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Abstract— We consider orthogonal space-time block codes (O-
STBCs) in time-selective fading channels and propose a modified
O-STBC (MO-STBC), which is less subject to performance
degradation caused by symbol-by-symbol channel variation. It
is shown both analytically and through computer simulations
that MO-STBCs effectively reduce the loss of orthogonality af-
fecting O-STBC:s in the symbol-by-symbol time-selective channel.
MO-STBCs are systematically constructible for any number of
antennas, and have the same decoding complexity of conventional
O-STBCs. The bit-error rate performance of MO-STBCs over
time-selective fading channels of generalized statistics, with Gray
code mapped M-ary PSK and QAM modulations, is analytically
derived. Moreover, MO-STBCs can also be easily combined with
existing linear O-STBC decoders designed specifically for the
time-selective channel, yielding significant performance improve-
ment over conventionally constructed and decoded O-STBCs.

Index Terms— Orthogonal space-time block codes, transmit
diversity, time-selective fading channels, self-interference.

I. INTRODUCTION

RTHOGONAL Space-Time Block Codes (O-STBCs)

[11, [2] were designed based on the mathematical frame
work of [3] and proved to fully exploit the diversity of multi-
ple input multiple output (MIMO) non-correlated qguasi-static
(block) fading channels, while admitting a low-complexity
linear symbol-by-symbol decoding procedure with maximum-
likelihood decoding performance [4]. In spite of their rate-
deficiency, therefore, unability to achieve the capacity of the
MIMO block-fading channel [5], [6], O-STBCs remain an
attractive low-complexity technique for MIMO channels with
time selectivity severer than that of a block-fading channel.

The most critical problem that arises when O-STBCs are
subjected to channels with symbol-by-symbol time-selectivity
(hereafter referred to as fime-selective channels) is the ap-
pearance of self-interference in the conventional symbol-by-
symbol decoder. This loss of orthogonality of channel matrix
in the time-selective channel has been addressed by several
authors.

In [7], [8], Kalman filter is introduced in the decoder
in order to track the channel variation within each code
block. Besides being limited to the Alamouti scheme, these
decoders are designed to provide maximum diversity gain
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which, unfortunately, in the presence of time-selectivity, leads
to error floors at high signal-to-noise ratios due to self-
interference. In [9], an iterative self-interference cancelation
technique for O-STBCs, capable of reducing the error-floor
caused by the time-selective channel as the algorithm iterates,
was proposed. Finally, elegant zero-forcing decoders that en-
sure orthogonal (symbol-by-symbol) decoding by removing
the self-interference at the price of a loss in the transmit
diversity gain achieved have been proposed in [10] and [11],
[12], with the technique in [11], [12] being a systematic
method to orthogonally decode O-STBCs of any number of
transmit antennas in the time-selective fading channel.

All the aforementioned techniques share the fact that perfor-
mance degradation of O-STBCs is dealt with at the receiver,
therefore increasing its computational complexity. In contrast,
following the same train of thought of [13], [14], which manip-
ulates the original O-STBCs transmit scheme, a new transmit
oriented method to combat this problem is proposed in this
paper with the peculiarity of no need for matrix inversions at
the decoder. The approach is complimentary to the receiver-
oriented techniques previously described, and consists of a
simple modification to the rate % O-STBCs encoding matrices
according to a self-interference minimization criterion.

The proposed modification of O-STBCs do not sacrifice
generality, rate, diversity gain or the decoding complexity of
conventional O-STBCs, leading to a family of modified O-
STBCs (MO-STBCs), which benefit from increased robustness
to time-selectivity in the channel. The construction of MO-
STBCs from conventional O-STBCs is systematic, and can
be applied to any number of transmit antennas and arbitrary
complex constellations.

II. O-STBCS IN THE TIME-SELECTIVE FADING CHANNEL

Consider an O-STBC system with n; transmit antennas. Let
X, be the rate-one generalized real orthogonal design of size
ny as derived in [2]. The matrix X,,, is N X n;, where N is
the minimum delay which grows exponentially with n; and is
given by [15],

N = 16L(ne—1)/8] g[logz (1+mod(n, —1.8))T (1)

where |-] and [-] are the flooring and ceiling functions,
respectively.

