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Abstract—To achieve full cooperative diversity in a relay net-
work, most of the existing space—time coding schemes require
the synchronization between terminals. A family of space-time
trellis codes that achieve full cooperative diversity order without
the assumption of synchronization has been recently proposed.
The family is based on the stack construction by Hammons and
El Gamal and its generalizations by Lu and Kumar. It has been
shown that the construction of such a family is equivalent to
the construction of binary matrices that have full row rank no
matter how their rows are shifted, where a row corresponds to
a terminal (or transmit antenna) and its length corresponds to
the memory size of the trellis code on that terminal. We call
such matrices as shift-full-rank (SFR) matrices. A family of SFR
matrices has been also constructed, but the memory sizes of the
corresponding space-time trellis codes (the number of columns
of SFR matrices) grow exponentially in terms of the number of
terminals (the number of rows of SFR matrices), which may cause
a high decoding complexity when the number of terminals is not
small. In this paper, we systematically study and construct SFR
matrices of any sizes for any number of terminals. Furthermore,
we construct shortest (square) SFR (SSFR) matrices that corre-
spond to space—time trellis codes with the smallest memory sizes
and asynchronous full cooperative diversity. We also present some
simulation results to illustrate the performances of the space-time
trellis codes associated with SFR matrices in asynchronous coop-
erative communications.

Index Terms—Asynchronous cooperative diversity, relay
networks, shift equivalence, shift-full-rank (SFR) matrices,
space-time coding.

1. INTRODUCTION

ELAY networks have attracted much attention lately for
Rcombating fading, which have applications in both cel-
lular networks and sensor networks where it is not easy to equip
multiple antennas for a mobile station or sensor terminal due
to size and cost limitations. For relay networks, the idea of ar-
ranging different relay terminals to communicate cooperatively
to achieve spatial diversity called cooperative diversity has been
proposed in, for example, [1]-[4]. In most of the existing pro-
tocols and space—time coding schemes for relay networks, for
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example, [3]-[10], in order to achieve the full cooperative di-
versity, the synchronization between relay terminals is assumed.
However, different from a conventional multiple antenna system
where multiple antennas are located at the same place and only
one local oscillator is used, the individual terminals in relay net-
works can be geographically dispersed and respective local os-
cillators are used, so the cooperative diversity is asynchronous
in nature. With this consideration, asynchronous cooperative di-
versity has been studied in, for example, [11], [12], [26], [27],
[13]-[17].

Recently, in [12], [26], [27] a family of space—time trellis
codes achieving full cooperative diversity without the syn-
chronization assumption between relay terminals has been
proposed. This family is based on the algebraic stack construc-
tion of space—time codes by Hammons and El Gamal [18] and
its generalizations by Lu and Kumar in [19], [20]. In [12], [26],
[27] it has been shown that the construction of such a family
is equivalent to the construction of binary matrices that have
full row rank no matter how their rows are shifted, where a
row corresponds to a terminal (or transmit antenna) and its
length corresponds to the memory size of the trellis code on
that terminal. We call such matrices as shift-full-rank (SFR)
matrices. A family of SFR matrices has been also constructed
in [12], [26], [27] but the memory sizes of the corresponding
space—time trellis codes (the number of columns of SFR ma-
trices) grow exponentially in terms of the number of terminals
(the number of rows of SFR matrices), which may cause a
high decoding complexity when the number of terminals is not
small.

In this paper, we systematically study and construct SFR
matrices of any sizes for any number of relay terminals. Fur-
thermore, we construct shortest (square) SFR (SSFR) matrices
that correspond to space—time trellis codes with the smallest
memory sizes and asynchronous full cooperative diversity.
We also obtain numerous properties of SSFR matrices. We
emphasize that, although our study is carried out for binary
matrices (over the binary field), we shall see that most of
the constructions hold over any commutative integral domain
[25] (including any field). We further present some simulation
results to illustrate the performances of the space—time trellis
codes associated with SFR matrices in asynchronous coopera-
tive communications.

This paper is organized as follows. In Section II, the system
model is described and the results obtained in [12], [26], [27]
are briefly reviewed. In Section III, some notations and sym-
bols are first introduced and the concept of SFR matrices is then
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formally defined. Some basic properties that will be used in the
subsequent constructions of SFR matrices are also provided. In
Sections IV and V, systematic constructions and properties of
SFR matrices and SSFR matrices are presented, respectively.
In Section VI, some simulation results are provided. Finally, in
Section VII, this paper is concluded.

II. SYSTEM MODEL AND PROBLEM FORMULATION

In this section, we first describe the system model by recalling
some of the descriptions in [12], [26], [27] for this paper to be
self-contained, and then briefly review the main results obtained
in [12], [26], [27] which reveal the problem we are interested in.
In what follows, we adopt the notations used in [12], [26], [27].

A. System Model and Asynchronous Cooperative
Communications

Consider a relay network shown in Fig. 1 with M + 2 ter-
minals that communicate cooperatively, where S is the source
terminal, D is the destination terminal, and I;,7 = 1,2,..., M,
are the potential relays (intermediate terminals). The same as
[3][4], we assume that there are two phases during the coopera-
tive communication. In Phase I, .S broadcasts its information to
potential relays I;, 2 = 1,2, ..., M. In Phase II, S stops trans-
mission, and potential relays start to transmit. In this paper, we
are interested in the decode-and-forward approach, where the
potential relay detects the source information first, and if it can
successfully detect the source information, then it is enrolled in
Phase II transmission.

During Phase II, relay terminal I; first demodulates the re-
ceived signal and does CRC check to see whether the detected
information is correct. Assume the ones that can pass the CRC
check do not have any errors in their detected information. We
use R, to denote the set of potential relays that can successfully
detect the source information during a packet/frame from S, and
use M to denote the cardinality of the set R, i.e., My = |Rs|.
Then, the terminals /; € R will be enrolled in the transmission
of Phase II. It is clear that the terminals and the number M of
the terminals in set R, depend on the channel quality between
the source and the potential relays. It is usually assumed that M
is arandom variable [4]. As analyzed in [4], the protocol that re-
lays transmit space—time coded signals on the overlapped chan-
nels performs better than the protocol that relays just repeat their
detected information on the orthogonal channels. Therefore, in
what follows, we assume that a space—time coded transmission
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is used during Phase II. In Phase II, if the enrolled relays are
synchronized upto a symbol duration, the destination receives

ya(n) = > hra(n)wr(n) +wa(n), 1
LER,
1<i<M
where hy, q(n) is the channel coefficient between I; and the
destination D, Rayleigh distributed with unit power, and as-
sumed known at the receiver, wq(n) is the AWGN at D and
has zero mean and variance o2 per real dimension, and 1, (n)
is the transmitted information symbol by I; that is encoded
based on the information zs(n) the relay terminal I; correctly
received and detected from the source S. Note that z,(n) is the
same for all I;. To achieve a spatial diversity, a channel is typi-
cally assumed to be quasi-static, i.e., hr, 4 keeps constant during
the transmission of one packet/frame, and then changes inde-
pendently in the next packet/frame. Assuming the packet/frame
length is L, (1) can be written in matrix form as

ya =hr X7+ wy )

where y; € C1*E hr, € CY*M: w, € C1*E and X7 €
CM-xL j5 the space—time coded signal matrix of dimension
M, x L:

xh(l) x11(2> x11<L>
Xr = 3?12.(1) 3712.(2) .. B (L) )
fo;(l) xIJ\J; (2) | xI]\I; (L)

