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Block-Ordered Layered Detector for MIMO-STBC Using
Joint Eigen-Beamformers and Ad-Hoc Power
Discrimination Scheme

Won Cheol Lee

Abstract: Suitable for multi-input multi-output (MIMO) communi-
cations, the joint beamforming space-time block coding (JBSTBC)
scheme is proposed for high-speed downlink transmission. The ma-
jor functionality of the scheme entails space-time block encoder
and joint transmit and receive eigen-beamformer (EBF) incorpo-
rating with block-ordered layered decoder (BOLD), and its oper-
ating principle is described in this paper. Within these functional-
ities, the joint EBFs will be utilized for decorrelating fading chan-
nels to cause an enhancement in the spatial diversity gain. Fur-
thermore, to fortify the capability of layered successive interference
cancellation (LSIC) in block-ordered layered decoding process, this
paper will develop a simple ad-hoc transmit power discrimination
scheme (TPDS) based on a particular power discrimination func-
tion (PDF). To confirm the superior behavior of the proposed JB-
STBC scheme employing ad-hoc TPDS, computer simulations will
be conducted under various channel conditions with the provision
of detailed mathematical derivations for clarifying its functionality.

Index Terms: Eigen-beamformer (EBF), layered interference cancel-
lation, linear precoding, multiple-input multiple-output (MIMO)
systems, orthogonal space-time block coding (OSTBC).

I. INTRODUCTION

Towards a further increase in throughput, high spectral ef-
ficiency under frequency resource and transmission power re-
strictions is strongly required. So far, promising multiple-input
multiple-output (MIMO) systems have been exploited for fu-
ture mobile system applications. Among them, the Bell Labs
layered space-time (BLAST) scheme developed by Foschini et
al. [1] has gained a great deal of attraction due to its poten-
tial to increase the capacity over the wireless link by a factor
of the minimum of the number of receive and transmit anten-
nas. Furthermore, for the receiver corresponding to BLAST-type
of multi-substream transmission, many sophisticated signal pro-
cessing algorithms, such as the near-optimal sphere decoding
[2], and minimum mean squared error (MMSE) receiver com-
bined with layered successive interference cancellation (LSIC)
[1] have been introduced.

To invoke the spatial diversity in MIMO systems, various
types of space-time block coding (STBC) schemes for multi-
ple transmit and receive antennas have been considered in [3]-
[5]. Specially, in [4], it is proved that a complex orthogonal de-
sign and the corresponding STBC which provides full-diversity
and full-rate, i.e., the code rate is one, is not possible for more

Manuscript received October 28, 2003; approved for publication by Jinho
Choi, Division II Editor, May 9, 2006.

W. C. Lee is with the School of Electronic Engineering, Soongsil University,
Seoul, Korea, email: wlee @ssu.ac.kr.

than two antennas. Thus, for more than two antennas, the code
rate turns out to be less than one of nature, and whose possi-
ble upper bound for generalized complex orthogonal STBC has
been discussed in [6]. Moreover, due to the redundant transmis-
sion having code rate less than one, the symbol mapper should
have higher constellation sizes in order to keep the transmis-
sion symbol rate as well as the source bit rate unchanged. To
withstand the performance degradation arising from the usage
of high-constellation, the quasi-orthogonal STBC (QSTBC) was
introduced which yields full-rate and half-diversity [7] or full-
diversity [8]. Furthermore, the result in [9] showed that full-
diversity space-time codes such as orthogonal STBC (OSTBC)
extract the maximum diversity gain achievable without channel
state information (CSI) at the transmitter in presence of spatial
correlation.

However, despite the numerous affirmative features brought
by the usage of MIMO systems, the correlation between MIMO
channels leads to a loss in capacity [10]-[12]. In [13], authors
mentioned that a potential capacity even beyond the one possi-
ble for independent fading may be offered by taking advantage
of fading correlation made possible by the transmitter. Specif-
ically, the performance of OSTBC over correlated channels de-
teriorates rapidly with increasing channel correlation due to the
lack of diversity gain. As a solution of this dilemma, it has been
already revealed in [3], [14], and [15] that the eigen-beamformer
(EBF) in the notion of linear precoding (linear transformation)
process has been utilized so as to result in superior perfor-
mances at low signal-to-noise ratio (SNR) or highly correlated
MIMO channels. Recently, many researches have been accom-
plished to obtain the optimal precoding (transformation) matrix
in the sense of minimizing the pairwise error probability upon
the usage of OSTBC in multiple-input single-output (MISO)
or MIMO systems [3], [15]-{18]. Generally, the optimal lin-
ear precoder comprises of two major functionalities with hav-
ing channel correlation feedback such that eigenbeamforming
forces transmission only on a nonzero eigenmodes and power
allocation pours the appropriate powers on specific eigenmodes
by using waterfilling method as shown in [3], [15], [17], and
[19].

The major contribution of this paper can be categorized into
two parts. The first is to exploit an efficient scheme for OSTBC-
based multi-substream transmission as a form of precoded spa-
tial multiplexing in presence of spatial channel correlation. To-
wards this, the transmit EBF and ad-hoc power allocation de-
ployable to transmit spatially multiplexed substreams are con-
sidered agreeing with the notion of linear precoder such as
the method introduced in [20]. Moreover, in proposed receiver
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structure, along the recovery of multiple substreams, simple de-
coding process such as the maximum ratio combining (MRC)
is used concatenated by block-ordered layered decoder (BOLD)
carrying out LSIC rather than complicated MMSE or zero forc-
ing (ZF) detector. To provide the robustness along LSIC pro-
cess, this paper introduces a sub-optimal power allocation based
on ad-hoc transmit power discrimination scheme (TPDS).

