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ABSTRACT

We consider a flat fading wireless link having multiple M trans-
mitter antennas and a single receiver antenna (MISO). This system
is often useful in mobile downlink communications for which the
mobile receiver may not be able to support multiple antennas. For
such a system, we propose a novel and very simple design of full
diversity two-group and four-group decodable block diagonal lin-
ear dispersion codes with rate one for any number of the transmit-
ter antennas. For M = 2" and M = 2" — 1, we also prove that
for K-ary Quadrature Amplitude Modulation (QAM) transmission
equipped with a maximum likelihood (ML) detector, our proposed
code minimizes the worst case average pair-wise error probability,
i.e., it achieve optimal coding gain.

Index Terms— Multiple-input single-output systems, space-
time block codes, full diversity, group-decodable, Maximum like-
lihood detection.

1. INTRODUCTION

Over the past several years, various space-time block coding (STBC)
schemes have been developed to take advantage of the MIMO com-
munication channel. In this paper, we consider a coherent commu-
nication system equipped with multiple transmitter antennas and a
single receiver antenna, i.e., a MISO system. These systems are of-
ten encountered in mobile downlink communications for which the
mobile receiver may not be able to support multiple antennas. For
such a system, orthogonal STBCs [1—4] are attractive, since they
can provide the maximum diversity using a linear processing maxi-
mum likelihood detector. However, they have a limited transmission
rate [5, 6] and thus, do not achieve full MIMO channel capacity [7]
if the number of the transmitter antennas is greater than two. To im-
prove the low rate, quasi-STBCs [8—10] with constellation rotation
or linear transformations and the diagonal STBC [11] have been pro-
posed. In order to simplify the complexity of maximum likelihood
detection, multi-group decodable STBCs [12—-14] have been devel-
oped. Recently, Toeplitz STBCs [15] for a MISO system equipped
with a zero-forcing (ZF) receiver have been designed enabling the
optimal tradeoff of diversity and multiplexing gains [16]. In this pa-
per, we propose a novel and very simple design of two-group and
four group decodable block diagonal linear dispersion codes by tak-
ing advantage of the Alamouti code [1] and the full diversity rotation
matrices.

Notation: Throughout this paper, we use the following notation:
Matrices are denoted by uppercase boldface characters (e.g., A), and
column vectors are denoted by lowercase boldface characters (e.g.,
b). The i-th entry of b is denoted by b;. The columns of an M x N
matrix A are denoted by ai,az,--- ,an. The transpose and Her-
mitian transpose of A are denoted by AT and A¥ respectively. The
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(4, 7)-th entry of A is denoted by [A];,;. Are and Aj,, denote ma-
trices consisting of the real and imaginary parts of A, respectively.
M denote the number of transmitter antennas; Notation Ix denotes
the K x K identity matrix.

2. CHANNEL MODEL WITH LINEAR DISPERSION
CODING

Consider a coherent flat fading multiple input single output (MISO)
wireless communication system having M transmitter antennas and
a single receiver antenna. For each time slot (usually called a “chan-
nel use”), each of the M transmitter antennas is fed a coded sym-
bol for transmission. Each of these transmitter antennas is linked

to the receiver antenna through a channel h,,, m = 1,---, M.
At the receiver of such a system, for time slots n = 1,---, N,
we receive an N-dimensional signal vector y = [y1 32 --- yn]T

which, according to the input-output model of the system, can then
be written as y = /% X(s)h + & where X is the N x M lin-
ear dispersion (LD) coding matrix each row of which consists of
coded symbols fed to the M transmitter antennas during a partic-
ular time slot, h is an M X 1 channel vector, and £ is an N x 1
complex noise vector. Throughout this paper, we make the follow-
ing assumptions: 1) The channel h is circularly-symmetric complex
Gaussian distributed, with zero-mean and covariance matrix Ins; 2)
£ is a circularly-symmetric complex Gaussian noise vector with vari-
ance Iy.

2.1. Code design

In the following, we suggest two constructions of codes for complex
signals: the first design applies a complex rotation matrix directly
to the complex signal, and the second applies real rotation matrices
separately to the real and imaginary parts of the signal.