and different rows in X are transmitted by different relay ter-
minals, and C is the set of all the complex numbers. There
are two major differences between the conventional space—time
codes [21], [28], [22] and the space—time codes in cooperative
communications. One is that the number M, of rows in Xy
is a random variable instead of a constant in the conventional
space—time codes which equals to the number of transmit an-
tennas in the co-located antenna array. The other is that each
row in matrix X; may not be symbol aligned, and the relative
timing errors between different relays may be random. For ex-
ample, X7 can be equal to (3) shown at the top of the following
page. In the following, we call X{ as an asynchronous version of
X7. This is due to the asynchronous nature of cooperative com-
munications, where the transceivers are distributed in different
terminals and a central local oscillator is lacking. In the above
asynchronous cooperative communication, although the symbol
synchronization is not required, we assume that each relay ter-
minal is packet/frame synchronized, i.e., the start and the end
of each packet/frame in different enrolled relays are aligned,
which can be implemented by using network signaling. When a
relay terminal is waiting for a packet/frame synchronizing flag,
the dumb signal « is transmitted. We also assume that the rela-
tive timing errors between different relays are integer multiples
of the symbol duration and a fractional timing error can be ab-
sorbed in the channel dispersion. We further assume that these
relative timing errors are known at the receiver but not at the
transmitter. The maximum relative timing error is assumed to be
L. So, the actual transmitted space—time code matrix is of di-
mension M, x L', where L, < I < L+ L.. In each row, totally
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L' — L dumb symbols x are padded to the beginning and/or the
ending of a packet/frame transmission. Similar to the conven-
tional space—time code design, to achieve good performance,
we need to have the full diversity order and a good diversity
product as shown in [21], [28], [22], while the following two
differences must be considered as we mentioned previously: 1)
the number of rows in the space—time code matrix is random; 2)
the rows in the space—time code matrix are not symbol-aligned.
The first one is, in fact, not too difficult to deal with since every
space—time code of dimension M x L designed to have full
diversity order, M, also has full diversity order, M, if any
M — M, rows in X7 are deleted, where it is assumed that the
frame/packet length L > M. However, the second difference is
not easy to handle. For example, the delay diversity codes [22],
[23] that are designed to ensure full diversity order in the con-
ventional space—time codes [22] do not have the full diversity
property in asynchronous cooperative communications. Also,
the existing space—time block codes, for example, orthogonal
space—time codes and lattice based space—time block codes, do
not have the full diversity order property when the transmission
is not synchronized.

B. Some of the Main Results Obtained in [12], [26], [27] and
Problem Formulation

We next briefly review some of the main results obtained in
[12], [26], [27], i.e., a family of space—time trellis codes that
can achieve full diversity order in the asynchronous coopera-
tive communication for any symbol-wise timing errors within a
maximal range L.. We first design the space—time trellis codes
where each element in X is a BPSK signal based on the alge-
braic stack construction by Hammons and El Gamal [18], and
then generalize the construction to QAM, PSK, and PAM sig-
nals by using the unified construction by Lu and Kumar [20].

When the source information bits are detected in a relay I,
1=1,2,..., M, if they are correct during a packet/frame, they
are passed through a tapped delay line (or a linear shift reg-
ister) with tapped coefficients (g;.0, gi,1, - - -, gi,i), Where g; 4 €
Fy, 2 {0,1} ford = 1,2,...,v, and v is the maximal delay.
We denote g;(D) £ g; o+gi1D+---+gi,D” and Gp (D) =

(91(D), g2(D),...,grm(D)), where and in what follows D de-
notes the delay symbol. The coefficient matrix of G (D) is
defined as

91,0 911 [/NIR%
g2,0 92,1 92,v

Gu = . 4)
gm0 9m,1 9M,v

If the binary source information bits detected in the relays in
one packet/frame is @ € [F% *, then the binary output of the
tapped delay linesis thesetC = {C(a) € [FSM(HL“) |C(a) =
(e1(@), ea(a), ..., ear(@))T, @ € FE*}, where ¢;() for i =
1,2,..., M is (5) shown at the bottom of the page.

Space—time code generated by Gy (D) (or Gyr) is defined
as the set

X = {X;(a) € M UHED| (X1 (@)
= (—1)€@)mn O(a) € C}.

In this construction, if the maximum timing error range in one
packet/frame is L. and BPSK modulation scheme is used, when
the information bits in one packet/frame is L,,, the rate of the
space—time code X’ generated from G /(D) is Ly, /(Ly + v +
L.) bits/s/Hz. For long packet/frame, the rate approaches 1 bit/
sec/Hz. The above construction in general is the same as the
one obtained by Hammons and El Gamal [18]. In [12], [26],
[27], further conditions described below have been obtained on
the generator matrix G, for achieving the full diversity order
in asynchronous cooperative communications.

Assuming that the relative timing error of relay I; is k;, i.e.,
k; dumb symbols * are padded to the left of the ith row of the
matrix X7 in & to obtain X} of X'“, the asynchronous ver-
sion of X, in (3). If dumb symbol x = 1 = (—1)°, then it is
equivalent to that k; many 0’s are padded to the left of the 7th
row of binary matrix C in C. These matrices can be generated
by G(D) = (93(D), g3(D)...., g% (D)), where g%(D) =
D*:g,(D). Correspondingly, to ensure the full diversity order

gi0  9i1
0 gio
ci(a) = (ug,ug, ..., ur,,) X : :
0

gip 0 - 0
gi1 Yiw 0
: : : : ©)
0 gio i Jiw

L, x(v+Lu)
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in the asynchronous cooperative communication, there are re-
quirements for the tapped coefficients g; 4, 7 = 1,2,..., M,
d =1,2,...,v, which are stated in the following theorem and
the proof is given in [12], [26], [27].

Theorem 1: [12], [26], [27]: The space—time code gener-
ated by Gp(D) = (91(D), g2(D), ..., gpm (D)) has full di-
versity order in the asynchronous cooperative communication if
and only if the coefficient matrix G, of any asynchronous ver-
sion G§,(D) = (91(D), 95(D), ..., g3,(D)) = (D* g1 (D),
D*gy(D),..., D" gy (D)) of G (D)

— a a a
g7 910 911 9 v+,
—, a a a
. g5 920 92,1 92 v+L.
M= . = . .
aa a a a
Im Irmo  9Imn IMv+L.

has full rank, M, in the binary field Fo for arbitrary
k’17 ]{}27 ey k‘]u, where Le = Maxi<i;<mM kl
The above result is for BPSK signals. For higher QAM, PSK
and PAM signals, based on the results by Lu and Kumar in [19],
[20], a general result is also obtained in [12], [26], [27].
Theorem 2: [12], [26], [27]: Let K, U be integers with K >
0,U > 0. Let

{Cijl0<i<U-1,0<j<K—1)

be a collection of UK sets of M x (v + L,,) binary matrices
generated by Gp;(D) using (5) with UK independent binary
vectors @(7) of dimension L, . Let 6 be a primitive 2% -th root
of unity. Let n € Z[f], n # 0, such that n belongs to the ideal
2Z[0] generated by 2 in Z[f]. Let

f:CooxCot %+ xCy_1x-1— X CCMXLutr)

be the map defined by

U-1
K—-1 :
(Co,0,Co,1,...,Cr_1,k-1) = K E TIZHZFO 7,
1=0

where & is a nonzero complex number, C; ; is a matrix in the
binary matrix set C; ;, and the multiplication and exponential
of C; ; to # are carried out entry by entry. Then, if G (D)
satisfies the condition of full diversity order in asynchronous
cooperative communications in Theorem 1, then the space—time
code X generated by the above map f also has full diversity
order in asynchronous cooperative communications.

From the above results in Theorem 1 and Theorem 2, in order
to construct a space—time code X generated by G in (4) with
full diversity order in asynchronous cooperative communica-
tions, it suffices for us to construct a generator matrix G 5y such
that its any row-shifted version G'§, has full rank. As pointed
out in [12], [26], [27], to construct such matrices G y; might not
be an easy task. The difficulty comes from the fact that for a
flat matrix G's such that its all row-shifted versions have full
row rank, adding an additional column to G5y may not main-
tain the property, which is different from the conventional ma-
trix full rankness. Despite this difficulty, in [12], [26], [27], a
family of such binary matrices G 5; has been constructed, where
the number of columns of G5;, however, grows exponentially
in terms of the number M of rows, i.e., the number of relays, of
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G 1, while some shorter ones for small M = 2, 3, 4, have been
also constructed. Note that the number of columns in the gen-
erator matrix GG, determines the memory size and hence the
decoding complexity of the trellis code generated by it. There-
fore, the decoding complexity of the family of space—time trellis
codes presented in [12], [26], [27] may be high when the number
of terminals is not too small.

