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Abstract

We introduce a construction technique for generalized complex linear processing orthog-
onal designs, which are p x n matrices X satisfying X#X = fI, where f is a complex
quadratic form, I is the identity matrix, and X has complex entries. These matrices gener-
alize the familiar notions of orthogonal designs and generalized complex orthogonal designs.
We explain the application of these matrices to space-time block coding for multiple-antenna
wireless communications. In particular, we discuss the practical strengths of the space-time
block codes constructed via our proposed technique.

1 Introduction

The theory of orthogonal designs dates back over a century [1, 2, 3]. Since Radon’s classical
result implying the set of dimensions for which real square orthogonal designs exist [3], sev-
eral generalizations of real square orthogonal designs have followed, including generalized real
orthogonal designs, complex orthogonal designs, generalized complex orthogonal designs, and
generalized complex linear processing orthogonal designs. A thorough treatment of orthogo-
nal designs is found in [4]. Tarokh, Jafarkhani, and Calderbank pioneered using generalized
complex orthogonal designs to construct space-time block codes (STBCs), which are used to



transmit data over wireless channels using multiple transmit antennas [5]. Their work extends
Alamouti’s scheme for wireless communications with two transmit antennas [6]. In this pa-
per, we present a mathematically elegant technique of constructing generalized complex linear
processing orthogonal designs, and we discuss the resulting designs’ practical strengths.

In Section 2, we provide the necessary definitions and an introduction to space-time block
coding. In Section 3, we present our construction technique for generalized complex linear
processing orthogonal designs. In Section 4, we demonstrate how our construction technique
can be used to generate generalized complex linear processing orthogonal designs with few or
no zeros, and we discuss the trade-off between having few zeros and high rates. In Section 5,
we discuss other implementations of this construction. In Section 6, we conclude the paper by
reviewing the strengths of our construction technique.

2 Definitions and Background

2.1 Introduction to Orthogonal Designs
A (real) orthogonal design of order n and type (s1, s2, ..., Sx) denoted OD = OD(n; s1, 82, ..., Sk)

in real variables z1, T2, . .., T, is a matrix A of order n with entries in the set {0, £z1, £z9, ..., Lz}

satisfying
k
ATA =) (siz])],,
=1

where I, is the identity matrix of order n. We note that over the appropriate algebraic structure
k
AAT = ATA =) (s17]) I
=1

A generalized real orthogonal design of order n is a p X n matrix of k variables satisfying the
same conditions. Generalized real orthogonal designs are also called rectangular real orthogonal
designs. The rate of a generalized real orthogonal design is defined as R = ’;7.

Geramita and Geramita, [7] first defined a complex orthogonal design COD = COD(n; s1, s2,. - -

of type (s1,82,...,8,) in variables 1,9, ..., Tk, as a matrix C of order n with entries in the
set {0, tx1, txo, ..., txg,tix1, izo, ..., tizk, } satisfying

k
cic = Z(slw?)fn,

=1

where I, is the identity matrix of order n, H is the Hermitian conjugate (the transpose complex
conjugate) and 72 = —1. We note that over the appropriate algebraic structure

k
cct =c"c =) (siz})]n.

=1



The type (s1, $2,- - -, Sk) of the design gives the number of times each variable occurs in each
row (and column) and hence each s, is an integer. However, the defining equation

k
CcHC = Z(sw%)]n,
=1

can be simplified to

k
cHC=> xiIL,
=1

by suitably normalizing the matrix (which does not impact the number of times each variable
occurs in each row or column). The details of this normalization can be found in [5]. In this
paper, we assume that the entries of a real or complex orthogonal design have been so normalized

and abbreviate (C)OD(n; sy, S2,-..,8%) as (C)OD(n;).
Alternate definitions of complex orthogonal designs C' exist, allowing entries of complex
variables {0, % 21,...,% 2, & 27,..., % 2}, where z* denotes the complex conjugate of z and

n
che =Y |al'L
=1

[5, 8, 11]. In this paper, we use this latter definition of complex orthogonal designs.

