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Systematic and Optimal Cyclotomic Lattices and Diagonal
Space-Time Block Code Designs

Genyuan Wang, Huiyong Liao, Haiquan Wang, and
Xiang-Gen Xia, Senior Member, IEEE

Abstract—In this correspondence, a new and systematic design of
cyclotomic lattices with full diversity is proposed by using some algebraic
number theory. This design provides infinitely many full diversity
cyclotomic lattices for a given lattice size. Based on the packing theory
and the concrete form of the design, optimal cyclotomic lattices are
presented by minimizing the mean transmission signal power for a
given minimum (diversity) product (or equivalently maximizing the
minimum product for a given mean transmission signal power). The
newly proposed cyclotomic lattices can be applied to both space-time
code designs for multi-antenna systems and linear precode design for
signal space diversity in single antenna systems over fast Rayleigh fading
channels. Although there are some cyclotomic lattices/space-time codes
existing in the literature, most of them are not optimal.

Index Terms—Algebraic number theory, cyclotomic fields, cyclotomic
lattices, Galois theory, space—time block codes.

1. INTRODUCTION

Space—time block code designs have recently attracted consider-
able attentions, see, for example, [5]-[37]. There have been several
kinds of space-time block code designs, for example, orthogonal
space—time block code designs [12]-[23], unitary space—time code
designs [24]-[29], algebraic space—time code designs [35]-[39], and
lattice based diagonal space—time code designs using algebraic number
theory [1]-[5]. Among these space—time code designs, some of them
are linear, such as orthogonal space—time block codes [12]-[23] and
lattice based diagonal space—time block codes using algebraic tools
[1]-[5], where the linearity is in terms of the information symbols and
provides certain fast decoding algorithms, such as the sphere decoding,
see, for example, [30]-[34]. Orthogonal space—time block codes sat-
isfy not only the linearity but also the orthogonality and therefore
possesses an even faster maximum-likelihood (ML) decoding [12],
[13]. However, their rates are limited [18]. This correspondence lies
in the direction of systematic cyclotomic lattices and therefore linear
lattice-based diagonal space—time block code designs using algebraic
number theory studied in [1]-[5], which are not unitary and different
from unitary diagonal space—time block codes proposed in [24]-[26],
and also different from the diagonal codes proposed in [8].

Diagonal space—time block codes using algebraic number theory
proposed in [5] are motivated from the designs of full diversity multidi-
mensional signal constellations for resisting both Rayleigh fading and
Gaussian additive noise proposed in [1]-[3]. These codes are built upon
lattices [y, . . . ,th]T = Glz1....,21,]T, where L is the number
of transmit antennas, * stands for the transpose, ; represent com-
plex-valued information symbols and G is a generating matrix and y,
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are placed as diagonal elements in a diagonal space—time code. To resist
both fading and additive noise, both good diversity product and good
Euclidean distance of the codewords [y, ...,y Li]r are required, and
G is a unitary matrix in [2], [4]. In [2], some constructions of unitary
G over Z[(4] and Z[(3] are provided. In [4], a systematic unitary cyclo-
tomic lattice code (G is unitary matrix) design scheme over a general
number rings is proposed by using Fourier transform with Diophantine
approximation theory. And the optimal unitary cyclotomic lattices are
also provided in [4]. The unitariness of the generating matrix G in [2],
[4] is used to maintain the Euclidean distance and the mean power of
the transmission signals the same as that of the information symbols. To
resist fading as commonly used in space—time coding, good diversity
product is usually imposed, and some algebraic constructions of G over
Z[¢4] = Z[5] with j = /=T (the entries of G are integrals over Z[(4])
are proposed in [3] for information symbols &; in Z[(4], i.e., quadrature
amplitude modulation (QAM) on the square lattice, such as quaternary
phase-shift keing (QPSK) and square 16-QAM. The case when gener-
ating matrix G is real and takes the forms of Hadamard transform is
studied in [3], [5]. In [7], a different space—time code design of full di-
versity is proposed by also using cyclotomic field extensions without
much analysis of the diversity product property and it is essentially
equivalent to a kind of diagonal space—time code designs. In [9], a di-
agonal Bell Labs layered space—time (D-BLAST) lattice code structure
is proposed. In each layer of the D-BLAST lattice code, components
of a more general high dimensional lattice is used, where, however, no
new lattice designs is proposed while the unitary cyclotomic lattices in
[2] are adopted in the D-BLAST lattice codes.

There are three issues that may affect the code performance in
the above lattice based diagonal space—time code design, namely,
i) where the information symbols @; belong to; ii) where the elements
of the generating matrix G belong to; and iii) whether the generating
matrix G is unitary. In this correspondence, we focus on the criterion
of maximizing the diversity product and consider these three issues
together in a general way: information symbols #; may not necessarily
be in Z[(4], elements of generating matrix G may not necessarily
be integrals of Z[(4], and generating matrix G may not necessarily
be unitary. Information symbols z; and elements of generating
matrix GG are from general cyclotomic field extensions. We call such
diagonal space—time block codes cyclotomic space—time codes. We
propose a systematic construction of full diversity cyclotomic lattices
and apply them to design space—time codes of full diversity for a
general number of transmit antennas, and for a fixed number of
transmit antennas, there are infinitely many cyclotomic space—time
codes/lattices. Furthermore, we obtain and list the optimal ones among
these cyclotomic space—time codes/lattices, where the optimality is
in the sense that, for a fixed mean transmission signal power, its
diversity product is maximized, or for a fixed diversity product, its
mean transmission signal power is minimized. It turns out that most
of the optimal cyclotomic space—time codes can not be obtained
by using information symbols ; in Z[(4], or by using generating
matrix G with elements being integrals over Z[(4], or by using
unitary generating matrices (G. With our newly proposed optimal
cyclotomic space—time codes, we present some new design examples
of optimal cyclotomic space-time codes that have the best known
diversity products of diagonal space—time codes. What we want to
emphasize here is that the full diversity cyclotomic lattices we propose
in this correspondence are mathematically concrete and systematic
and therefore provide us the convenience to study the optimality.
This is different from the existing lattice-based code designs in the
literature where general algebraic numbers are used and it is hard to
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systematically formulate all general algebraic numbers and therefore
difficult to study the optimality unless it is specified to a particular
cyclotomic ring/field, such as Z[j], and unitary generating matrices.
Another remark is that the cyclotomic lattices we propose in this
correspondence can also be applied to linear precode designs for
achieving signal space diversity for single antenna systems over fast
Rayleigh fading channels as studied in [1]-[3].

This correspondence is organized as follows. In Section II, we
describe the problem in more details and introduce the necessary
notations and concepts about lattices. In Section III, we introduce a
systematic design of full diversity cyclotomic lattices and diagonal
space-time codes. Due to the nonunitariness of a generating matrix G,
in Section IV, we first study the relationships between the generating
matrix and its corresponding lattice, the signal mean power, and
the diversity product, and then convert the criterion on maximizing
diversity product to a criterion on generating matrices when the
diversity product is fixed. And finally, in Section IV, we present the
optimal cyclotomic lattices. In Section V, some optimal cyclotomic
space—time code designs are given based on the proposed optimal
cyclotomic lattices studied in Section IV. In Section VI, we show
some numerical simulation results.

The following notations are used throughout this correspondence:
capital English letters, such as, I{ and G, represent matrices and bold
small English letters, such as @ and y, represent complex symbols (or
numbers or points) on two dimensional real lattices, small English let-
ters, such as x, y and z, represent real symbols (or numbers or points)
and

L, number of transmit antennas;
N natural numbers;

z ring of integers;

Q field of rational numbers;

R field of real numbers;

C field of complex numbers;

o(n) Euler totient function of positive integer n;
Cm = CXp (1 %r) 5

2[Cm] ring generated by Z and (i ;

K and G real and complex generating matrices for real
and complex lattices, respectively;

AL (K) n dimensional real lattice of real generating
matrix K;

. (G) n dimensional complex lattice of complex
generating matrix G;

Q(Gm) number field generated by the rational field

Q and G

two dimensional real lattice with generating
1 cos (%’r)

0 sin (%r ’

the extension degree of field E over field F.

