Chapter 10

Complex, Quaternion and Non Square
Orthogonal Designs

10.1 Introduction

A detailed study of complex, quaternion and non-square orthogonal designs
is beyond the scope of this book. We give just a small taste to highlight the
deep and practical nature of these almost unstudied algebraic structures.

A multiple antenna system has been used to solve bandwidth limitation
and channel fading problems in a wireless communication system. Space-
time block codes from real and complex orthogonal designs, have attracted
considerable attention lately, since they can approach the potential huge
capacity of multiple antenna systems and have a simple decoupled maximum-
likelihood (ML) decoding scheme [208]. Space-time block codes have been
adopted in the newly proposed standard for wireless LANs IEEE 802.11n [147].
Multi-path fading in a wireless channel can cause severe degradation of
transmission performance. In order to overcome the fading problem, some
diversity techniques are used, e.g. space-time coding scheme combines space
diversity and time diversity. We expect that additional forms of diversity,
i.e. polarization diversity and frequency diversity, should be considered with
space and time diversity to improve capacity.

It has been shown that polarization diversity, together with other forms
of diversity, can add to the performance improvements offered by other
diversity techniques. Isaeva and Sarytchev [113] showed that the utilization of
polarization diversity with other forms of diversity can be modelled by means
of quaternions since two orthogonal complex constellations form a quaternion.
This motivated the study of orthogonal designs over the quaternion domain
for future applications in signal processing as space-time-polarization block
codes [28,60,184,257].

We give general construction techniques to build amicable orthogonal de-
signs of quaternions, which we believe can be used for constructing quaternion
orthogonal designs, just like the applications of amicable orthogonal de-
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336 10 Complex, Quaternion and Non Square Orthogonal Designs

signs(AODs) for complex space-time codes, e.g. our previous work in [186,212].

10.2 Complex orthogonal designs

Complex orthogonal design is a complex analog of orthogonal designs and
was first studied by A.V. Geramita and J.M. Geramita in [76]. The coeflicient
matrices of complex orthogonal designs are over the complex domain and can
be used in the study of complex weighing matrices.

Seberry and Adams [181] noted that quaternion orthogonal designs (QODs)
were introduced as a mathematical construct with the potential for applications
in wireless communications. The potential applications require new methods
for constructing QODs, as most of the known methods of construction do
not produce QODs with the exact properties required for implementation in
wireless systems. Real amicable orthogonal designs and the Kronecker product
may be used to construct new families of QODs. Their Amicable-Kronecker
Construction can be applied to build quaternion orthogonal designs of a
variety of sizes and types. Although it has not yet been simulated whether the
resulting designs are useful for applications, their properties look promising for
the desired implementations. Furthermore, the construction itself is interesting
because it uses a simple family of real amicable orthogonal designs and the
Kronecker product as building blocks, opening the door for future construction
algorithms using other families of amicable designs and other matrix products.

The exposition of the bulk of this chapter is due to Zhao, Seberry, Xia,
Wysocki, Wysocki [257], Chun Le Tran [186,212], and Sarah Spence Adams
[2,181,184,185].

There are many possible definitions for COD. Signal processing encourages
us to consider matrices with complex entries a + b, rather than a and/or b,
a,b real.

Definition 10.1. A complez orthogonal design, COD, of order n and type
(s1,52,...,8u4), denoted COD(n;s1, $2,...,84), IS an n x n matrix A with
entries in the set of complex variables y; +2z; where y;, z; are in the set of
real commuting variables x1,x2,...,z, satisfying

AP A= AAH = (Z shxi) I,
h=1

where (.)H denotes the Hermitian transpose. We note this is a different
definition of COD from that which we have previously used.

ir] To
To 1T

Ezxample 10.1. The matrix [
variables, is a COD(2;1,1).

}, where x; and x2 are real commuting
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In [254], Yuen, Guan and Tjhung defined an amicable complex orthogonal
design which is a complex extension of amicable orthogonal design.

Definition 10.2. Two complex orthogonal designs, A and B, with complex
coefficient matrices, are said to be amicable if ABH = BAH or A" B =BHA.
We write ACOD(n;wy,ws,. .., Wy;21,22,...,2y) to denote that two designs
COD(n;wy,wa,...,wy) and COD(n;z1,29,...,2,) are complex amicable.

Example 10.2. Let A= [_“ib leJ and B = [zil _dz-c}, where a,b,c,d € R. A and

B are amicable complex orthogonal designs ACOD(2;1,1;1,1).

Yuen et al [254] also concluded that the maximum total number of variables
of an ACOD is equal to the maximum total number of variables in an AOD
of same order.

10.3 Amicable orthogonal designs of quaternions

Definition 10.3. A quaternion variable a is defined in the form a = a; +
a2t +asj + ask, where a,, p=1,...,4 are real numbers and the elements
i,7,k satisfy 42 = j2 = k®> =ijk = —1.

A quaternion variable is a non-commutative extension of the complex
variables since we can also write @ = (a1 +a2t) + (a3 + aq2)j.

The quaternion conjugate is given by a® = aj —asi — asj — ask.

The quaternion norm is therefore defined by

vaa< = a%—i—a%—l—a%—i—az.

