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METHOD AND RADIO SYSTEM FOR
DIGITAL SIGNAL TRANSMISSION USING
COMPLEX SPACE-TIME CODES

Matter enclosed in heavy brackets | ] appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions
made by reissue.

[This application is a divisional of patent application Ser.
No. 09/676,373, entitled “Method and System for Digital

Signal Transmission,” filed on Sep. 29, 2000, now U.S. Pat.
No. 6,865,237 which application 1s incorporated herein by
reference.}

CROSS REFERENCE TO RELATED
APPLICATIONS

[ This application claims priority under 35 U.S.C. Section
119 based on Finnish Application Serial Number 20000406
filed on Feb. 22, 2000, which has been filed as co-pending
U.S. application Ser. No. 10/225,457 and Finnish Application
Serial Number 20001944 filed on Sep. 4, 2000, which has
been filed as co-pending U.S. application Ser. No. 10/378,

068. This application 1s also related to and claims priority to
U.S. Provisional Application No. 60/193,402 filed on Mar.

29, 2000, entitled “CLASS OF SPACE-TIME BLOCK

CODES FOR MORE THAN TWO ANTENNAS” all
assigned to assignee of present application and all incorpo-

rated herein by reference.|This application is a divisional of
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patent application Ser. No. 09/676,373, entitled “Method and .

System for Digital Signal Transmission,” filed on Sep. 29,

2000, now U.S. Pat. No. 6,565,237, which claims the benefit of

priority under 35 US.C. § 119(a) to Finnish Application
Serial No. 20000406 filed on Feb. 22, 2000 and Finnish
Application Serial No. 20001944 filed on Sep. 4, 2000 and
which also claims the benefit of pnonlv under 35 US.C. §
119(e) to Provisional Patent Application Ser. No. 60/193,402
filed on Mar. 29, 2000, entitled “Class ol Space-1ime Block
Codes for More Than Two Antennas.” Each of the foregoing
identified applications is incovporated hevein by reference.

FIELD OF THE INVENTION

This invention relates generally to methods and systems for
achieving transmit diversity 1n a telecommunication system.
More particularly, the present invention relates to an appara-
tus and associated method for using a space-time block code
to reduce bit error rates of a wireless communication in a
spread spectrum receiver.

MATHEMATICAL FOUNDATTONS

The review of mathematical tools, nomenclature, and nota-
tions follows which 1s mntended to be used for an understand-
ing of the present invention. Multiple notations may be used
in some parts of the application to better describe the mven-
tion. Other mathematical techniques, nomenclature, and
notations may be used to describe the present invention with-
out departing from the spirit and scope thereof.
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2

A vector may be represented in Dirac notation proposed by
P.A .M. Dirac:

Bra <al which may be represented by a row matrix oo =[ o,
(123 C{'S]:

Ket [b> which may be represented by a column matrix

B, -
Bi=| 52 |;
B3
and
C 1s defined as
- Z ) (.
Thus BraCKet notation 1s an analogy with the dot product

A-B = ZAI-BI-.

Definition: The mner product of two vectors 1n a vector
space V 1s a complex number, such that

<a|b>=<b|a>*
<al(PIb>+ylc>)=p<alb>+y<alc>

<@ la>=0, and <ala>=01T1a>=0.

Therefore, the inner product may be defined 1n summation
notation as

(@|by= i1 +@3fas ...+ atfu= ) P
i=1

A state vector may be represented as a linear combination
with suitable coetlicients of a set of base vectors 1, 1:

Gla)=Ci e lay= ) DG
(Ib) =D; = [b) = > D,
i) =] ay
®l = ), D¥j

J
blay= ) DKjIDC

but

1ifi=j}

1=t = (i

(the Kronecker delta o,;) 1s a symbol that 1s defined to be 0 for
1] and to be 1 when 1= and can be represented by the unit
matrix

(19
Lo 1)

which may also be referred to as the identity matrix I, or for
an N dimension basis I,. The vectors 1 and j are normalized
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and form an orthonormal basis. Sometimes {le>}._ " is used
as a basis 1n a N-dimensional vector space.
Vectors |a>, |b>€V are orthogonal 11 <alb>=0.

Operators can be represented as:

A Ay e e Ay
Ay Aoy oe e Ay

Ag(=iAlp=]| = '
A Ap e e Ay

Ib>=Ala> operator A performs operation on vector state
la> to produce vector state |b>,

Qlby =) GIALX] | a.
J

<blAla>*=<alA”|b> where A" is an operator whose
matrix elements are AIjH =(A,,)* and 1s called Hermitian when
A=A,

A system may be represented 1n terms of the unit matrix
and a set of matrices:

o[22l D ) 92

An example of such a set of matrices 1s called Pauli-Spin
matrices:

O_%J=1:-G—§_=laﬂ-xﬂ-

G'2=l,

o,.0,=0,0,=10,,and c,0, = —0,0, =10

¥ ¥ ¥

The present application will also use the mathematical
methods of group theory and algebras. Simply, a group 1s a set
G of elements g together with a binary operation called mul-
tiplication with the properties:

JeEG e*g=g*e=g and VgEG, g~ Ig*g =g 1 *g=¢

which reads 1n other words: there exist an unique element € of
the group G such that e operating on g equals g operating on
e equals g (the element € 1s referred to as the 1dentity); and for
every element g belonging to group G, there exists an element
g~' (called the inverse) such that g operating on g-inverse
equals g-inverse operating on g equals the 1dentity e.

A set of linearly independent vectors may be represented as
group elements, a vector space may be generated by taking a
linear combination of the elements of the set. The product
already defined on the basis set can be extended to all the
clements of the vector space by linearity defining a group
algebra. The Pauli-Spin matrices may be thought of as group
clements.

IBACKGROUND OF THE INVENTION]
DESCRIPTION OF THE RELATED ART

As wireless communication systems evolve, wireless sys-
tem design has become increasingly demanding 1n relation to
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4

equipment and performance requirements. Future wireless
systems, which will be third generation (3G) systems and
fourth generation systems compared to the first generation
analog and second generation digital systems currently 1in use,
will be required to provide high quality high transmission rate
data services 1n addition to high quality voice services. Con-
current with the system service performance requirements
will be equipment design constraints, which will strongly
impact the design of mobile terminals. The third and fourth
generation wireless mobile terminals will be required to be
smaller, lighter, more power-eificient units that are also
capable of providing the sophisticated voice and data services
required of these future wireless systems.