The main goal of this paper is to systematically study and
construct matrices Gy for any sizes such that they have full
row rank no matter how their rows are shifted. We also con-
struct such shortest, i.e., square, matrices G, that correspond to
space—time trellis codes with the smallest memory sizes when
M is fixed. In the following, we consider the binary case and
will see that the binary case can be easily generalized to the
general case of commutative integral domain. To do so, we first
introduce some notations, concepts and properties of binary vec-
tors and matrices.

III. SFR MATRICES: NOTATIONS, DEFINITIONS,
AND PROPERTIES

Since the shifts of binary row vectors are considered here,
it is necessary and convenient to use a horizontal coordinate
system to characterize the shifts of binary vectors in which the
position of the component with a dot underneath denotes the
origin and the right to the origin is the positive direction, such
as v = ...abcede. ... In what follows, we use small case bold
font letters to denote vectors over the binary field F and small
case letters to denote scalars and components of a vector, such
as,v = (...,v_1,v9,01,...), where v; is the component of v
at coordinate ¢. For example, if v = 11001, then its components
corresponding to coordinates from —1 to 3 are v_1 = 1,99 =
1,v1 = 0,v9 = 0,vs = 1, respectively. Furthermore, we use 0
to denote the all-zero binary vector and 1 to denote the single-
component vector 1.

Definition 1: The length [(v) of a binary row vector v is
defined as the number of components between the most left and
the most right 1’s in v, including the two 1’s themselves. In
particular, let /(0) = 0 and the length of a vector with only one
nonzero component is defined as 1. We define S to be the set of
all binary row vectors with finite lengths. The weight w(v) of v
is defined as the number of 1’s in v as usual.

So,1/(1) = 1 and we have l(v) = 5 and w(v) = 3 for the pre-
vious v = 11001. Since padding any number of 0’s to the two
ends of a vector in S does not affect its properties in the fol-
lowing discussions, we do not differentiate them. For example,
we treat vector 11001 and vector 0011001000 the same.

Definition 2: For any vector v € S, v denotes the row
vector resulted from the 7 bits (coordinate positions) right shift
of every component of v and simultaneously padding O’s to its
two ends if needed, where, when j is negative, it means the |7
bits left shift of v.

Obviously, we have (u + v)fi = uffi + vBi (a.v)f =
a-vE (vER = yRiti v = uft-i ifu = v, and I(v) =
I(vf) foranyu,v € S, i,5 € Z and a € F2, where and herein
- is the conventional scalar multiplication over F2, + between
two vectors in S is the conventional vector addition over Fs,
i.e., the component-wise addition over F», and Z is the set of
all integers. For example, the 3 bits right shift of the previous
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vector v = 11001 is vBs = 0011001, its —2 bits right shift is
vE-2 = 11001, (vE-2)Fs = (vf3)F-2 = 11001 = v# and
I(vF2) = I(vE-2) = I(v) = 5.

Definition 3: For two vectors u, v € S, their vector multipli-
cation o is defined as their convolution, i.e., the component of
u o v at coordinate k is

E Uj - Vig—i,
%

where u; (or v;) denotes the component of u (or v) at coordinate
1. Furthermore, the sth power of the vector v is defined as

vi=vovo---0ovV
—_——

i

for i > 0 and we also define v° = 1.
As a remark, an alternative expression

uov = E ui~vR“'
i

for convolution between two vectors in S is sometimes helpful

to understand the following constructions. There are many

useful properties on convolution and some of them are listed

here, which will be used in this paper.

Some Useful Properties on Multiplication (or Convolution) o
For any u,v,w € S,4,7 € Z and a € F3, we have the

following.
a) Identity, commutative law, associative law, and distribu-
tive law
vii = 1R ov:volR7'7
uov=vou,
(uov)ow =uo(vow),
uo(v+w)=uovtuow, 6)
(a-u)ov=uo(a-v)=a-(uov). @)
b) If u # 0 and v # 0, then
l(uov)=Il(u)+1(v)—1. 8)
Hence,
uov#0 ifu#0 and v #DO0, )
uow=vow, wW#0 implyu=v. (10)
¢) For two shifted vectors
uf ovli = (nov)fti+s, (11)

d) Ifeither u or v is of even weight, u o v is of even weight.
If both u and v are of odd weight, u o v is of odd weight.
Furthermore, v* is of odd weight (or even weight) if v is
of odd weight (or even weight) for ¢ > 1.

The above property c) follows from

ufiovli —uo1fovo1l

(uov)o1fi+i = (uov)fi+i
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and the property d) is because there is always an even differ-
ence between w(u o v) and w(u)w(v). The above properties
imply that the set S with the vector addition (+) and the vector
multiplication (o) is a commutative integral domain [25] with
the additive identity 0 and the multiplicative identity 1. As we
know, convolution of two vectors in S is equivalent to product
of their corresponding polynomials, so (S, +,0) is equivalent
to the polynomial ring! over F5. In fact, our general construc-
tions of SFR matrices to be presented later can also be illus-
trated by the polynomials over the polynomial ring, but since
the expression of vectors in (S, +, o) is more intuitive and ex-
plicit in forming a matrix, we adopt the latter in the following
discussions.

Similar to some concepts of polynomials, we define divisions
and factorizations over (S, +,0) as follows. Let u,v € S. If
there is an x € &S such that v = u o x, v is said to be a
multiple of u, and u is said to be a divisor of v or to divide v.
We write u|v when u divides v, otherwise u { v, and % =X
when u | v. Obviously, we have 1 |v, v|v forall v € S, and
u|vfi if u|v for any j € Z. For given vectors u,v € S,
we can directly check whether u|v or u 4 v by using their
corresponding polynomials.

Definition 4: A shift linear combination of vectors
Vi,Vo,...,V, € S is defined as

R R; R;
al'V1'71 +a2-v2”2+-~-+an-vn“,

where a; € Fo and j; € Z, 1 = 1,2,...,n. Furthermore,
Vi, Vo, ..., Vv, are called shift linearly independent if

R; R; R;
al'vljl +a2'V2]2+"'+an'VnM 750

for any ai,a9,...,a, € [Fo, not all zero, and any
915725 ---,Jn € Z; otherwise, they are called shift linearly
dependent.

Definition 5: A matrix formed as G = [r],rd ... rT|T
with r; € S as its ¢th row is called shift-full-rank (SFR) if all of
its row vectors are shift linearly independent.

Since we treat vectors from adding zeros to the two ends the
same, we also treat their corresponding matrices the same. For

example, we do not differentiate the following matrices

1 0 0 O
Gi=(1 1 00 and
1 1 1 1
0100 000
Go=10 11 0 0 0 0
01 1 1 1 0 0

which certainly have the same SFR property, i.e., either both are
SFR or neither is. Furthermore, since the shift linear indepen-
dence/dependence of n vectors belonging to S implies the same

IThis polynomial ring is slightly different from the conventional polynomial
ring over the binary field, since negative exponent terms are allowed in its ele-
ments, i.e., polynomials. For example, the corresponding polynomial of vector
v = 11001 is fy(x) = 2=! 4+ 1 + 2®. However, the set of such polynomials
corresponding to the vectors of finite lengths is still a ring (furthermore, a com-
mutative integral domain) under the polynomial addition and the polynomial
multiplication.
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property for their shifted versions and a permutation of rows in
a matrix does not affect its SFR, matrices

1 0 0 O
Gi=[1 1 0 0 and
1 1 11

001 111
G3=|1 0 0 0 0 0
01 1.0 00

have the same SFR property too. With this observation, we give
the definition of shift equivalence.