Given a matrix A = (ag,,), where a, are quaternion variables or numbers,

we define its quaternion transform by A® = (agb 0)-

The following definitions of orthogonal design of quaternions and restricted
quaternion orthogonal design were originally given in [184].

Definition 10.4. An orthogonal design of quaternions, ODQ, of order n and
type (s1,82,...,8,) denoted ODQ(n;s1,82,...,8), on the commuting real
variables x1,z2,...,2, is a square matrix A of order n with entries from
{0,q121,q22,...,qyuxy }, where each q; € {£1,+4¢,+7, £k} such that

ACA=AA° = (Z shxi> I,
h=1

where (.)9 denotes quaternion transform. We can extend this definition to
include rectangular designs that satisfy
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u
ARA = <Z sm:%) 1.
h=1

. —x1 Tot s
Example 10.3. Consider A = |:—x21j wfk}’ where x1,22 are real, commuting

variables. Then,

Q4 _ —X1 Z‘Qj —X1 $2’i
A¥A= |:l‘2’L 171kj| |:I2j l’lk:|
_ [# a3 0
N 0 22 + a3

so Ais an ODQ(2;1,1).

Definition 10.5. A restricted quaternion orthogonal design of order n and
type (81,82,...,84), denoted RQOD(n;s1,82,...,5y), on the complex vari-
ables z1, 22, ..., 2z, is an n X n matrix A with entries from {0,q;z1,
q17,92%2,9225 ..., Quzu,quz, }, where each g, is a linear combination of
{1, +¢, £7, £k} such that

AYA=AA% = (Zshzh|2> I,.

h=1

This definition can be extended to include rectangular designs that satisfy
AR A= (X1 snlznl) In-

Ezxample 10.4. Consider A = [f;;; ;iﬂ , where z1, z9 are complex commuting
variables. Then,

AQ4 — {—z{z 2231 { 121 izg}

—z31 —21] —Jz5 2
_ [lzalP+ 122 0
0 |21 |2 + | 22|

so A is an RQOD(2;1,1). To illustrate why this is called a restricted QOD,
we replace complex variables in A using z; = x; + y;%, where the z;,y; are real
variables. This gives

A= —y1 +1x1 —Y2 +1x2
—Jre —ky2 jr1+ky1 |’

We now can see that the entries of A are quaternion variables such that certain
components of the variables are restricted to zero.

Definition 10.6. Two orthogonal designs of quaternions, A and B, are said
to be amicable if AB? = BA? or A9 B = BYA. We write
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AODQ (n; w1, W, . ., Way5 21,22, -+« 5 Z)

to denote that two designs ODQ(n;wy,wa,...,w,) and ODQ(n;z1,22,...,2y)
are amicable.

Ezxample 10.5. Let

A=| 7L 2% and B=| Yt Y2?
—z27 21k y2J y1k

where x1,29,23,74 € R. A and B are amicable orthogonal designs of quater-
nions of type AODQ(2;1,1;1,1).

Proof. The proof that A and B are orthogonal designs of quaternions is
straight-forward. We show A and B are amicable.

ABQ | —T1 w2i Y1 —y2J
|—z2] 1k —Y2t —y1k

_ [ taoye wiyag taoyig
|—Z2y1J —T1Y2J —T2y2 +T1Y1

BAQ — | Y1 y2i —r1 T2
Y23 Y1k —z9t —x1k

_ [Fripn taoys @iyeg + oy
| —22y1] — T1Y2] —T2y2 +X1y1

= AB@
Hence A and B are amicable orthogonal designs of quaternions. O

Let X and Y be amicable orthogonal designs of quaternions of type
AODQ(n;uq,. .., us;v1,...,vt). Write

s t
X:ZAZ‘.’EZ', Y:ZBjyj,
i=1 j=1

we then have:

(i) AjxAp=0, 1<i#l<s;
Bj*Bp=0, 1<j#k<t;

(ii) AiAiQ:uiIn, 1<i<s;
B;BY =v;l,, 1<j<t;

(iil) ;A9 + 449 =0, 1<i#l<s;
B;BY +ByBY =0, 1<j#k<t;

(iv) AiBY =BjA?, 1<i<s 1<j<t,
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where A;, B; are all {0,£1,+4,4j,+k} quaternion matrices. It is clear that
conditions (i)—(iv) are necessary and sufficient for the existence of amicable
orthogonal designs of quaternions AODQ(n;uq,...,us;v1,...,0t).

Problem 10.1 (Research Problem 4). Investigate the algebra which cor-
responds to the properties (i), (ii), (iii) and (iv) of the proof of Example
10.5.

Proposition 10.1. A necessary and sufficient condition that there exist ami-
cable orthogonal designs of quaternions X andY of type AODQ(n;uq, ..., us;
v1,...,0¢) is that there exists a family of matrices of {A1,...,As;B1,...,B}
of order n satisfying (i)—(iv) above.