Time-varying multi-path fading 1s an effect in wireless
systems whereby a transmitted signal propagates along mul-
tiple paths to a receiver causing fading of the received signal
due to the constructive and destructive summing of the signals
at the recerver. This occurs regardless of the physical form of
the transmission path[.] (i.e., whether the transmission path is
a radio link, an optical fiber or a cable). Several methods are
known for overcoming the effects of multi-path fading, such
as time interleaving with error correction coding, implement-
ing frequency diversity by utilizing spread spectrum tech-
niques, transmitter power control techniques, and the like.
Each of these techmiques, however, has drawbacks 1n regard
to use for third and fourth generation wireless systems. Time
interleaving may introduce unnecessary delay, spread spec-
trum techniques may require large bandwidth allocation to
overcome a large coherence bandwidth, and power control
techniques may require higher transmitter power than 1s
desirable for sophisticated receiver-to-transmitter feedback
techniques that increase mobile station complexity. All of
these drawbacks have negative impact on achieving the
desired characteristics for third and fourth generation mobile
terminals. Diversity 1s another way to overcome the effects of
multi-path fading.

Antenna diversity 1s one type of diversity used 1n wireless
systems. In antenna diversity, two or more physically sepa-
rated antennas are used to receive a signal, which i1s then
processed through combining and switching to generate a
received signal. A drawback of diversity reception 1s that the
physical separation required between antennas may make
diversity reception impractical for use on the forward link 1n
the new wireless systems where small mobile station size 1s
desired.

A second technique for implementing antenna diversity 1s
transmit (1x) diversity. In transmit (Tx) diversity, a signal 1s
transmitted from two or more antennas and then processed at
the recerver by using maximum likelithood sequence estima-
tor (MLSE) or minimum mean square error (MMSE) tech-
niques. Transmit diversity has more practical application to
the forward link 1n wireless systems 1n that 1t 1s easier to
implement multiple antennas in the base station than 1n the
mobile terminal. FIG. 1 1s an 1llustration showing an example
of a transmuit diversity system. Transmit (1x) diversity system
100 comprises multiple transmit antennas (Ix, ... Tx ; n=1
to N) 110, multiple channels (h, . . . hy) 120 where
h, =,/ Vk=1 to K, and receiving antenna Rx 130. Channel
interference may be created by structures or other features
140 among various channel paths.

Use of Space-Time Block Code (STBC) aka Space-Time
Code (STC) may be considered as diversity-creating. In
space-time block code design, the essential design criteria are
the achieved diversity, the rate of the code, and the delay.
Diversity 1s characterized by the number of independently
decodable channels. For full diversity, this equals the number
of transmit antennas. The rate of the code 1s the ratio of the
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space-time coded transmission rate to the rate of an one-
antenna transmission (1.e. the ratio of the transmission rate of
the block code to transmission rate of the uncoded scheme).
The delay 1s the length of the space-time block code frame.
Depending on the underlying modulation scheme, space-time
block codes may be divided into real and complex codes. Rate
in the context of space-time block code may be understood as
inefficiency in use of the antenna resources, leading to dilu-
tion of maximal bit-rates as compared to the inherent capacity
of the underlying wireless system specifications. This ineifi-
cient use of antenna resources may give rise to fluctuating of
transmit powers. Such fluctuation of transmit powers 1s
referred to as the power-unbalance problem. Thus, the aims in
the design of space-time block codes 1s to achieve unit rate
(R=1) 1n order to use antenna resources as efliciently as
possible. The aim of diversity 1s to achieve maximal diversity.

Transmit diversity for the case of two antennas (N=2) 1s

well studied. Both open-loop and closed-loop transmuit diver-
sity methods have been under consideration for 3G Wide-
band Code Division Multiple Access (WCDMA) system.
An example of an open-loop concept 1s provided by Alam-
outi, who proposed a method of transmit diversity employing
two antennas that offers second order diversity for complex
valued signals. (S. M. Alamouti, “A Simple Transmit Diver-
sity Technique for Wireless Communications,” IEEE Journal
on Selected Areas ol Communications, vol. 16, no. 8, pp.

1451-1438, October 1998 and publication WO 99/14871 of
ALAMOUTI et al. entitled “Transmitter Diversity Technique
for Wireless Communication™). The Alamouti method
employs two transmit antennas, has a rate R=1 and a maxi-
mum-ratio diversity-combining detector.

The method achieves effective communication by encod-
ing symbols that comprise negations and conjugation of sym-
bols (1.e. negation of 1imaginary parts) and simultaneously
transmitting two signals (K=2) from two antennas (N=2) to a
receiving antenna (Rx) during a symbol period (1) also
referred to as a time epoch. During one symbol period
(T,=t,+T), the signal transmitted from a first antenna (Tx, ) 1s
denoted by s, and the signal transmitted from the second
antenna (1x,) 1s denoted by s,, where s, and s, are complex
numbers. During the next symbol period (T,=1,+T), the sig-
nal -s,*(negation/conjugate) 1s transmitted from the first
antenna (ITx,) and the signal s,* (conjugate) 1s transmitted
from the second antenna (1x,), where * 1s the complex con-
jugate operator.

TABLE 1
Period  Trans. Ant. 1 (Tx;) Trans. Amt.1 (ITx5) Receive Ant. (Rx)
1y Sy So Iy
15 -S5% Sy * I

The baseband signals during a first interval can be written
as:

(1)

ry=h;s,+h5s5+n,

(2)

where n, and n, are noise factors and let us assume 1mpulse
response coellicients, e¢.g. flat-fading case h,, where 1=1 to K
associated with the two antennas (K=2) are constant over the
two-symbol time interval.

We can map the table into matrix form with the columns
correspond to antennas and the row to time epochs, where the
column index represents or 1s associated with the antenna

r2:—h282*+h181 $+ﬂ2$
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index and the row index represents or 1s associated with the
time i1ndex. Thus, the Alamouti Space-Time Block code

(STBC)

T (3)
1 Antenna—
SE0S
Caig = III[ l . ]
-5 S
c
l

1s optimal with complex signal constellations. It reaches
diversity 2, with a linear decoding scheme which yields esti-
mates for both symbols with the two channels maximal ratio
combined.

The impulse response coellicients can be represented by

h)
el

and the received signals by

The signal recerved at Rx 130 1s given by:

Iy
2

or, equivalently;

BN
5] |hi hi

There 1s interest to derive space-time codes (STC) for more
than two antennas. However, extension of the Alamouti
method to more than two antennas 1s not straightforward.
Note that the channel matrix H, , in equation (5) 1s orthogonal,
thus to decode we use:

(4)

hl
} = CM&[hQ +1n & |r) = <h;[Clh;) + [n)

S| 1y (3)

+

}@r:les+n

52 ny

S:H IEHT

(6)
The detection 1s:

S = sign(Hhr) = sign[(Ilhy > + lIhal|*)2s + Hihn] (7)

The C, , matrix may be recognized as proportional to a
general unitary unimodular matrix which 1s commonly writ-
ten 1n the art as:
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where a and b are complex numbers which satisy the unimo-
dular condition lal*+I1bl*=1. The orthogonality of the space-
time block codes may thus be expressed as

o=y 1z )

C 1s the code matrix, I 1s the 1dentity matrix of the same
dimension, and the superscript H 1s the hermitean operator
(complex conjugate transpose). The maximum-ratio-com-
bining property of the code 1s a direct consequence of the
appearance of the sum of the symbol powers on the diagonal
of the hermitean square of the code matrix.