Recall that the generalized real orthogonal design with rate-
one ensures that there are NV and only NV distinct symbols z;
in X,,,. Therefore, X,,, can be seen as the image of the real



vector x = [zq x9 -+ @ N]T, where T denotes transpose, under
the single-valued function &,,,,

X, = Xn, (%). 2)

Over arbitrary complex constellations S, the corresponding
orthogonal space-time block encoding matrix assumes the
following structure:

[51 52} ifn, =2,

—s3 5]
Gn, = X, (s) (3)
et if ny > 2,
X’ﬂt (S)*
where * denotes complex conjugate and s = [s1 s3 -+ sy]T

is a vector of N distinct symbols taken from S.

The received signal vector corresponding to the transmission
of G, through a time-selective MISO channel H € Q2N xne
[7]-[10], subject to zero-mean additive white Gaussian noise
(AWGN) with variance 02 /2 per dimension can be written as
(4],

r =diag(G,, -H") +w

[ ! S
= _HN(H{1:N,:}) }HN(H{NJrl:QN,:})} : [S*] +w,(4)
where
[ higa © hin, ]
H= | Wy Nome | (1N} . G)
hniyi1 hNt1m, Hinyion,)
L h2N,1 h2N,nt i

Hy.n,.) denotes (in Matlab style) the N-row partition of H
and H is a function that [4],

diag (X, (s) - H{.y ) = Hy(Hipn,y) - s, (6)

Observe that (6) suggests that the N X N matrix
H N(H{1;N,:}) can be seen as an equivalent “encoded” channel
matrix, associated to X, (s).

Assuming that the receiver has full knowledge of the
channel matrix H, the conventional coherent matched-filter
receiver of O-STBCs under the time-selective fading channel
can be written, yielding [4], [9]-[12],

HN(H{I:N,:})Hio} 'r+{0§HN(H{N+1:2N,:})T "

S =

where H denotes transpose conjugate (Hermitian), W is a
transformed noise vector with the same statistics of w (see
[1], [16]) and

D = Hy(Hpng)" Hy(Hiw )
+HyHinrron,g) " Hy (Hiviion, )
= [dz‘,j]NxN- (8)

Notice that since Hn(-) is not an unitary matrix for N >

2 [2, Corollary 5.4.1], (8) has in general d; ; # 0 for i #

7. Physically, this nondiagonality, leads to self-interference of
which significance depends upon the time-selectivity of the
channel.

III. SYSTEMATIC MO-STBCS DESIGN

In this section we introduce a simple technique which re-
duces the self-interference present in the estimation of a given
symbol by modifying the rate % transmit scheme introduced
in [2], but preserving the same code structure and complexity.

We define the MO-STBCs over complex constellations, as:

[ o1 53} ifn, =2,
B —S2 51
Gn, = X, (s) . &)

where X,,, is the function X,,, modified to perform conjugate
operations in an “every-other-line” fashion,

(10)
Y

For two transmit antennas, MO-STBC is identical to the
Alamouti scheme [1]. For a larger number of transmit antennas
MO-STBCs preserve the same structure and properties of
O-STBCs, however, its conjugate operations are carefully
spread through the entire encoding matrix, rather than being
concentrated on the lower half of the matrix, as in [2].

As with conventional O-STBCs, the received signal vector
corresponding to the transmission of the code G, , through the
channel H, subject to noise can be written as [4],

r = diag(G,, - H") + w,

)ent (S){1:2:N,:} == Xn,, (S){I:Q:N,:}a
)ent (S){2121N,1} = X’ﬂt (S)?2:2:N,:}'

(12)

where H is given by (5).
The coherent matched-filter receiver of MO-STBCs can be
written as,

s = {HN(H{I:N,:})Hio} T+ [OiﬂN(H{NJrlQN,:})T} F
= D-s+w, (13)
where,
D = HN(H{l:N,:})H"’:{N(H{lzN,:})
+HNH{yiron) HyHiniron,y)"
= [dijlnxn, (14)
with §
7—(N(H{l:Q:N,:}) = HN(H{1:2:N,:})3 (15)
7:(N(H{z:z:N,:}) = HnMHya2:n,3)" (16)

The received vector r must be put in the same conjugation
operation fashion, thus

a7
(18)