Proof. Let X and Y be such an amicable pair and write X = A1x1+-- -+ Aszg
and Y = Biy1 + - -+ By as linear monomials in the z;,y; € R. By definition,
the proof of (i) and (ii) is straight-forward. Since we have

XXO=(Ax, +~~+Asxs)(A?x1 o4 A%z,

=3 (4pA9a3) + 3 (448 + 40A?) 2y,
Jj=1 J#k

S
2
= Eujxj 1,,
J=1

hence, conditions in (iii) are satisfied. Condition (iv) can be proved by com-
paring coefficient matrices of XY % =Y X© on both sides. Conversely, if we
have {A1,...,As;B1,...,B} of order n satisfying (i)—(iv), then it is obvious
that X = Ajz1 +---+ Asxs and Y = Biy; +--- + By are an AODQ with
required type. O

Definition 10.7. An amicable family of quaternions(AFQ) of type (u1,...,us;
v1,...,0¢) in order n is a collection of quaternion matrices {A1,... As; B1,...,
B} satistying (ii), (iii), (iv) above.

The definition of amicable family of quaternions(AFQ) is analogous to the
definition of amicable family of orthogonal designs given in [80]. However, the
upper bound on the total number of variables of an AODQ), i.e. s+, is an
unsolved problem.

10.4 Construction techniques

In this section, we present several construction techniques for building amicable
orthogonal designs over the real and quaternion domain. There are some
existing methods for generating real amicable orthogonal designs. We can
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extend these techniques to build designs over the quaternion domain. However,
due to the non-commutativity of the quaternions, we need to modify existing
techniques to make them suitable for designs over the quaternion domain.

10.4.1 Amicable orthogonal designs

We recall from Chapter 5:

Definition 10.8. A symmetric conference matrix N of order n is a square
(0,1, —1) matrix satisfying N = N7 and NNT = (n—1)I,,. It is shown in [39)
that if such a matrix exists, one may assume it has zero diagonal.

A symmetric conference matrix is a special type of weighing matrix which
has been long studied in order to design experiments to weight n objects
whose weights are small compared with the weights of the moving parts of
the balance being used [80]. In Chapter 5 we have studied the application of
symmetric conference matrices for constructing amicable orthogonal designs.

Lemma 10.1. Let N be a symmetric conference matrix in order n and
x, y real commuting variables. Then there is a complex orthogonal design

COD(n;1,n—1).
Proof. Let Y =xl,i+yN; then Y is easily proved to be the required COD.
O
Lemma 10.2 below improves results of Theorem 2 given in [177].
Lemma 10.2. Let N be a symmetric conference matrixz in order n. Then
there exist pairs of amicable orthogonal designs:

a) AOD(2n;n,n;n,n),

b) AOD(2n;n,n;2,2(n—1)),

¢) AOD(2n;n,n;1,n—1),

d) AOD(2n;2,2(n—1);1,n—1).

Proof. Let a, b, ¢ and d be real commuting variables. Then the required
designs are:

[aI, +bN b, —aN ]

for ) and [ eI, +dN dI, — CN:| 7
bI, —aN —al, —bN | | —dI,, +cN cl, +dN

o) [Sf Y B ] g [l el

for ¢) Z}T:j 2% _bg]tn__a é\]fv and _cclﬁv gﬁ] )

o) [0 T 0 ] e [ ]
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Corollary 10.1. Let n be the order of the symmetric conference matrices, we
then have a number of amicable orthogonal designs of order 2n of different
types. For example, forn—1=1 (mod 4), where n—1 is a prime power, there
exist

a) AOD(2n;n,n;n,n),

b) AOD(2n;n,n;2,2(n—1)),

¢) AOD(2n;n,n;1,n—1),

d) AOD(2n;2,2(n—1);1,n—1).

Ezxample 10.6. For n =6 and n = 10, there exist

a) AOD(12:6,6;6,6), a’) AOD(20;10,10;10,10),

b) AOD(12;6,6;2,10), b’) AOD(20;10,10;2,18),

¢) AOD(12:6,6;1,5), ¢’) AOD(20;10,10;1,9),
( ) (

d) AOD(12;2,10;1,5), d’) AOD(20;2,18;1,9),

separately.
We recall the oft quoted:

Lemma 10.3. For p=3 (mod 4) be a prime power. Then there exists a pair
of amicable orthogonal designs AOD(p+1;1,p;1,p).

Proof. Almost straightforward verification since al +bS is type 1 and (cI 4+
dS)R is type 2 matrix. O

01—
FEzample 10.7. For p =3, we define type 1 matrix S = h 0 é} and the back

3
. . 001
diagonal matrix R = [(1) ! 8}. Then, we construct

A:

b b
b—b
o b and B =
-b a

|
o
SRt

d
c
—d
d

QUL a0

b
a
—b
b

@@@Q

A and B is a pair of amicable orthogonal design AOD(4;1,3;1,3).

10.5 Amicable orthogonal design of quaternions

Theorem 10.1. If there exists a pair of amicable orthogonal designs of quater-
nions, AODQ(n;a1, -+ ,as;b1, -+ ,b) and a pair of amicable orthogonal de-
signs AOD(m;c1,: -+ ,cy;di, -+ ,dy), then there exists a pair of amicable or-
thogonal designs of quaternions

AODQ(nm, blcl, e ,blcu_l,alcu, ceey AgCqy; b1d1, e 7bldv,bgcu, . ,btcu)-
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Proof. Let X =57 Ajz; and Y = Z§:1 Bjy; be the amicable orthogonal
designs of quaternions in order n and let Z = ZZ:1 Crzr and W = Z;}Zl Dywy
be the amicable orthogonal designs in order m.