2.1.1. Block-diagonal complex orthogonal (BDCO) code design

(1) The number of the transmitter antennas is even; i.e., M = 2L.
Let Cc be an L x L full diversity rotation matrix [17-19], and

T TL+1 S1 SL+1
T2 TL+2 S22 Sp+2

=C.| . : : &
TL 2L SL S2L

If we use A(x;,zr+:) to denote the Alamouti space-time code
formed by two symbols x; and x1,4; fori = 1,2, --- | L, then, our
code is constructed by

X(S) = diag(A(‘rla $L+1)v -A(x27 $L+2)7 ) A(xL’ xQL)) 2
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(2) The number of the transmitter antennas is odd; i.e., M = 2L —1.
Let C,, be an L x L full diversity rotation matrix [17-19] and

1 TL+1 S1 SL+2
T2 Tr+3 S2 SL+3

=C, ) . - 3
L Z2L SL+1  S2(L41)

Then, in this case, our code is constructed as follows:

X(s) :( . ) )

where X(s) = diag(A(z1,2r+1), -+, A(rr—1,220-1),02(L—1)x1)

and X2 = (02x(2r,—3), A(rL,®2r)). The codes in Eqgs. (2) and
(4) are BDCO codes respectively for even and odd numbers of
antennas.

Example 1. For M = N = 4, the codeword matrix is

r1 X3 0 0

_ —x5 0 0
X - 0 0 [ T4
0 0 —zi x5

The symbol transmission rate of this code is one per channel use.
Example 2. For M = 3, N = 4, the codeword matrix is

1 T3 0
* *
_ —r3 X 0
Xe)=| 75
T2 T4
0 —x; x5

The symbol transmission rate of this code is also one per channel
use, but we have one time slot delay.
2.1.2. Block-diagonal real orthogonal (BDRO) code design

(1) The number of the transmitter antennas is even; i.e., M = 2L.
Let Re be an L x L full diversity real rotation matrix [20] and

1 TL+1 S1 SL+1
o TL42 S2 SL+2
= Re. . . 4
L 2L re SL S2L e
1 TL+1 S1 SL+1
T2 TL4+2 S2 SL+2
= Re (6)
L 2L im SL SaL im

Then, our code is constructed by
X(s) = diag(A(z1, 2041), A(@2, TL42), - -, AL, 220))  (7)

(2) The number of the transmitter antennas is odd; i.e., M = 2L —1.
Let R, be an L x L full diversity real rotation matrix [20] and

€1 TL+1 S1 SL+1
T2 TL+2 S2 SL+2

= R, . . ®)
TL oL re SL S2L re
T Tr4+1 S1 SL+1
T2 Tr42 S2 SL+2

= R, . . 9
Ty, T2l SL S2r

im im

Then, in this case, our codeword matrix is constructed as follows:

X - (%) (10)

where X(s) = diag(A(z1,2r+1), -+, A@r—1,%20-1),02(L—1)x1)
and X2 = (02x(2r,—3), A(rL,x2r)). The codes in Eqgs. (7) and
(10) are BDRO codes respectively for even and odd numbers of
antennas.

Definition 1 A STBC is said to be g-group decodable [12—14] if the
objective function for the ML receiver can be expressed as a sum of
g sub-factions, i.e., |y — XhH% = le F;, where each F; consists
of the symbols from only one group.

Definition 2 Let T be K x K rotation matrix and b = Tx for
x € X. T is said to be a full diversity rotation matrix if |1, (b; —
b)) #0foranyx #x' € X foranyx # x' € X.

3. CODE PROPERTIES AND PERFORMANCE ANALYSIS

Our principal purpose in this section is to discuss some properties
and analyze the error performance of the code design proposed in
Subsection 2.1.