This paper is organized as follows. Section II briefly inves-
tigates and discusses the validity of the MIMO matrix channel
model utilized in this paper. Section III addresses the functional-
ity of the joint beamforming space-time block coding (JBSTBC)
whose receiver is equipped with BOLD for STBC (BOLD-
STBC) for the recovery of spatially multiplexed substreams in
an appropriate order determined by inspecting received block-
wise SINRs. Section IV proposes and explains the TPDS obey-
ing the power discrimination function (PDF) proposed in this
paper. In Section'V, the proposed JBSTBC will undergo a per-
formance evaluation via computer simulations. Section VI pro-
vides discussions and conclusions.

II. PARAMETRIC MIMO CHANNEL MODELING

The MIMO channel between M; transmit and M, receive
antennas is constituted of M, x M, distinct propagation paths
arising in pairs of transmit and receive antennas. Provided that
multiple wireless channels experience flat fading, the transmit
and receive spatial covariance matrices denoted by R; and R,
respectively, which are characterized in terms of the profile of
departure and arrival angle spread and the geometric configura-
tion of antenna array. Each element in spatial covariance matrix
reads the degree of mutual correlation between individual fading
channel parameters.

The MIMO channel shown can be expressed in terms of M. x
M, matrix as the following

HZ [h hy - hyy, ] (1)
where hi = [hi,l hi’g s hi,M,.]T, $ = ]., sy Mt, and hi,]’ in-
dicates the channel parameter invoked in downlink path between
the i-th transmit antenna and the j-th receive antenna, and su-
perscript T means the transposition. Assume that the distance
between transmit and receive antenna is far enough, elements of
covariance matrix R, are distinct upon the geometric location
of transmit antennas only. Similarly, elements consisting R.,
are dependent only on the positions of receive antennas. Let us
denote the transposition of H in (1) to be

HT 2 (I By - By, | ©)

where flj = [hl,j hgyj thj]T, j =1,---, M,, then
with a help of (1) and aforementioned statements, the following
relations can be obtained. '
R. £E{h;h"}, i=1,

’ 'aMt (3)

and

RtéE{ﬁjﬁf}, j=1,-- M, )

where E {-} denotes statistical expectation operator and the su-
perscript H denotes the complex conjugate transposition. And
for M; = M, = 4, these spatial covariance matrices, i.e., Ry
and R, can be generally represented in a form of Hermitian
toeplitz matrix whose first row is [1 a b c|, where a, b, and ¢ are
the complex valued normalized correlation coefficients.

According to [21]-[23], the MIMO channel as in (1) can be
modeled in straightforward as the following

®

where the matrix G of size M, x M, is comprised of identically
and independently distributed (i.i.d.) complex Gaussian random
variables having zero mean and unit variance. In (5), the half
decomposed matrices R% /% and RY/? are expressed in terms of
corresponding eigenvectors and root squared eigenvalues, i.c.,

(©)

where Q; and Q. are the collections of eigenvectors relevant to
R, and R, respectively, and the diagonal matrices A; and A,
are comprised of corresponding eigenvalues. Upon the paramet-
ric matrix channel model in (5), the following relationships can
be verified

E{HH”}=M; R, and E{H'H*}=M, R, ()

H=R}?GR//

RY2=Q,AY? and R}"* = Q,A)/?

where ()* means the complex conjugation. The above equations
can be easily inferred from the intrinsic relationships for trans-
mit and receive covariance matrices shown in (3) and (4).

III. PRINCIPLES OF JBSTBC SCHEME WITH
BLOCK-ORDERED SUCCESSIVE DECODING

This section describes the functionality of the JBSTBC
scheme proposed in this paper, whose functionality justified as
the space-time block encoder and its BOLD incorporated with
transmit and receive EBFs. Fig. 1(a) depicts the generic struc-
ture of JBSTBC transmitter where the single symbol stream is
spatially multiplexed into N (= M, /2) substreams, then MIMO-
STBC encoded individually, and M; outputs are conveyed into
the block of transmit EBF. Fig. 1(b) shows the structure of JB-
STBC receiver comprised of a bank of receive EBFs, and a se-
ries of BOLD-STBC whose functionality is explained in detail
later on. Here in summary, the iterative BOLD-STBC is per-
formed in block-wise based on the inspection of received SINRs
at each time. Thien, the successive signal separation is proceeded
in pre-determined order with using a priori detected block of
symbols as well as estimates of channel parameters. This proce-
dure is repeated successively until the block of symbols having
the lowest SINR is finally recovered. In the sequel, the parallel-
to-serial converter multiplexes decoded bit streams to retrieve
the original bit sequence.

Let us denote w;, ¢ = 1,---, My, as the weight vectors cor-
responding to transmit EBF, x = [z1 22 - - - 27,7 as the output
vector after the MIMO-STBC encoder, and t = [ty ¢ - - - tar,]T
as the beamformed vector at the front end. Here, the signal vec-
tor t to be transmitted can be expressed in a form of the weighted
linear combination as the following

®

t=wiaq + waokg + -+ Wz, = WX
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Fig. 1. Block diagrams of JBSTBC transmitter and receiver: (a) Structure
of JBSTBC transmitter, b) structure of JBSTBC receiver.

where the matrix W of size M, x M, is the collection of EBF
weight vectors, which are identical to the eigenvectors associ-

ated with the transmit covariance matrix Ry, i€, w; = qi¥,
1= 1, "-,Mt. Thus,
W=[qi"d5 -~ qfy,] =QF ©)