Construct the matrices

|
—

u

P=) (B ®Oi)pi+Z<Aj ® Cu) Pjtu—1
1 jfl

Z B1®D QZ Z QJJrv 1

where the p;’s and ¢;’s are real commuting variables and ® denotes Kronecker
product. O

.
Il

The above theorem is similar to Wolfe’s theorem [247] which gave a general
construction method for amicable orthogonal designs. The only change in
Theorem 10.1 is that X and Y are amicable orthogonal designs of quaternions
(AODQ). It is important to note that Z and W must be amicable orthogonal
designs over the real domain, otherwise the non-commutative property of
quaternions can not guarantee the amicability of the results.

xogj 1k y2J y1k
A and B are amicable orthogonal designs of quaternions AODQ(2;1,1;1,1).

Another pair of amicable orthogonal designs is given as Z = [ 7}, 22| and

W = [y —u, |, where 21,22,w1,wp € R. Theorem 10.1 gives

Ezxample 10.8. Let A= [__wl. in} and B = [ v sz’] , where x1,72,y1,y2 € R.

P=(B1®Ci)p1+ (A1 ®C2)p2+ (A2 ®C2)p3,
Q=(B1®D1)qg1 +(B1®D3)g2+ (B2®C2)g3

The quaternion coefficient matrices for P and @ are:

10 10
P=B1®C; = {Ok}@)[o 1]

1000
0100
00kO|”’
000k

Pr=A10C=
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02 01
P3:A2®C2: |:_] O:| & |:_1 O:|

00 01z
| 00-i0
| 04 00
—§0 00
Then
pP1 —p2 0 p3t Q1 qo 0 g3t
p2  p1 —p3t O g2 —q1 —qs3t 0
P= . and = .
0 —psj p1k p2k nd @ 0 ¢33 g1k @2k
p3J 0 —pok pik —q33 0 gk —qik

are are amicable orthogonal designs of quaternions AODQ(4;1,1,1;1,1,1)
since they both are ODQs and satisfy PQY = QP<.

Corollary 10.2. If there exists a pair of amicable orthogonal designs of
quaternions AODQ(n;az,...,as;b1,...,b;), then there exists a pair of amicable
orthogonal designs of quaternions of type

a) AODQ(2n;a1,a1,2as...,2a4;2b1,...,2b;),
b) AODQ(2n;a1,a1,a2...,as;b1,...,bt).
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Proof. Let X =37 ; Ajz;and Y = 22:1 Bjy; be amicable designs of quater-
nions in order n.

a) Let M = [ 1 0} N = H ] be real weighing matrices and construct the
matrices

S
P=(A1®@L)pi+(A®@M)p2+Y_ (Ai@N)pis1
=2

and
¢
Q=) (Bj®N)q
j=1
10
b) Same as a), only set N = { ]

0-1

It’s obvious that all the quaternion matrices P;’s and Q);’s satisfy the conditions
(i)-(iv) because the weighing matrices M, N have the following properties: M =
~MT, N=NT, and MNT = NMT, where (.)" denotes matrix transpose.

O

Ezample 10.9. Consider a pair of AODQ(2;1,1;1,1) given in Example 10.5,
we construct a new A0DQ(4;1,1,2;2,2) using Corollary 10.2(a):

—p1 —p2 p3t  p3t g1 q1 G2t qot
p_| P2 —P1 pst —psi Q= |0 —n g2t —qot
—p3j —p3g pik p2k 23 23 ok @k
—p3jd p3j —p2k pik 2] —q23 nik —q1k

In Theorem 10.1, we can also replace the amicable orthogonal designs
AOD(m;eq, ... ¢y;d1,...,dy) by an amicable family to get more amicable
orthogonal designs of quaternions.

Ezample 10.10. Consider a pair of AODQ(2;1,1;1,1) given in Example 10.5,

let
-11 1 1 1-1 11
e I R R e P B T B

be an amicable family {C1,Cq; D1, Da}. We construct

P=(B1®C1)p1+ (A1 ®@Co)p2+ (A2® Ca)ps,
Q=(B1®D1)q1 +(B1®D3)qa+ (B2®C2)q3

The new amicable orthogonal designs of quaternions are:
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—p1—p2 p1— P2 p3t D3t
p_ | PL—P2p1tP2 p3i —p3i
—p3j —p3J —pr1k+p2k prk+pak
—p3j  p33 prik-+p2k pik—pak

and
[a1+q2 —q1 +q2 qst q3t
Q= |B—%2 nte q3t —qs3t
q3J @33 1k + @k —qg1k+ g2k
BJ —3j nk—@k gk+gek

In this design, some entries are linear combinations of two variables which
may make it unsuitable for real applications in communications. To normalize
the above design, we set new variables a; = p1 +p2, a2 = p1 — p2, ag = p3, and
b1 =q1+g2, b2 = q1 — g2, by = g3, then we get

—aq a9 agi ag’i bl —b2 b3i bgi

P— ag al agi —agi Q _ b2 b1 b3i —bgi
—a3j —a3j —agk alk bgj b3j blk —bgk

7a3j Cng alk agk bg] 7b3j bzk) blk

This is an AODQ(4;1,1,2;1,1,2) design without zero entries and no linear
processing.

