n")) in (7), and is transmitted over its
corresponding transmit antennas. For the case of
BE-OSM, the additional precoding P, is applied in
each subblock before transmission for enhanced
performance. Note that the B-OSM scheme still
maintains the single-symbol decodability for each
subblock channel with complexity O(M), regardless
of the number of data streams.

We comment on the feedback overhead of the
proposed scheme. The amount of feedback
information for the B-OSM and the BE-OSM is
presented in Table II. In general, the optimal SVD
based transmissions require the full CSI to determine
the precoders at the transmitter™. When the number
of data streams B grows, the feedback overhead of
our scheme increases only linearly with A (Ko« B),
while the overhead of the SVD based schemes is
proportional to A*. Thus compared to SVD based
designs, our proposed schemes have an advantage

for systems with a limited feedback channel.

E 2. M,=2kK% v B-OSM¥} BE-OSM<®| ¥|=x] xJnzk
Table 2. Feedback information amount for B-OSM and
BE-OSM with M, = 2K

B-OSM {09}
BE-OSM

{et()k)’eﬁkv)}z\:l’ (K/2 - log,M,) bits

3.2 Group Selection for B-OSM and BE-OSM

Although the BE-OSM achieves the optimal
performance for a given subblock, the BE-OSM may
not guarantee the optimality in the overall sense.
This corresponds to a group selection issue in the
GD technique. By choosing the groups of the
channel columns properly, the performance of the
GD can be further increased. In [13], an adaptive
grouping method was proposed which considers the

channel correlation. However, this algorithm suffers
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from high complexity cost, as it allows overlapped
grouping. Also we note that the correlation alone
does not account for the performance of the ML
detection much.

In this subsection, we present a group selection

criteria based on the minimum distance d and

min
illustrate how this group selection can be efficiently
combined with the B-OSM. Our design goal is to
minimize the error performance with the optimal
ML  detection. In this case, for uncoded

transmission, d

min

is directly related to the symbol
error rate (SER) from the union bound approach“‘".

Thus, the following criteria is used:

n= arg max; <, < N[minl < k= K Gmin (n,k)] (8)

where d_. (n,k) tepresents the minimum

Euclidean distance for the k-th subblock of the
rearranged channel with the n-th group pairing. Here
N denotes the total number of all possible
combinations of pairs among 24 channel columns.

]%) ﬂgi?)'" (3)/[(‘.. For

N=
Then we have 9 9

example, V=3 and ~N=15 combinations exist for
M, =4 and M, =6, respectively. In the criteria (8),
we identify the combination of pairs n whose worst
case minimum distance is the highest among all of
N pair combinations.

In the original GD, this criteria is somewhat
useless because of its complexity for the overall
candidate search. However, in the proposed scheme,
d

lin (n:k) can be efficiently computed by utilizing
reduced candidate search in one dimension from the
OSM property. Actually it was shown in [10] that
the required number of candidate vectors in
computing d_; (n,k) for the OSM is only 2, 5, and
19 for 4QAM, 16QAM, and 64QAM, respectively.
Therefore, the complexity related to the group
selection is low in the proposed scheme. We will
verify in the next section that an additional gain is
achieved if the grouping is utilized.

Based on this criteria (8), the receiver determines
the optimal pairing set and feeds back its index to

the transmitter. This requires [log,V] additional
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bits, where [a] indicates the smallest integer
greater than or equal to a. For example, [log,3] =2
bits and [log,15 ] =4 bits are needed for A/ =4 and
M, =6, respectively.

IV. Simulation Results

Through Monte-Carlo simulations, this section
demonstrates the efficacy of the proposed scheme in
flat Rayleigh fading channels. We consider a MIMO
channel with A4 =4 and A/ =4 (K=2) over which
we transmit B=4 independent data streams.

First, we compare the BER performance of the
B-OSM and the BE-OSM scheme with two optimal
power allocation schemes based on MMSE"™ and
ARITH-BER criteriam, respectively,

in Figure 3. The group selection is not considered
here and thus a fixed grouping is used instead of
optimized one. The simulation employs 4QAM for
all substreams and the receive combining filter in
(6). The proposed B-OSM provides about 10dB and
2dB gains at a BER of 107! over two
above-mentioned schemes, respectively, with only

two phase values 6" and 6 feedback. Allowing
two bits and two phase values 6" and 62’ more for

feedback, the BE-OSM obtains an additional 6dB
gain and even largely outperforms the ARITH-BER

4x4 closed-loop systems in 8bps/Hz over flat fadings
S T

i —%—B-0SM
-| —%— BE-OSM
"| —&— MMSE optimal [6]
| —— ARITH-BER [9]

i i
25 30 35

20
SNR [dB]

8 3. M=4 % M, =49 kel el Akl 7]
FEREE T

Fig. 3. BER performance of the proposed schemes with
My=4 and M, =4
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method at a BER of 10 *. Note that the proposed
schemes do not require the additional complexity for
power allocation.

In Figure 4, we present the simulation results to
confirm the benefits of the optimized pairing for the
proposed schemes. In this simulation, the group
pairing is performed with a 2-bit feedback signal
based on the selection criteria (8) with 4QAM. This
criteria maximizes the overall minimum distance
such that any ill-conditioned subblock can be taken
care of. The plot shows that optimizing the grouping

pairs achieves about a 2.5dB gain at a BER of 10~ *

~ 4x4 closed-loop systems in 8bps/Hz over flat fadings
10 - T T T T T T T T
s 11| —%— B-OsSM
o) —5— B-0SM with pairing

-..| —#— BE-OSM
...| —#— BE-OSM with pairing

BER

8 10 12 14 16 20 22 24 26 28

18
SNR [dB]

T8 4. My=4 B M, =42 e 36N 2 S
A Adse 7] vlEdHE A
Fig. 4. BER performance of the proposed schemes with
group selection with A7, =4 and M, =4

4x4 systems in 8bps/Hz and 16bps/Hz over flat fadings

SNR [dB]

T8 5. M=4 B M, =42 e 364 Adshs 7]
3t 71329] GDole] Ml Es S A Hlal

Fig. 5. BER comparison of the proposed grouping method
with conventional GD with A7, =4 and M, =4

for both the B-OSM and the BE-OSM schemes.
In the last simulations, we compare the BER
performance of the proposed grouping method for
the B-OSM with the conventional GD method in
[13]. In our method, a simple ML detection is
carried out in one dimension. Figure 5 shows that
the proposed method performs 4-5dB better than the
conventional GD at all SNRs with both 4QAM and
16QAM. An improved performance gain is achieved
by managing the noise whitening issue properly in
the high SNR regime. Also, the performance gain at
low SNRs comes from our MMSE based approach
by relaxing the null constraint (5). As a result, by
taking the noise components into account, the
proposed block-wise transmission schemes accom-

plish highest performance gain.
V. Conclusion

In this paper, we have presented a new efficient
design scheme for closed loop MIMO systems. The
main objective of this work is the extension of the
OSM scheme to multiple data stream transmission.
To achieve this goal, we have partitioned data
streams into several subblocks by executing the
block-diagonalization process at the receiver. The
simulation results confirm the efficiency of the
B-OSM and the BE-OSM scheme in practical
situations. The proposed schemes allow a simple
single-symbol detection process, and also provide
the flexibility for the feedback information amount
compared to conventional SVD-based schemes. In
addition, the pairing issue has been studied to
optimize the performance. We have shown that the
combination with the pairing offers an additional

gain for the BER performance.
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