A generalized complex orthogonal design of size n is a p X n matrix C with entries from
{0, £ 21,..., £ 2, £ 2{,..., % 2}, or products of these complex indeterminants with the imag-
inary unit 7, such that

k
CcHC =" |al’In.

=1
If the entries of C are allowed to be complex linear combinations of the complex variables
Z1,...,2 and their conjugates z7,...,z;, then the design C is called a generalized complex
linear processing orthogonal design. The rate of C' is defined as R = %.

Henceforth, when no confusion should occur, we will sometimes use the term “orthogonal

design” to refer to any of the above generalizations.

2.2 Introduction to Space-Time Block Coding

Tarokh, Jafarkhani, and Calderbank first used orthogonal designs and their generalizations as
space-time block codes (STBCs) for wireless communications with multiple transmit antennas
[5], building upon the work done by Alamouti for wireless communication with two antennas
[6]. In space-time block coding, the matrix representation of the (generalized complex linear
processing) orthogonal design serves as a transmission matrix. The entries of the p X n matrix
denote the information symbols from an arbitrary real or complex signal constellation. The
information symbols are to be sent over n transmit antennas, represented by the n columns.
Hence, each antenna is responsible for sending the information symbols in one column. The



number of rows, p, represents the number of channel uses. That is, each antenna must transmit
p times. This number, p, is also called the decoding delay or memory length. The rate of the
orthogonal design, R = %, is interpreted as the ratio of the number of transmitted information
symbols to the decoding delay of these symbols at the receiver.

Two of the main problems of space-time block codes or orthogonal designs are as follows [8]:

1. Given n, find a p X n orthogonal design on k variables which maximizes the rate R = ’;7.

2. Given n, find a p X n orthogonal design on k variables with maximal rate which minimizes
p-

Hence, the goal is to include as many variables (or information symbols) in the fewest rows (or
smallest decoding delay) possible.

The maximum rates of real and complex square orthogonal designs (and amicable orthogonal
designs) have been known for many years; an account of this theory is given in [4]. Recently,
Liang proved that for generalized complex orthogonal designs for n = 2m — 1 or n = 2m
antennas (i.e. with n = 2m — 1 or n = 2m columns), the maximum rate is R = "2l [8].
In contrast, the maximum rate for generalized real orthogonal designs is R = 1. Additionally,
Liang published algorithms for generating generalized complex and generalized real orthogonal
designs of maximum rate [8]. It remains to solve Problem 2 above.

A third consideration for practical implementation is the number of zeros in a code: Com-
pared to a code with fewer zeros, a code with more zeros results in a higher peak-to-mean power
ratio for the transmit antennas to achieve the same bit error rates (BER). Equivalently, a code
with fewer zeros provides a better BER with the same peak-to-mean power ratio per each trans-
mit antenna. Having many zeros can also impede practical implementation since some transmit
antennas must be turned off during transmission. Turning off transmit antennas during trans-
mission is inconvenient, especially in high data rate wireless communication systems. Looking
ahead to possible cryptographic applications of space-time block codes for hiding data, zeros
in the transmission matrix could be a weakness. We conclude that it is important to look for
construction techniques that yield high rate codes and/or codes with few or no zeros.

3 The Construction

In this section, we provide a vector-based version and an equivalent matrix-based version of
our Construction Theorem for constructing generalized complex linear processing orthogonal
design from (square or generalized) orthogonal designs (ODs) or (square or generalized) complex
orthogonal designs (CODs). We are interested in using the resulting generalized complex linear
processing orthogonal designs as space-time block codes (STBCs). We provide examples of
codes constructed via our theorem and explain certain strengths of the construction, namely its
simplicity and its ability to control the number of columns in the resulting STBCs.