In [255], Yuen et al gave a construction method for amicable complex
orthogonal designs. We can also apply it in constructing amicable orthogonal
designs of quaternions.

Lemma 10.4. If there exists a pair of amicable orthogonal designs of quater-
nions AODQ(n;aq,...,as;b1,...,bt), then there exists a pair of amicable or-
thogonal designs of quaternions of type AODQ(4n;a1,a1,a1,ba,...,by;b1,b1,b1,
as,...,as).

Proof. Let X =57 Ajz; and Y = 2221 Bjy; be the amicable orthogonal
designs of quaternions in order n and define following real weighing matrices:

[ 01 00] [ 001 0]

—-10 00 000 —1

Mi=1 90 01 Ma=1_100 o
| 00-10 | 010 0

[0 001] [ 010 0]

0 010 -100 0

Ms=1 4_100 M=1 000-1
-1 000 | 001 0
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0 010 0001
0 001 00-10
M=1.1 000 Ns=10100
0-100 -10 0 0

Construct the matrices

t

-

P=> (A@N)pi+Yy (Bj@L)paij
=1 j=2
3 s
Q=>"(BioM)g+> (A @Is) ;.

~
Il
—

j=2

All the quaternion matrices P;’s and @;’s satisfy the conditions (i)-(iv) because
the weighing matrices {M;} and {N;} are skew-symmetric and they also form
an amicable family. ]

Ezample 10.11. Cousider a pair of AODQ(2;1,1;1,1) given in Example 10.5,

i et B

we apply Lemma 10.4 to construct the following AODQ(8;1,1,1,1;1,1,1,1):

0 —p1 —p2 —p3  pat 0 0 0
D1 0 p3 —p2 0 pat 0 0
P2 —Dp3 0 m 0 0 pg2 0
p—| P33 P2 P 0 0 0 0 pat
Paj 0 0 0 0 pik  pk p3k|’
0 paj 0 0 —mk 0 —psk  p2k
0 0 paj 0 —p2k  p3k 0 —p1k
L 0 0 0 pag —psk —p2k  pik 0]
0 Q1 q2 g3 qat 0 0 0
—q1 0 43  —q2 0 qu 0 0
—q@2  —q3 0 q1 0 0  qui 0
o=| ® @2 —q 0 0 0 0 qui
—qaJ 0 0 0 0 @k @k gk
0 —qag 0 0 —qik 0 gk —qk
0 0 —qaJ 0 —qk —qsk 0 aqik
. 0 0 0 —quj -3k @k —qk 0]

Although we only give examples of AODQ of orders 2, 4 and 8 in this chapter,
there actually exist many designs of order other than powers of 2. We know
that symmetric conference matrices exist for orders n=¢+1, ¢ =1 (mod 4)
a prime power, e.g., n = 6. Applying Theorem 10.1 on AODQ(2;1,1;1,1) and
AODs from Corollary 10.1 gives us the following corollary.

Corollary 10.3. Let n =2 (mod 4) be the order of the symmetric conference
matrices, then there exist
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a) AODQ(4n;n,n,n;n,n,n),

b) AODQ(4n;n,n,n;2,2(n—1),n),

¢) AODQ(4n;n,n,n;1,n—1,n),

d) AODQ(4n;2,2(n—1),2(n—1);1,n—1,2(n—1)),

An example is that for n =6, we have AODQ(24;6,6,6;6,6,6),
AODQ(24;6,6,6:2,10,6), ctc

Corollary 10.4. For ¢=3 (mod 4) a prime power, there exist AODQ(2(q+
1);1,4,9;1,4,9)-

Proof. This corollary follows by applying Theorem 10.1 on AODQ(2;1,1;1,1)
and AODs from Lemma 10.3. O

The above corollary also gives an example of AODQ(24;1,11,11;1,11,11)
when g =11.

10.6 Combined Quaternion Orthogonal Designs from
Amicable Designs

In [184], Seberry et al gave a technique named combined quaternion orthogonal
designs from real and complex orthogonal designs. This combined design uses
the property that if AB is a symmetric matrix, where A and B are matrices
with complex entries, so that ABHq = qBA" for q € {+j,4k}, to construct
new RQOD. There is a connection between the combined design and amicable
designs, in that the form of ABH are examined. For amicable orthogonal
designs of quaternions, the condition that AB? is a symmetric matrix can
be relaxed since we have AB? = BA® for A and B. In the case of combined
design from amicable orthogonal design of quaternions, we also need to be
careful about what quaternion appears as entries of AB¥. We illustrate this
with the following example:

Ezample 10.12. Consider the AODQ(2;1,1;1,1) designs A and B from Ex-
ample 10.5. We have

AQp_ | 1 w2] Y1 Y21
—x2t —11k Y23 ik

_ | Ty —X2y2 (—z1y2 +22y1)1
(x1y2 — x2y1)8 T1Y1 +22Y2

= BYA.