In the sense of maximizing the capacity on the downlink trans-
mission, the optimal strategy is to transmit independent complex
Gaussian sequences throughout beamformers whose weight
vectors are the eigenvectors of E {HH H} {16]. According to
(7), since these eigenvectors are the same as those of Ry, it can
be stated that the usage of transmit eigen-beamfomers purposely
meets the notion of increasing MIMO capacity. Similarly, the
complex weight vector for receive beamformer denoted by v; is

identical to the eigenvector of R, i.e.,
vqu;7j:1a"'aMr' (10)
By using the parametric MIMO channel model discussed in
Section II, the received vector r = [r; 7o ru,]Y can be
expresed in terms of matrix channel modeled in (5), transmitted
signal vector t, and additive noise vector n as the following
r=Ht+n=RY?GA?x+n (11)
where the noise vector n is comprised of i.i.d. complex Gaussian
random variables with zero mean and variance of o2 = Ny/2.
Referring to the receiver structure shown in Fig. 1(b), the re-
ceived vector after the receive beamforming process is denoted
by z = [z1 22 - - -z, ]7 whose explicit expression is
A T = -
z:[vflr viy ... vﬁrr] =Gx+n (12)

= 1/2 1/2 - H .

where G = A/ GA;’" and n = Q) n are the modified
MIMO channel and noise vector, respectively. With the usage

of transmit and receive EBFs, it is worthwhile to mention that
the original matrix channel H is altered to G whose input and
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output are X and~z, respectively. Furthermore, since the ele-
ments consisting G are complex Gaussian random variables sat-
isfying i.i.d. characteristic, the modified MIMO channel param-
eters arising from the usage of joint eigen-beamforemers be-
come completely independent with each other. Accordingly, this
could provide the enhancement of the order of spatial diversity.
This paper assumes the perfect estimation of elements of the
modified matrix channel.

In transmitter depicted in Fig. 1, the consecutive symbols s; 1
and s; o are input to the i-th MIMO-STBC encoder, then 2 x 2
output symbol matrix are generated from each encoder over two-
symbol period. Assume that the channel experiences frequency
non-selective slow fading, the consecutive received samples de-
noted as z,(0) and z,(1) received at the g-th antenna over a
certain two-symbol period can be expressed as the following

*
Sk,1 “Sk,2

zq(0) | M:/2 % V2 9g,2k—1 7q(0)
=Z + (13)

1 1| Sk2 Sk g fg (1

24(1) k=1 \’;5 \’;5 9q,2k Tig(1)

where §; ; indicates the (4, j)-th component of G. To make fur-
ther progress, rewriting (13) in a vector notation gives rise to

Mi/2
zg= Y GguXi+ il (14)
k=1
where
A *
zg = [2(0) ()T (15)
T
xp 2 [sk,l/\/i s;;,z/\/i} (16)
~ AN ~ o
n, = [0 aL()]" an
and _ 3
Gk = [ a2kt a2k ] : (18)
992k Yg2k-1

In order to perform further decoding process, with using (13)-
(15), the following relationship can be constructed.

y=0Bu+n (19)
where
AN T
y = [z] 23 zl; | (20)
A ~ ~ ~
0= [Gl G2 GMt/Z:’ (21)
A T
us [xf xf x| (22)
AN - - T
n=[A] B3 --- 0y ] (23)
and
G, [Gl . GT, G@k] (24)

As a first step for generating decision statistics for biock-
ordered JBSTBC decoding, MRC process is preceded on re-
ceived vector y with the usage of a priori known matrix @ of
size 2M, x M;. As a result,

B=0"%y=Au+¢ (25)
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whete 8 2 (87 BT - B )7 with B; 2 [By i) is
representing a vector of decision statistics for a series blocks of
symbols. And £ = ©F 1) is the noise vector, and the square ma-
trix A = @F © of size M, x M, is denoted as the “characteris-
tic matrix” [5]. Here the matrix A is composed of M; /2 x M; /2
block matrices Ay ;, k,{ =1, - -, M;/2, whose component ma-
trix can be expressed by

M,
Ak,l = GEG[ = ZB((Ik’l) (26)
g=1
where ng’l) is
9g.2k—190.21-1+Ga,2k05.20 —Jy 26—19a,20 T Ga.2kG5 211
(27)

~ ~x ~x ~ ~x ~x o~
99,2619 21~ 9,299,211 9q,2k—194 21—1 194 21,Gq,2

In (27), it can be easily noticed that the off-diagonal compo-
nent matrix satisfies the orthogonal property due to its intrinsic
formation, i.e., Ak’lAkHJ or Af| Ay = vIax2 for a specific
real number . Here, it has been well established in [5] and
[24] that the “characteristic matrix” A in (25) plays a key role
of determining the system performance in an average sense. In
other words, as long as the values of off-diagonal elements in
E{A} are not trivial, due to the existence of additional sub-
stream interference, the resulting performance after the MRC
starts to degrade [S]. The optimal performance can be achieved
whenever off-diagonal elements of E { A.} are vanished. For the
proposed JBSTBC scheme, since E { Gq.k Gt gy } = 0 for either
q # q' or k # K/, off-diagonal elements of A are automatically
trivialized in an average sense. This tells us that the proposed
JBSTBC scheme gives a possibility of achieving optimal perfor-
mance in an average sense. In accordance with this observation,
the matrix E { A} can be represented in terms of only diagonal
elements, that is

E{A}zdzag{[51 52 5Mt/2] ®IQ}

where 6, = M, (M5, _, + A5p), k =1,---,M;/2. Referring
to (28), the covariance matrix of the noise vector after the MRC
denoted as £ in (25) has the form of a diagonal matrix in an
average sense, i.e.,

E{ggH} —E{0%m"e) =2E{A}.

