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ABSTRACT

In the past few years considerable attention has been given
to the design of multiple-input multiple-output (MIMO) ei-
genmode transmission systems (EMTS). This paper presents
an in-depth analysis of a new MIMO eigenmode transmis-
sion strategy. The non-linear decomposition technique
called geometric mean decomposition (GMD) is employed
for the formation of eigenmodes over MIMO flat-fading
channel. Exploiting GMD technique, identical, parallel and
independent transmission pipes are created for data trans-
mission at higher rate. The systems based on such decompo-
sition technique are referred to as MIMO identical eigen-
mode transmission system (IETS). The comparative analysis
of the MIMO transceiver design exploiting non-linear and
linear decomposition techniques for variable constellation is
presented in this paper. The new transmission strategy is
tested in combination with the Vertical Bell Labs Layered
Space Time (V-BLAST) decoding scheme using different
number of antennas on both sides of the communication
link. The analysis is supported by various simulation results.

1. INTRODUCTION

Exploiting multiple antennas at the transmitter and the re-
ceiver in wireless communication systems is an extremely
promising way to enhance the data rate of future wireless
communication systems [7], [9]. Multiple-input multiple-
output (MIMO) communication systems that transmit data
through parallel sub-channels and exploit the channel state
information (CSI) at the transmitter, are termed as MIMO
eigenmode transmission systems (EMTS). However, in
such systems, rich-scattering and flat-fading conditions are
a requisite condition, in order to exploit high MIMO EMTS
capacity [6].

By deploying multiple transmitters and receivers in suffi-
ciently rich in scattering environment, the MIMO EMTS
has a high potential to increase the capacity linearly with
the number of spatial channels [2]. The same has been illus-
trated in [1], [2] for the Bell Labs Layered Space Time
(BLAST) architecture. Since then, many transmission
strategies have been proposed [7], [9]. Among the two most
important and well known approaches, one is space time
coding method that attempts to improve the communication
reliabilities by coding and diversity gain achieved by ap-
propriate coding design [7]. The other is spatial multiplex-
ing method which transmits data over spatial sub-channels,
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often in conjunction with an outer channel code, e.g., the
BLAST architecture which focuses on maximizing the
channel throughput [3], [7]. Both design schemes assume
that the CSI is available only at the receiver. By transmit-
ting through parallel, spatial sub-channels and exploiting
the CSI at the receiver, spatial multiplexing systems can
provide high data rates [6]. However, if the communication
environment is slowly time varying, such as indoor com-
munication via wireless local area networks (WLANSs), the
availability of the CSI is also possible at the transmitter,
using feedback or the reciprocal technique when time divi-
sion duplex (TDD) is used [6]. With the CSI available at
the transmitter as well, channel capacity can be achieved
exploiting a linear transformation at the transmitter. The
linear decomposition techniques can be employed at the
receiver to convert the MIMO EMTS channel into set of
parallel and independent scalar sub-channels.

The design of MIMO EMTS transceiver includes precod-
ing at the transmitter and employing an equalizer at the
receiver [7]. Several designs have been proposed based on
conventional decomposition techniques and using a variety
of criteria, including maximum signal to noise ratio (SNR),
minimum mean squared error (MMSE) and bit error rate
(BER) based criteria [5], [7].

In [2], a transmission strategy has been designed using
linear transformation only. The linear transformation used
is singular value decomposition (SVD), which decomposes
the MIMO EMTS flat-fading channel into multiple parallel
sub-channels. The water filling algorithm is used to
achieve the capacity of each sub-channel [7]. The non zero
singular values of the diagonal matrix represent the signal
to noise ratios (SNRs) of the sub-channels formed by SVD.
However, due to very high variations in the SNRs of the
sub-channels and high condition number, this apparently
simple linear decomposition scheme requires a very intelli-
gent and adaptive bit allocation in order to match the capac-
ity of each sub-channel and achieve the prescribed BER [7].
Bit allocation among the eigenmodes of the MIMO EMTS
not only increases the coding/decoding complexity but also
inherently capacity loss because of finite constellation
granularity [2], [7]. Alternatively, assignment of equal
power to the sub-channels, results in the same constellation
among all eigenmodes. However, more transmitting power
could be allocated to the channel having a poorer SNR i.e.
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the eigenmode having lowest SNR. A fundamental trade off
is always required to be made between capacity and BER
performance when dealing with linear decomposition tech-
nique.