In general, the Alamouti STBC 1s the Radon-Hurwitz sub-
matrix form and 1s an unitary unimodular matrix given in
general form by:

Cp Ch+l (ll)
CRH=[ . . }

—Cutl Ch

The mathematical work of Radon and Hurwitz in the
1920’s 1s cited 1n Calderbank et al. in U.S. Pat. No. 6,088,408
1ssued to Calderbank et al. on Jul. 11, 2000 and 1n V. Tarokh,
H. Jatarkhani, and A. Calderbank, “Space-Time Block Codes

from Orthogonal Designs,” IEEE Transactions on Informa-
tion Theory, pp. 1456-14677, July 1999, both incorporated
herein by reference, showed the Hurwitz-Radon proof and
showed that for more than two antennas complex orthogonal
designs that achieve R=1 do not exist. Calderbank et al. pro-
posed a method using rate=1%2, and ¥4 Space-Time Block
codes for transmitting on three and four antennas using com-
plex signal constellations.
As an example, the code rate 34 1s given by:

Cs/4(s1, 82, 83) = (11)

53 53
51 ) — _—
V2 V2
" 53
o 7z 7z
S3 s3 (s —s3—s; —s]) (s;—s[—s2—5;)
\[ET \[Ef 2 2
S - S3 (s; —S] +52 +55) _(SI+ST+52—S”2‘)
V2 V2 2 2

This method has a disadvantage 1n a loss 1n transmission
rate and the fact that the multi-level nature of the ST coded
symbols increases the peak-to-average ratio requirement of
the transmitted signal and imposes stringent requirements on
the linear power amplifier design. Other methods proposed
include a rate (R=1), orthogonal transmit diversity (OTD)+
space-time transmit diversity scheme (STTD) four antenna
method.

When complex modulation 1s used, tull diversity codes
with a code rate 1 are only described 1n connection with two

antennas 1n the publication WO 99/14871 Published on Mar.
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25, 1999, and entitled TRANSMITTER DIVERSITY
TECHNIQUE FOR WIRELESS COMMUNICATIONS and
the publication Tarokh, V., Jatarkhani, H., Calderbank, A. R.:
Space-Time Block Coding for Wireless Communications:
Performance Results, IEFEE Journal on Selected Areas In
Communication, Vol. 17 pp. 451-460, March 1999, both
incorporated herein by reference present a rate 12 code which
1s constructed from the full rate real code by setting the
complex signals on top of the same, but conjugated signals.
This way rate 2 codes for two to eight antennas are obtained.
In the following, an example of a code for three antennas 1s
given:

(12)

—84 —953 82
CHZ(Sla 52, 53, 84) — " " "
51 52 83

—S3 S5

where a star (*) refers to a complex conjugate. These codes
are not delay-optimal.

So far, all complex space-time block codes have belonged
to two categories: a group based on real codes, halving the
code rate, such as the above example, or a group based on
square unitary matrices.

It 1s desirable that ‘Open-loop diversity’ should have these
four properties:

1. Full diversity in regard to the number of antennas.

2. Only linear processing 1s required 1n a transmitter and a

receiver.

3. Transmission power 1s divided equally between the

antennas.

4. The code rate efficiency 1s as high as possible.

A drawback of the above solutions 1s that only the require-
ments 1 and 2 can be fulfilled. For example, the transmission
power of different antennas 1s divided unequally, (1.e. differ-
ent antennas transmit at different powers). This causes prob-
lems 1n the planning of output amplifiers. Furthermore, the
code rate 1s not optimal.

For 3 and 4 antennas, this maximal rate 1s 34. Because of the
inelliciency of codes with rates less than one (R<1) transmut
power of a given antenna tluctuates 1n time; thus, presenting
a power-unbalanced problem. Therefore, there 1s a need to
provide a power-balance full-rate code. Since a decrease in
rate may not be acceptable, some other features of space-time
block codes have to be relaxed.

For example, uncoded diversity gain may be sacrificed and
rely on coding to exploit the diversity provided by additional
antennas. Motorola introduced Orthogonal Transmit Diver-
sity+Space-Time Transmit Diversity (OTD+STTD) scheme,
(L. Jalloul, K. Rohani, K. Kuchi, and J. Chen, “Performance
Analy51s of CDMA Transmit Diversity Methods,” Proceed-
ings of IEEE Vehicular Technology Conference, vol. 3, pp.
1326-1330 Fall 1999, hereinatter referred to as Jalloul). Jal-
loul states that extension of OTD to more than two antennas 1s
straightforward; but “STTD 1s not directly extendable to more
than two antennas, since rate one S-T block codes (STC) are
non-existent for greater that 2 antennas.” They extended the
two antenna STTD scheme to four transmit antennas by com-

bining the STTD with two-branch OTD,
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(13)

Csrorp(si, 82, 83, 84) =

* *
| 754 B3 T4 B3

The STOTD scheme 1s completely balanced and 1s also
orthogonal, so that linear decoding gives maximal likelihood
results. However, the diversity order achieved 1s only two,
which 1s the same as the Alamouti STTD scheme.
Space-Time Code Design Criteria

There are three design criteria for space-time block codes,
which are all formulated in terms of the codeword difference
matrix D__=C —C_, where C_ and C_ are the code matrices
corresponding to two distinct sets of information ¢ and e.
Mimmizing the pair-wise error probability of deciding 1n
tavor of C_ when transmitting C _leads to the following design
criteria:

1. The rank criterion: The diversity gained by a multiple

transmitter scheme 1s:

diversity=min__. _Rank[D__]<=min[T; N] (14)

To achieve maximal diversity, D__ should have full rank for
all distinct code words ¢ and e.
2. The determinant criterion: To optimize performance in a
Rayleigh fading environment, Code (C) should be
designed to maximize

min___det'[D_D<].

(15)

Where the prime 1n the determinant indicates that zero
cigenvalues should be left out from the product of eigenvalues
when computing the determinant.

3. The trace criterion: To optimize performance 1n flat

fading channels, Code (C) should be designed to maxi-
mize the Euclidean distance

Tr[D.."D..l. (16)

Moreover, to optimize performance 1n fading channels, the
eigenvalues of D_““D__ should be as close to each other as
possible.

From linearity, it follows that the codeword difference
matrix D __ inherits the unitarity property of the code matrix C:

.

DD = ) 1Zie = Ziol Iy (17)
&

Thus, all design criteria are tulfilled:

Rank criterion: As an unitary matrix, D __ 1s full rank for all
distinct code word pairs. Thus, all space-time block codes
give Tull diversity, equaling the number of Tx antennas.

Determinant criterion: As D__ 1s unitary,

det DDl = Y Zic = Zicol™ (18)
k

This 1s the maximum given a fixed transmit power.
Trace criterion: As D __ 1s unitary,

TADDeel =N ) (Zie = Zi ol
k

This 1s the maximum given a fixed transmit power. More-
over, all eigenvalues are the same.