Definition 6: Two matrices A = [aT,aZ’ ... al]T and B =
[bT bZ ... bI]T of the same number of rows are called shift
equivalent if there exist integers 71, jo,. . ., jn such that

ba(i):a?ji, i:1,2,...,n7

where o is a permutation on the set {1,2,...,n}. We denote
this relationship by A «~ B. Furthermore, a class of shift equiv-
alent matrices (or a shift equivalent class) means a collection of
matrices in which every pair of matrices is shift equivalent.

As an example, the above G; and G5 are shift equivalent, i.e.,
G1 « Gj. It is not hard to see that, for a class of shift equiv-
alent matrices, it is sufficient for us to only consider the SFR
property of any one matrix representative in it. Therefore, for
convenience, we next define matrix representatives which have
the most compact forms with respect to the number of columns
and, without loss of generality, we only consider them in the
following discussions. To do so, we first define a subset of S,
which will be useful by itself alone later.

Definition 7: We define 7 to be the set of all the vectors
in & with their most left 1’s located at the origin, i.e., 7 =
{...0labc... |a,b,c,... € Fa}.

So,0 ¢ 7 and (7, 0) is a commutative semi-group with the
identity 1 because it is closed under the vector multiplication.
Moreover, if u,v € 7,we have ¥ € T ifu|v,anduov # 1
unless u = v = 1. However, we can easily find an example such
thatuov € 7 withu,v ¢ 7, such as,u = 111 and v = (11.
Constrained in (7 ,0), we let d = ged(u,v) € 7 denote the
greatest common divisor of u, v € 7. A useful property is that,
foru,v,w € 7, u|vow and ged(u, w) = 1 imply u|v.

Definition 8: We call a matrix G as of standard form if all of
its row vectors belong to 7 and there is no all-zero columns at
its two ends.

In the above example, (5 is of standard form but G and Gz
are not. Notice that the shift equivalence between two matrices
of standard form only means that there is a row permutation
between them, i.e., bg(i) = a; in Definition 6. In what follows,
for convenience, the dots denoting the coordinate origin at the
first column of a matrix of standard form will be omitted. With
the above discussions, the following lemma is straightforward.

Lemma 1: Any binary matrix without all-zero rows must be
shift equivalent to a binary matrix of standard form.

With this result, for the shift-full rankness, we only need to
study matrices of standard form.
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Definition 9: Given a vector v € § and a matrix G =

[T rT, ... rT]T their multiplication (or convolution) o is de-
finedasvoG = [(vor))T,(vory)T,...,(vor,)T]T.

For any two vectors v, v/ € & such that v = (v/)%i for some
integer j and any two matrices G and G’ such that G —~ G’, from
(11), we have

voG v o(d. (12)
We now present a lemma that plays an important role for the
constructions of SFR matrices later in this paper. R

Lemma 2: Let0 # v € S and G = v o G. Then, G is an
SFR matrix if and only if G is an SFR matrix.

Proof: Let us prove the “if” part first. Assume

G = [vf,e,.. . 2117, then G = [¢F, 5L, ... tI]T with

r;, = Vv o r;. For any nonzero shift linear combination
R .. . .

i ya; -t of &; with any j; € Z and a; € Fo, not all zero,

1 =1,2,...,n, we have

n
Z a; - f'?ji = Z a; - (vory) i
i=1

— - .. RJ’

_ ;a (vor™) (13)

zgvo(al r; J’) (14)

Cvo (i “ .rfﬂ) (15)
1=1

where (13) follows from (11), (14) follows from (7) and (15)
follows from (6). Since G is SFR, we know Y"1, a; ~rZRj P £0.
From (9) and v # 0, we have

n n

: R;,
E a;-r," =vo E a;-r;" | #0.
i=1 i=1

Hence G is an SFR matrix. The “only if” part holds obviously
from the above proof. O

As a remark, although this lemma is mainly for the proof of
the constructions for SFR matrices in next sections, it is also an
important method by itself to generate new SFR matrices based
on all the SFR matrices to be constructed later.

IV. SFR MATRICES: GENERAL CONSTRUCTION

In this section, a general construction of binary SFR matrices
based on known SFR matrices is first presented. Then, two spe-
cial and simplified constructions are provided, which are par-
tially used to illustrate the repetitions in the general construc-
tion. Finally, an important result that SFR matrix exists for any
desired size (the number of columns is, of course, no less than
the number of rows) is constructively proved.

It is clear that any nonzero vector v € S is an SFR matrix by

itself. Matrix is also an SFR matrix. Now, given any

11
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initial SFR matrix GGy with ng rows, we construct a matrix with
ng +n — 1 rows by

V-1
Vp—10V,_2
Vp-10Vy_20 ‘_"n—.?)

Go, Vi, Vi _
Gno +n—-1 —

Vp—10Vy,_20V,_30:-:-0Vy

Vn_10Vp_90V,_30::-0Vy0V]

Vp_10Vp 20V, 30---0Vvy0vyoGy
(16)

for Vn > 1, where v;, ¥; can be any nonzero vectors in S such

thatv; t+ v;,¢ = 1,2,...,n—1. Inparticular, when Gy = v #
0 € Sand then g = 1, we write Go*}V i = GYovevi. The

requirement of v; 1 v; to ensure the SFR property of Gfg_ﬁif{

will be clear in the Proof of Theorem 3.

Therefore, we need at most 2n — 2 nonzero vectors, not
necessarily different, and an known SFR matrix to con-
struct such a general matrix in (16). Obviously, v; # 1
since v; 1 Vv;. If we use r; to denote the 7th row vector of

Go,vi,vi _ .T .. T T T
Gyl = [ry 71‘27-~-,I‘n0+n_1] , we have

i =V, 10V, 20---0Vy 110V, 4
forl <3 <mn-—1and

Go

i =Vp-10Vp_20---0V3 0L, g

forn§i§n0+n—1,whererf°
I'IGOZVOifGQZVO#OES.

Lemma 3: If G}, «~ G and v/, and v/ are the shifted versions

is the jth row of G and

N . Go,vi,V;
Of‘f“ a/nfllvz, ¢ =1,2,...,n—1, respectively, then notm—1
GGO,vi,vi
no+n—1-
Proof: This follows easily from (11) and (12). O

This lemma tells us that we only need to consider the case
that v;, v, € 7 and Gy is of standard form in the following
discussions and hence the shift equivalence is only limited to a
row permutation. We next prove that f;’jr",; ¥ in (16) is an SFR
matrix. )

Theorem 3: Any matrix Gf§+vn_"1 constructed in (16) with
an initial SFR matrix G of standard form and v;,v; € 7 such
thatv; ¥ v;,4 =1,2,...,n — 1, is an SFR matrix of standard
form.