Fr1.20N) = I{1:2:2N},

TN} = r?z;z:zN}-

The construction of MO-STBCs can be better understood
via a concrete example. Consider a four transmit - one



receive antennas O-STBC system. The code Gy, Ha(Hy1.4,:}),
Ha(Hys:s,:3) and (12) are modified into

hi1 hi hi3 hia
* * * *
’H4(H{1:4yz}) _ Zz,2 22,1 22,4 22,3 ’
3,3 —N34 —N3:1 3,2
| haa  hiz —hi, —hi, |
[ hs1 hso  hss  hsa ]
* * * *
7:(4(H{5;87;}) — ZG,Q _26,1 _h6,4 26,3 ,
7,3 7,4 71 7,2
| hga  hgs —hgo —hgy
[ s1 s2 sz sy
—55 s —s 53
—S83 S4 S1 —S82
s —s; —s5 s5 53
b1 = s sy sy sh |7
—S89 S1 —84 S3
—53 53 s —s5
L —S4 —S83 S92 S1, 1
r = [7"1 TS T3 Ty s TE T7 T ]T. (19)

As for the complexity of the MO-STBCs decoder is con-
cerned, it should be noticed that if the K different symbols in
each transmitted MO-STBC block belong to a constellation
A with @ elements, the block is decoded by computing
(13) and, then, searching A for the symbols that holds the
shortest distance to each element of (13). This process involves
computing the metric M, ) times, for each of the k" element

k)

Mkgy = |3k = 8q| 4=y, o (20)

Therefore, the complexity involved in decoding one MO-
STBC block is O(QK), which is the same as the one required
for decoding one O-STBC block.

IV. SELF-INTERFERENCE ANALYSIS

A simultaneously explicit and general formula for the off-
diagonal elements of (8) and (14) cannot be written, since
the transformation H  is code-dependent. We shall, therefore,
resort to a statistic characterization of the self-interference
caused by the non-diagonality of (8) and (14).

The severity of the time-selectivity present in (5) is inversely
proportional the temporal autocorrelation of its branches
(columns). The autocorrelation coefficient of independent and
identically distributed (i.i.d.) fading channels with Gaussian
independent real and imaginary components has the closed-
form [17], [18],

21

where E[-] denotes expectation, O'}QL" is the variance of the
n-th channel branch h,,, J; is the Bessel function of the first
kind and zero-th order, fp is the maximum Doppler frequency
of the channel, 7" is the time period between successive
transmissions and A is the difference between the indexes of
two transmit epochs.

At one extreme is the case when an = 1 (block-
fading channel), where it is known that Hy(Hyy.y.) and

Hn(H{n41:2n3,:3) are not unitary [2, Corollary 5.4.1]. At the
other, is the case when aap — 0 (fast-fading channel), where
Hy(Hyi.n,y) and Hy (H{n41:2n,:3) reduce to complex ran-
dom matrices approaching unitary matrices as /N increases by
force of the Law of Large Numbers. Most cases of interest
are, however, those with not too many transmit antennas
and moderate time-selectivity, where the relative diversity
advantage obtained with O-STBCs is most significant [9]-[12]
and the channel can be effectively estimated [7], [8], [19]. In
such cases, Hy (Hyq.n,:}) and Hy (Hyy41:2n,:)) are almost
surely not simultaneously unitary and, therefore, (8) and (14)
are almost surely not diagonal.

A. For O-STBCs

Consider, for instance, the code G, in [2]. The off-diagonal
elements di 2, di3 and dy4 of (8), which, represent the
interference caused by symbols ss, s3 and s4 onto the estimate
of s1, are

dy = high} | — h5oho1 — haahl s + hj 4has
+h32h5,1 - h6,2h2§,1 - h;,4h7,3 + h8,4h§,37(22)

J1,3 = hl,shil + h§,2h2,4 — h3,1h§73 - hi4h4,2
+h§73h571 + h672hg74 - h$71h773 - h874h§72,(23)

CZ174 = h1,4h>f71 — h;72h2,3 + h3,2h§73 — hz74h4’1
+hs 4hs1 — he2hg s + h7 ohr s — hsahg 1.(24)

Next, consider 031 ) which can be calculated as follows.