Thus, there 1s a need for a design which provides full
diversity, full rate and power-balanced space-time codes.
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SUMMARY OF THE INVENTION

It 1s thus an object of the invention to implement a method
and a system by which optimal diversity 1s achieved with
different numbers of antennas. This 1s achieved by a method
of transmitting a digital signal consisting of symbols, which
method comprises the steps of coding complex symbols to
channel symbols in blocks having the length of a given K and
transmitting the channel symbols via several different chan-
nels and two or more antennas. In the method of the invention,
coding 1s performed such that the coding 1s defined by a code
matrix, which can be expressed as a sum of 2K elements, in
which each element 1s a product of a symbol or symbol
complex conjugate to be transmitted and a NxIN representa-
tion matrix of a complexified anti-commutator algebra,
extended by a unit element, and 1n which each matrix 1s used
at most once 1n the formation of the code matrix.

Further, in the method of the invention the coding 1s per-
formed such that the coding 1s defined by a code matrix which
1s formed by freely selecting 2K-1 unitary, anti-hermitean
NxN matrices anti-commuting with each other, forming K-1
pairs of said matrices, whereby the remaining matrix forms a
pair with an N-dimensional unit matrix, forming two matrices
of each pair such that the second matrix of the pair, multiplied
by the imaginary unait, 1s added to and subtracted from the first
matrix of the pair, and 1n which each matrix formed 1n the
above manner defines the dependence of the code matrix on
one symbol or symbol complex conjugate to be coded.

The invention also relates to an arrangement for transmit-
ting a digital signal consisting ol symbols, which arrange-
ment comprises a coder for coding complex symbols to chan-
nel symbols in blocks having the length of a given K, means
for transmitting the channel symbols via several different
channels and two or more antennas. In the arrangement of the
invention, the coder 1s arranged to code the symbols using a
code matrix, which can be expressed as a sum of 2K elements,
in which each element i1s a product of a symbol or symbol
complex conjugate to be transmitted and a NxN representa-
tion matrix of a complexified anti-commutator algebra,
extended by a unit element, and in which each matrix 1s used
at most once in the formation of the code matrix.

Furthermore, 1n the arrangement of the invention the coder
1s arranged to code the symbols using a code matrix which 1s
formed by freely selecting 2K -1 unitary, anti-hermitean NxIN
matrices anti-commuting with each other, forming K-1 pairs
of said matrices, whereby the remaining matrix forms a pair
with an N-dimensional unit matrix, forming two matrices of
cach pair such that the second matrix of the pair, multiplied by
the 1imaginary unit, 1s added to and subtracted from the first
matrix of the pair, and 1n which each matrix formed 1n the
above manner defines the dependence of the code matrix on
one symbol or symbol complex conjugate to be coded.

The solution of the mnvention can provide a system in which
any number of transmit and recerve antennas can be used and
a full diversity gain can be achieved by space-time block
coding. In a preferred embodiment, the maximal code rate
and the optimal delay are achieved by square codes having a
dimension that 1s a power of two.

The solution of the mmvention employs complex block
codes. In a preferred embodiment codes are used, which are
based on matrices whose all elements have the form of +s,,
+s*, or 0. The prior art solutions reveal no codes 1n whose
clements the term O appears. First, square codes are given,
from which non-square codes are obtained by eliminating
columns (antennas). In these codes known as basic codes the
clements depend only on one symbol, or on the real part of a
symbol and the imaginary part of another symbol. In another
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preferred embodiment, full diversity codes which do not have
the above restriction can be used.

Also provided 1s a method and arrangement in which a
code matrix 1s formed by matrices of a portion of the symbols
placed on the diagonal of the code matrix and by matrices of
a second portion of symbols along the anti-diagonal of the
code matrix.

A sub-optimal solution 1s also provided by an embodiment
ol the invention using a rate %3 convolution code.

An equal distribution of transmission power between dif-
ferent antennas 1s also achieved by means of the solution of
the invention. The solution of the mvention preferably also
provides coding 1n which the ratio of the maximum power to
the average power or the ratio of the average power to the
minmuim power can be minimized.

At the receiver, the transmitted symbols may be recovered
using a maximum likelihood sequence estimator (MLSE)
decoder implemented with the Viterbi algorithm with a
decoding trellis according to the transmaitter.

[A] BRIEF DESCRIPTION OF THE DRAWINGS

The above set forth and other features of the invention are
made more apparent 1n the ensuing Detailed Description of
the Invention when read in conjunction with the attached
Drawings, wherein:

FIG. 1 shows an example of a system of multi-channel
transmission 1n which multi-path fading may occur;

FIG. 2A shows an example of a system 1n accordance with
an embodiment of the invention;

FI1G. 2B shows another example of a system 1n accordance
with an embodiment of the invention;

FI1G. 3 1s an illustration showing an example of a transmuit-
ter/recerver arrangement 1n accordance with an embodiment
of the invention;

FIG. 4 shows a rate %16 two-layer block code for four
antennas;

FIG. 5 shows a rate ¢34 three-layer block code for four
antennas; and

FIGS. 6 A & 6B show the two forms of matrices from which
a power-balanced full rate code may be constructed.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENT

The mvention may be used 1n radio systems which allow
the transmission of at least a part of a signal by using at least
three or more transmit antennas or three or more beams that
are accomplished by any number of transmit antennas. A
transmission channel may be formed by using a time division,
frequency division or code division multiple access method.
Also systems that employ combinations of different multiple
access methods are 1n accordance with the mvention. The
examples describe the use of the mvention in a universal
mobile communication system utilizing a broadband code
division multiple access method implemented with a direct
sequential technique, yet without restricting the invention
thereto.

Referring to FIG. 2A, a structure of a mobile communica-
tion system 1s described by way of example. The main parts of
the mobile communication system are core network CN,
UMTS terrestrial radio access network UTRAN and user
equlpment UE. The interface between the CN and the
UTRAN 1s called Iu and the air interface between the
UTRAN and the UE 1s called Uu.

The UTRAN comprises radio network subsystems RNS.
The interface between the RNSs 1s called Iur. The RNS com-
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prises a radio network controller RNC and one or more nodes
B. The interface between the RNC and B 1s called Iub. The
coverage area, or cell, of the node B 1s marked with C 1n the
figure.

The description of FIG. 2A 1s relatively general, and 1t 1s
clanified with a more specific example of a cellular radio
system 1n FIG. 2B. FIG. 2B includes only the most essential
blocks, but 1t 1s obvious to a person skilled 1n the art that the
conventional cellular radio system also includes other func-
tions and structures, which need not be further explained
herein. It 1s also to be noted that FIG. 2B only shows one
exemplified structure. In systems according to the invention,
details can be different from what 1s shown in FIG. 2B, but as
to the 1nvention, these differences are not relevant.