Proof: We prove this theorem by induction on n. It is ob-
vious that the result holds forn = 1.
Assume the result holds for Gf;)_l_vn_vz Ji.e.,
V2
Vp_20Vy_ 3

Vjp,_20V,_30:-:-0Vy
Vp,_920V,_30---0Vy0Vy
Vyp_20V,_30---0Va0VyoGy
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is an SFR matrix for any v;,v; € 7 such that v; ¥ v;, 1 =

. . Go,vi,V;
1,2,...,n — 2. Consider matrix G, %"} .
Go,vi,V;
Forthelastng4+n—2r10Wsra,r3,...,Ipjyn_1 0fGnO+n_1,
we have
ro
rs
I‘ng+n—3
Tng4+n—2
I'ng4+n—1
Vp—10 \7"_2
Vp-10Vy_20 ‘_’n—?)
Vp—10V,_20V,_30:---0Vy
Vn_19Vyp_920V,_30:-:0Vy0Vy]
Vp_10Vp 20V, 30---0vy0vyoGy
_ Go,vi,V;
=Vp-10 Gn0+n—2'
. G iV .
From the assumption that G77°;%""*; is an SFR matrix and
Lemma 2, matrix [rj,r3,...,r1 . ;17 is also an SFR
matrix, i.e., re,rs,...,rp,4n—1 are shift linearly inde-

pendent. Furthermore, since every r; contains a divisor
Vnp_1 for ¢ = 2,3,...,m9 + n — 1, their shift linear
combination has the form of v, 1 o v/ by (15), where
0 # v/ € S is the corresponding shift linear combination
of the row vectors in Gfooji_v;fzi. If Gf(f_l_vn_‘_'l is not SFR,
ie., ry,re,...,Tn 4+n—1 are shift linearly dependent, then
there exist a; € [Fo, not all zero, and j; € Z such that

Ing4n—1

R, R; .
ap -1yt tagry”? 4+ angn—1 1,05 1 = 0. Since
ry,...,Tn,4+n—1 are shift linearly independent as we have

proved, we have a; = 1. Thus, by the above argument, we have
rr=v, 10vorv, ;=v,_10ov forsome0 # v € S,

which contradicts with construction condition v,,_1 1 v, _1.
Go,vi,V;

Consequently, all the ng + n — 1 rows of G, 717" are shift
linearly independent, i.e., GS§+VTL_V1 is an SFR matrix.
Thus, we have completed the proof by induction. O

The basic idea underlying this construction is that from one
known SFR matrix G, we can generate a new SFR matrix with
one more row by first convoluting Gy by a nonzero vectorv € S
and then adding a nonzero row vector v € S such that v + v
into the matrix, i.e., the basic building block has the form?2

(v2a)

Then we can repeat this process to obtain more new SFR ma-
trices with higher dimensions.

The selection of v; and v; in the construction (16) is arbitrary.
We can choose them such that [(v;) < [(v;) for large [(v;) or
choose odd weight v; while v; is of even weight by Property d).
By (8), itis not difficult for us to calculate the number of possible

2For its generalization to a commutative integral domain D, the condition
v 1 vischangedto v 1 a - v for any 0 # a € D, when D is not a field. If D
is a field, the condition v 1 ¥ does not need to be changed.
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v; € T of length [ such that v; ¥ v; for a given v; € 7, which
is

1, 1=1
NVi:Vi _ 2l_27 1< l < l(vl)
T e I = I(vy)

21—2 _ 2l—l(vi)—17 > l(VZ)

for [(v;) > 2. Therefore, v; and ¥; can be of any lengths unless
I(v;) = I(¥v;) = 2 and we can get infinite SFR matrices of
standard form for any given number of rows. However, there
also exist a lot of repetitions for this construction which we will
illustrate by two examples later.

Since an initial SFR matrix and 2n — 2 nonzero vectors are
needed to construct a Gfg_’:,jff, which is somewhat complex,
we give the following two special cases to simplify the construc-
tion. First, let Gop = vg € 7,vy = Vg = -+ = V,_1 =
v € 7 and then choose v; € 7 such that v ¥ v; in (16) for
i =1,2,...,n — 1. The number of vectors needed in this con-
struction is now reduced to n + 1 and we denote the resulted
matrices of this form by GYo-V:¥i je.,

V0 OVp_1
V1 OVp_9

vo,V,V; __
Gnyaz_

: (17)
v -2 oVvy
v*~lovyg

n

which will be discussed in details in next section for more prop-
erties. Furthermore, let v = v; = 1 in GX(’?"’(” for 1 =
1,2,...,n — 1 and we denote such matrices, which only need
one vector, by Gy and the corresponding matrix system for a
given v and different n by {G} },,>1 or {G};}, i.e.,

vO

vl

Gv=| v (18)

n—1

where 1 # v € T and v' is the ith power of v. From Theorem
3, we have the following corollary.
Corollary 1: For any vector v € S, if its length is above 1,
i.e., [(v) > 1, then matrix G}, defined in (18) is an SFR matrix.
Proof: For any vector v. € S with I(v) > 1, we know
v 1 1. Then, this corollary follows from the above discussions
and Theorem 3. O
From the above corollary, we can see that one vector in &
is enough to construct SFR matrices for any number of rows.
On the other hand, if v,v’ € S such that v/ = v™ for some
m > 1, then GY is a submatrix of Glo—1)m+1 and its rows are
the rows r1, Ly, T2mt15- -+ T(n—1)m41 Of G"n_l)m_i_1 for
any n > 1 because of the form in (18). Besides this repetition,
other repetitions also exist in the general construction (16). Let
us see two examples.
Example 1: This is an example in which we obtain the same
GYo Vi:Vi from different v, v;, and ;. If u; = w,v; =v T
such that v + u* and u 4 v* for Vi > 1, let ug = v* 1,
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1 n—1—1 n—1—1

vo=u""", =V , Vi =1u and w = u o v, then

the following SFR matrices:

G;:O:lhﬁi — u2 o V2

G;/LO,V,\_M _ V2 o u2

with the forms in (17) or (18) are the same. An example of such
a pair of vectors is 1 # u,v € T such that u = v + 1% for
some integer j > 0. A simple proof is as follows. Expanding u’
in terms of v and 1% | we have

wowvermy =3 ([ )vteany

k=1
i—1 .

_ Z (;) vick o 1Bk 4 1R
k=1

for ¢« > 1. All terms except the last one in the above expression
are the multiples of v and hence v 1 u‘; Similarly, u 1 v* since
v=u+1ht,

Notice that another fact we can obtain from this example is
that v; 1 v; in Theorem 3 is just a sufficient, but not necessary,
condition for the matrix in (16) to be SFR, i.e., v;|v; doesn’t
imply that G °,7""7 is not an SFR matrix. For example, if we let
u=v instead of v t u® in the above example, then, G)°"V-Vi =
GXZ that is an SFR matrix by Corollary 1.

Example 2: In Example 1, the same matrix is obtained
from totally different (Go,v;,¥;)’s. We now illustrate that
we can also get the same matrix from the same initial SFR
matrix G but different (v;,¥;)’s. Let vi,va,V1,Vo € T
such that ged(vy,ve) = 1, vq|Vo, and v; 1 ¥;, 4 = 1,2.
Assume Vo = vj o v, with v € 7. Then, vo 1 v} since
Vo 1 Vo, and vi 1 V1 o vg since vy { vy and ged(vy, ve) = 1.
Thus, a pair of shift equivalent matrices in the sense of a row
permutation can be obtained from G by (v1,Vva,V1,V2) and
(va, V1, V5, ¥1 0 vy), respectively, i.e.,

Vo Viovy
Vo O Vq e V1 o \7’2
vy ovy oGy Vi ovy oGy

We can easily find a lot of such 4-tuples and an example is
(V17v27 ‘717 ‘72) = (11/ 111, 17 101)
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Let us now derive the existence of SFR matrices by
construction.

Lemma 4: Let vg,v,v; € T fori = 1,2,...,n — 1. Then
matrix GY%0-V-V¢ in (17) (also GY, in (18)) is of standard form and
Gy hassizen x (14 (n—1)({(v) — 1)).

Proof: The first part that GY°-V>¥i and GY, are of standard
form follows from the fact that 7 is closed under the vector
multiplication. From (8), we know the length of the ith row of
GYisl(vi-h) = I(vi2)+1U(v) =1 =1(v3)+2(l(v)—1) =
= V) + G- 1D)(I(v) = 1) =14 (i = 1)(I(v) = 1) for
1 > 1. Since the length of every row is increasing, the number
of columns of GY is [((v"™1) =1+ (n — 1)({(v) — 1). O

The following lemma is obvious from the definitions of shift
linear combination and shift linear independence.

Lemma 5: If G is an SFR matrix, the matrix obtained by
replacing any number of rows in G by their nonzero shift linear
combination is also an SFR matrix.