With using (25)=(27), the decision statistics Xz, for the k-th
transmitted block of symbols can be represented as

(28)

29

M, /2
Br=GiGrxe+ > GfGx +¢,.
I=1& Ik

= (30

Xk
Assume that the transmitted symbols are independent, and the
average signal power is 02 = E {|sy,1|>} = E {5y 2|}, refer-
ring to (30), the SINRs for s, ; and Sg,o are the same. Here, let

us denote SINR as the block SINR for the symbol vector x,
defined in (16), it can be represented by

Pk,s

SINR = o P

€29

where Py ;, P 1, and Py v are signal, interference and noise
powers associated with the wanted k-th block of symbol vector
X, respectively, and those are expressed as

(1,1) 2 g2 & 2 2 202
Peo=(Al5") 2= > o s+l ) 5 G2
=
M./2 2 2 2
US
Pur= 3. (yA,g{w( + [ag? )? 33)
1=1& Ik

and

M,
Pon =40 a2 =" (|§q,2k71|2 + |§q,2k|2) op.  (34)

q=1

Referring to (32), the MRC gain arising from MIMO-STBC
decoding is (A,(cl}cl))z, equivalently, it has a form of the sum-
mation of absolute squared i.i.d. Gaussian random variables.
Clearly, this gives an opportunity of improving the order of spa-
tial diversity. Furthermore, it is worthwhile to mention that the
values of SINRy, & = 1,---, M;/2, are distinct with respect
only to block index k. The iterative BOLD-STBC process pro-
posed in this paper is performed in block-wise accompanied by
sorting out the order of decoding with the inspection of received
SINRy’s for every symbol blocks. This is a well-known ap-
proach appeared in V-BLAST algorithm [25], [26], such that a
successive inter-substream interference cancellation is executed
with respect to a priori assigned order. Here, the major differ-
ence between the BOLD for the proposed JBSTBC and the V-
BLAST is originated from the usage of MRC rather than MMSE
linear filtering.

Along the successive signal separation procedure, if the devi-
ations among the eigenvalues of transmit covariance matrix are
small, it is hard to discriminate the received SINRs. In this sit-
uation, it may not be beneficial to the usage of BOLD, so that
it is inevitable to experience the unwanted error propagation. In
order to mitigate this kind of degradation, this paper proposes
the TPDS in the next section which fortifies the capability of
successive signal separation.

IV. SUB-OPTIMAL TRANSMIT POWER ALLOCATION
USING AD-HOC TRANSMIT POWER
DISCRIMINATION SCHEME (TPDS)

In rich scattering environments, since the channels experi-
enced at multiple antennas are likely to be independent, the
eigenvalues associated with the spatial covariance matrix are
close to the unity with small deviation. Whereas, under the
sparse scattering environment, it could be conjectured that the
degree of correlation between channels experienced at high-
installed antennas becomes considerable. In this case, the de-
viation among eigenvalues associated with transmit covariance
matrix would be significant, so that the eigenvalue spread ratio,
i.e., the ratio between the maximum and the minimum eigen-
value, becomes quite large. In addition, referring to (25) and
(28), the deviation of received SINRs increases in this situation
because the received SINRs are surely dependent on the eigen-
values corresponding to transmit covariance matrix.
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Fig. 2. Structure of modified JBSTBC transmitter with employing transmit
power allocation based on ad-hoc TPDS.

At the receiver, prior to the recovery of each block-wise sym-
bols using STBC decoder, a decoding order could be arranged
with respect to the values of received SINRs. Provided that the
depth of correlation between fading channels between all the
transmit antennas to any fixed receive antenna, namely forward
channels, is trivial, eigenvalues of transmit covariance matrix
becomes almost unity. This situation implies a lack of devia-
tion among received SINRs, such that SIC conducted during the
BOLD process becomes corrupted due to the strong coexistence
of inter-substream interferences.

As amodified version of Fig. 1(a), Fig. 2 illustrates a transmit-
ter structure with applying sub-optimal power allocation based
on TPDS. Here, extra weighting value denoted by ¢;, i =
1,---, M, can be updated via a mapping process on the basis
of the proposed PDF. Here, the PDF is a memoryless mapping
function whose input is an eigenvalue of transmit spatial covari-
ance matrix and output is an extra weighting value to be applied
onto each substream. With the usage of this ad-hoc power al-
location, the received SINRs are properly discriminated so as to
mitigate any major error propagation occurred in steps for LSIC.

The proposed PDF used for ad-hoc TPDS is expressed as a

function of eigenvalue A, ie., fori=1,---, M,
Ay M <o
aizf(_pzl:?t [L-ep{o()®)] 09

where “ESR” and “CO” stand for the eigenvalue spread ratio
and the curve order, respectively. Here, ESR can be obtained
by dividing the maximum eigenvalue by the minimum among
Al for i = 1,---,M;. In (35), @« = In(l — 1/M,) and

p = ,/Ziﬂi"l c2(AY)/M;. Here p is used as a normalization

factor to make the total transmit power consistent regardless of
the number of transmit antennas. The PDF introduced in (35)
has the “S-curve” characteristic, whose degree of bending is de-
termined by either ESR or CO. Thus, for a fixed CO, if the ESR
approaches infinity, the curve corresponding to c(A!) nearly be-
comes flat as unity. Otherwise, when ESR is almost unity, curve
shows steep “S-curve.” Here, it is worthwhile to mention that
the “S-curve” for c(A!) designated by (35) always crosses the
unit point (1, 1) no matter what ESR value is brought out. Thus,
when the eigenvalues are near unity, i.e., forward channels are
likely uncorrelated, the values of c¢(\f), fori = 1,---, M, are
extremely diversified ranging from 0 through M, due to the in-
trinsic “S-curve” characteristics. Whereas, if forward channels
are strongly correlated, those become almost unity. The afore-
mentioned PDF is a nonlinear function whose input is ranged
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Fig. 3. PDF curves for several different pairs of minimum and maximum
eigenvalues.

from 0 to M. This is due to the fact that the eigenvalues of co-
variance matrix having unit diagonal terms are confined from 0
to M, at most. Thus, whenever one of eigenvalues is unity, then
all the other eigenvalues also become unity. This reads that the
forward channels are surely perfectly uncorrelated, such that,
inherently, the ESR turns out to be unity. Conversely, when one
of eigenvalues is M,, the rest are zeros.