A cellular radio network typically comprises a fixed net-
work infrastructure, 1.e. a network part 200, and user equip-
ment 202, which may be fixedly located, vehicle-mounted or
portable terminals. The network part 200 comprises base
stations 204, a base station corresponding to a B-node shown
in the previous figure. A plurality of base stations 204 are, 1n
turn, controlled 1n a centralized manner by a radio network
controller 206 communicating with them. The base station
204 comprises transcervers 208 and a multiplexer 212.

The base station 204 further comprises a control unit 210
which controls the operation of the transceivers 208 and the
multiplexer 212. The multiplexer 212 arranges the tratfic and
control channels used by several transceivers 208 to a single
transmission connection 214, which forms an interface Iub.

The transcervers 208 of the base station 204 are connected
to an antenna unit 218 which 1s used for implementing a
bi-directional radio connection 216 to the user equipment
202. The structure of the frames to be transmitted in the
bidirectional radio connection 216 1s defined separately in
cach system, the connection being referred to as an air inter-
face Uu.

The radio network controller 206 comprises a group
switching field 220 and a control unit 222. The group switch-
ing field 220 1s used for connecting speech and data and for
combining signaling circuits. The base station 204 and the
radio network controller 206 form a radio network subsystem
224 which further comprises a transcoder 226. The transcoder
226 1s usually located as close to a mobile services switching
center 228 as possible, because speech can then be transferred
in a cellular radio network form between the transcoder 226
and the radio network controller 206, which saves transmis-
s10n capacity.

The transcoder 226 converts different digital speech cod-
ing forms used between a public switched telephone network
and a radio network to make them compatible, for instance
from a fixed network form to another cellular radio network
form, and vice versa. The control unit 222 performs call
control, mobility management, collection of statistical data
and signaling.

FIG. 2B turther shows the mobile services switching center
228 and a gateway mobile services switching center 230
which controls the connections from the mobile communica-
tions system to the outside world, 1n this case to a public
switched telephone network 232.

In accordance with the present invention there 1s provided
a sub-optimal class of Space-Time Codes (STC) based on the
Radon-Hurwitz sub-matrix. The invention can thus be
applied particularly to a system in which signal transmission
1s carried out by using ‘complex space-time block coding’ 1n
which the complex symbols to be transmitted are coded to
channel symbols 1n blocks having the length of a given K 1n
order to be transmitted via several different channels and two
or more antennas. These several different channels can be
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formed of different time slots. As a result of the coding, the
symbol block forms into a code matrix in which the number of
columns corresponds to the number of antennas used for the
transmission and the number ol rows corresponds to the num-
ber of different channels, which, 1n case of space-time coding,
1s the number of time slots to be used. Correspondingly, the
invention can be applied to a system 1n which different fre-
quencies or different spreading codes are used instead of time
slots. In this case i1t does not naturally deal with space-time
coding but rather with space-frequency coding or space-code-
division coding. The space-frequency coding could be used 1n
an OFDM (orthogonal frequency division multiplexing) sys-
tem, for example.

The codes of the present invention have rate R=1 and are
casily decodable. For the 4-antenna case, a diversity of order
3 1s achieved. The present mvention minimizes the mherent
non-orthogonality and have simple linear decoding, which
may be 1terated. The present invention 1s also backward com-
patible with 3GPP release 99 open-loop diversity mode.

Let us first examine the forming of a freely selected square
complex space-time block code. Assuming the number of
transmit antennas is N=2""", where K is an integer and bigger
than two. By means of the obtained code, K complex number
modulated symbols can be transmitted during N symbol peri-
ods. These symbols can be marked with s, k=1, . . . K.

A square complex space-time block code 1s based on a

unitary NxN matrix, whose elements depend on linearly
transmitted symbols s, and their complex conjugates. A uni-
tary matrix 1s a square matrix whose inverse matrix 1s propor-
tional to 1ts hermitean conjugate. On the other hand, the
hermitean conjugate 1s the complex conjugate of the matrix
transpose. In addition, the proportional coellicient between
the product of the code matrix and 1ts hermitean conjugate,
and the unit matrix 1s a linear combination of the absolute
value squares of the symbols to be transmitted. This linear
combination can be called unitarity coelficient. By interpret-
ing the symbols to be transmitted appropriately, this linear
combination can always be seen as a sum of the absolute value
squares of the symbols to be transmaitted.

The unitarity (complex-orthogonality) of the space-time
block codes may thus be expressed with the inner products
proportional to the sum of the squared amplitudes of the
symbols:

CHC= )" 12,1

(19)

C 1s the code matrix, I 1s the 1dentity matrix of the same
dimension, and H 1s the hermitean conjugate (complex con-
jugate transpose operator). The maximum-ratio-combining,
property of the code 1s a direct consequence of the appearance
of the sum of the symbol powers on the diagonal of the
hermitean square of the code matrix.

The linearity of the symbols z,, z, allows the code matrix to
be expanded thus

K (20)
C=) (LB +ZiBD)
k=1
K (21)
= Z (Xy Pox—2 + ¥, Bo—1).
k=1
B! (22)

1s a set of 2K constant TxN matrices with complex entries.

The real variable x, and y, are the real and imaginary part of
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the complex variable z,=x,+jy,, and the matrices §,~ are
linear combination of 3,

|
P = 5(51*—2 + b1 )-

Combining the above based on unitarity and linearity cri-
teria the following is a restriction on the {3, matrices.

B BB Br=28;Ly- (23)

For square matrices (I=N), 1t can be seen the code matrix
C(z) and the coellicient matrices [3, are unitary which lends
itself to the use of group algebras. Moreover, the matrices
belong to the unitary group U(IN).

As stated above 1n regards to Pauli-Spin matrices, taking a
set of linearly independent vectors as group elements, a vec-
tor space may be generated by taking a linear combination of
the elements of the set. The product already defined on the
basis set can be extended to all the elements of the vector
space by linearity. Thus, defining a group algebra. Due to this,
the well developed tools of the representation theory of con-
tinuous groups lend themselves to the analysis of the prob-
lem.

Redefine

V=B B k=0, . . ., 2K~1, (24)

vo=l., and the algebra BkHBj+BjHBk:26jkIN from above
remains unchanged for the y:s. From the relation between vy,
and the other v:s, we then see that these should be anti-
hermitean

v =1.k=1, ... 2K-1, (25)
The algebra of these remaining v:s 1S now
kaj+Yij:_26jkIN:j: k:]-: LR 2K-1 (26)

This 1s the defining relation of generators of the Clifford
algebra. There 1s a coincidence that the investigation of the
Clifford algebra originates 1n the work of theoretical physicist
P.A.M. Dirac on fermionic particles in space-time. From a
group theoretical point of view, the v—matrices generate the
so-called spinor representation of the special orthogonal sub-
group SO(2K-1), and here we are dealing with the problem of
embedding spinorial SO(2K-1) representation 1n representa-
tions of unitary groups.