A = A2(Re,,)
matrix K¢ =

[E : F]

II. COMPLEX LATTICES AND PROBLEM DESCRIPTION

As mentioned in the INTRODUCTION, we are interested in diagonal
space—time block codes formed as follows. Let L; be the number of
transmit antennas. Let 2;, 1 < ¢ < L4, be information symbols taking
from a certain constellation. Let (G be an L, X L; matrix and

T T

W,--yz,] =Glxr, ... 2L,] - (1)

The diagonal space-time code 2 consists of L; X L; matrices of
the form diag(y,,....¥ 1,)- We are interested in such a diagonal
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space—time code {2 that i) it has the full rank property, i.e., any differ-
ence matrix of any two distinct matrices in €2 has full rank; and ii) its
following diversity product is as large as possible:

E= min
dlag(yl,...,ny);édlag(el,.,,,eLi

Ly
2

colllvi—el” @

=1
where the transmission signal mean power of y, is fixed. The main goal
of this correspondence is to properly determine an information signal
constellation of ; and a generating matrix & for a diagonal space—time
code €2 with the above properties. To do so, we first introduce some
concepts and properties on real and complex lattices.

A. Real and Complex Lattices

In this section, we first define real and complex lattices, and see some
existing examples, and then formulate the problems we are interested,
and finally present some properties of complex lattices that are used
in the later sections for cyclotomic space—time code designs. We first
define a real lattice.

Definition 1: An n-dimensional real lattice A, (/') is a subset in
Hn/

T

o

An(K) = =K s E€Zfor1<i<n

(S
3

where Z is the ring of all integers and K is an n X n real matrix of full
rank and called the generating matrix of the real lattice A,, (K ) and
det(An(K)) £ |det(K)|.

Clearly, A, () is a subgroup of R™ with component-wise addition.
When n = 2, every point [z, 2]” in a two dimensional real lattice
As(K) belongs to R? and therefore can be thought of as a complex
number £ = x; + jx2 in the complex plane C. In this correspondence,
we do not distinguish a two dimensional real point [z1, z2]” € R?
and a complex number or point & = x; + jxz € C otherwise it is
specified. To distinguish it from general two dimensional real lattices,
for ¢ = exp (j27) we use A, to denote the two dimensional real
lattice with the generating matrix

oL s ()
IX:'"_|:0 sill(l)

m

[

1 Re(Gn)
]‘ {0 Im<<'m>] @

where Re and Im stand for the real and imaginary parts of a com-
plex number, respectively. Thus, A¢, = A2(K¢, ). This two dimen-
sional real lattice is the base for signal constellations of cyclotomic
space—time codes studied later. It is easy to check that

Mgy C2Gn]s A¢y = 2[Ci] = 2[j], and
AC3 :ACG = Z[C3 = Z[(:G] 4)
and A, is the square lattice.

A complex lattice defined below is a lattice based on a two dimen-
sional real lattice.

Definition 2: An n-dimensional complex lattice I, (G) over a two-

dimensional (2-D) real lattice A2 (K) is a subset of C™:

Y. T
=G

Y. Tn

r.(G)= z, € Ao (K), for1<i<n )
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where G is an n X n complex matrix of full rank and called the gener-
ating matrix of the complex lattice I',, (G). The above complex lattice
is called a full diversity lattice if it satisfies

H ly;| >0
=1

for any nonzero vector [Z1,...,&,]" #[0,...,0]" in (A2(K))".

In Definition 2, points #; from a 2-D real lattice have been treated
as complex numbers explained previously and therefore y, are also
complex numbers. On the other hand, if we treat all complex elements
in matrix G' and &; and y, as points in the two dimensional real space
and 2-D real lattices, respectively, the above n-dimensional complex
lattice can be also represented as a 2n-dimensional real lattice as we
shall see in more details later in Section II-C.

B. Problems of Interest

We can see that, to form a space—time code as stated in the beginning
of this section, we select a set of points in a complex lattice. From the
definition of complex lattices, a complex lattice T',, (G) over A2(K)
is determined by a generating matrix GG and a base 2-dimensional real
lattice A»(K).

The question we are interested here is how can we generally choose
the generating matrices G and K to achieve: i) full diversity complex
lattices and space—time codes and ii) the optimal diversity products in
the family, in a systematic way. In the later sections, we propose to form
space-time codes from complex lattices with generating matrices G
and K over general cyclotomic field extensions. To do so, let us study
some properties on the relationship between n dimensional complex
lattices and 2n-dimensional real lattices. The reason for studying the
relationship is because we need to estimate the mean power of complex
lattice points [y, . . . ,yn]T used as space—time codewords, which can
be done if we convert it to an 2n dimensional real lattice and use some
existing results on real lattices, such as the packing densities [45] as we
will see later.

C. Some Useful Properties of Real and Complex Lattices
Let us first see a relationship between an n-dimensional complex

lattice and a 2n-dimensional real lattice. Let G' be an n X n complex
matrix

gi1 gi,2 gi,n
J2.1 G2.2 J2,n

G= (6)
gn,1 an 2 gn,n

with |det(G)| > 0, and {@1,22,...,2,} be n points on a 2-D real
lattice A2 (K) with generating matrix K. Let

=a|:|. %)

Y, Tn

Then, [y,,...,y,]" is a point on the » dimensional complex lattice
' (G) over Ao(K).
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We now rewrite ¢, with its real part y, and imaginary part y,,, as
Y, = Yyr; + jyr,, and entries g; ; of G as ¢; | = 9Rr; , +jg11,l. Then,
(7) can be rewritten as

YR, [ TRy
Y1, L1y
=g
YRy LRy
Yr, L X,
I Z1,1
K .
. 21,2
K
=G ®)
i Zn,1
L K 2nX2n -
“n,2

where z; 1, z;2 € Z with

2]-# [z
Tio Zi2

and G is a 2n X 2n real matrix, which is from the real and imaginary
parts of GG as follows:

Yri1  —Yhia YRy n =90 n
9111 YRy 1 91 ,n YR n
G2 (10)
IR —Y9In ARpm  “YInm
91,1 JRp 1 T Aln IRy n
Let G 2 G- diag(K,..., K). Following Definition 1, in order to

show that Gy is a real generating matrix of an 2n-dimensional real
lattice, we only need to show it has full rank, i.e., | det(Gx )| > 0. Since
K is the real generating matrix of 2-D real lattice A2 (K), | det(K)| >
(. Thus, we only need to show that | det(G)| > 0, which is given by the
following proposition. Therefore, the » dimensional complex lattice
I',.(G) over A2(K) is represented as an 2n-dimensional real lattice
A2 (Gie).

Proposition 1: Let G be an n X n complex matrix defined in (6)
and G be the 2n X 2n real matrix defined in (10). Then, | det(G)| =
| det(G)|%.

Proof: Fori =1,...,n,byadding the product of the 2ith row of
G with j = /=1 to the (2i — 1)th row of G in (10), matrix G becomes

g1 Jgia Jin J91n
9iih 9R1 i, 9R1 .
G = : : (11)
gn,1 jgn.l 9n,n jgn,n
9iny1 YRn 1 9lnn YRnm

Fori = 1,...,n, by adding the product of the (2¢ — 1)th column of
G to the 2ith column of G; with —j, matrix G; becomes

gi,1 0 gin 0
* *
9111 Y911 9iin 91n
G=| : : (12)
In,1 0 Gn,n 0
* *
Jin1 YIn, Iinn  Ynm
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where g7, are the complex conjugates of g; ;. Next, by permuting the
rows and the columns of G-, matrix G» can be converted to

91,1 g1,2 0 0
g2.1 2,2 0 0
Gs =
.(;”n_l,l .(]7,1_1,2 ngl,nfl ngl,n
Ilna  Iluz Gnn-1 G

G 0
h |:1111(G) G* ] 13
where Im (@) is the imaginary part of matrix G' and G* is the com-
plex conjugate of matrix GG. Notice that, the elementary operations we
implemented on G to get Gs have all determinants 1 and therefore,
|det(G)| = |det(Gs)]. Since det(Gs) = |det(G)|*, we have con-
cluded the proof. Q.E.D.