First, split (22) into the terms p; = (hl,ghil — h672h§71);
p2 = (—hzahis + hgahfs); p3 = (h3ohs1 — hishay)
and py = (—h} 4h7 3+ hj 4ha3). Then, under the assumption
of equipower diversity branches with a unitary sum (afbl =
op, =0h, =07, = ). 02, becomes
E[(h1,2h7 1 — he2hg 1) (R 2h11 — hg 2he1)]
= 01211,20}211,1 + 0’216,20’216,1 - E[hlehT,lhg,Qh&l]
— Elhe 2hg 1 hY ol 1]
= 2(op,07,) — 2(J32nfpT5)a7,07))

(1-a)
= . 25
3 (25)
Repeating this calculation for the remaining terms ps, p3
and py4, and adding them up, the variance of the instantaneous

self-interference originated by symbol ss is found to be

E[p1pi]

2 2
2 _(1—a3) (1-a3)

UJl,z = 4 4 . (26)

The variances 0'5—1 , and 0'3—1 ,» Which are, respectively,

the variance of the instantaneous self-interference caused by
symbols s3 and s4 onto s1, can be calculated likewise, yielding

1—a3 1—a3)
UL R ] -
A2 A2 a2 a2
Ufl‘ :(1 af) (1 a3)+(1 az) | (1-oa3) (28)

1.4 8 8 8 8



Adding (26)-(28), we obtain

~ (1-af) (1-0a3) 3(1-a3)
T = 8 e T 8
31-a3)  (1-a)  (1-a3)
+ S + 1 + g (29

which is the variance of the total self-interference affecting
the estimation of symbol s1, and can be also put on the form
of

(1-J§@nfpT)) | (1-J3(nfoT))
8 4
3(1—Jg(6rfpT))  3(1—J3(10mfpT))
* 8 8
(1—-J3(2nfpT)) (1 —J3(4nfpT))
* 4 8

to evidence the self-interference’s dependence on the channel
fading rate. From (29) and (30) one can readily deduce that an
important strategy to combat the effects caused by the time-
selective channel is to make the autocorrelation coefficients
approach unity (a = Jy(-) — 1), that is to say, to minimize
A of (21).

T:

,(30)

B. For MO-STBCs

In this subsection it will be shown that a minimization of
the self-interference, which impairs O-STBCs orthogonality, is
indeed obtained by the modification to the O-STBCs encoding
matrices presented in section III, rather than being restricted
to special types of decoders [7]-[12].

Consider MO-STBC'’s §4, corresponding to G4. The self-
interference analysis for MO-STBC:s is performed in the same
way as for conventional O-STBCs. We, first, quantify the off-
diagonal elements JLQ, JL3, and J174 of (14), which are,
respectively, the instantaneous self-interference that symbols
So, s3 and sy4, cause onto the estimation of s;. We, then, have

diy = hy ok} — haohb, — haah s+ haahl s
+h5 ohs 1 — hg ohe 1 — by yhr 3 + hg 4hs 3,(31)

di3 = hishi, + hoohy 4 — hs1hl s — haahi o
+hg shs1 + hg ohea — hy 1hr 3 — hg 4hs 2,(32)

CZ1,4 = h1,4h’f71 - hz,zh;g + h3,2h§,3 - h4,4hZ71
+h;74h571 — hé72h673 + h;)2h7,3 — h§74h871.(33)

Obviously (31)-(33) also do not reduce to zero, however,
(31) and (33) yield a much smaller self-interference than their
counterparts (22) and (24). This happens owing to the fact that
through the application of the proposed scheme the product
of channel samples (h;nh;,, — hitanhiia m)s that would
cancel out in the block fading channel, are separated by a
smaller A. Although (32) does not provide any reduction of
self-interference compared to (23), the overall self-interference
inherent to MO-STBCs in the time-selective channel is sig-
nificantly smaller than the one of conventional O-STBCs.
Now, by repeating the same analysis of subsection IV-A, we

statistically characterize the self-interference caused by the
non-diagonality of (14),

2 (1-ai)
0’({172 = B) 5 (34)
1—a3 1—a?
0,3173 — ( 1 2) 4 ( I 6)7 (35)
2 (1-af) (-0

The total self-interference is significantly reduced and given
by adding (34)-(36),

s _31-af) (1-aj) (1—af) (1—o0F)
T = T T vttt @D
which can be put on the form of
T - 3(1 — Jg(waDT)) (1 - J§(47rfDT))
4 4
N (1= Jg(6nfpT)) (1—Jg(12nfpT)) 39)
4 4
Now, if we subtract (38) from (30), we have
i —5(1—J§éQ7rfDT)) N (1—Jg(687rfDT))
N 3(1-J3 (1807r foT)) (1—J§(1;17r foT)) 39