A special case for Lemma 5 is that we can construct a new
SFR matrix by arbitrarily selecting or deleting some rows from
one known SFR matrix. This method to construct new SFR
matrices is sometimes useful because shift linear combinations
may help to reduce the size including the number of columns
of a matrix. For conventional full-rank matrices, it is trivial that
there exist full row rank matrices of size n X m for any m > n.
This is because adding any additional columns to a full row rank
matrix still results in a full row rank matrix. As mentioned in
Section II and pointed out in [12], [26], [27], this is no longer
true for SFR matrices. Although it is the case, the following re-
sult holds for SFR matrices.

Corollary 2: There exists at least one binary SFR matrix of
standard form with size n X m if and only if m > n.

Proof: Since any SFR matrix has full row rank, the “only
if” part is obvious.

For any n and m with m > n, let v.= 11 and hence I(v) =
2 > 1. From Corollary 1 and Lemma 4, matrix G, is an SFR
matrix of standard form with size m X m. From Lemma 5, an
SFR matrix of standard form with size n X m can be obtained
by deleting any m — n rows from the first m — 1 rows of GY,,.
This proves the “if” part. O

As a remark, the above constructions and the results in The-
orem 3 and subsequent corollaries on SFR matrices hold not
only over F» but also over any commutative integral domain
(including any field), while the counting of the number of SFR
matrices to be presented in the following section holds only for
the binary field F.

V. SHORTEST SHIFT-FULL-RANK (SSFR) MATRICES

Since the number of columns in an SFR matrix determines the
memory size of the space—time trellis codes in Section II, we are
interested in SFR matrices with the smallest number of columns.
From Corollary 2, for any fixed number of rows, smallest SFR
matrices are square matrices, i.e., the number of columns is the
same as the number of rows, which are certainly shortest SFR
(SSFR) matrices. Furthermore, from Corollary 2, for any fixed
number of rows, SSFR matrices must include at least one of
standard form. Therefore, in what follows, without loss of gen-
erality, we only consider SSFR matrices of standard form, and
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an SSFR matrix is always of standard form in case it is not ex-
plicitly stated. The goal of this section is to study such SSFR
matrices with as many constructions as possible.

For a general construction G'2°}""} in (16) from an initial
SFR matrix G of standard form of size ng x mg and v;,v; € 7
such that v; ¥ v; fori = 1,2,...,n — 1, let r; be the ith row
of GS§+VTL_‘_'1 , then we have

max{l(r1),(r2), ..., U(Tne+n—1)}

>U(vp—10Vp_90--r0vy)+mg—1>n+mg—1 (19)
since [(v;) > 1 that is from condition v; 1 ¥;. On the other
hand, the number of rows equals to the number of columns
means that

max{l(r1),l(r2), ..., {(Tng4n-1)} = n+no—1 < n+mo—1.

Hence, ng = mg and vi = vo = --- = v,,_1 = 11. Since the
vector 11 is often used in this section, we denote it by e, i.e.,
e £ 11. This proves the following lemma.

Lemma 6: For a matrix G4°;:"; in (16) to be shortest, it
must have the following form: v; = e and

elo Va_1
elo Vau_2
Go,vi, Vi _ ~Go,e,v; __
Gn0+n—1 - Gn0+n—1 - (20)
e"‘z oVy
e"’l o GO

where G is an SSFR matrix of standard form and v; € 7 such
thate ¥ v; fori = 1,2,...,n — 1.

We can see that (17) is a special case of (20) when Gy = v €
T . Based on this lemma, we next study when e 1 ;.

Lemma 7: Letv € S. Then, e | v if and only if w(v) is even.

Proof: This lemma follows easily if a binary vector v of
finite length is associated with a polynomial. O

With the above two lemmas, we have the following theorem.

Theorem 4: For a matrix Ggg+vn_‘_'1 in (16) to be shortest if
and only if v; = eforz = 1,2,...,n — 1 and it has the form
in (20) where G is an SSFR matrix of standard form of size
ng X ng, and v; € 7 with odd weight w(¥;) such that its length
satisfies [(V;) < ng+ifori =1,2,...,n — 1.

Proof: By Lemmas 6 and 7, it is necessary and sufficient
to prove the length of every row r; of Gf‘?fn‘_'_l <n+mny—1
This holds obviously for the last g rows. For 1 < <mn — 1,
we have

Ur;) = (et ovyy)
=1+0G—-1((e)—1)+1(Vpoi)—1
<ng+n-1,

which holds if and only if I(v;) < ng+iforl <i<mn—1.
This completes the proof. O

With this theorem and Property d), we can see that any SSFR
matrix with the form in (20) contains and only contains an
odd weight row vector for n > 1. We next list some design
examples.
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Example 3: Let initial SSFR matrix Gy = (1) = 1 in this
example. First, also let ¥; = 1 in GS°-*V: which is then equal
to G. We list G, for 1 < n < 8 as follows:

e e_(1 0
1 0 0
Gs=11 10
1 0 1
1 0 0 0
e [1 100
G4_1010
1 1 1 1
1 0 0 0 0
1 1 0 0 0
Ge=|10 10 0
1 1.1 1 0
1 0 0 0 1
1 0 00 0 O
1 1.0 0 0 O
e |1 010 0 0
G6_111100
1 0 0010
1 1 0 0 1 1
1 0 000 0 O
1 1.0 0 0 0 O
1 01 0 0 0 O
Ge=|111100 0
1 0 001 00
1 1.0 0 1 10
1 01 0 1 01
1 0 000 0 0 O
1 1.0 0 0 0 0 O
1 01 0 0 0 0 O
Ge_ |1 1110000
8711 0001000
1100 1 1 0 0
1 01 01 0 10
111 1 1111

We can easily verify that the matrix system {GEX},,>1 given
in [12], [26], [27] with

1
1 Ri(ry)
ry r| + r};z
LX r - r r i(rz)
G = 3| = 2+ Ty
Rigr,_1)
I'n Ipn_1+ r, 1 !

10000 ---000
11000 ---000
—|11110---000 @1)

nx2n—1
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TABLE I
CHOICES OF V;
Matrix | v1 Vo V3
G 1 ||
Gl |1 | o
GM 1| 1 | 1101
G o1 | 1 |01
GM 11| 1
Gl [ |
Gl 11 |11 | 11
G 1 | | on

is just a submatrix system of {G%},>1 since the ith row in
{GLEX} is equal to the 2¢=*th row in {G¢} for i > 1. One can
see that the number of columns of this submatrix system grows
exponentially with the number of rows.

Itis not hard to see that G and G'§ are the only SSFR matrices
of standard form of sizes 1 X 1 and 2 x 2, respectively. For other
designs different from G and G, we list various choices of v;
in Table I. The corresponding SSFR matrix of size 3 x 3 is

1 1 1
Gsh _ 1 1 0 ) (22)
1 0 1

and the corresponding seven SSFR matrices of size 4 x 4 are

1 1 10 1 1 0 1
1 1 0 0 11 00
shy __ shy __
G4_1010 G4_1010
11 11 1 1 11
1 0 1 1 1 0 00
1 1 0 0 1 0 0 1
shy _ shy _
G4_1010 G4_1010
11 11 1 1 11
1 1 10 11 0 1
1 0 0 1 1 0 0 1
shs __ she __
G4_1010 G4_1010
1 1 11 1 1 11
1 0 1 1
sy |1 0 0 1
G4_1010 (23)
1 1 11

A property for the above SSFR matrix construction is that
there are no repetitions in the designs, i.e., any two designs
from different (G, V1, Vo, ..., V,_1)’s are not shift equivalent
or one is a submatrix of another as we shall see later. The next
question we are interested in is how many SSFR matrices there
are for a given size. To do so, let us first see more properties of
SFR and SSFR matrices.