Proposition 1 tells us that an » dimensional complex lattice ', (G)
over A2 () can be equivalently represented as a 2n dimensional real
lattice Ao, (Gr ). Furthermore, the determinants of their generating
matrices have the following relationship:

|det(Gre)| = | det(G)]* - | det(K)|"
=|det(G)|” - | det(Az(K))|".

(14)

which is used later to determine the compactness of a complex lattice
for a fixed minimum product (or diversity product).

III. SYSTEMATIC FULL DIVERSITY CYCLOTOMIC LATTICES

For two positive integers n and m, let N = mn and

15)

where ¢(N) and ¢(m) are the Euler totient functions' of N and m,
respectively, there are total L, distinct integers n;, 1 < ¢ < L, with
0=mn1 <ny < -+ < ng, <n—1suchthatl + n;m and N
are co-prime for any 1 < i < L; (see for example [43, p. 75]). With
these L, integers, we define (16) shown at the bottom of the page,

where (v = exp ( j :j\—’,') It is not hard to see that matrix G, , has
full rank since it is a Vandermonde matrix and (7" — (P #£ 0
for 1 < i # 1 < L,. This means that matrix G, ., is eligible to be a
generating matrix of a complex lattice as we defined in Section II-A.
We now define cyclotomic lattices.

Definition 3: An L, dimensional complex lattice I'z, (G ., ) over
A¢,, is called a cyclotomic lattice, where Gy, is defined in (16) and

IThe Euler totient function (or Euler function) ¢(/N') of N is the number of
positive numbers that are less than N and co-prime with V. In fact, it can be
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A¢,, is the 2-D real lattice with the generating matrix K¢, defined in
(3). Its minimum product? dpin (T'z, (G, )) is defined by

Ly
[1v:

dvnin(rﬂt(an,n)) é min .
O 0T 2ly1 sy JTEV L (Gmn) |27
a7
From this definition, a lattice point (or vector) [y;,...,¥y Lt]T ona
cyclotomic lattice can be generated by
yiooyr,) =Gl 2]t (18)

where &; € A¢

tm

C Z[{m]. The generating matrix in (16) can be also

written as
o1 1+nom Itng,m A
Gm,n = diag ( (v, (N ool Gon (19)
where
Li—1
1 (N (Nt
1 14ngm (Li—1)(14naom)
. N (v N
Grn,n = (20)
i 1+7;Ltm (Ltfl)(.l+nLtm)
Cn N Ty x Ty

Thus, the complex lattice points ¥, and g, of I'y,(Gm.») and
I'r,(Gm,n ), respectively, are related by

1+nim 2
y

T
[ylﬂyb v sth]T = |:CN1A/1: CN PRI Ll’VJrnLtmi’Lt}
2D

Due to the fact that all elements ¢3; in (21) have unit norm, the complex
lattice T'7,, (Gin . ) and the complex lattice T'7,, (Gl ) have the same
minimum product, i.e., dmin(CL,(Gmn)) = dmin(Cr,(Gm,n)).
Since the relationship (21) of the lattice points of the two complex
lattices does not depend on the real lattice A¢,,, these two complex
lattices are equivalent in terms of the properties, such as diversity
product and mean signal energy, that we are interested in a space—time
code as we shall study later. Therefore, for the notational convenience,
we use G, throughout this correspondence otherwise it is specified.

Note that the entries of the generating matrix G, ,, in (16) are all
integrals over Z[(], i.e., roots of monic polynomials? with coefficients
in Z[¢m].

Another representation for G, » in (16) is

no C:an Ling
S S S
Gwn.n = . .
CnLt €2n,4t CLinLi
n n n LixLy

diag (v, oo (R @2)

2In [5], it is called minimum product diversity. The reason why we use min-
imum product is because we want to distinguish it from the diversity product of

expressed as ¢(N) = ¢ (pi1) & (p52) - - & (per)if N = piips? - - - per for the associated space—time code with this lattice as we shall see later. In [3], it is
some distinct primes p; . In particular, if p is a prime, ¢(p®) = p* — pe~*,see  Called product distance.
for example [44]. It also implies that L, is always an integer. 3Monic means the coefficient of the highest order term in a polynomial is 1.
L
(N C,’Z\f ,\Yt
1+nom 2(1+nom) Li(14naom)
A (N N (N
G mn — ( 1 6)
L4ng,m 2(14ng,m) Li(1¥ng,m)
v v (v Tix Ty
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From the above representation and since 0 < n; < n, one can clearly
see that the generating matrix G, » in (16) is unitary, i.e., the n-point
DFT matrix, if and only if L; = n.

To fully understand the structure of cyclotomic lattice (16), we need
some results on algebraic number theory, see for example [40]-[44],
which also provides the motivation for us to define the above cyclo-
tomic lattices and codes. From the algebraic number theory, it is known
that field @({xn) is an extension of field Q((,», ) and field Q((,»,) is also
an extension of field Q of all rational numbers: @ C Q((n) C Q(Cn).
An automorphism o of field Q((n) that fixes subfield Q((n) is a
one-to-one and onto mapping from Q((x ) toitself such that ¢ (a+b) =
a(a) + o(b) and o(ab) = o(a)a(b) for any a, b € Q({v) and
o(a) = aforany a € Q(¢m).

Theorem 1: All the L, automorphisms of field Q({n), 7i, 1 < i <
L, that fix subfield Q((,» ) can be represented by

o:(Cn) = (T, for1<i < Ly (23)

where L; is given in (15), and n;, 1 < ¢ < L4, are the integers that

satisfy 0 = ny < ne <-+- < nr, <n—1and 1+ n;m and N are
co-prime for 1 < i < L.

A proof of this theorem is in Appendix A. One can see that the inte-
gers appeared in the representations of the automorphisms in Theorem
1 are precisely the ones used in the construction of the above cyclo-
tomic lattices. From the representations of the automorphisms o; in
(23), the element at the ¢th row and the /th column in the generating
matrix G, ,» in (16) of the cyclotomic lattices can be represented as
a; (C 'V) Thus, the generating matrix G, », in (16) can be rewritten as

(24)

Tm,n —

OLy (Ci’t)

where 0;, 1 < i < Ly, are all of the distinct automorphisms of Q({w)

that fix Q((m).
We next define diagonal cyclotomic space—time codes.

oL, ((N) o1, (CAZN)

Definition 4: A diagonal cyclotomic space-time code €2 for L
transmit antennas is defined by @ = {diag(y,,...,yz,)} where g,
for 1 < ¢ < L, are defined as follows:

yiowr,) =Gl 2n,]" (25)

where G, ., is defined in (16), [21, ..., 27,]" € S C (Z[¢m])"t, and
S is a signal constellation for information symbols.

By using Theorem 1 and some standard routines in algebraic number
theory [1]-[6] and [40]—[44], it is not hard to obtain the following the-
orem. Its detailed proof can also be found in [48].

Theorem 2: A cyclotomic lattice I'7,, (G, ) over A¢,, has full di-
versity and a diagonal cyclotomic space—time code has full diversity.