In this paper we first review linear decomposition tech-
nique referred to as SVD. Then we introduce non-linear
decomposition technique called geometric mean decompo-
sition (GMD). The main aim of this paper is to develop a
MIMO EMTS transceiver design exploiting GMD in com-
bination with V-BLAST decoding. Using GMD, the MIMO
EMTS channel can be decomposed into set of identical,
parallel and independent sub-channels. This non-linear de-
composition technique brings about much more conven-
ience in coding/decoding and modulation/demodulation
processes. In order to demonstrate the effectiveness of new
transmission strategy, various simulation scenarios are cre-
ated in Matlab®. The BER performance curves are ob-
tained for different number of antennas at the transmitter
and the receiver with two different types of modulation
schemes. Results of the transmission strategy based on non-
linear decomposition technique ensure superior perform-
ance as compare to conventional transmission strategy
based on SVD [7].

The remainder of the paper is organized as follows. Sec-
tion 2 introduces channel model and decomposition tech-
niques. This section presents an overview of channel de-
composition perspective of Rayleigh flat-fading MIMO
channel and associated challenges. After reviewing the
well understood, linear decomposition technique SVD, we
introduce GMD to construct the eigenmode over MIMO
channel. This section also presents mathematical concept
for the formation of identical, parallel and independent sub-
channels. Section 3 presents the testing, comparative results
and analyses of GMD based V-BLAST detection scheme.

The following notation is used throughout this paper.
Boldface uppercase letters denote matrices, boldface lower-
case letters denote column vectors, and italics denote sca-
lars.  R™*™and C™*" represent the set of m X n matrices
with real and complex valued entries respectively. The su-
perscripts OF, (O and (.)* denote transpose, hermitian op-
eration and complex conjugate respectively. [X];; denotes
the (ith, jth) element of matrix X.

2. CHANNEL MODEL AND DECOMPOSITION
TECHNIQUES

In this section of paper, we present flat-fading channel
model and GMD technique to design the precoder at the
transmitter and the equalizer at the receiver. We also discuss
the formation of identical, parallel and independent transmis-
sion pipes over MIMO channel.

2.1 The Channel Model

Let us consider a MIMO EMTS having N transmit-
ting antennas and M receiving antennas as shown in Figure 1.
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Figure 1 Model of MIMO communication system with N transmit-
ting and M receiving antennas over Rayleigh flat-fading channel.

The signal model corresponding to a transmission
through a flat-fading MIMO channel is given by [6], [7]
y=Hs+n 1)
where s € CN ! is the transmitted vector, H € CM*N g
the channel matrix with the (m,n)th element denoting the
fading coefficient between the mth receiving and nth

transmitting antennas, y € CM *!

is the received signal
vector, and n € CV* ! is a zero mean circularly symmet-
ric complex Gaussian interference-plus-noise vector with
arbitrary covariance matrix. Throughout this paper we
assumed that 1) K denote the rank of H such

that K < min (M, N) and 2) perfect CSI at the transmitter

and the receiver i.e. H is known at both sides of the com-
munication link.

2.2 Geometric Mean Decomposition Algorithm

In order to investigate the geometric mean decompo-
sition technique, we review linear transformation of the
channel matrix H called SVD and is given by

H=UZV". ()
where U and V are unitary matrices and X is a diagonal

matrix with singular values equal to the square root of
eigenvalues of  the wishart  matrix, given

by \/X_,,~~~,,/kk such that following condition is satis-

fied
JM 2, 22 A >0, 3)
By calculating the filtered receive vector, we have
r=U"y, 4)
By substituting (1) and apply decomposition defined in
(2), we have

=U"Hs+U"n=U"UZV”s+U"n,
r=Xs +n’, 5)

where s’=V?s and n’=U"n.
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Figure 2 Scheme of MIMO communication system with non-linear
transceiver over Rayleigh flat-fading channel.

The MIMO EMTS defined in (1) is now decompose into
parallel sub-channels, each representing single in-put single
out put (SISO) system given by

ri=\/k_is;+n;. (6)

where i=1,2,---,k,---,K and A,denotes the eigenval-

ues of wishart matrix. It is obvious that the information can
only be transmitted over those equivalent channels with non
zero singular values [7]. It is very important to note that if the
number of transmission layers exceeds the number of strong
singular values, the performance of the MIMO system de-
grades. The complexity in the design of linear transceiver is
due to large variations among the eigenvalues of the channel
matrix H [6], [7].