Theorem 5: There does not exist any binary n X n full-rank
matrix with all even weight row vectors. There does not exist
any binary SSFR matrix except for G§ with all odd weight row
vectors.

Proof: Let us first prove the first part. Assume
G = [rT,c] ..., rT]T is a binary n x n full-rank matrix
with row vectors r; € S, 1 < ¢ < n, of all even weights. By
Lemma 7, for every r;, there exists ; € S such thatr; = eot;.
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Therefore, we can get a matrix G = [¢7,#2, ... #1]7 of size

n X (n—1) such that G = eo G. Similar to the Proof of Lemma
2, we know that the rank of G is also n, which is impossible for
ann X (n — 1) matrix. This completes the proof of the first part.

We next prove the second part. Assume there exists such a
binary SSFR matrix G = [r{,rZ, ..., rZ]7 of size n x n with
its row vectors r; € 7,1 <4 < m. Since G is of standard form
and has full rank, the following matrix:

ry r{
rs —I; 0
rs —I; = 0 R
G
r, —rp 0

also has full rank. Now, by deleting the first row and the first
column of the above matrix, we get a full-rank matrix G of size
(n — 1) x (n — 1) with all even weight row vectors. This con-
tradicts with the first part of this theorem and hence the second
part is proved. O

From this theorem, the following corollary is immediate.

Corollary 3: Ttis necessary for an SSFR matrix of size n x n
with n > 1 to contain at least one even weight row vector and
one odd weight row vector.

While an SSFR matrix with all odd weight row vectors does
not exist except G§ = (1), we can easily find a full-rank square
matrix with all odd weight row vectors. For example, the matrix
[rf, (ro—11)7, (r3—11)7, ..., (rn —11)T]7 is such a matrix,
where ry,ro, ..., 1, are the row vectors of G¢.

We next study the number of SSFR matrices of standard form,
which are not shift equivalent with each other, i.e., the number of
different shift equivalent classes. To do so, let us see a definition
for simplicity.

Definition 10: An SSFR matrix of standard form is called
basic if it either equals to G§ = (1) or contains more than one
odd weight row vector.

Thus, all SSFR matrices of standard form other than basic
ones contain and only contain one odd weight row from Corol-
lary 3, such as the matrices in (20) for n > 1. In the following,
two matrices are different means they are in different shift equiv-
alent classes, i.e., they are not shift equivalent.

Theorem 6: From a basic SSFR matrix G of size ng X ng,
based on the construction (20) there are only

+ng—3
n 7;0 )

9(n—=no)(

different SSFR matrices of standard form of size n X n for
n > ng. Conversely, for every given SSFR matrix G of stan-
dard form, we can trace it back to a unique basic SSFR matrix.

Proof: We first prove that two SSFR matrices of the same
size derived from the same basic SSFR matrix G and different
(¥1,%2,. .., Vn_n,)’s are different. From the form of G&0-¢Vi
in (20), we know that the last n( rows are always the same and
at least one row in the first n — ng rows is different for different
(V1,Va,...,Vn_ny)’s. Now we consider the shift equivalence
in the sense of a row permutation. For the sth row r; of a matrix,
we have e?~1 |r;, but e’ { r; since e ¥ ¥,,_; (from Lemma 7 and
Theorem 4) for1 <7 < n—mng,ande” ™ |r; forn—ng+1 <
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TABLE II
THE NUMBERS OF SSFR MATRICES DERIVED FROM G'¢
n 1{12]3] 4 5 6 7 8 9 10
Nl 1 1 2 23 26 210 215 221 228 256
n

1 < n. Obviously, there does not exist any permutation for the
last g rows of any two matrices. Assume the ¢th row r; of one
matrix is equal to the jth row r;» of the other matrix with ¢ < j,
we have e/~!|r; = e/~!r; = e€|r; for j < n — ng and
e~ = e "|r; = €'|r; fori < m —ng < j. This is
a contradiction and hence every SSFR matrix derived from G|
with the form (20) corresponds to a unique (V1,Va, ..., Vi—ng)-
By the above derivations and Theorem 4, the number of dif-
ferent SSFR matrices of size n x n derived from G is equal
to the number of possible (V1,¥2, ..., ¥,_p,) such that w(¥;)
are odd and [(v;) < mg + . For any given integer [ > 0, the
number of odd weight vectors v € 7 such that I(v) < [ is

-1 -1 1-1 1, I=1
( 0 >+< 2 >+"'+< k )Z{zl—Z, 1>1

where K = — 1 for ! odd and &k = [ — 2 for [ even. Therefore,
the number of possible v; is 2" +1~2 and the number of possible

(V1,V2, ..y Vinng ) 1S

HO 2n0+i—2 — 2(n0—2)(n—n0)+%(n—n0)(n—no+l)
i=1
- 2("—710)(%) (24)

Conversely, if G is basic, the conclusion is obvious. Other-
wise, assume G of size n X n is not basic, then it must have
a unique odd weight row vector because of Corollary 3 and
the definition of basic SSFR matrices, and an even weight row
vector of length n because, otherwise, it contradicts with The-
orem 5. Thus, we can get another SSFR matrix of size (n —
1) x (n — 1) from G by first deleting the unique odd weight
row vector and then dividing all the remaining n — 1 rows by e.
If the resulted matrix is basic, the conclusion holds. Otherwise,
this process continues until we find a basic one. The uniqueness
of the resulted basic SSFR matrix, which G is traced back to, is
from the uniqueness of every step in this process. O

Obviously, the single-entry matrix G§ = (1) is the simplest
basic SSFR matrix. Then, the number of different SSFR ma-
trices of size n x n derived from G¢ is N} £ 23 (n=2)(n=1) py
(24). We list the values of N! forn = 1,2,...,10 in Table II.
Moreover, from this theorem, we can see that any nonbasic
SSFR matrix must have the form (20) with G being a basic
SSFR matrix and n > 1, i.e., it can be derived from a basic
SSFR matrix with the form (20).

Corollary 4: Any two SSFR matrices of standard form with
the same size but derived from two different basic SSFR ma-
trices are different.

Proof: 1f they are the same, we can trace them back to
the same basic SSFR matrix due to the uniqueness of the in-
verse process in the Proof of Theorem 6. Therefore, we get a
contradiction. O

With the above results, the following corollary is immediate.
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Corollary 5: Let NP5 denote the number of different basic
SSFR matrices of size n X n for n > 1. Then, the number N,,
of different SSFR matrices of standard form of size n X n is

e
=1

Obviously, NP5 = 1 and NP5 = NPS = 0. A further
problem is if there exist basic SSFR matrices other than G§. We
claim there are other such matrices by presenting the following
theorem.

Theorem 7: The following two matrices

17t

R3
GESI = GZ + }R3
1%
el 4 15s
el +1%s
e 4 1%
e’ 4 1%

===
_— o = O
==
O = =

and

1Rs
. ) 17
GP» =G+ | ir,
15s
elov + 1%
el +1%s
e + 1%
e’ +158s

—_ = O
O ==

1
1
0
1

— =

are basic SSFR matrices of size 4 x 4, where v =111 € 7, G
is shown in Example 3 and fo“ is shown in (23).

Proof: Letr; denote the ith row of GESI ,thenr; = e~ 14
1R37 1 <2 < 4. Consider their nonzero shift linear combination

c=a ~rfz“ + as -r?h —I—a3~r§” —|—a4-rfj4
= [a1- (") +ay- ()
+ a3 - () 4 ay - (e3)fn]
+ a1 - 1% 4 ay - 1792 4 ag - 1798 4 gy - 1564)Be

=c1+cC2

with any a; € Fo, not all zero, and j; € Z. We now discuss all
the possible cases for the values of j1, jo2, j3, ja-
a) When they are different with each other, it is obvious that
c # 0 regardless of the values of a; as ¢; and cy are
nonzero because G§ is an SFR matrix by Corollary 1 and
there is a 4 bits position difference between the most left
1’s of ¢; and co.
b) When j; = jo» = j3 = j4 and a; = 1, obviously ¢ # 0.
¢) When three row vectors have the same shift j and cor-
responding coefficients 1, their shift linear combination
must have 1 at the coordinate j. Thus, for shift linear de-
pendence, the fourth row vector must have the same shift
as the others, which is reduced to b).
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d) When two of j1, j2, j3, j4 are equal and both have the co-
efficients 1, we can verify by enumerating all the possi-
bilities that their shift linear combination has length less
than the lengths of the other two vectors. Therefore, the
remaining two row vectors must have the same shift and
also the coefficients 1. Certainly, ¢ # 0 in this case due
to the SFR property of G7f.