When m = 4, a cyclotomic lattice 'z, (G4, ) over A¢, is called
a Gaussian cyclotomic lattice, after the name of Gaussian integers
Z[j] = Z[¢4). When m = 3 or m = 6, a cyclotomic lattice
Ir,(Gm,n) over A¢,, is called an Eisenstein cyclotomic lattice,
after the name of Eisenstein integers 7[(s] = Z[(s]. For Gaussian
cyclotomic lattices and Eisenstein cyclotomic lattices, it is stated
in [2] that the minimum products (related to algebraic norms) are 1
and it was proved in [40], [41]. Since this result plays an important
role in the optimal cyclotomic lattice/code designs as we will see in
Sections IV-A and -B, for the completeness, we list it as a proposition.
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Proposition 2: The minimum products of Gaussian cyclotomic lat-
tices and Eisenstein cyclotomic lattices are 1.

This result is used in the proof of Theorem 3 in Section IV-A. Al-
though in a cyclotomic space-time code the information signal con-
stellation S can be any subset of the product space (Z[¢m])F* of the
cyclotomic ring Z[(,], S is chosen from the product space (A¢,, )"t
of the lattice A¢,, C Z[(n] as we discuss the optimality of the di-
agonal cyclotomic space—time codes in Sections IV-VL. When S is
chosen from (Ac,, )", all the codeword vectors [y, ...,y ,lt]T are on
the cyclotomic lattice I'y,, (G, ) Over A¢, as defined in Definition 3.
Notice that A¢,, = Z[(n] for m = 3,4, 6 as indicated in (4).

From Definition 4 of a cyclotomic space—time code, one can see that,
for a fixed L; in (15), there are infinitely many options of integer 72 and
thus infinitely many options of cyclotomic number ring Z[(,» ] or lattice
A¢,. and also infinitely many options of the generating matrix G, »
in (16). Then, a natural question arises: which one is optimal? The op-
timality here is in the sense that, for a fixed signal mean power of y,,
the diversity product of a cyclotomic space—time code is maximized
among all different integers m, or equivalently, for a fixed diversity
product, the signal mean power of ¥, is minimized among all different
integers m. To investigate the above optimality, in Section IV-A we
study the optimality of the minimum products of cyclotomic lattices
by considering how this optimality relates to the complex lattice gen-
erating matrices G, and the real lattice generating matrices K¢, in
(3). Based on the theory developed in Section IV-A, we present optimal
cyclotomic lattices in Section IV-B.

IV. OPTIMAL CYCLOTOMIC LATTICES

In this section, we study the optimality of cyclotomic lattices
proposed in the preceding section. We first investigate the optimality
criterion.

A. Criterion for Cyclotomic Lattice Designs

As described in Section III, for a fixed L; there are infinitely many
cyclotomic lattices I'7,, (G ,n ) over A¢,, of full diversity for various
m and n. In order to study which of them is better, we want to com-
pare their mean signal powers when their diversity products or min-
imum products are the same. Before studying cyclotomic space—time
codes, we study cyclotomic lattices by connecting their corresponding
real lattice packing density and their signal mean power with their gen-
erating matrices.

1) Packing Density, Mean Signal Power, and Generating Ma-
trix: For the compactness of a real lattice, the packing density concept
has been introduced in for example [45] and for more details, we refer
the reader to [45]. Let A,, be an n-dimensional real lattice. Its sphere
packing density is defined by

;oon
y /' P

T det(A,)/2

where V,, is the volume of the n-dimensional ball with radius 1 and p is
the half minimal distance between the lattice points called the packing
radius. Its center density ¢ is defined by
5= ‘i = p"(det(A,))""/?

see [45, pp. 10 and 13]. It is mentioned on [45, p. 13] that the center
density 6 of areal lattice A, is the number of points of the lattice A, in
every p" number of unit volumes, i.e., in average every p" number of
unit volumes (V;,) of R™ include p" (det( An))fl/ % lattice points on
lattice A,,. Therefore, in average there are det(A,,)~'/? lattice points
of lattice A,, in every unit volume of R™. This implies that, the less of
the value det(A,, ) is, the more points of A, are included in the unit ball
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of R". In other words, if we want to selectasetS C A,, of lattice points
of a fixed size, i.e., |S| is fixed, such that the mean signal power of the
signal points in S is minimized, then, the less of the value det(A,,) is
or equivalently the less of the absolute value of the determinant of its
generating matrix is, the smaller the mean signal power of the signal
points in S is. This is the base for the following criterion of justifying
that one cyclotomic lattice is better than the other cyclotomic lattice
when their minimum products are the same.

2) Cyclotomic Lattice Design Criterion: In this subsection, we first
present the design criterion for a cyclotomic lattice and then present
some properties on the criterion. From the discussions in Section II-C,
any n dimensional complex lattice can be converted to a 2n dimen-
sional real lattice and their corresponding signal powers are exactly the
same. For a cyclotomic lattice I'z., (G ,») over A¢, , the determinant
of its corresponding 2 L; dimensional real lattice generating matrix Gx
is

| det(Gmn))? - | det(K e, ). (26)
With the argument of Section IV-A1 and (26) we are ready to present
a criterion to choose a cyclotomic lattice.

Definition 5: Let ', (Gm, ,n,) and I'z,(Gmy ny) be two Ly di-
mensional cyclotomic lattices over A¢,, and A¢,, . respectively. We
say cyclotomic lattice 'z, (G, ,n, ) is better than cyclotomic lattice
U1, (Gmgmy)swritten as 'z, (Gmy oy ) < UL (G iy ), if

| det(Gumyny)| - | det(Ag,, )/
< det(Gongn)| - | det(Ag,,, )|/

when their minimum products are the same, i.e.,

dmin(FLt (Gml,nl )) = dn’lin(FLt (szenQ ))

One can clearly see that the above definition not only applies to cy-
clotomic lattices but also applies to general complex lattices defined
in Section II. With the above definition, we immediately have the fol-
lowing lemma by normalizing cyclotomic lattices.

Lemma 1: Let T7,(Gwmyn,) and T'1,(Gpyony) be two Ly di-
mensional cyclotomic lattices over A, ~—and A¢,,  with minimum
products dmin(Cz, (Grey,ny)) and dmin(T'z, (Gimy ny ), respectively.
Then, I'r,, (Guny ony ) is better than Tz, (G oy ny ) if

duliu(FLt(Grnl,nl)) dlllill(rLt(Grnz,VLQ)) ]
[det (A )|/ [det (G )| [det (Amy )72 [det (G o)

Proof: The main idea to prove this lemma is to first normalize
these two cyclotomic lattices such that their minimum products are the
same and then compare the compactness (or average power) of the two
normalized lattices.

The two 2L, dimensional real lattice generating matrices can be
written as

QKCM = gl‘diag(ﬁrgmq_ yeeey .Kgmi)

where 2 L;-dimensional real matrix G; corresponds to the L;-dimen-
sional complex matrix G,.;,»; for i = 1 and 2. Their determinants
satisfy

| det(gf(cm X )| = | det(Gm' I

. i)|2|det(A,,Li)|L*', fori =1,2.
We now normalize the complex lattices 'z, (G, n,; ) by normalizing

their generating matrices Gy, as follows:

Gm,,n, - (d‘min(rLt(Gmﬂvu)))71/LtGm1,n,-/ fori = 15 2.
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Then, the minimum products of the normalized cyclotomic lattices
I'z,(Gm; ;) are both 1. On the other hand, for i = 1 and 2, the new
determinants satisfy

| det(Grc.,, ) =l det(Gon,n, )| det(Ag,, [
. 1
 duin(PL (G n,))?
| det(Gim, n)|*] det(Ac,, )"t

Thus, if

dmin(rLt(Gml,nl)) dmin(rLt(GWQeHQ))
| det(Ac,, )7/2|det(Gmyny)| T [ det(Ac,,, )| +/2] det(Guny )

then we have

| det(Gr tmy )| < | det(Gx tmg ). @7

This proves that the normalized cyclotomic lattice L'z, (Grny.n,) is
better than I'r,, (G, n, ) in terms of the compactness. Since the nor-
malized lattice I"y,, (énu .n,) and its original lattice I' 1, (G, ,n, ) only
differ by a scalar, their performances are the same. Thus, I'7,, (Gny n,)
is better than 'z, (Giny ,ny ). Therefore, Lemma 1 is proved. Q.E.D.