For any rank K, matrix H € C™ * ¥ with singular val-

ues \/k_lz,/kz >...2 /A, >0, there exist an upper tri-

angular matrix R € R* ¥ with identical diagonal elements
given by [5], [8]

K 1/2K
rl.,.zx:(Hx,} . 1<i<K
i=1

such that the singular value decomposition of R is given by
R=U,xV,"”, @®

with ith diagonal element equal tor;,, = L. Here T isa

)

diagonal matrix whose elements are equal to the singular
values of the matrix H i.e. {JI }£, . Since we also know that
H= UXV" and combining with (8), we have

H=UU," RV, V", ®

Hence, the decomposition derived in (9), is referred to as the
Geometric Mean Decomposition (GMD) [6], [8]

H=QRP". (10)
where Q and P are semi-unitary matrices denoting the linear
operations at the receiver and the transmitter respectively.

2.3  Transmission over Identical and Parallel Pipes

The scheme of a general MIMO EMTS communica-
tion system with non-linear transceiver is shown in Figure
2.

First we calculate the GMD of channel matrix H
asH= QR P” . Next we encode the information sym-
bols s via the linear precoder P, such that the transmitted
vector is given by
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Figure 3 Concept of formation of identical, parallel and independent
pipes over Rayleigh flat-fading MIMO channel using Geometric
Mean Decomposition (GMD).

(1n

where P € CY ¥ is the transmit matrix (precoder) and x

s=Px.

e C** s the data vector that contains the K symbols to
be transmitted (zero mean, normalized and uncorrelated,

that is, E[xx* 1 =1) drawn from a set of constellations.

At the receiver side, the decomposition algorithm is
exploited in combination with a receiver interface, re-
ferred to as V-BLAST decoding. The decoding algorithm
is based on sequential nulling and cancellation in order to
decode the transmitted information symbols s [1], [2] and
[7]. The nulling step can be implemented by either using
zero forcing (ZF) or minimum mean squared error
(MMSE) criterion [7]. The main drawback of the V-
BLAST detection algorithm lies in the computational
complexity, as it requires multiple calculations of the
pseudoinverse of channel matrix in the ZF case [4]. Thus,
we consider GMD scheme in order to design a reduced
complexity version of V-BLAST detection scheme.

The estimated data vector at the receiver is given

by
x=Q"y, (12)
where Qe C**M is the receiver matrix (equalizer).
Substituting (1) in (12), we have
£=Q"Hs+Q"n, 13)

we consider the scheme presented in [4]. Restating the
successive interference cancellation scheme employing
GMD (10), the resulting received vector (13) becomes

£=Q"QRP"s+z, 14
also substituting s = Px in above, we have
£=Q" QRP"Px+1z, 5)
knowing QQ” =1 & PP” =1, (15) becomes
Xx=Rx+z. (16)
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SNR (dB)

(b)
Figure 4 BER performance of GMD V-BLAST over Rayleigh flat-
fading MIMO IETS with (a) QAM-16 (b) QPSK.

also in component wise notation, (16) becomes

X, hy ha he || % <
X oo : X Z
2 22 2 2
= + a7
£ 0 o e | xe Z

Due to upper triangular structure of R, the ith ele-
ment of X is given by

K

X = Tii X +zrz‘+1$i X T 25 (18)
i+l

GMD, we =\ for

i=12,---,k,---,K . Ignoring error propagation effects

know that r

ii

But for

K
ie. Zrﬁ,j x;,; =0, we can regard the resulting sub-
i+l
channels as K identical, parallel and independent sub
channels given by
X =Ax;+z;. fori=1,--,K 19)
The concept of formation of identical, parallel and
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Figure 5 BER performance of SVD V-BLAST over Rayleigh flat-
fading MIMO IETS with (a) QAM-16 (b) QPSK.

independent pipes using GMD is shown in Figure 3. The
main advantage of this combined strategy comes with
the complexity reduction, as it requires only a fraction of
computational effort as compare to the original V-
BLAST algorithm [5], [7]. The channel gain of each ei-

genmode is given byA . Beam steering techniques on
both the transmitter and the receiver sides are achieved
by multiplying vector p,, at the transmitter and matrix
QH at the receiver, where p,, denotes mth column of P.
As a result, an equivalent channel matrix can be ex-
pressed as

Q" Hp,, =[o,---,X,---,o]r. (20)

In MIMO systems, data transmission over the
equivalent channel given by (20) is referred to as identi-
cal eigenmode transmission system (IETS) and the sub-
channels and p,, are called as eigenmodes and eigenvec-
tors, respectively.