In (35), the CO determines the depth of power discrimination,
so that high CO provides heavy discrimination. However, the in-
crease in CO does not always imply the improved performance
along the action of LSIC. Since the excessive discrimination is
accomplished when the CO is large, this yields erroneous er-
ror propagation because a certain SINR associated with specific
substream becomes too small. Here, in order to choose an ap-
propriate CO, it would be insightful to exploit the optimization
process with the notion of the minimization of error probability
such as the averaged bit error rate (BER) behaviors. Towards
this, a proper criterion should be realized so as to bring out the
exact closed-form solution for choosing optimal CO. Unfortu-
nately, the exact formula is yet to be available at this time, rele-
vant work is under investigation and left as a future study.

Fig. 3 shows shapes of the PDFs before the normalization for
several different pairs of minimum and maximum eigenvalues
with respect to the CO of 5. Without loss of generality, the num-
ber of transmit anteana is set to 4 for this example. In Fig. 3,
the abscissa indicates eigenvalue A\! whose values exist in def-
inite between O through 4, and the ordinate specifies the cor-
responding weighting value c¢(A!) prior to the normalization.
There are four distinct PDF curves shown in Fig. 3 with respect
to the degree of correlation between channels. Corresponding
pairs of minimum and maximum eigenvalues are designated as
(Amin> Amax) = (0.8675, 1.1786), (1.5756, 0.5963), (3.1664,
0.0169), and (3.6842, 0.0006). The diagonal line in Fig. 3 is
used only for reference. As shown in Fig. 3, when the depth
of fading correlation is substantial, i.e., the eigenvalue spread
ratio turns out to be large, all of weighting values are almost
unity. This reads the highly correlated situation, since SINRs
are already diversified enough, an appropriate block-wise or-
dering and detection can be accomplished without the help of
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ad-hoc power discrimination, Conversely, in presence of mod-
erate depth of correlation, due to the intrinsic behavior of the
proposed PDF, the difference between allocated transmit pow-
ers becomes enlarged. In other words, at low correlation, the
weighting values agreeing the notion of transmit power alloca-
tion play a role of discriminating received SINRs on purpose so
as to enforce LSIC effectively.

In accordance with the weighting values allocated to the
transmit antennas, the modified matrix channel in (12) is
changed into the following

G=AV2GAY x; (36)
where X3; is a diagonal matrix of size M; x M, which is com-

prised of weighting values calculated based on the employment
of PDF, i.e,,

e =diag|é & - &) 37
Then most of equations below (13) up to (35) are sustained ex-
cept (28) in which the component matrix after the expectation
turns out to be the following
On =M, {Bp 1 Mye1 + BMii}, k=1, My/2. (38)
Upon the aforementioned TPDS is derived in sub-optimal
manner, the sequential BOLD-STBC incorporated with the
signal separation process begins with inspecting which block
among 3, k = 1, - - -, M; /2, in (25) produces the highest SINR.
In other words, once the index k£ chosen by using (32)—-(34) sat-
isfies arg max SINRy, then symbols consisting the selected k-th

block are decoded first. If those symbols are perfectly recovered,
the new decision statistics vector 3% for decoding next symbol
block is updated via proper signal sepdration, i.e., newly updated
vector containing decision statistics can be represented by

B = A o) 4 @ (39)
where A() is the matrix of size (M, —2) x (M; —‘2) constructed
by eliminating (2k — 1)-th and (2k)-th rows and columns from
A in (26) and (27), and BV s the vector of size (M; —2) x 1
constructed as the following. Let us denote Ay as the matrix of

size My x 2 composed of (2k — 1)-th and (2k)-th columns of A
only, at first, subtracting Ay x; from 3 gives rise to the vector

denoted by 5(1), and from this vector knocking out (2% — 1)-
th and (2k)-th components results in 3. Also in (39), u(?
and §<1) are the residual vectors after excluding the vector xj
from (22) and £, from the vector &, respectively. Then, this
whole block-ordered decoding process is repeatedly carried out,
whose major functionalities are the inspection of the highest
SINR among blocks of decision statistics and the procedure of
the signal separation. For the 2nd stage of signal separation, the
appropriate block index j corresponding to the highest SINR
should be chosen by the computation of the following equation,
ie,forj #k

M/2
arg max {SINR§1> } (40)
7

j=1

Table 1. Successive signal separation steps for BOLD-STBC.

Initialization:
s =p
AO = A

Steps for successive BOLD-STBC:
Fori=0to My/2— 1

Step 1: Determine block index k& subject to
(&)
T

satisfying arg max SINR.