Let D= A+ Bq, q € {+i,%+j,+k} be a new design for which we have
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DD = (A9 —¢B?)(A+ Bq)
=A®A+A°Bq—qB%A—qB9Bq
= (A%A+B9B)+(A?B)q—q(BRA),

where AYB = B9 A for the amicability of A and B, we also notice that all
entries in A? B are either real or products with quaternion i. Thus AQ Bi =
iBQA, and we have D?D = A9 A+ BYB = (22 + 22 + y? +y2)I>. The new
design D = A+ Bt is of the form:

D= —x1+Yy1t T2t —Y2
—x2J —yok xik+y175| "

Let complex symbols z; = x; +1y;, for 1 <¢ <2, then we can write above D as

D_ —27 iz9
—jz5 k21|

The above design satisfies DCD = (|z1|? + |22/?)I2 and hence is an
RQOD(2;1,1) on complex variables z; and zo. The new RQOD in Example
10.12 has no zero entries, which may have practical advantages when used
in wireless communication since there is no need to switch antennas off and
back on during transmission.

We now provide an example constructing an RQOD with order 4, which
has no zero entries but with linear processing.

Ezample 10.13. Consider the AODQ(4;1,1,2;1,1,2) designs A and B in Ex-
ample 10.10 with variables a1,a2,a3 and by,bo,b3 € R. We have X = ACB

—a1 ag a3j agj bl —b2 bgi bg’i

a9 al a3j —a3j bQ bl bgi —bgi
—azi —asi  ask —ark bsj  bsj bik —bok
_—a3i a3i —alk —a2k bgj —bgj bgk blk

X11 X2 Xiz Xy
X1Q2 Xoo Xo3 Xo4
X% X% X33 X34
X7 X5 X§) Xua

Where
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X11 = —a1b1 +azbs — 2a3bs3, X12 = a1bs +agby,

X13 = (—a1bz +azb3 +aszby +azb2)i, Xi4=(—a1b3—asbz+azb1 —azba)i,
Xo2 = a1by —asby —2a3b3, X3 = (a1bz +azbz +azby —azbz)?,
Xo4 = (—a1bs +agbs —agby —asbe)i, Xsz3=ai1by—asby +2aszbs,

X34 = a1b1 +agby and X44 = —a1bs +asby +2as3bs.

Since only quaternion ¢ appears in X, we then set D = A+ Bi as the new
design:

—a1+ b1t as — bat agt —bs aszt —bs
as+bot a1 +bit azt—bsy —azi+bg
—a3g —bsk —asj—bsk —ask+b1g ark—byj
—asj —bsk asj +bsk artk+bxjy ask+0b1g

Let complex symbols z; = a; +ib;, for 1 <i < 3, then we can write above D as

-2y 2 123 123
z9 z1 i2’3 —iZg
7]2’% 7]2’; 7’47(0,2 71)17:) k:(a1 71)27:)
]Z; k(a1 +b27:) k((lg +b17:)

The above design satisfies D?D = (|21]? +|22|2 +2|23/?) 14 and hence is an
RQOD(4;1,1,2) on the complex variables 21, 22 and z3. Note that if an entry
in the orthogonal design is a linear combination of variables from the given
domain, the design is said to be with linear processing. Obviously, the new
RQOD design has the property of no zero entries but with linear processing
on some entries, i.e the position (3,3) is the quaternion combination of real
part of symbol z2 and imaginary part of symbol z;.

The following Lemma shows construction of orthogonal designs of quater-
nions by using symmetric conference matrices.

Lemma 10.5. Suppose a, b, ¢, d are real commuting variables. Let N be a
symmetric conference matrix of order n and I identity matriz of same order.
Then, X =alt+bN andY =clj+dNk are orthogonal designs of quaternions
ODQ(n;1,n—1), and XYP4+YX®Q =0, so X and Y are AAODQ(n;1,n—
1;1,n—1) (anti-amicable orthogonal design of quaternions). Hence H,( }ﬂ is
a ODQ(2n;1,1,n—1,n—1).

The proof for Lemma 10.5 is straightforward.

Example 10.14. For a symmetric conference matrix N of order 6, we construct
the following matrices:
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b b b cj dk dk dk dk dk
b—b b dk cj dk —dk —dk dk
at b —b—b dk dk cj dk —dk —dk
1 b-—b dk —dk dk cj dk —dk
bat b dk —dk —dk dk cj3 dk
b b a dk dk —dk —dk dk cj
X and Y both are ODQ(6;1,5). They also form a pair of AAODQ(6;1,5;1,5).

Corollary 10.5. Let p=1 (mod 4) be a prime power. Then there exist or-
thogonal designs of quaternions ODQ(p+1;1,p) and ODQ(2(p+1);1,p,1,p),
also a pair of anti-amicable orthogonal designs of quaternions AAODQ(p+
1;1,p;1,p).

Corollary 10.5 follows directly from Lemma 10.5.

Lemma 10.6. For a pair of AAODQ(n;1,n—1;1,n—1) X and Y given in
Lemma 10.5, then D =X +Y4 is an RQOD(n;1,n—1).

Proof. We have
DD = (X% —iY?)(X +Y73)
= XX +X9i—iYPX —iY QY4
= (X9X +Y9Y)+ (X9)i —i(Y9X).