3. PERFORMANCE ANALYSIS

In this section, we present the performance analysis
based on BER curves obtained after various simulation sce-
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narios. In all simulation experiments, we assumed that the
channel is Rayleigh flat-fading. To determine the effective-
ness of the new GMD based V-BALST detection strategy,
the BER performance curves are compared with SVD based
V-BLAST decoding strategy. In each scenario the curves are
obtained after averaging 5000 Monte Carlo trails of H.

In first case, we consider GMD V-BLAST over
Rayleigh flat-fading MIMO channel with N = 1,2,3,4 and M
= 1,2,3,4 transmitting and receiving antennas respectively. In
Figure 4(a), we present a scenario where N independent sym-
bols, modulated as quadrature amplitude modulation (QAM-
16) are transmitted. Using GMD over H, we have K identi-
cal, parallel and independent sub-channels for symbol
transmission. After observing the BER curves for different
number of transmitting and receiving antennas it is demon-
strated that for the curve N=M=4, GMD V-BLAST per-
forms superior, from moderate to high SNRs. Hence, the
performance of GMD based V-BLAST scheme is increased
with the increase in the number of transmitting and receiv-
ing antennas. With the increase in channel dimension the
condition number is usually high as well and therefore, the
performance curves for channel with higher condition num-
ber outperforms the curves with lower condition number.
In Figure 4(b), the same simulation scenario is repeated for a
different constellation. In this simulation N independent
symbols, modulated as Quaternary phase shift keying
(QPSK) are transmitted over identical, parallel and inde-
pendent sub-channels. It is observed that the BER perform-
ance curves for QPSK outperform the curves obtained for
QAM-16.

Next, we present the simulation scenarios for MIMO lin-
ear transceiver over Rayleigh flat-fading channel again with
N = 1,234 and M = 1,2,3,4 transmitting and receiving an-
tennas respectively. In Figure 5(a), we present a scenario
where N independent symbols, modulated as QAM-16 are
transmitted. Exploiting SVD over H, we have K parallel and
independent sub-channels for symbol transmission. From the
BER performance curves it is observed that with the increase
in number of transmitting and receiving antennas the per-
formance of the SVD based V-BLAST detection is degraded.
For higher channel dimension i.e. H € C* ** the condition
number of H is usually very high that results in ill condi-
tioned sub-channels. Allocating more power to the poor
channel degrades the BER performance of the system. To
avoid the system degradation, SVD should be used in com-
bination with water filling algorithm which suggests that the
binary phase shift keying (BPSK) or QPSK should be used to
match the capacity of the worst sub-channels and something
like QAM-16 or QAM-64 to the best sub-channels, the same
is observed in following simulation scenario. In Figure 5(b),
the scheme is tested for same number of transmitting and
receiving antennas. The N independent symbols, now modu-
lated as QPSK i.e. same constellation over all eigenmodes,
are transmitted over parallel and independent sub-channels.
The BER performance curves show better performance as
compared to the curves obtained with QAM-16 using SVD
based V-BLAST detection scheme.
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4. CONCLUSION

Efficient and less complex non-linear decomposition
technique referred to as GMD is used for the formation of
identical, parallel and independent sub-channels over
Rayleigh flat-fading MIMO channel. The comparison of
GMD and SVD based V-BLAST detection scheme using
BER performance curves is being done. The effectiveness
of the strategy is observed for various numbers of transmit-
ting and receiving antennas. In SVD based transceiver de-
sign we cannot use the same constellation among all paral-
lel sub-channels. Therefore, it involves the use of adaptive
bit allocation to match the capacity of each sub-channel
which increases the complexity. A trade off is always re-
quired to be defined between the capacity and the BER
when dealing with SVD based strategy. On the other hand,
for GMD technique, the same constellation with moderate
size e.g. QAM-16 or QAM-64 can be used to match the
capacity of most of the sub-channels. Results of new-
MIMO IETS ensure superior performance due to BER and
complexity in comparison with conventional MIMO trans-
mission system.
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