Step 2: Detect symbols X = {35 1 85 2]7 sliced from
the selected block BZ’)

Step 3: Perform signal separation by constructing
Q(ZH) = B — A, %k upon Ay, and a priori
detected symbols Xp,

Step 4: Update BF1) for detecting (i + 1)-th symbol
block by taking out elements indexed in

2k — 1 and 2k from 8TV

end

where

SINRY &
7

an\?
(Aj,f )
T @D
N,

§ (el )2

I#7 &k

Again, these whole steps are repeated and finished until the last
symbol vector is finally decoded. The flow of steps for the sig-
nal separation processes of the BOLD-STBC are summarized in
Table 1.

V. SIMULATION RESULTS AND PERFORMANCE
ANALYSIS

Whereas this paper introduces the generic structure of the
proposed MIMO system as shown in Figs. 1 and 2, the refer-
ence model for conducting simulations is its simplified version
having 4 transmit and 4 receive antennas although the proposed
structure can be more extendable. Assuming the joint beam-
formers are commonly utilized, as there are more number of
transmit antennas, the larger size of matrix should be inverted,
so that the amount of computations required for MMSE or ZF
based detectors becomes enormous. This may hinder the proper
receiving process. However, the proposed receiver utilizes only
MRC and BOLD, so that the complexity is relatively not so se-
rious blockage.

To illustrate the performance enhancement, this section pro-
vides a series of BER curves and computational complexity of
the proposed JBSTBC scheme eguipped with BOLD only or
BOLD and TPDS together. The results quantify the degree of
goodness and reveal the affirmative effects induced by the pro-
posed scheme in presence of fading correlation between MIMO
channels. The original bit stream derives into the rate-1/2 con-
volutional channel coder for QPSK or the rate-1/3 convolutional
channel coder for 16-QAM, the block-interleaver and then sym-
bol mapper in sequence.

Referring to [27], four kinds of transmit covariance matrices
are considered prescribed as in Table 2, in which PAS, AS, and
AOD stand for the power azimuth spectrum, the angle spread,



LEE: BLOCK-ORDERED LAYERED DETECTOR FOR MIMO-STBC USING JOINT...

Bit error rate
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Fig. 4. Performances of BOLD-STBC without emplaying transmit and
receive EBFs (QPSK modulation).

Bit error rate

i i
o 2 4 6 8 10 12 14 i6 18 20
E,/Ny[dB]

Fig. 5. Performances of BOLD-STBC without employing transmit and
receive EBFs (16-QAM modulation).

and the angle of departure, respectively. Here, a, b, and c are
normalized correlation coefficients, whose relevant constitution
of spatial covariance matrix is already mentioned in Section IIL.
Here in Table 2, the transmit covariance matrix in Case #1
reads the extremely correlated case, whereas, that in Case #4
represents the weakly correlated case. For the receiver, the an-
tenna spacing is 0.5 times the carrier wavelength, uniform PAS
over 360° and 0° angles of arrival in every case. This yields
a = —0.30, b = 0.22, ¢ = —0.18 [27], which designate
strongly correlated channels. In our simulations, the perfect co-
variance feedback is presumed without involving delay and er-
TOT.

A. Performance of BOLD-STBC in MIMO Systems without
Eigen-Beamformers

According to the description of parametric MIMO channel as
in (5), the performance of the BOLD-STBC decoding scheme
without employing joint eigen-beamfomers is verified by chang-
ing the depth of fading correlations. Figs. 4 and 5 show the
BER behaviors with respect to given E},/Ny’s. The overall de-
coding and signal separation processes follow the steps shown
in Table 1. Here, the “characteristic matrix” A are comprised
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Bit error rate

10
E, N, [dB]

Fig. 6. Performance of the proposed JBSTBC equipped with BOLD
(QPSK modulation).

of pure channel parameters synthesized from the parametric
MIMO channel model as in (5), whose component matrices, i.¢.,
Agy, kl=1,---,M,/2, are described as the following

M,
Ay = ZBglc,l) (42)
g=1

where Bt(lk’l) is

* * * *
by ok—1hg2i—1tPa2ehg o —hy o1 hg2ithg2ehy 54

* * * *
hq,2k—1hq,2l_ hq,gkhq,2l~l hq,2k—1hq,2l—1+hq,2khq,21
43)

And the vector of decision statistics has the same form as in
(25) in which the noise vector ¢ = @ n is expressed as the
following

(:5}171 C}1,2 c}"l,Mt/Q Ir ng
Ga1 Gaop Go, v, /2 n,
= ) ) ) 44)
(N;Mt/Q,l GMt/Q,Q éMt/Q,Mt/Q_ N, /2
where
Gop= | Mzt “hae | g g = (0) 45)
q,2k q,2k—1 _nq(l)

Clearly, it is a noticeable fact that the increase in the level
of correlation degrades the BER performance due to the loss
of diversity gain. To overcome this deterioration, together with
using BOLD scheme, the joint eigen-beamformers will be used.
And the next subsection shows the evolution in performance.

B. Performance of the Proposed JBSTBC-BOLD

As mentioned earlier, the joint EBFs installed at both trans-
mitter and receiver work for removing inherent fading correla-
tions so as to increase the order of spatial diversity. Figs. 6 and 7
show the BER behaviors resulted from conducting the BOLD-
STBC combined with joint EBF without involving the proposed
TPDS.
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Table 2. Parameters for transmit spatial covariance matrices.

Case #1 Case #2 Case #3 Case #4
PAS Laplacian Laplacian Laplacian Laplacian
Topology 0.5\ 0.5X 3 ax
AS 15° 20° 10° 15°
AoD 2° 10° 50° —20°
Spatial a=0.77 + 0.08¢ a = 0.57 4 0.35¢ a=0.1540.092 | a =—0.03 —0.032
covariance | b= 0.41 + 0.09¢ b=0.1140.26¢ b=0.0340.03¢ b=0.00 — 0.02¢
matrix c=10.2240.08 | ¢=-0.01+4+0.16¢i | ¢c¢=0.00+0.017 | ¢c=—0.48 4+ 0.40:
10°
> Case 4
10 ;
2 107 9—-&
& s g

107

10 12
E, /N, [dB]

Fig. 7. Performance of the proposed JBSTBC equipped with BOLD (16-
QAM modulation).