We thus get the following generic prescription for finding a
complex modulation space-time block code:

1. Find a N-dimensional representation of the Clifford
algebra v,y +vy,=20,1y, . k=1, . . ., 2K~1 for anti-
hermitean matrices v,, k=1, ..., 2K-1.

2. Take an unitary matrix 3,e U(N).

3. Define p,=p,v., k=1, ..., 2K-1.

4. Use the matrices {3, k=0, . . . , 2K-1 to create a code
matrix C(z) according to

K
C= Z (Xk Paw—2 + ¥ Bau—1)-
=1

By construction, this prescription yields all possible com-

plex linear space-time codes with N antennas and time
epochs, full diversity, and rate K/N. The codes with minimal
dimensions for a given rate are thus delay optimal codes.
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Similar to what was shown as a result of the Hurwitz-
Radon proot, the representation theory of Clitford algebras
give very stringent conditions on the existence of block codes
with arbitrary rate K/N. For an orthogonal complex modula-
tion space-time block code employing N antennas, the maxi- 53
mal achievable rate 1s:

llog, N| + 1 (27)
2llogy N] 10

However, one may not always need optimal codes. An
embodiment of the invention provides a sub-optimal solution
as will be presented below.

Representation Theory of Clifford Algebras

Let us look at an example using Clifford algebra represen-
tation. Suppose you have K objects that fulfill the defiming
relations of the generators ot a Clitford algebra v,y +vy,=—
20,1y, 3, k=1, ..., 2K~1. That 1s, tourth roots of the identity
matrix (i.e. geGlg®=-1), and they anti-commute. We want to
represent these objects as anti-hermitean square matrices, and
we are interested in the minimal dimension of irreducible
representations. (An 1irreducible representation i1s one that
cannot be decomposed 1nto a direct product of two lower-
dimensional ones). For anti-hermitean matrices, idempo-
tency translates to unitarity. The enveloping algebra of these
objects 1s the algebra Clifford ... We shall use this terminology
loosely, and refer with “Clitford,” to the algebra of the gen-
erators of Clitford,.

In constructing representations for Clifford algebras, we
shall use the following matrices:

15
20
25

30

0 1 0 1 1 0O (28)
o T SRS PR B

Matrices (28) are proportional to the Pauli matrices. For later
convenience, these have been chosen so that o, and o, are
anti-hermitean, and o, is hermitean. The matrices that o,, o,, 4V
and 1o, constitute a basis for the algebra Su,, the algebra of
anti-hermitean 2x2 matrices with vamishing trace, which 1s a
real form of SI,(C)=A1 1n Cartan’s classification of Lie alge-
bras. The fundamental representation (the mimimal dimen-
sion faithful representation), 1s generated by these 2x2 matri- 49
ces.
Mimimal Dimensions for Irreducible Representations

First consider the case K=2. Clearly, the objects v,, v,
cannot be represented as complex numbers. The minimal
dimension to represent two anti-commuting objects is 2. Itis >
casy to find two anti-commuting anti-hermitean unitary 2x2
matrices, take e.g.

Y1,=01; Y2=05. (29)
55
Now consider a Clifford-algebra generated by three ele-

ments v, ; Y,; Y5- From the anti-commutation relations, 1t fol-
lows that the productvy,; v,; v, commutes with all generators
of the algebra. As an hermitean/Casimir operator, 1ts matrix
representation can be taken to be proportional to the unit
matrix I,. Thus, v, can be represented 1n the same matrix
dimension as y, and y,, and 1s simply proportional to their
product. Corresponding to y, =0,; Y,=0,, we have e.g.

60

Y3:Y1Y2:IG3' (30) 65

Here we see that Clifford, coincides with the algebra su,.
Also, Clifford, 1s a two-dimensional sub-algebra of su..

16

Taking the matrices [ in

K
C= ) Xefoua+7Bau1):
k=1

to be the above representation of the three generators of
Clifford,, together with the two-dimensional unit matrix, we
get exactly the 2x2 Alamouti code. Next add a fourth genera-
tor to the Clifford-algebra. Denoting Y =—jv,¥,¥s, Yi=—
JY1Y5Y4, We see from the anti-commutation relations that the
sub-algebras generated by v,, vy,, and vy, v, commute. The two
sub-algebras, on the other hand, are 1somorphic to Clifiord,.
Thus each of these subalgebras can be represented using the
matrices i Equation (A.27). The two commuting sub-alge-
bras, however, have to be represented using the tensor prod-
uct. Thus, we get the following matrix representation for the
generators of Clifford,:

Y1212®‘31; Y2212®32{’351®12; {’4:(‘2@5- (31)

Adding a fifth generator, we again note that v, v,vyv.v< 1san
hermitean/Casimir operator, and 1ts matrix representation can
be taken proportional to the unit matrix. Thus, we can define

€.g Vs—=IV1Y2Y3Va-
We have constructed the following representation of Clif-

ford.:

‘0 1 0 0 0 j 0 0 (32)
10 0 0 i 00 0
=00 0 0 o7 ooo
0 0 -1 0 00 j 0
"0 01 0 00 j 0°
0 0 0 —I 0 0 0 —j
BTt o00 0T 0 0 0f
0 10 0 0 -j 0 0
P00 0
0 —j 0 0
570 0 —jof
00 0
To get the form
51 82 83 0 (33)
—s5 8] 0 —s;

C3f4(81, Sa, 53) — C?;H(Sla 52, 53) — * *
—s, 0 s7 sy

0 83 —s5 s

using prescription

K
C = Z (Xi Pok—2 + Vi Bow—1)
(=1

one can use the matrices above with the indices cyclically
permuted.

The same construction can be applied to find inductively
the irreducible representations of a Clifford algebra generated
by an arbitrary number of elements K. There are two different
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sets of induction steps, from even K-1 to odd K, and from
even K-2 to even K. For even K, the induction steps are the
following;:

K2 (34)
Yk = (—j)ml[]_[ Yilk:
i=1 J
Define
K=2
i=1 J
Note that
K-2

{yj}le

[l

and {Y._,, Y} generate commuting Clifford sub-algebras
1somorphic to Cliftord,. ,, and Cliftord,,.

Use atensor product of existing irreducible representations
R, , of Clifford,_, and R, of Clifford, to represent these

sub-algebras:

R (1)~LEORE (1), =1, - - . K2 (35)
RKG’K_ =R, (3’_;) @ Lo Ri2
R &1 Ro (1) (L R 2
Finally, invert the definitions of the y:s,
(K-2 ) (36)

Rx(yik-1.41) = i** 'Rg YiYk-1.K)

The induction steps from even K-1 to odd K are following,

K (37)
Define Ag = (—j)”‘f“)le_[ Vi

J=1

Note that A, 1s a Casimir operator; 1t commutes with all

K
{Yj }jzl -
Represent 1t by the unit operator in the representation R ;.