which can be analyzed for 0 < fpT < X, where we define
X to be the fpT value that makes the channel autocorrelation
coefficient through a transmitted block drops to zero. That is
to say, the first and last symbol of the same block are totally
uncorrelated. For the code G4, a7 = 0 leads to X =~ 0.054.
Letting fpT =0, fpT = X and 0 < fpT < X, respectively,
yields

g - 9= F0)  (1-J50) 301 -I5(0)
8 8 8
L= go ) _, “0)
rog o SO | (1B 30 BK)
w ~ 0.46, @1)
Tt —5(1—Jgézyr foT)) (1—J§(E;7r fpT)
N 3(1—J§(1807r foT) (1—J§(1;17r foT) >0, 42)

since (1 — J3(l4nfpT)) > (1 — J3(10xfpT)) > (1 —
JE(6mfpT)) > (1— JZ(2nfpT)).

The analysis above show us that MO-STBCs benefits from
smaller self-interference than of O-STBCs until high fading
rates (fp7 =~ 0.054) and is graphically shown in Fig. 1.
Moreover, the same is also true for extremely high values of
fpT that already fall out of practical commercial applications,
according to other analyses not included in this manuscript.



Self-Interference Coefficient vs. Fading Rate
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Fig. 1. Self-interference coefficient for different fading rates of a MO-STBC
and O-STBC four transmit - one receive antennas system.

V. THEORETICAL BIT ERROR RATES UNDER
GENERALIZED FADING CHANNELS

Theoretical bit error rate expressions for O-STBCs under
block fading with perfect CSI at the decoder, obtained in [20],
[21], are extended to MO-STBCs with the decoder [4] under
generalized time-selective fading channels. The method can
be used to find the theoretical BER of coherent systems with
any number of transmit antennas, however, the four transmit -
one receive antennas system considered throughout this paper,
with Gray code mapped M-ary PSK and QAM modulations
will be evaluated to keep consistency with the analysis from
section IV.

The bit error probabilities of rate p O-STBC code, as given
by [20], [21], are

Pb:PSK(PY‘M) = 210g2 de (I k;?gPSK 74)
——I(éﬁ,ng 5+ )), 43)
B 2 10%2
Proam(y|M) = Vil log, Vi1 Z
2
1—2""VM-1

§:d I(,%MO ) (44)

where, due to time-selectivity, (-) becomes

m(1-9) 4
I(5 —7___)de, 45
1(6,9) = HM(MMJ (45)
0
Gos (8) = sin®(m6), (46)
_ 2k — 1
2 1
5= k4 , (48)

M

log, M >2

>

=2

. k k
. =2 |— — 2 4
di:psk ‘M+ {M-H-i- , (49

k n k
20 20
for uniform PSK constellations, in which M represents the
adopted constellation size, | - | denotes absolute value and

the function |x| rounds x to the closest integer. For QAM
modulation,

i 2
Joam (i) = ?;(5\4—‘[__11)) ) (50)
g = (~)l 7] (2k ! V\Z%_l +;D s1)

Following, the MGF associated with the non-correlated and
balanced paths, is given by

1 -1
(o) = (1= 53 )

where ~,,, now, is the Signal-to-Interference-plus-Noise Ratio
(SINR), owing to the self-interference (38). The inclusion of
the denominator 4 results from the power normalization at the
transmission.

All the procedure described above can be easily extended
from Rayleigh to Nakagami-q (Hoyt) and Nakagami-n (Rice)
fading channels by substituting its MGF, respectively, by

Y22\ —1/2
an() 1_377”4’(82)(] )
2 (14427

(52)

(53)

,n25 In

(1+n?) 1
 (1+n?) —s P ((1 +n?) — 574"> G4
where ¢ (0 < ¢ < 1) and n (0 < n) are the fading param-
eters and their one-to-one mapping with the m parameter is
described in [22].

The difference between MO-STBCs and O-STBCs with
the receiver [4] is only the self-interference coefficient factor,
given by (38) and (30). Thus, the method described in this sec-
tion can be used straightforwardly to calculate the theoretical
bit error probabilities of O-STBCs.