Theorem 3.1 (Vector-Based Construction Theorem). Let G be any OD(n;) or COD(n;)
satisfying GHG = f1. Let the set of column vectors of G be denoted by Cols(G) = {v1, v, ..., v}
Build the column vector set of a STBC X as follows: Remove any pair of vectors vj # vy from

4



Cols(G) and put %(’Uj +ivg) in Cols(X). Form p, 1 < p < 3, such pairings, thus producing
p vectors in Cols(X). Now remove any number of remaining unpaired columns in Cols(G) and
put them (unaltered) in Cols(X). The columns in Cols(X) represent an n x g STBC, where q
is any integer satisfying 1 < g < n. X satisfies X" X = fI.

Proof. For any 1 < j < n, we can write v; = vf 1 i'uf, where ’UJC and v;z are real vectors. The
H, 1 : H. 1 .
)7 5 (vativp), 05 - 5 (va +ivp),

%(’Uj +ivp)H -, or vf[ - vk, where v, vy, vq, vy are distinct vectors from Cols(G). In the first

off-diagonal entries of X X are either of the form %(vj +tvg

case, we have:

(vj + ivg) (ve + ivp) (v —ivfl) - (vg + ivp)

O~ N = N =
<

x o L
V2 V2

T

(U- . ('Ua + ’iUb) — ’l’l]]? ' ('Ua + i’Ub))

<

H . H . H H
(v - v +1v;" - vy — GvE - Vg + vy - vp)

since G G is a diagonal matrix. Similar computations show that off-diagonal entries of X X

of the form vf . %(va + ivp), %(’Uj + ivg)H - vy, or vf - vy, are also 0.

The diagonal entries of X X are either of the form vf “wj Or %(’Uj + qug )2 - %(vj + dug).

In the first case, ’UJH -vj = f since GH@G = fI. In the second case, we have

s

(v;" - (vj +dvg) — i’l),? - (vj +ivg))

<

H . H . H H
(v v+ v — vy v+ - vg)

(f +140 —40 + f)

SN =N = N =

since GHG = fI.

We conclude that X# X = fI. While X clearly contains the same number of rows as G,
the number ¢ of columns in X, 1 < ¢ < n, depends on the number of pairings formed during
the column construction phase and on the number of unpaired vectors in Cols(G) that are

transferred into Cols(X). O

Since many constructions of designs involve sub-matrices, we now provide a matrix version
of this Construction Theorem.
Let



be any OD(n;) on the commuting variables {z1,--- ,zx}, where Aispx g, Bispxn—gq, C
isn—pxgqand D isn—pxn—q. We write A+ iB where if ¢ # n — g the matrix A or B,
whichever has the smaller number of columns has sufficient columns of all zeros concatenated to
make A + 7B meaningful as a matrix (the extra columns can be any where). The same actions
are taken to make C + ¢D meaningful as a matrix.

Theorem 3.2. [Matrix-Based Construction Theorem)] Let G be any OD(n;) or COD(n;)
partitioned as in (1) and satisfying GG = fI,. Then

v-glans] o

V2
satisfies X2 X = f1,. Hence X is a STBC which is n x q for any 5] <g<n.

Proof. Since GHG = fI,, we have

A CH A B
[ AFA+CHC AERB+CHD
B BiA+DHC BHB+DHD
- 1.

Hence
A"A+Cc"Cc=BY"B+D"D=fI and A"B+CY"D=B"A+D"C=0. (4)

We now consider

A —iBH 1 [ A+iB
Hy _ 1
XX = Z[CH—iDH][C-I-z’D] (5)
= 1| A"A+iA"B —iB"A+B"B+C"C+iC"D—iD"C+ DD |
= %(szp)
= pr

0

We note that other linear combinations (i.e. sA+itB and sC +4tD) are possible with slight
modifications. The STBCs that result from the vector-based and matrix-based construction
theorems are equivalent up to possible multiplication by 7 in certain columns. We therefore
refer to the two theorems interchangeably as the “Construction Theorem.” Two advantages
of this construction are its mathematical elegance and the control it provides over the number
of columns in the resulting codes. The construction is elegant because it provides a straight-
forward way to build generalized complex linear processing orthogonal designs with any number
of columns by using readily available real or complex orthogonal designs. This is much simpler



than the available construction techniques involving detailed algorithms [8] or amicable designs
and weighing matrices [9], [4], [10]. Providing control over the number of columns in the STBC is
of practical importance: We can accommodate varying requirements for the number of transmit
antenna over complex constellations. We now provide some examples of codes built using this
construction technique.