We next present an important property between Eisenstein lattices
and other lattices, which is used in Section IV-B for finding optimal

cyclotomic lattices.

Theorem 3: Letmq = 3 or 6. Let 'z, (G, ,n,) be an Ly > 2 di-
mensional Eisenstein cyclotomic lattice and T'7,, (Gin, ,n, ) be another
L. dimensional cyclotomic lattice over A¢,, . If

| det(Grny,ng )| < [det(Grmg,n,)l

then lattice T'7, (G, n, ) is better than lattice T'r,, (Gny ny )-

Proof: Since A¢; = A¢y, we only need to prove the case of
my1 = 0.
When m2 = 1 or ma = 2, matrix G, n, can not be used to

generate an L-dimensional complex lattice. Therefore, we only need
to consider mo > 3.

For ma = 3 or ma = 6, |det(A¢,,, )| = [det(Ag;)l, and Ag,
and A¢, are the Eisenstein lattice. By using Lemma 1, this theorem is
proved.

For ms = 4, both minimum products of the Gaussian cyclotomic
lattice and the Eisenstein lattice are

dmin(rLt (G()‘,nl)) - dmin(I‘Lt(Gél,ng)) =1

and |det(Ag,)| < |det(Ac,)|. From Lemma 1, cyclotomic lattice
I'1,(Gs,n,) is better than cyclotomic lattice I'z,(G4,.,) when
| det(Gs,n, )| < | det(Ga n,)|. This proves the theorem.

For mo = 5, because 1 € Ag,,, , we let

[y1 ER 7yf,t]T = Grn,g,nQ [1, O, ey O]T

it is easy to check that

=1.

Ly
H‘yi
=1

Thus, the minimum product d,,.in (T, (G5,1n,)) < 1. On the other
hand,

7 27
| det(A¢,)| = sin (2%) > sin <%) = | det(A¢g)]

From Lemma 1, this theorem is proved.
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We now consider the case when m> > 6. Itis clear that 1 — (p,, €
Ac,.. . Let
m2
T T
[yl‘/"'ﬁth] = 7m2,ng[1_C7n2a0 0] .
Then, the minimum product has to satisfy
drnin(T1 (Grusn)) < 91|
= Jon G- R [11 = Gl
= |1 - Cmg|Lt = 2Lt SiIlLt (L> .
mo
Since |det (A¢,,, )| = sin(27/ms2), the ratio of dyin (Tr, (Giny ny))
and ’det Cmoy )|Lt/ can be represented as

Aoin (L, (Gingma)) < 2Lt/ 2 gintt (7 fmy)
et ey 17 S STy cos
=(2 tan(w/mz))“/2 <1,
dmin(T'r, (Gony)) _ 1 >1
|det (ACG)|H/2 (g)m/z

drnin (rLt (sz,nz ))
|det (A, )|

when ma >7.

when mo > 7.
(28)

This proves the theorem by using Lemma 1. Q.E.D.

From Theorem 3, one can see that, to compare a cyclotomic lattice
over A¢, with I'y,(Gs.n) over A¢g, or with T'r, (Gs ) over A¢g, it

is sufficient to compare the absolute values of their generating matrix
determinants and the two dimensional real lattices A¢,, can be ignored.

B. Optimal Cyclotomic Lattices

Forafixed Ly = ¢(mn)/¢d(m), from Theorem 1 we know that there
exist infinitely many cyclotomic lattices for infinitely many integers m
and n that have full diversity. In this subsection, we present optimal
cyclotomic lattices for various numbers L; of transmit antennas among
these infinitely many cyclotomic lattices.

Lemma 2: For any two integers n = pj*---pjlgit--- q,i", m =

O ENY S 5 B ) ) th
F AR TR Up > then

Q(/rm) "

o(n

é(m) “pi'9(no)
where p1,...,pi, q1s -+ sk, V1, .., v are distinct primes and no =
¢+ ¢;*. Thus, gcd(m, n) is a factor of %E""))

This lemma is a direct consequence of the definition and property of
Euler totient function in Footnote 2 and will be used in the proof of the
following theorem in Appendix B. We now present optimal cyclotomic
lattice designs for different numbers of transmit antennas.

Theorem 4: For Ly < 32, the optimal L; dimensional cyclotomic
lattices T'z,, (Ghn,n ) over A¢,, with generating matrices Gy, defined
in (16) are listed in Table 1.

The proof of Theorem 4 for L; = 2 is in Appendix B. The proofs of
the optimality of other dimensional cyclotomic lattices can be similarly
given and can be found in [48]. From Theorem 4 we can see that

i) all the optimal cyclotomic lattices can be achieved by Eisenstein

cyclotomic lattices;

ii) the optimal cyclotomic lattice can not be achieved by Gaussian

lattice except L, = 2, 8,16, 32;
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TABLE 1
OPTIMAL CYCLOTOMIC LATTICES FOR L; TRANSMIT ANTENNAS

Amin(TL, (Gm,n))

L (m,n) in Gmn [det(Ac, )[E+/?[det(Gmmn)l
2| (3,9,43),62) 7

3] (33),(36),(63) FRETES

4| (3,5),(3,10),(6,5) = =

61 (3,7),(314),(6,7) 0T
8 | (3,20), (4,15), (6,10) T
9 | (3,9),(3,18),(6,9) T0303x10%
10 | 3,11), 3,22), (6, 11) ST
12 | (3,15), (3,30), (6,15) TIEIXIT
16 | (3, 40), (4, 30), (6, 20) TS
18 | (3,21), (3,42), (6,21) T
20 | (3,25), (3,50), (6,25) T
22 | (3,23), (3,46), (6, 23) T
24 | (3,35), (3,70), (6,35) T
27 | (3,27), (3,54), (6,27) TR
28 (3,29), (3,58), (6,29) T
30 | (3,33), (3,66), (6,33) T
32 | (3,80), (4, 60), (6,40) ST

iii) the L; = 4 dimensional optimal cyclotomic lattice can not be
achieved by Gaussian lattice;

iv) since as we explained in Section III, the generating matrix G, ,»
is unitary if and only if L; = n, most of the optimal generating
matrices Gy, , are not unitary.

We want to make another remark here. When the number of transmit
antennas is a prime, i.e., Ly = p, if we let m = pmg and n = p with
ged(p,mo) = 1, or n = 2p with ged(2p, mo) = 1, then it is not hard
to show that

¢(mn)

_r-p_ »
¢(m) '

L, = =
t p—].

Thus, the corresponding G, in (16) can be used as a generating ma-
trix to generate full diversity cyclotomic lattices (or space—time codes).
However, which one is optimal remains open.

C. Comparison With Existing Lattices

Now let us compare our proposed optimal cyclotomic lattices with
some existing ones based on our result in Lemma 1.

For the complex lattices I'> (M) and T's (M) over A¢, in [3], [5],
| det(M>)| = 1, the minimum product din (T2(M2)) = \5F,

| det(My4)] = 1 and the minimum product dy,, (Fa(Ms)) =
Thus,

|det(.»’\<4)det(M2)| - 5
and

dn7,in(r4(M4)) — i
[det(Ae ) Pldet(Ma)] — 10°

For the complex lattices T'2(Gay) and T4 (Gay) over A¢, in [2], [3],
| det(G2s)| = 2V/3, the minimum product dyin (T'2(Gas)) = 1, and
| det(G4y)| = 64 and the minimum product dy,in (Ta(Gay)) = 1.
Thus,

[det(Ac,)det(Gay)|  2¢/3

and

dmin(r—l(G‘lf)) _ 1

[det(Ac)P[det(Gap)] ~ 64°
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For the complex lattices I'2(G2) and T'4(G4) over A¢, in [2],
[3], | det(Gs)| = 2, the minimum product dp,in (T'2(G2)) = 1, and
| det(G4)| = 16 and the minimum product d,,,in (T4 (G4)) = 1. Thus,

dinin(T2(G2)) 1 drmin(T4(G4)) 1

[det(Ae,) det(Ga)] 2 ™ [det(Ae, )Pl det(Ga)] 16

Notice that Gia = G5 and G4 = G4 and they are equivalent to G4 2
and (4 4, respectively, which are not optimal.