For X =zli+bN and Y = clj+dNk, where N is a conference matrix of
order n and I is the identity matrix with same order, we have

XV = (—ali+bNT)(cIj+dNk)
= —aclk+adNj+bcNj+bdNNTE
=YX,

since only quaternions k and j appear in X?Y, we have (XQY)i=4(Y2X).
Hence,

DOD =XOX +Y9Y = (a* +(n— 1)V + %+ (n—1)d*)I,,

i.e. D is an RQOD(n;1,n—1). O

Ezample 10.15. Consider a pair of AAODQ(6;1,5;1,5) given in Example
10.14, we have the following D = X +Y:

i(a—cj) b+ dj b+ dj b+ dj b+ dj b+ dj
b+dj i(a—cj) b+dj —(b+dj) —(b+dj) b+ dj
b+ dj b+dj i(a—cj) b+dj —(b+dj) —(b+dj)
b+dj —(b+dj) b+dj i(a—cj) b+dj —(b+dj)
b+dj —(b+dj) —(b+dj) b+dj i(a—cj) b+ dj

b+ dj b+dj —(b+dj) —(b+dj) b+dj  ila—cj)
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In above design D, if we replace quaternion element j by ¢, ¢ by an undecided
quaternion element q, and let complex variables z; = a+ct and 29 = b+ dt,
then we have D:

qz{ 2z oz  zm 2
9 qzf 22 —22 —22 %2
Z9  Z2 qz]  z2 —Z2 —22

9 —2z2  Z2 qZ]

Z9 —z2 —Za %2 Qz] 22

Zg oz —22 —22 22 Q2]

22 T2

q in above D can be chosen from the set {tk,+j} since gz7 25 = z221q for
any q € {£k,+j}. Tt is easy to prove DD = (|z1|? 4 5|22|?)Is. Hence, D is
a restricted quaternion orthogonal design RQOD(6;1,5) with no zero entries.

10.7 Le Tran’s Complex Orthogonal Designs of Order
Eight

Square, Complex Orthogonal Space-Time Block Codes (CO STBCs) are
known for the relatively simple receiver structure and minimum processing
delay in the case of complex signal constellations. One of the methods to
construct square CO STBCs is based on amicable orthogonal designs (AODs).
The simplest CO STBC is the Alamouti code [3] for two transmitter (Tx)
antennas, which is based on an amicable orthogonal pair of order-2 matrices.
The Alamouti code achieves the transmission rate of one for 2 TX antennas,
while the CO STBCs for more than 2 Tx antennas cannot provide the rate of
one (see [214, Section 2.3] or [148,149]). However they can still achieve the
full diversity for the given number of Tk antennas.

The construction of CO STBCs follows directly from complex orthogonal
designs (CODs).

Definition 10.9. A square COD Z = X +iY of order n is an n X n matrix on
the complex indeterminates s, ..., sp, with entries chosen from 0,+s1,...,£sp,
their conjugates +s7,...,+sy, or their products with ¢ = y/—1 such that:

AN <Zp:|sk2> I, (10.1)
k=1

where ZH denotes the Hermitian transpose of Z and I,, is the identity matrix
of order n.
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For the matrix Z to satisfy (10.1), the matrices X and Y must be a pair of
AODs, which implies that both X and Y are orthogonal designs themselves
and XY T =YX T, where (.)" denotes matrix transposition.

It has been shown in [80] that, for n = 8, the total number of different
variables in the amicable pair X and Y cannot exceed eight.

It has been shown in [203], that the construction of CODs can be faciliated
by representing Z as

P p
Z=> A;jsf+i> Bjs! (10.2)
i=1 i=1

where sf and s]I- denote the real and imaginary parts of the complex variables

5j = sf +is]I- and A; and B; are the real coefficient matrices for s and s!,
respectively. To satisfy (10.1), the matrices {A;} and {B;} of order n must
satisfy the following conditions:

AjA] =1, B;B} =1, Vj=1,....p
ALA] =—A;A], ByB] =-B;B], k#j (10.3)
ApB] =BjAl, Yk, j=1,....p

The conditions in (10.3) are necessary and sufficient for the existence of AODs
of order n. Thus, the problem of finding CODs is connected to the theory of
AODs.

From the perspective of constructing CO STBCs, the most promising case is
that in which both X and Y have four variables. This case has been considered
in the conventional, order-8 CO STBCs, corresponding to COD(8;1,1,1,1)
with all four variables appearing once in each column of Z. An example is
given in Fig. 10.1, (see [209,210], or [214, Eq.(2.34)]).

Fig. 10.1 A conventional COD of order eight ¢

[ sy S92  S3 0 S4 0 0 0
—s5 s 0 —s3 0 —ss O 0
—s3 0 s s2 O 0 —s4 O
7 0 s —s3 s1 O 0 0 84
™1 - 0 0 0 s sz s3 O
0 s; O 0 —s3 s 0 —s3
0 0 s; 0 —s3 0 s1 s2
0 0 0 -s; 0 s5 —s3 87 |

@ Tran, Wysocki, Mertins, and Seberry [213, p75] (©Springer
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These conventional codes contain numerous zero entries which are unde-
sirable. Note that we use the similar notation to that mentioned in [80], i.e.
COD(8;1,1,1,1), to denote a square, order-8 COD containing four complex
variables and each variable appearing once in each column. Readers may refer
to [80] for more details.