Hey, (8)

VI. SIMULATION AND RESULTS

In this paper O-STBCs and MO-STBCs are analyzed under
frequency flat time-selective fading channels as in [7]-[10].
However, rather than adopting a simple AR(1) model, as in
the aforementioned references, all simulations in this paper
followed the Jakes model to generate channels with variable
fading rate fpT', unless stated otherwise. As described in [10]
(and references therein), the assumption of a channel invariant
over consecutive symbols is not always realistic. Therefore, the
time selectivity here considered is of a channel whose value is
constant during one symbol transmission interval, but slightly
changes between adjacent symbols. As in [7]-[12], [19], no
correlation in the space domain was considered. Moreover, 8-
PSK and 16-QAM modulations are employed and the channel
is estimated based on the Adaptive Frame-based Interpolation
method proposed by [19].

Fig. 2 shows the BER performance of 8-PSK modulated
four and eight transmit - one receive antennas systems with
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Fig. 2. BER for four and eight transmit - one receive antennas systems
employing MO-STBC and O-STBC as the encoding scheme under a fading
rate of fpT = 0.0051 (8-PSK modulation).

fpT = 0.0051. It can be noticed that MO-STBC mitigates
the loss of orthogonality in symbol decoding (minimizing the
self-interference), thus considerably outperforms conventional
O-STBC in the presence of time-selective fading channels.
However, for scenarios where the self-interference is natu-
rally bigger, such as systems employing a large number of
transmit antennas or when higher fading rates are experienced,
performance degradation is significant regardless the adopted
scheme. This suggests the need of combining MO-STBCs with
a time-selectivity robust decoding technique for such high self-
interference scenarios.

Fig. 3 shows a 16-QAM modulated system with four
transmit - one receive antennas, experiencing higher fading
rates (fpT = 0.0154 and fpT = 0.041), which can be
translated as larger symbol-to-symbol channel variations. It
can be seen that when MO-STBC is combined with the receive
robust technique [11], [12], the diversity loss inherent to
this decoder is minimized to a level where the performance
degradation is less than 0.5dB for a bit error rate of 10~2 with
fpT = 0.0154. For the previously considered bit error rate
and fading rate, the aforementioned combination yields about
1dB improvement compared to O-STBC combined with the
robust decoder. When the fading rate is further increased to
fpT = 0.041, the combination of MO-STBC with the robust
decoder yields almost 4dB improvement for a 10~2 bit error
rate.

Fig. 4 shows the performance of a 16-QAM modulated
four transmit - one receive antennas system with different
configurations under various fading rates with SN R = 20dB.
In agreement with the analysis presented in section IV, MO-
STBCs also achieve the ideal block fading performance when
no time-selectivity is present. It can be observed that for all
fading rates considered MO-STBC significantly outperforms
O-STBC scheme.

The accuracy of the method developed in section V to

Orthogonal Designs for Time-Selective Channels
(4Tx; f.T = 0.0154; 16-QAM)
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Fig. 3. BER for a four transmit - one receive antennas systems employing
MO-STBC and O-STBC as the encoding scheme and their combination with
the Linear Maximum Likelihood Decoder [11], [12] under fading rates of
fpT =0.0154 and fpT = 0.041 (16-QAM modulation).
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T T
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Fig. 4. BER for a four transmit - one receive antennas system with different
fpT values and 16-QAM Modulation, employing MO-STBC and O-STBC
as the encoding scheme and their combination with the Linear Maximum
Likelihood Decoder [11], [12] (SNR = 20dB).

calculate theoretical bit error probabilities can be confirmed
by the comparison with simulated values shown in Fig. 5.
It can be seen that MO-STBCs and O-STBCs are precisely
computed for different fading rates, regardless the channel
statistics. This allows for quick evaluation of the considered
systems in many different scenarios, thus cumbersome and
time-consuming computer simulations can be avoided.

VII. CONCLUSIONS

We have proposed a new scheme, named MO-STBC, which
improves significantly the robustness against time-selectivity
though having exactly the same complexity as the conventional
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Fig. 5. Theoretical and simulated BER for a four transmit - one receive

antennas system employing MO-STBC and O-STBC as the encoding scheme
under Hoyt (m=0.7; 16-QAM; fpT = 0.0077), Rayleigh (m=1; 8-PSK; fpT
= 0.0051) and Rice (m=2; 8-PSK; fp7 = 0.0102) fading channels.

O-STBC. This improvement, which is achieved by a non-
trivial, yet simple modification to the encoding scheme of
O-STBC, makes MO-STBC a significant ally to the already
developed time-selective robust decoding techniques. Very
accurate theoretical bit error probabilities for MO-STBCs
and O-STBCs over generalized time-selective fading channels,
with Gray code mapped M-ary PSK and QAM modulations,
were also derived.
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