Let G satisfy GEG = (22 + 2% + 2% + 22 + 22 + 2% + 22 + 23) I3, where G is given by:

[ I Z9 I3 T4 Is5 Ze I xIs T
—XI9 X1 T4 —I3 e —T5 —XI§ X7
—T3 —T4 I Z9 i xIs —I5 —Tg

a— —I4 T3 —ITo I rg —IT7 Tg —Iy (6)

—T5 —Teg —X7 —X8 I Z9 I3 T4
—XIg Iy —XIg X7 —I2 T —T4 I3
—XT7 xIs Is5 —Tg —I3 T4 I —XI2

L —T8 —I7 Zg Zs —T4 —I3 Z2 zy

The construction can be used on GG in many ways to control the number of columns in the
resulting STBC. For example, the 8 x 4 STBC X below is formed by pairing columns 1, 2, 3,
4 of G with columns 5, 6, 7, 8 of G, respectively:

1 +iz5 To + 1T T3+ ix7 T4+ iz
—T9 + 1T X1 — IT5 T4 — 1Ty —T3+ 1Ty

-3 + ’I:.’I?7 —T4 + ’i.’IJg Il — z'a;5 Tro — i$6

1 —x4+ 1Ty T3 —1T7 —x9+1iTg X1 — iTh

X1=— . . : . (7)

V2 | —o5+iz1 —xe +iTy —T7+iT3 —Tg + 1Ty

—Tg — 1T T5+ 1T —Tg—1iTs Ty +1T3
—x7 —1T3 X8+ 1Ty T +1iTr1 —Tg — T2

| —zg —ix4 —IT7—1T3 Tg+ 1To Ts + 171

The 8 x 6 STBC X, below is formed by pairing columns 1 and 2 of G together, pairing
columns 3 and 4 of G together, and using unpaired columns 5 through 8 of G:

r Z1tiTy Z3+iz4 7
\/E' V2 T5 Ze x7 Zg
—Z2T11T1 L4—1T3 _ —
\/5. \/5 T6 T5 xsg z7
—I3—1T4 T1+1T2 z7 zg —z5 —Zg
—z4tix3 —x241iT) _ _

X, = \/5 \/5 xg x7 T6 T5 8
2 = —T5—1Tg —T7—1T8 ( )
I 9 I3 T4

V2, V2,
—Te+1xs  —Tgtirr _
\/E' V2 T2 T Ty T3
—x7+izs T5—1iTs _ _
V2 \E 3 T4 Z1 z2
—T8g—1T7 L6115 _ —
L NG) V2 T4 I3 x9 I i



4 Balancing Strengths and Weaknesses of the Construction

It is of practical importance to produce STBCs with few to no zero entries. A STBC with a
relatively low number of zeros provides a better BER with the same peak-to-mean power ratio
per each transmit antenna. This power savings is important for the practical implementation.
Also, having relatively few or no zeros avoids the inconvenience of turning off transmit antennas
during transmission, which is especially problematic in high data rate wireless communication
systems. Additionally, we foresee cryptographic applications of STBCs in which zero entries
might be a liability. Using our construction technique, it is straight-forward to build STBCs
with few to no zeros.