Case #4

Bit error rate

b3 2 4 6 s‘x ]IO l[2 14 16 18 20
E, /N, [4B]

Fig. 8. Performance of JBSTBC-BOLD using TPDS based on the pro-
posed PDF having CO of 3 (QPSK modulation).

According to the BER curves revealed in Figs. 6 and 7, for the
cases when the fading correlation is relatively strong (Cases #1
and #2), plausible performances could be obtained. However,
in the existence of weak correlations (Cases #3 and #4), only
a little performance improvement is evident regardless of em-
ploying EBFs. The performance improvement in highly corre-
lated cases is attributed to enhanced successive encoding pro-
cess due to the increased power difference between desired sig-
nals and interference. This increase is exclusively brought along
by the usage of transmit eigen-beamformer. However, in low
correlated cases, regardless of the transmit eigen-beamformer,
the relatively strong interferences exist, and it may cause the
hindrance along the successive signal separation. Alternatively

0 2 4 6 8 10 12 14 16 18 20
E /N, [dB)

Fig. 9. Performance of JBSTBC-BOLD using TPDS based on the pro-
posed PDF having CO of 6 (16-QAM modulation).

&

-A- E/Ny=3dBinCase#3 [
—*- E/N,=4dBinCase#3 i
BB Eb/NOTZdB?nCaseM :
107 H A E,/Ny =3 dBin Case #4
. E,/Ny=4dB in Case #4

Bit error rate

7 ; o
Curve order (CO)

Fig. 10. Average BER performances upon the selection of integer-valued
curve order for Cases #3 and #4.

speaking, the minor improvement in weakly correlated situation
is emanated from the insignificant deviations between received
SINRs corresponding to multiple substreams, consequently, the
serious error propagation could occur in the execution of LSIC.
To make a further progress, the proposed TPDS based on PDF
will be deployed, whose results will be exploited in next subsec-
tion.

C. Performance of JBSTBC-BOLD Combined with TPDS
Based on PDF

As discussed in previous subsection, in case of relatively low
correlation, the performance of the proposed JBSTBC employ-
ing the BOLD scheme is not satisfactory due to the existence
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Fig. 11. Performance of JBSTBC-BOLD using TPDS for QPSK modula-
tion compared with OSTBC using precoding scheme.

o1 -8~ <16QAM>Proposed JBSTBC with TPDS Case #3
: —8- <16QAM>Proposcd JBSTBC with TPDS Case #4

v <256QAM>0STBC-EBF with waterfilling Case #3
256QAM>OSTBC-EBF with waterfilling Case #4

Bit error rate
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E,/N, [dB]

20

Fig. 12. Performance of JBSTBC-BOLD using TPDS for 16-QAM mod-
ulation compared with OSTBC using precoding scheme.

of considerable inter-substream interferences. Therefore, in this
situation, the rearrangement of transmit powers is desired for an
effective discrimination so as to purposely enlarge the deviation
of the received SINRs. Towards this, as explained in Section IV,
the TPDS is performed via calculating extra weights for power
allocation based on the proposed PDF with respect to the eigen-
values of transmit spatial covariance matrix.

Figs. 8 and 9 show the BER curves resulted from applying the
proposed JBSTBC combined with BOLD as well as TPDS with
varying symbol constellation. In order to validate the perfor-
mance improvement, corresponding results are compared with
those from the double STTD (D-STTD) method. Here, D-STTD
method introduced in [5] is the one of open-loop style transmis-
sion schemes provided that corresponding receiver utilizes MRC
only. As shown in Fig. 8, for QPSK case, the proposed JBSTBC
method (in solid lines) in which TPDS is performed based on
PDF having the CO of 3 outperforms D-STTD (in dotted lines)
for any correlation condition. In Fig. 9, this trend is sustained
even for 16-QAM case. Moreover, as discussed in Section IV,
the usage of ad-hoc power allocation does not give rise to the
performance benefit in the highly correlated situation, so that
no further improvement is achieved as shown in Figs. 8 and 9.
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Fig. 13. Number of complex multiplications/divisions vs number of Tx/Rx
antennas.
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Fig. 14. Number of complex addtions/substractions vs number of Tx/Rx
antennas.

On the contrary, in the weakly correlated situation, the effect on
the usage of TPDS is quite substantial as shown in Figs. 8 and
9, surely, this performance enhancement is attributed to the en-
forcement of power rearrangement based on the usage of PDF.

As mentioned in Section IV, since the exact formula for
choosing optimal curve order is yet to be available, exhaustive
simulation works as shown in Fig. 10 have been done for the
intuitive choice of integer-valued CO instead. More specifically,
by carrying out a series of trials with varying the curve order in
integer value, the most plausible CO is selected among the can-
didates providing the most prominent BER behavior upon the
prescribed constellation size. Clearly, Fig. 10 reinforces how to
select the curve order in the case of QPSK modulation, which
shows the BER curves obtained with varying the integer-valued
curve order with respect to the specified Ej,/Ny’s. Here, the low
correlated channel situation, i.e., Cases #3 and #4, is considered
because relevant weighting value turns out to be almost unity for
both Cases #1 and #2. Consequently, the CO is set to 3 and 6
for QPSK and 16-QAM, respectively. As a matter of fact, this
approach is quite suboptimal, so that the closed form solution
for the selection of optimal CO will be investigated as a future
research.
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Table 3. Comparison of computational complexity between V-BLAST and proposed JBSTBC-BOLD using TPDS.