From Theorem 4, we know that cyclotomic lattice I'2(Gs,2) over
A¢y = Z[¢6] and cyclotomic lattice 'y (G4 3) over A¢, = Z[j] are two
optimal cyclotomic lattices for two transmit antennas, and cyclotomic
lattices T'4(Gs 5) and T'4(Gs 5) over A¢y, = A¢g = Z[(3] = Z[{6]
are two optimal cyclotomic lattices for four transmit antennas. Further-
more,

V3
| det(A)| = | det(Ag,)| = %

|d0t(G6,2)| =2
|dt‘t(G4,3)| = \/g
|dt‘t(03,5)| = |dt‘t(G575)| =11.1803

and
dmin (I‘2(G672)) = d[]lirl(r2 (G173)) = dmin(r4(G3.5))
= d[nin(]-—‘/l(:GGﬁ)) =1
Thus
d,ﬂin(ré(G(;,Q)) _ dn-,in(FQ(Gél,B))
| det(A¢y) det(Gs 2)| | det(Ac,) det(Ga3)]
1 1
= — > —
7372
and

dmill(r4(G3,5)) — dmin(r—i(GG,S))
| det(Aey)|?| det(Gas)| | det(Acy)|?| det(Ge.5)|
4 1

= 3% 1L1s03 ~ 16"

This shows that the optimal cyclotomic lattices we present here are
better than the existing examples in the literature.

V. DIAGONAL CYCLOTOMIC SPACE-TIME CODE DESIGNS

By using the cyclotomic lattices proposed in the last section and the
structures studied in [2] and [5], we can generate some new diagonal
space—time codes and linear precodes for fast fading channels. To de-
sign a rate R cyclotomic space—time code for L; transmitters is to find
asubset €2 of some L, dimensional cyclotomic lattice I'r,, (G ., ) such
that it can achieve good performance.

A. Design Schemes

To design a cyclotomic space-time code €2 of a certain size ||,
we first select an optimal L; dimensional cyclotomic lattice by using
the criterion developed in Section IV. After a cyclotomic lattice
U1, (Gn,n) is selected, we select |€2] points on the lattice with the
smallest total signal energy. The theory developed in Section III have
ensured that such a space—time code has full diversity and a good diver-
sity product. Let us formulate it in details below. Assume cyclotomic
lattice 'z, (Gim,n) over A¢,, is selected. Let y = [y;,... gth]T,
diag(y) = diag(y,,...,y;,),z = [21,... ,xr,]” € (Ag,,)"t, and
¥ = Gm,n2. The goal of designing a cyclotomic code €2 of size |{)]
here is to select

0 = {dins(y,) 3, = Gz, # 2, € (Ac,)"

1si¢13|ﬂ|} 29)
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such that

12

Z lly, [|*is minimized.

=1

(30)

Since the vectors y. are on a lattice, the mean of all the codewords may
not be zero, i.e.,

12|

1
&éﬁZEﬂéO
=1

which may waste the transmission signal power. Therefore, we need
to shift the selected space—time code to the origin to form the final
diagonal space—time code

Q= {diag(y, —p): 1 <i < |9} 31)

There are at least two approaches to solve this problem depending on
how the information symbols & are selected and binary information bits
are mapped to space—time codewords. Notice that & = [z, ..., 27,]7
and each component #; can be thought of as either a 2-D real lat-
tice point on A¢,, or equivalently a complex number as explained in
Section 1II.

Method I: Component-Wise Independent Selection —A ¢, -QAM:

In this case, the space—time code size has to have the form of
Q| = 27", where R is the throughput in bits per second per Hz
(bits/s/Hz) and the components ; in & are independently selected
from 2/-QAM located on the two dimensional lattice A¢_, such as
the conventional QAM on the square lattice if m = 4 and QAM on the
equilateral triangular lattice if m = 3 or 6. This method is described
as follows.

Select 2"-QAM signal constellation S on the lattice A, such that
its total energy is minimized

S={zi:xi# 2 €A((m), 1<i£1<2)

and

min |||

>

2ESCAC,

This method is called A¢,, -QAM for convenience and in case A, =
Z[(rm], it is called Z[(,,]-QAM.

With this method, binary information bits are first mapped to com-
plex symbols z; € §,1 < i < L. Then, these symbols &; are encoded
into diagonal space—time codewords as described in (29)—(31) for €24
and €2.

Method II: Joint Component Selection—A, -Joint: In this case,
since the components z; € A, of & are jointly considered, we should
be able to minimize the codeword vector y energy as described in
(29)-(30) by selecting the optimal || distinct vectors 2% € (A., )™
forl <i < |Q|. Then,letS = {27 : 1 < i < |Q]}.

With this method, the encoding can be done as follows. Each
log, (|€2]) bits of binary information are mapped to a vector, say &;

ig>

in S. Then, this vector &7 is used to generate a diagonal space-time

code diag (y? — ,u,), where
¥, K

2]
o __ o _ 1 o
¥, = Gmn; and p = ﬁ Eﬂ ¥,

B. Some Design Examples of Optimal Cyclotomic Space—Time Codes

Based on the optimal cyclotomic lattices found in the previous sec-
tion, we can design optimal cyclotomic space—time codes as described
in Section V-A. We now present a few examples based on the optimal
cyclotomic lattices for Ly = 2 and L; = 4 in Section IV and the
two methods, Method 1, i.e., the “ A¢, . -QAM” method, and Method 11,
i.e., the “ A¢, -Joint” method, introduced in Section V-A. The energies
of space—time codewords are normalized in the following way: for L,
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TABLE 1I
DIVERSITY PRODUCTS OF DIAGONAL CODES FOR TWO TRANSMIT ANTENNAS

Bit Rates Space-Time Codes
(bits/s/Hz) Mz-Z[j]-QAM Gz-Z[j -QAM Gz-Z[j]-JOint GGQ-AC -QAM GsyQ-ACG-JOth
3 55T 3 16562 Exiv ER
4 iz 0 3053 575 52766
TABLE III
DIVERSITY PRODUCTS OF DIAGONAL CODES FOR FOUR TRANSMIT ANTENNAS
Bit Rates Space-Time Codes
ts/s/Hz) [ My-Z[j-QAM | Go-Z[j-QAM | G4-Z[j]-Joint | Ggs-Ace-QAM | Ggs-Ac,-Joint
4 000 T600 5050 o5 GELEIE

Symbol Error Rates for Tx=4, Bit Rate R=2

Symbol Error Rate

T | EEEEEEEEEEEEEE 3

—%— Opt-Cyclotomic |
— G4—QAM ]
— DAST

Fig. 1.

transmit antennas and a space—time code of rate R bits/s/Hz, the total
energy of 2"t ** diagonal matrices (or codewords) is normalized into
2Lt X We then compare these codes with the existing ones in [2], [3].
For the cyclotomic lattices G2 and G4 in [3], [5], which correspond to
the nonoptimal G4 2 and G4 4 in the family presented in this correspon-
dence as we explained before, we also use Method I and Method II to
design the optimal cyclotomic space—time codes. The diversity prod-
ucts for these codes are listed in Table II and Table III. One can clearly
see the improvement of the optimal cyclotomic space—time codes pre-
sented in this correspondence over the existing ones in the literature.