While our construction technique provides STBCs with few to no zeros, we usually must
compromise on the rate of the codes. It is known that designs of maximum rate 1 exist for every
number of transmit antennas (i.e. every number of columns) using arbitrary real constellations,
and that designs of maximum rate 1 exist for two transmit antennas (i.e. two columns) using
arbitrary complex constellations [5, 8]. In contrast, there do not exist rate 1 designs for more
than two transmit antennas using arbitrary complex constellations [8, 11]. In fact, we recall
that Liang provided an algorithm for producing generalized complex orthogonal designs with
n = 2m — 1 or n = 2m columns that achieve the maximum rate of R = ’g—;';bl [8]. However, these
maximum rate codes have many zeros.

In order to produce codes with respectable rates using our construction technique, care
must be taken. If we start with a rate 1 real OD, then there are no zeros in any column.
When combining two columns each containing k distinct real variables, we necessarily reduce
the number of variables from & distinct real variables to % distinct complex variables. This is
because the variables x; + ix) and xy — ix; are not distinct complex variables, despite z; and
zj, being distinct real variables. When using our construction, it seems that the smallest rate
reduction (i.e. the smallest reduction of distinct variables) and therefore the highest rate codes
result when G is a maximum rate complex orthogonal design, containing sizable submatrices of
the form z;1I.

We now provide examples and discuss how our construction can be used to yield codes with
few or no zeros, while balancing a need for respectable rates.

Remark 4.1. Let G be any OD(n;1,1,...,1) or COD(n;1,1,...,1) satisfying GG = fI,,
where each variable occurs exactly once per row. It is possible to use the Construction Theorem
to build a STBC X with fewer zero entries per column than G.

Proof. We require that each variable occurs exactly once per row, which implies that each row
(respectively, each column) has the same number, z, of zeros. Label the columns from left to
right as v1,vs,...,v,. Assuming z > 0, let a be the first row in which v; has a zero. Let vy be
the first vector having a nonzero entry in row a. Form v + ivg, which has a nonzero entry in row
a. Since each variable occurs exactly once per row, there can be no cancellations. Therefore,
vj + ivy contains at most z — 1 zeros (and possibly far fewer). Remove columns v; and vy, from
Cols(X), entering v; + v into Cols(X). Continue making pairings in this way. Do not move
any unpaired vectors from Cols(G) into Cols(X). The resulting Cols(X) has at most z — 1
zeros per column. [l



In fact, we next show examples to illustrate the following stronger remark:

Remark 4.2. Let G be any OD(n;) or COD(n;) satisfying GHG = fI,. Then by suitable
choice of the columns, it may be possible to ensure there are mo zero entries in the STBC
obtained via the Construction Theorem.

Let G satisfy GEG = (22 + 2% + 2% + 22 + 22) I3, where

A To T3 T4 Ts 0 0 0 T

—I9 I T4 —I3 0 —XI5 0 0

—x3 —X4 T1 To 0 0 —s5 0

—XT4 I3 —XI9 T 0 0 0 —XI5

G = —XI5 0 0 0 I ) I3 T4 ) (9)

0 ZIs5 0 0 —X9 X1 — X4 xs3
0 0 I5 0 —X3 T4 I —X2

| 0 0 0 s —T4 —T3 To T |

The Construction Theorem can be used on G in many ways to control the number of columns
in the final matrix and to control the number of zero entries in the final matrix. Therefore,
the Construction Theorem can be used to obtain designs with a varying percentage of zeros.
Furthermore, the Construction Theorem can be used to obtain designs with varied rates.

For example, X; below contains no zeros and has rate %, while X5 below has more zero
entries and a lower rate of %. By both criteria, X; is a better STBC. Since the initial code G

has rate g, the rate of the resulting code X; has been reduced by %th. However, the number
of zeros has gone from a total of 24 to a total of 0. This illustrates the trade-off between the
number of zeros and the rate of a code.