Under Assumption 1, given a channel realization h and a max-
imum likelihood detector (MLD), the probability P (s — s’|h) of
transmitting s and deciding in favor of s’ # s at the decoder is given
by [21]

P (s — s/|h) =Q (d(s7 s/)) , (11)

where d*(s,s’) = £h"X(e)X" (e) hwithe = s—s"and Q(t) =
(1/vm) [° e~**/2dt. When the SNR is high, the union bound can
be used [21] to construct the following “snug” bound on the average
block error probability Pyie, Poe < Y . P(s)P (s — s'|h) =
Z#S/ P(s)Q (d(s,s’)). We will find it convenient to use the

following alternative expression for the @ function [22] Q(¢) =

1 [m/2
w JO

the random vector h, the average pair-wise error probability can be
written as

1 [7/? do
P(s—s)= 7/ L)
To det (14 S7OK))

exp (—%) df. By taking the average of Eq. (11) over

Now, we are in a position to formally state our main results.

Theorem 1 The BDCO and the BDRO codes have the following
common properties:

1. The symbol rate per channel use is one.
2. The code provides full diversity for the ML receiver.

3. The code with the full diversity complex rotation matrix C is
two-group decodable, while the code with the full diversity
real rotation matrix R is four-group decodable.

OUTLINE OF PROOF: Statement 1 is clear.

To prove Statement 2: Consider the BDRO code for even num-

ber of transmitter antennas. In this case, we can see that

det(X"(e)X(e)) = [T, det®(A(wi, xr4:)) = [Ti(Jail® +

wirr?)? =TIy (@)% + (@)% + @)% + @irn)in)” >
2 2

maX{HiLzl ((xl ge+ ($i+L)ge) 7H7,'L:1 ((xl i2m+ ($i+L)i2m) } 2

2930



2M max{[[}Z, (z:)7e, [Ti2; (€:)7m} > 0 due to the full diversity
real rotation matrix R.. Proofs for the other cases are similar.

For Statement 3: Consider the BDRO code for even number
of the transmitter antennas. Here, the ML detection is equivalent
to finding an optimal code matrix that minimizes the function,

F(s) = |ly — X(s)h||3. Since F(s) can be rewritten as
F(S) HZ - Hu“%a where z = (ylay;7y3ay27"' vaL)T’
u = (ml,—xL+1,x2,—mL+2,-~~,—IQL)T and H =
diag(A(hl,hg),~ .. ,A(th_l,th)), then F(S) =
z%z — z"Hu — uHYz + uw"H"Hu. Let w =
Hz = (wi,ws,---,w2r)T, then, F(s) can be written as

F(s) = 2"z + F\ + Fy + Fs + F,. where Fy fork = 1,2,3,4
are defined by

L

Fo= - ; (wai-1)re(i)re — (|h2i1]* + |hail*) ((2:)7)
o= Z; (w2i1 )i (20)imm + (|h2i1|* + [h2:|*) (@:)im)

Fy = i (wai)re(@itL)re + (|h2i-1]” + [h2i|*) (@it L)7e)
Fao= —ZZ: (w2i)im (@it 1)im — ([h2i=1|* + [h2i|*) (@i+L)in)

According to our code design Eq. (7), F1 and F only involve the
real and imaginary parts of s; for ¢ = 1,2,---, L, respectively,
while F3 and Fy only involve the real and imaginary parts of s;4 1,
fori = 1,2,---, L, respectively. In other words, the original ob-
jective function F'(s) is now separated into four subfunctions, with
each involving one group of independent variables. Therefore, min-
imizing F'(s) is equivalent to minimizing each subfunction. Proofs
for other cases are similar. O

Theorem 2 When the number of transmitter antennas is either
M = 2" or 2™ —1, the code design with the full diversity complex ro-
tation matrix C minimizes the worst case pair-wise error probability
of the maximum likelihood detector for the square QAM constella-
tion among all the linear dispersion codes with rate one.

OUTLINE OF PROOF: First, we establish a lower bound on the
worst case pair-wise error probability for any LD code [23]
with symbol rate one. Let Xxz(s) be an arbitrarily given
code matrix, XrF(s) = Zi\f:l(Fl,ksk + Farsy) with a
power budget >_r_, tr(F{,F1, + FY,Fax) < MN. Con-
sider the case when the error is such that |e,,| = dmin and
ex =0, k=1,2,--- /N, k # m. Now we select an integer such
that m = argmini<p<ny tr(kaFLk + kang) Therefore,
we have tr(F{, F1m + F¥, Fam) < = S0 tr(F{,Fi +
kang) < M. Notice that the denominator in the inte-

H
gral of Eq. (12) can be written as det (I + w)