Take
RK(Yj):RK—l(Yj):jZI: .o K-1 (38)

(39)
Ry (yg) = R,

The induction steps above can be used to prove the follow-
ing theorem: The minimal dimension to represent a Clifford
algebra generated by K elements is 2*’2!, The minimal rep-
resentation matrices are elements 1n the space

Ry mal = Ry (sup) @ Ra(sw2) @ ... @ Ralswa). (40)

[K/2]elements

Here, R,(su,) 1s the fundamental two-dimensional repre-
sentation of su,, the algebra of anti-hermitean 2x2 matrices
with vanishing trace. R denotes this representation space
enlarged by matrices proportional to the two-dimensional
unit matrix.
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A minimal (i.e. 2*~") dimensional representation of Clif-
tord,. constructed by the induction described above, 1s

Y2=L@L®..ALL o (41)

K—2 times

v3=LL®..LYY L ®oc,

K—3 times

va=DLhL®..RL® L, ®o| ®o3

K—3 times

vs=LR®L®..AL LYo ®o;

K—3 times

Ye =1L ®..0L &0 @03 @03

K—4 times

Y7=0b®...8L ®o, ®o3 Q03

K—4 times

Yu =L®.. LR Qo3 Q... 03
K—1—£& times

k—1 times

Yourl =b®@..L L ®r3 Q... Q03
K—1-Fk times

k—1 times

VK2 =01 Q@03Q... Q03
K—2 times

Vok—1 =02QR03K... QT3
K—2 times

Y =J03Q03Q... Q03

K—2 times

To classify all possible representations, one has to assess
the free parameters 1n this construction.

First, note that the anti-commutation relations vy.y+
Y2015, 3, k=1, . .., 2K~1 have the symmetry

Y,V V=1, .. L (42)

where V 1s an unitary dimR . xdimR .- matrix. This symmetry
1s large enough to accommodate any choice of basis 1n Clii-
ford, sub-algebras.

Second, 1t 1s easy to see that representation 1n higher than
the minimal dimensions can be found by taking any three
higher dimensional anti-commuting matrices 1nstead of o,
O,, and O, as a basis 1n any of the elements in the tensor-
product above. Anti-commuting fourth roots of the identity
matrix, however, are hard to come by.

A generic representation space would thus be

(43)

(@ Ro(s1)) @ (€2 Ro(51)) @ ... @ (@5 V2 Ry (su5))

where the dimensions of the commuting sub-algebra repre-
sentation (d,, . . ., d;x/»;) are even integers =2.

The above can be placed 1n a less rigorous mathematical
narrative. By multiplying by a unitary NxN matrix, a square
space-time block code which 1s freely selected from the left
can be brought to a form 1n which the real part of a symbol to
be transmitted appears only on the diagonal of the code
matrix. If the symbols to be transmitted are interpreted in the
above manner, said real part appears in every diagonal ele-
ment, multiplied by the same real number. In this case, the
dependence of the code matrix on the real part of the symbol
1s proportional to an N-dimensional unit matrix.
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Let us next examine a method 1n which a unitary NxN
matrix 1s formed, the elements of which depend linearly on
symbols s,, the unitary coellicient of which 1s proportional to
the sum of the absolute value squares of the symbols s, and the
dependence of which on the real part of a symbol s, 1s pro-
portional to an N-dimensional unit matrix.

Let us take a freely selected 2K-1 quantity of NxIN matri-
ces, which are all antihermitean and unitary and which all
anti-commute with each other. An anti-hermitean matrix
refers to a matrix, the hermitean conjugate of which is the
matrix i1tself multiplied by —1. Anti-commutation means that
when two matrices can be multiplied by each other 1n two
orders, then 1f one product 1s —1 times the other product, the
matrices anti-commute. The above family, to which 2K-1
matrices belong, can be called an N-dimensional anti-com-
mutator algebra presentation of 2K-1 elements.

Let us form K-1 pairs of these 2K-1 matrices. Since there
1S an uneven number of matrices, an N-dimensional unit
matrix 1s used to form a pair with the remaining matrix. Two
matrices are formed of each matrix pair such that the second
matrix of the pair, multiplied by the imaginary umit, 1s added
to and subtracted from the first matrix of the pair. The umt
matrix 1s interpreted in 1ts own pair as the first matrix. This
way, 2K matrices are formed. These matrices form a com-
plexified anti-commutator algebra extended by a unit ele-
ment. In short they are called complex anti-commutator
matrices.

A code matrix 1s formed such that each of the matrices
formed as above defines the dependence of the code matrix on
one and only one s, or the complex conjugate of's,. Thus, the
code matrix 1s the sum of 2K elements and each element 1s the
product of some s, or s, complex conjugate and an NxN
complex anti-commutator matrix, such that each symbol,
complex conjugate, and matrix only appears once 1n the
CXpression.

Let us examine a method of forming an N-dimensional
anti-commutator algebra presentation of 2K-1 elements.

First, three 2x2 matrices are freely selected, the matrices
tulfilling the following conditions:

matrices are anti-hermitean and unitary; and

matrices anti-commute with each other.

S0, the matrices form an anti-commutator algebra presen-
tation of the freely selected 3 elements. Two matrices are
selected from the above defined matrices, and they can be
called an elementary pair. The remaining matrix 1s multiplied
by the imaginary unit, and the result 1s called a third elemen-
tary matrix. In addition, a matrix proportional to a two-di-
mensional unit matrix 1s used as a fourth elementary matrix.
This matrix can be called an elementary unit matrix.

K—1 pairs of NxN matrices are formed of these matrices by
formulating tensor products of K-1 elementary matrices for
example 1n the following manner:

The first matrix pair 1s established as a tensor product of
K -2 elementary unit matrices and members of the elementary
pair. Each member of the elementary pair appears as sepa-
rately tensored with the unit matrices. This gives two matri-
ces, (1.e. a matrix pair).

The second matrix pair 1s obtained by tensoring K-3
clementary matrices, one member of the elementary pair and
the third elementary matrix, 1n this order.

The lth matrix pair 1s obtained by tensoring K—1-1 elemen-
tary unit matrices, one member of the elementary pair and 1-1
third elementary matrices, in this order.

K-1th pair 1s obtained by tensoring one member of the
clementary pair and K-2 third elementary matrices.

The tensor product of two matrices can be understood as a
block form by considering a matrix with as many blocks as
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the first matrix to be tensored has elements, each block being
as big as the second matrix to be tensored. A block of the
tensor product is the corresponding element of the first matrix
times the second matrix.

In the above manner we arrive at 2K-2 N-dimensional
complex anti-commutator matrices, where N=2*"". The
2K -1th anti-commutator matrix 1s obtained by tensoring K-1
third elementary matrices and by multiplying by the 1imagi-
nary unit.