Therefore, GE’SI is a basic SSFR matrix. Using the same proce-
dure, we know G4BS2 is also a basic SSFR matrix. O

The construction method in Theorem 7 cannot be applied to
any nonbasic SSFR matrices of size 4 X 4 to construct basic
ones other than G and Gihl . However, we can easily generalize
it to more general cases in the following theorem, while the
resulted SFR matrices are not the shortest ones.

Theorem 8: Given any SFR matrix G' = [r, rT r¥ rT]7 of

standard form of size 4 x m with m > 4, the following matrix:

r; + 1Rj
ro + 1Rj
rs + 1Rj
ry =+ 1R7

G =

is an SFR matrix of standard form of size 4 x (j + 1) for any
Jj > m.

Notice that Theorem 7 is not contained in Theorem 8 because
7 = m—1inTheorem 7 that does not satisfy 7 > m in Theorem
8. But their proofs are similar. Moreover, the converse of The-
orem 8 does not hold, i.e., G is an SFR matrix does not imply
G is also an SFR matrix. For example

1100 0 1

. 11100 1

G=|1 1010 1] 2
10001 1
1100 0
11100

G=111010
100 0 1

are such a pair of matrices. It is not difficult to notice that The-
orem 8 is similar to Theorem 2 (iii) in [12], where all row vec-
tors of a matrix have the same length, i.e., the first and the last
column vectors are all-one vectors, but the construction here is
more intuitive. Also, the method used in Theorem 8 can be ap-
plied to any SFR matrix of standard form with the number of
rows less than 4, but unfortunately can not be applied to those
with more rows. For example, matrix

e+ 1% 1 00 0 0 1
el + 1% 1 100 01
e24+1% | =11 0 1 0 0 1
e’ + 1% 11110 1
et +18s 1 00 0 1 1

is not an SFR matrix because (e? + 1%5) + (e! + 1%)fs 4
(e +185) 4 (e® + 185)Re 4 (e 4 175) 2 = 0, although G
is an SFR matrix.

By searching all binary n X n matrices of standard form with
more than one odd weight row vector for n = 4,5, 6, we find
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TABLE III
VALUES OF N,,

n NnBS 2'{1711 NBS . 2(,,7,72)( n,+g—3) N

1= (2 n
1 1 0 1
3 0 2 2
4 2 23 10
S 20+ 2¢ 81
6] 0 2'0 4 2% 4 2 1296

that G§°' and G552 are the only basic SSFR matrices of size
4 x 4,

5]

2

9]

Il
e i
OO = O
O = O O
O OO ==
el e =)

is the unique basic SSFR matrix of size 5 x 5, and there is
no 6 x 6 basic SSFR matrices. Hence, we have NP5 = 2,
NBS = 1 and NP5 = 0. By Corollary 5, we list the values of
N, for 1 < n < 6 in Table III. From Table III, the following
corollary is immediate.

Corrolary 6: Matrices G and G5 constructed above are the
only two different SSFR matrices of standard form of size 3 x 3,
and matrices G$, G3" for 1 < i < 7, and G55 and G55
constructed above are the only ten different SSFR matrices of
standard form of size 4 x 4.

While the exact values of V,, forn > 6 are not given here, we
can see that the numbers are surprisingly large even for not large
n. For example, when n = 8, there exist at least 22! 4 219 4
215 — 2654 208 different binary SSFR matrices. Moreover, for
a small n, we find that the number N,{ of the SSFR matrices
derived from GY contributes the most to the value of N,, and the
number N PS of basic SSFR matrices is not large. We conjecture
that N2 is always small and therefore N} contributes the most
to the value of IV,, for any n.

As a final comment, after having discussed all the above con-
structions of SFR matrices, for a given matrix, one may be able
to also check whether it is SFR in some way by following the
converse steps of the above construction methods. For example,
for a given matrix of n rows, one may check whether its n — 1
row vectors can be factorized so that it can be converted to a
smaller size matrix. If so, factorize the n — 1 rows and form a
submatrix of n — 1 rows, and then repeat this procedure until
the last one whose rows can not be factorized anymore.

VI. SIMULATION RESULTS

In all our simulations, we assume that the channel is qua-
sistatic Rayleigh flat fading. Furthermore, we assume that no
errors occur in phase I transmission, i.e., what the relays detect
is the same as what the source terminal has sent. We also as-
sume that there is only one antenna in the destination terminal
and the random delays are uniformly generated from the set
{0,1,..., L.}, where L, is the maximum relative timing error.
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In [12], [26], [27], the SFR matrix designed for 3 relays with
the smallest number of columns is

LX _
G3™ =

==
=
= o o
= O O

which is from the systematic construction (21) introduced in
[12],[26], [27]. In Fig. 2, we compare the frame error rate (FER)
performances of the space—time trellis code generated from the
3 x 3 SSFR matrix G?,,h in (22) with delay diversity code [22],
[23] and the space-time trellis code generated from G5X, where
both synchronous (i.e., L. = 0) and asynchronous (L. = 3,5)
cases are considered. As we have discussed, for the space—time
trellis codes associated with G§* and G, full diversity can be
achieved for arbitrary delays, while it is not the case for delay
diversity code. This can be clearly seen in Fig. 2. In synchronous
case, the slopes of the performance curves for the three codes are
the same at high SNR, while the code generated from G¥* has
the biggest coding gain among them. However, in asynchronous
cases, the performances of the trellis codes with asynchronous
full diversity further improve as L. increases, which is the same
as what has been observed in [12], [26], [27], while the per-
formance of delay diversity code degrades and its full diversity
property is lost. Furthermore, we can see in Fig. 2 that, com-
pared with the trellis code generated from G5¥, the code gener-
ated from the SSFR matrix G5" has not only the smaller memory
size and hence the lower decoding complexity but also the better
performance in asynchronous cases.

VII. CONCLUSION

In this paper, we introduced the concept of shift-full-rank
(SFR) matrices and systematically studied and constructed SFR
matrices for any sizes. Note that it was shown in [12], [26],
[27] that SFR matrices can be used to construct space—time
trellis codes for relay networks to have full cooperative diversity
order without the symbol synchronization requirement. Since
the number of columns of SFR matrices determines the memory
size of the corresponding space—time trellis codes, we then sys-
tematically constructed shortest (square) SFR (SSFR) matrices
for any number of rows, i.e., relay terminals. Furthermore, we
presented some numbers and properties of SSFR matrices. Al-
though our studies on SFR matrices were carried out over the
binary field, the constructions can be generalized to any com-
mutative integral domain. For example, Lemma 2, Theorem 3,
Corollary 1, Lemma 4, Lemma 5, Corollary 2, Lemma 6 can be
easily generalized from the binary field to any commutative inte-
gral domain. Finally, some simulation results were presented to
illustrate the performances of the space—time trellis codes gen-
erated from SFR (including SSFR) matrices in asynchronous
cooperative communications. As a remark, in our recent work
[24], it has been shown that the space—time trellis codes gener-
ated from SFR matrices, which are descried in [12], [26], [27]
and this paper, can also achieve asynchronous full cooperative
diversity in a relay network where the delays can be fractional
symbol duration and oversampling is used at the destination.
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