2M sin? 6
P diin (F,, F1,m +F3, F2.m)

det [ I+ Using Hardamard’s

2M sin?
inequality [24] and employing the relationship be-
tween the  arithmetic mean and the  geometrical
Pd?nin(F{-{mFl,meFngZ,m)
mean, then det (I + SIS <
<

", (1+ 2

A2 in[FE F1 m+FE Foonli
2M sin? 6
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P d?nintr(F{—I,m,Fl,7n+F§{m,F2,7n)
2M?2sin2 6

od a2 M
< (1 shmg)
Therefore, from Eq. (12), the worst case pair-wise error probability

2
Pr(s — ) > J(2gmm).

jﬂ-/2 (1 + sina2 9>_1\/[

1+

is lower bounded by max

5,8’ €SQ, s#£s/
where J(a) is given by J(a) =
a > 0. Thus, we obtain

de for

min max
F s,8'€SQ, s#s’

(13)

prie =)z ()

Now, we establish an upper bound. For our code design with M =
2", we have that det(X* (e)X (e)) = [[~, det®(A(zi, x1+:)) =

L L L
Hi:l(‘xl‘ + |zt )2 > max{[[;_, |$’i|47Hi:1 |5UL+'L"4} 2

d?Y due to the full diversity complex rotation matrix C..
This is also true for our code design with M = 2" —

1. Now, using the Minkowski’s inequality [24] we obtain
that for any nonzero vector e and nonzero 6 in the interval
[0,7/2], there is det (In 4 557545 X" (e )X(e))l/M > 1+
det (XH( )X (e ))UM >1+ 21745[% We conclude that

M
XH(e)X(e)) (1 + 21(};%) This re-
P(s—s)<J (p m‘“) Therefore, we have

2M s.ln2 6
det (I]u —+

2]\4 sin?

sults in max

s,s'€SQ, s#£s!

d?
min max Pr(s — ') < J [ P%min ) 14
w(FHF)<Q s,s'es? 7 )< < 2M ) (9

s#s’

Combining (13) with (14) yields min max, s se Pr(s —
o(FHF)<Q b
2
sy=J (%) . This completes the proof of theorem 2. d

We make the following comments on Theorems 1 and 2.

1. Our code guarantees that the worst case pair-wise error prob-
ability is minimized for K-ary QAM when M = 2". Asare-
sult, optimal coding gain is achieved. Although the diagonal
space-time (DAST) block code [11] also provides the optimal
coding gain in this case, the number of the code matrices in
the DAST code achieving the optimal coding is much larger
than that of our code matrices. As a result, its performance is
much worse than ours, which can be seen in the performance
comparison by simulations shown in Fig. 1. Also, our code
is two-group decodable, but the DAST code must be decoded
jointly.

2. When the number of the transmitter antennas is either M =
2" or M = 2™ — 1, even though our BDRO code is four-
group decodable achieving full diversity, the coding gain is
less than that of our BDCO two-group decodable code. Since
BDRO codes are simpler to detect due to the reduced number
of symbols which are real, this results in a trade off between
detection simplicity and performance.

4. CONCLUSION

A novel and very simple design of two-group and four-group de-
codable block diagonal linear dispersion codes with rate one for any
number of the transmitter antennas was proposed in this paper. it
was shown that our proposed code has the following properties: (1)
It achieves full diversity for the ML receiver. (2) When the number of
the transmitter antennas is equal to 2" or 2" — 1, our proposed code
minimizes the worst case average pair-wise error probability of the



—+ DAST code for 4QAM
-6~ Our code for 4QAM
-7~ Our code for 16QAM
o~ —0- DAST code for 16QAM

Average Bit Error Rate

;
15 20 25
SNR [dB]

Fig. 1. Average BER comparison of our code with the DAST code
for the MISO system with 4 transmitter antennas

ML detector for K -ary QAM. Therefore, in this case, it achieves op-
timal coding gain. (3) ML detection can be efficiently implemented
by separating the original symbol group into two-subgroup or four-
group. (4) When the number of the transmitter antennas is even, our
code is delay-optimal. When the number of the transmitter antennas
is odd, our code is one time slot delay.
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