V-BLAST using MMSE filter [28]
one-step initialization and (M — 1) steps in the recursion

Proposed JBSTBC-BOLD using TPDS
one-step initialization and (M/2 — 1) steps in the recursion

Item Multiplications Additions Item Multiplications Additions
HIH + odprspg]™ | OM3 + @N +1)M? | 9M3 + (AN ~ 1) M? W 8M3 +5NM? +1 8M3 + 5NM?Z — M?
§=<Q>; Hfy M(N +1) M(N+1)-1 v 8M3 +4NM? + N°M +1 | 8M3 + 4NM? + N2M — N?
Nulling N N oHe 2NM?2 2NM? — M?
SINRy M2y M M4
Nulling 2M 2M

Table 4. Total number of multiplications/additions.

V-BLAST using MMSE filter [28] Proposed JBSTBC-BOLD using TPDS
Total number of | SMT+ IM3N + ZM° + SM?N | T2M3 +11M2N + ;M2 + MN?
multiplications +8M24+ BMN+2M-N -oM+3
Total number of | M+ ZM3N + ZM3 + SM2N | 16M° + 11M2N — 2L M? + MN?
additions +IM2+ BMN - 2M - N ~4TM-N?+3 B

Although the above comparative work exploits the degree of
goodness in BER behavior of the proposed method in closed-
loop style against D-STTD scheme in open-loop style, the re-
sults seems to be unfair because only the proposed scheme uti-
lizes CSI in a form of covariance feedback. In order to ver-
ify the performance from another point of view, our proposed
method, i.e., JBSTBC combined with BOLD as well as TPDS,
is compared with the scheme employing either the conventional
OSTBC [4} combined with EBF as well as waterfilling in the
notion of the optimal precoding on the basis of covariance feed-
back [15].

Referring to the results in Figs. 8 and 9, since the performance
of the proposed TPDS is surely effective in the existence of
relatively weak correlation between channels, the comparative
works are accomplished only for Cases #3 and #4. Here, for
the sake of fair comparison, considering the different code rate
between the proposed and OSTBC, the code rate of OSTBC is
presumed to be 1/2. Thus, if the symbol constellation of the
proposed is set to be QPSK and 16-QAM, corresponding sym-
bol constellation of OSTBC is 16-QAM and 256-QAM, respec-
tively. As can be clearly seen in Figs. 11 and 12, the proposed
method is superior in the aspect of BER behavior to OSTBC
employing linear precoder comprised of EBF and waterfilling
[15].

According to the generic structure as shown in Fig. 1, since
the proposed transmitter sends spatially multiplexed STBC-
coded substreams, the corresponding receiver could employ
MMSE- or ZF-type of linear filtering right after the STBC de-
coding process. For executing these receiving algorithms, a se-
ries of matrix inversions should be involved along the LSIC
based on a priori estimated channel parameters. As mentioned
earlier in this section, the amount of computations becomes
enormous as the number of receiving antennas is increased. For
further investigation, Tables 3 and 4 reveals the amount of com-
putational complexity as the number of complex multipliers as
a function of the number of transmit and receive antennas.

More specifically, Table 3 contains the required number of
complex multipliers corresponding to major functionalities as-
sociated with V-BLAST receiver employing MMSE filtering
[25], [26], [28] as well as the proposed JBSTBC-BOLD re-

ceiver discussed in Section [V. In Table 3, the complexity for
finding items W and V counts the computations relevant to
the update of transmit and receive covariance matrices as well
as corresponding eigenvectors and eigenvalues. Assuming that
the feedback CSI comprises of the eigenvectors and associated
eigenvalues associated to transmit covariance matrix, the com-
plexity for obtaining transmit EBF is also taken into account.
And the overall numbers of complex multipliers needed for V-
BLAST receiver and the proposed JBSTBC-BOLD are shown
in Table 4, and Figs. 13 and 14 show the amount of complex
multiplications provided that the number of transmit antennas is
the same as that of receive antennas designated as M. As can be
obviously seen in Figs. 13 and 14, the proposed JBSTBC-BOLD
receiver demands less number of multiplications, and the corre-
sponding gap becomes aggravated as the number of antennas is
increased.

VL. CONCLUSION

This paper proposed a novel MIMO system designated as
JBSTBC, which is comprising of eigen-beamformers at both
transmitter and receiver, space-time block encoder/decoder, and
TPDS based on PDF at transmitter and BOLD at receiver. Along
the recovery of spatially multiplexed substreams, a series of
LSICs incorporating with simple MRC are conducted in se-
quence based on the determination of the priority of detection
order. However, when fading channels are weakly correlated,
a performance degradation is encountered inevitably because of
the imperfect interference cancellation. In order to circumvent
this deterioration, this paper proposed a suboptimal power allo-
cation accomplished via performing the proposed TPDS with
the help of the PDF parameterized in terms of the ESR and
the CO. The superior performance of the proposed scheme in
the aspect of BER behavior as well as computational complex-
ity was confirmed by conducting many comparative simulation
works. Hereafter, the author will pursue more extensive and ana-
lytic works throughout the theoretical development to show the
superiority in error rate performance and achievable transmis-
sion rate upon either perfect or imperfect covariance feedback.
Moreover, since the parameter CO is selected in suboptimal
manner in this paper, as another future work, a proper crite-
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rion will be formulated so as to exploit the exact closed-form
for choosing optimum parameter CO.
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