T1 +iz5 o T3 Ty
—T9 T — 1T5 T4 -3
—I3 — T4 r1 — z'a;5 i)
Xi= | = s P (10)
V2 | —m5+iz ) 1T3 1Ty
—1T9 T5 + 171 —1%4 123
—1T3 14 T5 + 171 —1T9
—i$4 —7::123 'i.TQ s + ’I:.’I?l



r zitize T3+1T4 0 0 0

2 vz "
—ZTo+1x1 L4713 —
V2 {2 0 zs 0 0
—Z3—1%4 Z1+1T2 —
\/E' ‘/E 0 0 zs 0
—Z4a+1x3 —Z2+1T1
—T
Xo = V2 V2 0 0 0 5 11
2 Vi (11)
—2& 0 I H) I3 T4
x5 _ —_
V2 0 9 I X4 I3
5 — —
0 \/5 I3 T4 I 9
iTs _ _
| 0 G T4 T3 T9 T1 |

We also achieve a marked decrease in the number of zeros per column when starting with
a COD constructed via the Adams-Lax-Phillips construction, which is summarized in [8]. In
certain cases, the STBC constructed from a Adams-Lax-Phillips COD via our technique achieves
the maximum rate. For example, the Adams-Lax-Phillips constructed COD G(4;) shown in
Equation (62) in [8] has one zero in each of its four columns, and it achieves the maximum rate
of % for square CODs with 4 columns. Pairings exist to construct a 4 x 3 STBC with no zeros.
The rate remains %, which is the maximum rate for rectangular CODs with 3 columns. This
example provides the minimum number of zeros (i.e. no zeros) and the maximum rate. While
it is straight-forward to build STBCs with relatively few zeros from Adams-Lax-Phillips CODs,
the resulting STBCs do not always achieve the maximum rate. For example, the Adams-Lax-
Phillips constructed COD G(16;) shown in Equation (48) in [8] has 11 zeros in each of its 16
columns of length 16. This square COD achieves the maximum rate of % for square CODs with
16 columns. Pairings exist to construct a STBC with only 6 zeros in each of its 8 columns of
length 16. The new code retains rate 15—6, however the maximum rate for rectangular codes with
8 columns is g.

Using CODs constructed using Liang’s algorithm [8] also results in STBCs with a marked
decrease in the number of zeros per column. The 8 x 4 COD in Equation (98) in Liang has 2
zeros per column, and we note that no row has more than one zero. Therefore, pairings exist to
produce an 8 x 2 STBC with no zeros. The 15 x 5 COD in Equation (100) in Liang has 5 zeros
per column, and we note that every pair of columns shares one row in which both columns are
zero. Therefore, pairings exist to produce a 15 x 4 STBC with only 1 zero per column. The
30 x 6 COD in Equation (101) in Liang has 10 zeros per column, and we note that every pair of
columns shares two rows in which both columns are zero. Therefore, pairings exist to produce
a 30 x 3 STBC with only 2 zeros per column.

When starting with using real orthogonal designs of the following form

10



r y =z 0| a O 0 —b c 0 0 d| 0 —-e f 0
y —x 0 —z| 0 -—a b 0 0 —¢c -d 0] e 0 0 —f
z 0 —z y 0 -b —a 0 0 d —c 0 e 0 0 —f
0 -2z y = b 0 0 a|l—-d 0 0 cl 0 f e 0
a 0 O b|-2z y =z 0| 0 — f O0O|—c 0 0 —-d
0 —a b 0| v = 0 —=z e 0 0 —f| O c d 0
0 b —a 0| 2z 0 =z 9y|—-f 0 0 —e| 0 —d ¢ 0
-b 0 0 a|l 0 —2 y —=xz 0 f e 0L d 0 0 —c
c 0 0 —d| 0 e —f O|—=x vy =z 0| a 0 0 -b
0 ¢ d 0|l—-e 0 0 f| yv = 0 —2z| 0 —a b 0
0 -d —c 0 e 0 0o f z 0 =z y| 0 —=b —a 0
d 0 0 ¢ 0 —-f —e 0| 0 —2 y —z| b 0 0 a
0 e —f Ol —c 0 0 d| a 0 0 bl z vy =z 0
—e 0 0 f| O c d 0 0 —a -b 0] y —z 0 -z
f 0 0 el 0 d ¢ 0| 0O b —a 0| z 0 —z vy
0 —f —e 0|—d O 0 —c|-b 0 0 a|l 0 —2 1y =z

(see the proof of Theorem 4.2 in [4]), we can pair columns 1 through 8, with columns 9

through 16, in order. This results in a rate % code with no zeros. While this code has the

desirable property of having no zeros, the rate is %th less than the maximum of g achievable for
CODs with 8 columns. Depending on the application, this reduction in rate may be acceptable
in order to have no zeros.