VI. SIMULATION RESULTS

In this section, we present some simulation results for four transmit
and two receive antennas. Similar to that in [5], the codeword is nor-

Codeword error rate comparisons: four transmit antennas, two receive antennas, and 2 bits/s/Hz.

malized such that the mean power of codewords at all transmit antennas
is 1. The additive white Gaussian noise at each receive antenna has a
variance 0> = 1/SNR = L,./(2SNR) per real dimension, where L,
is the number of receive antennas and SNR is the signal to noise ratio
at each receive antenna. The channel is assumed quasistatic Rayleigh
fading. Two kinds of diagonal cyclotomic space—time codes are com-
pared: the nonoptimal one but the best in the existing literature, i.e.,
G4 in [3], [5], and the optimal one, i.e., G 5 found in Section IV and
listed in Table II. The simulation results of codeword error probability
for three different bit rates R, R = 2, 3, and 4, are shown in Figs. 1-3,
respectively, where “-QAM” and “-Joint” correspond to the two dif-
ferent diagonal cyclotomic space—time code design methods, Method I
and Method II, respectively, in Section V. For rate R = 2 case in Fig. 1,
the code G4-QAM and G4-Joint are the same and so only G4-QAM is
shown. The reason why the codeword error probability is provided is
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Symbol Error Rate

Symbol Error Rates for Tx=4, Bit Rate R=3

— —
‘| =% Opt-Cyclotomic
“““““ ol — G4-Joint

B e SRR —+ G,-QAM
DAST

I 1 ) 1 I
6 8 10 12 14 16
SNR

Fig. 2. Codeword error rate comparisons: four transmit antennas, two receive antennas, and 3 bits/s/Hz.

Fig. 3.

Symbol Error Rate

-5
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Symbol Error Rates for Tx=4, Bit Rate R=4

Opt-Cyclotomic
G 4—Joint

I I ] ) )
6 8 10 12 14 16
SNR

Codeword error rate comparisons: four transmit antennas, two receive antennas, and 4 bits/s/Hz.
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that the Gray mapping for Method 1II, i.e., “-Joint” is not available. In
these figures, the DAST codes in [5], [3] are also compared. One can
clearly see the performance improvement of the optimal cyclotomic
codes over the nonoptimal ones in the literature, which has illustrated
the theoretical results obtained in Section V-B.

VII. CONCLUSION

In this correspondence, a systematic and full diversity cyclotomic
lattice design has been proposed. The newly proposed full diversity cy-
clotomic lattices have a concrete form and infinitely many members for
a fixed lattice dimension. Due to the concrete form of the cyclotomic
lattice generating matrices, we have presented the optimal cyclotomic
lattices based on the packing density theory, where the optimality is in
the sense of minimizing the mean transmission signal power for a fixed
minimum (diversity) product or equivalently maximizing the minimum
product for a fixed mean transmission signal power. It is found that (i)
the square lattice Z[j] based designs are not optimal in most cases and
(ii) the optimal generating matrices are not unitary in most cases. The
cyclotomic lattices have immediate applications in the designs of diag-
onal space—time block codes for multiple antennas and linear precodes
for achieving signal space diversity for single antenna systems over fast
Rayleigh-fading channels. Although the most optimal cyclotomic lat-
tice generating matrices are not unitary, it is found in [47] that their
capacity losses are not significant.

Diagonal codes have applications not only as space—time codes
themselves but also in quasi-orthogonal space—time code designs
as recently observed in [20], where it is shown that, for a fixed
quasiorthogonal design, the diversity product of a quasi-orthogonal
space—time code equivalently depends on the diversity product of a
diagonal space-time code. Although the optimality on the cyclotomic
lattices has been studied for various numbers of transmit antennas,
it is still open for several numbers of transmit antennas, such as
L; = 5. As explained in Section II, an L;-dimensional complex
lattice can be converted to a 2 L,-dimensional real lattice. In contrast, a
2 L;-dimensional real vector on an 2 L,-dimensional real lattice can be
used to form an L; dimensional complex vector by grouping each two
consecutive real components into a complex number and the signal
energy does not change in the conversion. In other words, any 2L -di-
mensional real lattice can also be used to design a complex-valued
diagonal space—time code. The difference is that these L; dimensional
complex vectors may not necessarily form a complex lattice and in
case they form a complex lattice, then it is equivalent to a complex
lattice studied in Section II. Therefore, the complex lattice design is
a special case of the above real lattice design. We believe that the
ultimate goal of the lattice-based diagonal space—time code design is
to design optimal 2L; X 2L, real generating matrix /' such that the
L, dimensional complex lattice formed from the 2L, dimensional real
lattice by grouping two real dimensions into one complex dimension
has the maximal minimum product when the mean signal power is
fixed. As a final remark, optimal cyclotomic lattices for more general
number, L, of transmit antennas and some optimal full rate diversity
cyclotomic spare-time codes have been recently obtained in [46], [47].

APPENDIX A
PROOF OF THEOREM 1

Before we prove Theorem 1, we need some results on algebraic
number fields.

Let I be a field and F[x] denote the polynomial ring over F, i.e., all
polynomials with coefficients in F. Let f(z) € F[z]. A splitting field
of f(x) is a field extension E of F such that polynomial f(z) splits in
E,i.e., f(x) can be factorized into order 1 polynomials of coefficients
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in E, but it does not split in any proper subfield of E. For more details
about a split field, see, for example, [42]. E is called the splitting field
of f(z) over F.

Let F C E be two fields and assume that E is a splitting field of a
polynomial over F. Galois group Gal(E/F) denotes the quotient group
of F in E, i.e., E/F, and consists of all the automorphisms of E that
fix F.

We now cite three results (Propositions) from algebraic number
fields, which are used to prove Theorem 1.

Proposition 3: ([42, p. 36]) If E is the splitting field of a polynomial
f(x) € Flz] over F, then |Gal(E/F)| = [E : F], i.e., the extension
degree of E over F.

Proposition 4: ([43, p. 75]) If K is the splitting field of =™ — 1
over Q, then [K : Q] = ¢(n) and Gal(K/Q) = {n; : 1 < n; <
n — 1 and ged(n;,n) = 1}. Moreover, if w is a primitive nth root of
unity in K, then Gal(K/Q) = {o; : ged(i,n) = 1,1 <i < n —1},
where o; is determined by o (w) = w'.

An example of K in Proposition 4 is IK = Q((,, ). In Proposition 4,
ged stands for the greatest common advisor and ged(a, b) = 1 means
a and b are co-prime.

Proposition 5: ([42, p. 37]) Let F C B C E be three fields and B
be the splitting field of some polynomial f(z) € F[z] over F and E
be the splitting field of another polynomial g(x) € F[x] over F. Then,
Gal(E/B) is a normal subgroup of Gal(E/F), and the quotient group
Gal(E/F)/Gal(E/B) = Gal(B/F).

We are now ready to prove Theorem 1. To use Proposition 5, let F =
QB = Q((n), E = QGmn), f(#) = 2™ — Land g(2) = ™" — 1.
Then, it is easy to check that Q((,,) is the splitting field of f(x) =
'™ — 1 over Q and Q((on.r ) is the splitting field of g(z) = ™" — 1
over Q. From Proposition 3, we have

|Ga‘1(Q(<'"'L)/Q)| = [Q(Cmn) : Q] = é(mn)

and
|Gal(Q(m)/ Q) =[Q(¢m) : Q] = d(m).
Using the results in Proposition 4 and Proposition 5, we have
Gal(Q(Cmn)/Q) ={0, : ged(i,mn) =1, 1 <i <mn — 1}
Gal(Q(¢m)/Q) ={o; : ged(i,m) =1, 1 <i <m — 1}

and Gal(Q(Cmn)/Q(Cm)) is the coset of Gal(Q(¢m)/Q) in
Gal(Q((mn)/Q). Therefore,

Gal(Q(Cmn)/Q(Cm))

= {Ul+m71,

sged(l 4+ mng,mn) =1,0<n; <n-—1}
which can be seen from the fact that o1, is in the coset of o1 €
Gal(Q(¢m)/Q) in Gal{Q(Cmn )/Q). This means that there are L; =
$lmn automorphisms ¢; of Q((my ) that fix Q((y, ), and all of them

()
have the property o;((n) = CJ\,*"" " Q.ED.