In [186,212,256], two new codes of order eight are introduced where some
variables appear more often than others (more than once in each column), i.e.,
codes based on COD(8;1,1,2,2) and COD(8;1,1,1,4). These codes, namely
Zo and Z3, are given in Fig. 10.2 and 10.3, respectively. It is easy to check
that these codes satisfy the conditions (10.1).

Fig. 10.2 Code Z3 ¢

r 81 S9 % % 0 0 % %_
—s5 81 % -% 0 0 N -
—sj—i —% —sf +isl —sB +is] % % 0 0
_ \5/3'5 -% s§+z‘s‘{ —s{?'—is*é % - 0 0
% 0 0 % —% —sf+isf —sf+isf

L % -3 0 0 -5 & Ry —of—is)

@ Tran, Wysocki, Mertins, and Seberry [213, p76] (©Springer

Fig. 10.3 Code Z3 ¢

_ s 0 sB4is) sf+ish B u o ]
0 51 —sB+is) sf—is] u —u & -
—sB sk sF+ish s} 0 u 5 — —s
—sB s} —sf—ist 0 st o u —s 5
%= -3 —s—é *% —% sf —is] s sB—is! 0
—4 % —4 4 —sp  sF+is} 0 sf—is!
-4 -4 & S —sf —is] 0 sft+is] —s5

L *% 4 % —% 0 —sf —isl so st —ish |

@ Tran, Wysocki, Mertins, and Seberry [213, p77] (©Springer

All the CO STBCs proposed here achieve the mazimum code rate for
order-8, square CO STBCs, which is equal to % We would like to recall that,
according to Liang’s paper [148], the maximum achievable rate of CO STBCs
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for n =2m —1 or n = 2m Tx antennas is Rpax = ("21:11). Particularly, for

n =8, i.e., m =4, the maximum achievable rate of CO STBCs is %

However, this maximum rate is only achievable for non-square constructions.
For square constructions of orders n = 2%(2b+ 1), the maximum achievable

rate is Rpax = %. For n =28, i.e., a =3 and b =0, the maximum

achievable rate of square CO STBCs is only %

The vague statement on the maximum achievable rate of CO STBCs in
Liang’s paper [148], which easily makes readers confused, has been pointed
out in [214, Remark 2.3.2.1]

A question that could be raised is why square CO STBCs are of particular
interest. It is because, square CO STBCs have a great advantage over non-
square CO STBCs that they require a much smaller length of the codes, i.e.,
much smaller processing delay, though, the maximum rate of the former may
be smaller than that of the later.

Let us consider CO STBCs for n = 8 Tx antennas as an example (also
see [214, Example 2.3.2.1]). The non-square CO STBC that achieves the
maximum rate 5/8 requires the length of 112 STSs as shown by Table 2.6
in [214, p.40]. The [112,8,70] CO STBC given in Appendix E in Liang’s paper
[55] is an example for this case. As opposed to non-square CO STBCs, square
CO STBCs only require the length of 8 STSs to achieve the maximum rate 1/2,
which is slightly smaller than the maximum rate of non-square CO STBCs.
Clearly, square CO STBCs require a much shorter length, especially for a
large number of Tx antennas, with the consequence of a slightly lower code
rate. For this reason, square CO STBCs are of our particular interest.

Apart from having the maximum rate, our proposed CO STBCs Zs and
Z3, (see Figures 10.2 and 10.3) have fewer zero entries (compared to the
conventional codes) or even no zero entries in the code matrices. This property
results in a more uniform transmission power distribution between Tx antennas.
Intuitively, due to this property, our proposed CO STBCs require a lower
peak power per Tx antenna to achieve the same bit error performance as the
conventional CO STBCs containing numerous zeros. Equivalently, with the
same peak power at Tx antennas, our proposed codes provide a better bit
error performance than the conventional CO STBCs.

In addition, our codes are more amenable to practical implementation
than the conventional code, since, transmitter antennas are turned off less
frequently or even are not required to be turned off during transmission unlike
with the conventional codes.

10.8 Research Problem

Thus we have some methods for building amicable orthogonal designs over the
real and quaternion domain, e.g. the way to construct amicable orthogonal
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designs of quaternions (AODQ) by using Kronecker product with real ami-
cable orthogonal designs or real weighing matrices from an amicable family.

This construction ensures that, for any existing real amicable orthogo-
nal design generated by using the Kronecker product, we can easily find an
AODQ with same order and type. We also showed that if A and B forms a
pair of AODQ), then the combined design A+ Bq for q € {+i,+j,tk}is an
RQOD by carefully choosing g. Our newly constructed AODQs and RQODs,
especially those with no zero entries, could have applications as orthogonal
space-time-polarization block codes.

However, there are still some problems which need to be solved:

Problem 10.2 (Research Problem 5). Do there exist any new amicable
orthogonal designs of quaternions for which there are no such real or complex
designs.

Problem 10.3 (Research Problem 6). Determine the maximum number
of variables in an AODQ.

It is known that finding the maximum number of variables in an AOD
is equivalent to finding the number of members in a Hurwitz- Radon family
of corresponding type [80], which also implies that the so-called Clifford
algebras [29] have a matrix representation of the same order.

Problem 10.4 (Research Problem 7). How can we find a set of anti-
commuting real, complex and quaternion matrices representation to determine
the maximum number of variables in an AODQ.
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