We can also achieve a reduction in the number of zeros when the initial COD has repeated
variables within rows. For example, there are a variety of ways to use the matrices displayed in
[12] as initial CODs.

5 Other Constructions

In this section, we show that it is possible to concatenate different sized designs to build a STBC.

Remark 5.1. Let G; be any OD(nj;) or COD(ny;), j =1,2,...,k, satisfying G;IGj = filn;-
Then

Gy O 0
0 Go 0

G=| | : , (12
0 O G

where 0 is the appropriately sized zero matriz is a STBC with n = Zle n; rows and columns.

It can now be used as in the Construction Theorem to produce further codes as required.
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For example, using G; and G2 as given below:

[ I I Z3 T4 Is5 Ze I xIs T
—XI9 I T4 —I3 ZTe —r5 —I8 X7
—T3 —T4 I Z9 i xIs —I5 —Tg
—r4 T3 —Ty T1 rg —T7 T —T5
Gi = (13)
—T5 —Teg —X7 —X8 I Z9 I3 T4
—XIg Is5 —XIg X7 ) T —T4 I3
—XT7 g ZIs —Tg —X3 T4 I —XI2
L —T8 —Z7 Ze Zs —Z4 —I3 Z2 zr
9 10 T11 T12
—ZI1 Y Z12 —Z11
Gy = 0 (14)
—Zr11 —T12 Z9 Z10
—Z12 T11  —Zi0 X9
we can construct
Gi 0
G = 15
0 G (15)

and then apply the Construction Theorem to G to obtain a variety of STBCs. One such

example is given by X below:

1 +ix7
—I2 — ’iiL‘g
—I3 — ’i.’B5
—z4 + x4
—z5 + 173
—ZTg — ’i1174
= | —z7+1ix1
—xg + 1%2

0

o]

To + i3
1 +iz7
—T4 — ’I:.’Es
Ir3 — i$5
—Tg + 174
T5 + i3
Irg — ’iIEQ
—x7 + 111
0

]

Z3
T4
z1
—T9
—x7
—Tg
Ts
Ze
’iwg
—i:l)w

—i.’L‘n
—i.’Blg

12

T4
-3
z2
I
—3
Z7
—g
Zs
iIlO

iIEg
—7;5612
ixn

Ts
Ze
Z7
Zsg
z1
—T9
—3
—Za
’i:EH

iIElQ
’ixg
—14T10

Ze
—T5
zs
—x7
Z2
Z1
T4
—3
i:L‘lg

—ixn
i.’L‘lO
i.’Eg

(16)

The novelty here is in concatenating matrices of different sizes to build the final matrix.



6 Conclusions

We explained a practical application of designs: Space-time block codes for multiple-antenna,
wireless communications. We presented an elegant technique for constructing space-time block
codes. The construction technique is novel in that we use the inner structure of existing ODs
or CODs in order to build a new STBC (without the need for amicable designs and without
complicated algorithms).

The resulting space-time block codes have the following practical features: A varying number
of columns, few to no zero entries, and respectable rates. By affording flexibility in the number
of columns in the resulting STBC, we can accommodate varying requirements for the number
of transmit antennas over complex constellations. By constructing STBCs with relatively few
or no zeros, we require a relatively small peak-to-mean power ratio per each transmit antenna
to achieve the same bit error rate, and we do not require any transmit antennas to be turned
off during transmission.
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