, where N = mn.

APPENDIX B
OPTIMAL CYCLOTOMIC LATTICES FOR TWO TRANSMIT ANTENNAS

For two transmit antennas, we have the following Theorem 5.

Theorem 5: For two transmit antennas, I';(Gs4) over Ac,,
I'2(Gs,2) over A¢,, and T'o(Gla 3) over A¢, are the optimal cyclo-
tomic lattices with

Qin(T2(G3.4))  duwin(T2(Ge 2))
| d(\’t(ACI} ) dOt(G3,4)| - | d(‘t(Ags) (IFE(G()"g )l
_ duwin(D2(Gag3)) V3
T det(Ac,) det(Gaz)| 3
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where
C12 sz}
Gsa =G o = .
e {—cu ¢t
C12 (it }
Gasz = a1,
we [Clz(‘s (G
Proof: From (3)
A — 1 cos(2m/3)
< 0 sin(27/3)

1 cos(m/3)
0 sin(w/3)

10
A= L) 1] '
It is easy to check

| det(Gis,a)|[ det(Agy )| =] det(Ge,2) || det(Ag,)|
= | det(Ga.a)l| det(Ac,)| = V3.
From Proposition 2, we know
dmin (T2(G3.4)) = dmin (T2(G6,2)) = dmin (T2(Ga 3)) = 1.
Thus,

and

dmin(FQ(G3,4)) — dmin(FZ(G6,2))
|det(Aey) det(Gsa)| | det(Ag,) det(Ge.2)|
B

_ duwin(T2(Ga3)) V3

o |det(AC4)det(G4,3)| T 37
This implies that To(G34) over A¢,, T'2(Ges2) over A¢,, and
I'2(Ga,3) over A¢, are the same according to the criterion in Sec-
tion IV-B. We next prove that they are optimal among cyclotomic
lattices T'2 (G, ) for any integers m and n with #”i’(';’;) =2.

Since L; = 2, there are two integers n; and no in the generating
matrix Gy, » in (16). Since n; = 0, to determine G, ,», we only need
to determine the integer no with 0 < no < n such that 1 4+ nom and
mn are co-prime.

Let m and »n be integers and N = mn such that % = 2. There
are two different cases: gcd(m,n) = 1 and ged(m,n) > 1.

Case 1: ged(m,n) =1

In this case, m and n are co-prime and ¢(N) = o(mn) =

¢(m)d(n). Thus, we have i%)) = ¢(n) = 2. Therefore, there are

only three subcases for values n: n = 3,n = 4, orn = 6.

Subcase 1.1. ged(m,n) = 1,n = 4

In this subcase, m is an odd number. In order to find the form of the
generating matrix G, in (16), we need to find the integer no in the
range from 1 to n — 1 = 3 such that 1 4+ nzm and 4m are co-prime.
Since m is odd, n2 has to be even and therefore, 7o has to be 2, i.e.,
no = 2. This implies that the generating matrix G, 4 in (16) is

| < 5 ] {1 1HCN o}

m, 4 — 2m 2 m) = - -
TG TG dlle &

It is not hard to see that | det(G 4)| = 2. By using the result in

Theorem 3, we know that I'2 (G’ 4) over A, is the optimal cyclotomic
lattice in this class.

Subcase 1.2. gcd(m,n) = 1,n =3

In this subcase, m can not be divided by 3 and the integer n2 in
G, has only two possibilities of ne = 1 or na = 2. Since m can not
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be divided by 3, m has only two different forms, m = 3mo 4+ 1 and
m = 3myg + 2 for integers my.
i) Consider the case when m = 3mgy + 1. If n, = 2, then 1 4+
nam = 142m = 3+3m thatis not co-prime with mn = 3m.
This proves that no = 1 when m = 3mo + 1.
i) Consider the case when m = 3mg + 2. If no = 1, 1 + nom =
1+ m = 3mg + 3 that is not co-prime with mn = 3m. This
proves that ny = 2 when m = 3mo + 2.

Go back to the generating matrix G,,3

2
N (N
1+nom 2(1+4ngom)
N gN

“lo o ll5 &l
e o@mllo &)

Since m > 3 and ged(m,3) = 1, we have m > 4. we next prove
that I'> (G4, 3) over A, is the optimal among the cyclotomic lattices in
class I'2(Gim,3) over A¢,, form > 4.

Since 1 and (,,, belong to A¢,, C Z[(w], points 2 = 1 — (,,, and

Cm
—a are on lattice A¢,, C Z[(n]. Thus

{%}_[ v 4 Hm}
- 1M 2(1+nom
Y 1,\+ - N( ) -z

is a point on the cyclotomic lattice I's (G, 3) over A¢, . Therefore, the
minimum product dmin (T2(Gm 3)) satisfies

dlﬂil1(r2(G777,3)) S |I|2 |(1 - (3771) (1 - Cg:L2<37n)| .

Gm,i} =

Let

|det(Ac,,)
Since |2| = 2sin(n/m) and | det(A,,. )| = sin(2x/m ), we have
Fm) = 2 tan(m/m) (1 = Com) (1 G2 Gam )]

By the discussions in i) and ii), we have the equation shown at the
bottom of the page. It is easy to check that

dn1in(F2(G7n,3)) . .
R SHm < f3) <09 <1
— dmin(F2 (G4,J))

| det(AC4)|

for m > 5.

From Theorem 3, the optimality of cyclotomic lattice T'2(Gl,3) over
A¢, also holds in this case.

Subcase 1.3. ged(m,n) =1, n =6

This subcase is similar to Subcase 1.1 when n = 4.

Case 2: ged(m,n) > 1

From Lemma 2, we know

_O(N) _ ¢(mn)

/

¢(m)

T oo(m)
Thus, we have gcd(m,n) = 2. We next want to show n = 2. In fact,
if n = 2ng for np > 1 and no is even, then n = 2"ng with r > 2 and
ng > 1. From Lemma 2, it is not hard to see

> ged(m,n) > 1.

o(mn)

O 4.

o[ 2tan(m/m) [(1 = Gm) (1 = GGm)l
fim) = 2 tan(w/m) |(1 = Gm) (1= G Gm)

ifm=3mo+1,mo

IV IV

s if m = 3mo + 2, mo
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If n=2no for no >1 and no is odd, then no >3 and ged(m, ng) =1
due to ged(m,n) = 2. From Lemma 2, it is not hard to see

o(mn)
o(m)

=2¢(ng) > 2

which is because ¢(ng) > 1 when ng > 2. This contradicts with the
assumption of L; = 2 and therefore proves n = 2.

Since ged(m,2) = 2, m has to be even. Since n = 2, the two
integers n; and ng in Gy, 2 in (16) have tobe ny = 0 and no = 1.

Thus
G = { (N~ G ] _ [1 1 ] |:<N 0 }
Tm,2 — m y m) - y .
' Thm 214m) 1 —-1]|0 &

In this case, | det(Gn 2)| = 2 for any even m. By Theorem 3, we
know that the best cyclotomic lattice in this class is I's(Gs,2) over
A¢e = Z|¢s]. Furthermore, since |det(Ac,)| > | det(A¢, )], lattice
T'2(Gs,2) over A¢, is strictly better than T2 (G4 2) over A¢, that is the
same as G2 in [2], [3]. Q.E.D.
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