Let us next examine an example of the above method. The
following anti-hermitean unitary 2x2 matrices anti-commut-
ing with each other are selected:

(44)

(0 1] (0 .i] (—f 0]
Uy = » U2 = » T = :
-1 0 i 0 0 i

Here the imaginary unit 1s marked with the letter 1. Let us
call the pair 0,, 0, an elementary pair and the matrix o,=1t as
a third elementary matrix. As a fourth elementary matrix, a
2-dimensional unit matrix

(45)

1s used, which 1s called an elementary unit matrix.

N=2*~1-dimensional complex anti-commutator matrices
are formed as tensor products of the elementary matrices:

2=1L00L®L... 8L, ®0, (46)

K-—2 times

3 =1LL®1L,® ... ®¥1,®0

K—2 times
v4=1,@L,®1,® ... 1, ®c| ®o3
K—3 times
v$s =121, ®1,® ...1, ®c72 ®03

K—3 times

Y6 =101, 1L, ® ... 1, @0 Qo3 Qo3

K—4 times

Y=L RLR LY ... VLV, RT3 ®03

K—4 times

Y% =1L RLELLE ... LLRCIQT3IR ... ®ROs
K—1-£& times

—1 times

Yol =1L ®1L, 1, ® ... L, ®r®03Q ... o3
K—1-L times

k—1 times

Vogk—2 =0 1Q03Q ... Q03
E—2 times

Vak—1 = 02003 Q ... T3
EK—2 times

Y =los®@o3® ... @03

K—2 times

The formed matrices are an example of a 2ZK-1 quantity of
N=2%-'_dimensional antihermitean unitary matrices anti-
commuting with each other.
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From these matrices, 2K complex anticommutator matri-
ces {v,., V. }._,~ are formed in the following way:

(Vok—2 £ &Yp_y) (47)

YVie = 7

k=1,... K

Matrices y, defined above are used herein. In addition, the
2%~!_dimensional unit matrix is marked with v,,. The matrices
have also been normalized by dividing by two. The code
matrix can now be formed for example as follows:

K (48)
C = Z (SkYi— +SpYe +)
k=1

The obtained code 1s a delay optimal basic block code. All
possible basic block codes of a given code rate can be created
simply by interchanging the places of rows and/or columns 1n
all y matrices simultaneously, or by multiplying the vy matrices
by any combination of terms, or changing the numbering of
the v matrices, or by multiplying all v matrices from right
and/or left by a unitary matrix which has four elements
diverging from zero, the elements being an arbitrary combi-
nation of the numbers *1, +1.
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signal and the imaginary part of another. The combination of
any N'<N code matrix columns give a full diversity non-
square code for N' antennas. Using these codes, full diversity
codes, which do not have the above restriction, can be con-
structed 1n the solution of the invention. In a solution accord-
ing to a preferred embodiment of the invention the elements
are allowed to be linear combinations. This way, provided that
tull diversity 1s provided, block codes that are unitarily con-
verted are obtained, having the form

C=UC(s)V, (51)

where C(s) 1s a basic block code, such as above. It 1s an NxIN'
matrix, where N 1s the number of time slots and N' is the
number of antennas. U and V are NxN and N'xN' unmitary
matrices. The phase shifts caused by Uand V are irrelevant. U
and V can be assumed to be unitary matrices with determinant
1.

This construction gives a family of block codes with
N*+N"-2 continuous parameters. The square codes obtained
this way comprise delay optimal maximal rate block codes
when the number of antennas 1s proportional to a power of
two.

Consider, for example, the rate 34 code for four antennas
which were described above (49). A generic unitary 4x4
matrix with a umit determinant can be written, for example, as

f(ﬁ) . | bia + b ) (52)
13T —(—@14a ™ —/— @15 W1 W2 W3
V3 V6
1

W) —p13 + —= P14 + — @15 W4 W

y i 1 V3 NR
= exp=
2 —2 1
W) W) —da+ —d1s  We
V3 V6
-3
w5 Wi W — 5
\ \{g /

For example, the basic rate 3/ code for four transmit anten-
nas as formed in the above manner has the form

( 51 5y 83 0 N (49)
—s5 s8] 0 —s;3
(81,82, 83) = 0 s s,
. 0 83 —s5 sp

Here N=4 and K=3. Further, the rate 2 code for eight
antennas, for example, 1s

( 51 Sy 83 0 54 0 0 0 (50)
—s3 s 0 —s3 0 —s4 0 O
—s3 0 s s 0O 0 =—s4 O

0 s —-s5 s 0O 0 0

(S1, 82, 83) = .

54

-s, O 0 0 s s s3 0

0 s; 0 0 —-s5 s 0 —s;

0 0 s 0 =—-s3 0 s s
0 0 0 =s; 0 s3 —s5 s,

Here the rate ¥4 code 1s 1n the upper lett corner and the
corresponding mverted complex conjugate 1n the lower right
corner.

By the above manner, ‘basic codes’ are obtained, 1n which
the elements only depend on one signal, or the real part of one
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where the exp operation 1s a matrix exponential, the six
parameters w, are complex and the three parameters ¢, are
real. U 1s of the same form. All 1n all this makes 30 free real
parameters. All possible generalizations of said % code (49)
can now be constructed by applying the transformation (51)
and using the above described U and V.

It would be desirable that transmission power 1s distributed
equally between different antennas. However, when {for
example the prior art %4 code (the 34 code mentioned in the
introduction of the application, for instance) 1s used, some
antennas transmit using only half of their power at certain
times. If the code (49) according to a preferred embodiment
of the mvention 1s used, the ratio of the peak power to the
average power can be made lower. In addition, this construc-
tion allows that instead of transmitting zeros of the code
matrix, a signal that 1s orthogonalized 1n some other way (for
example by a different spreading code), a pilot signal for
instance, may be transmitted. This way a fully power-uni-
formized transmission can be provided.

In a system with several users, especially 1n a code division
and frequency division system, users may be provided with
different versions (for example, a version with a permutated
antenna order) of the block code, and thus the transmission
powers can be uniformized.

Sometimes, 1 a time division system with several users,
for example, 1t 1s preferable to balance the transmission of one
user directly without using the above mentioned ways. In a
solution according to a preferred embodiment of the inven-
tion, an unequal distribution of transmission power between
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different antennas may be avoided and the above described
unitary transformation (51)1s applied. The power spectrum of
different antennas cannot necessarily be unifonnized 1in
respect to each other as a function of time, but by selecting the
unitary transformation preferable, the average transmission
powers of the antennas are uniformized and the ratio of the
peak power to the average power and the ratio of the minimum

power to the average power can be minimized.
Let us examine this embodiment by means of an example.

Consider the above described 34 code (49) for four antennas.
Depending on which parameter needs to be improved, the
matrices U andV are selected in an appropriate manner. If the
mimmum-to-average power needs to be optimized, V 1s
selected as the unit matrix and U as the 4x4 Hadamard matrix:

(53)

Now by applying the transformation (51) to the code (49)
with the above mentioned matrices U and V, the power-uni-
formized code 1s

C =UC(z) = (54)

(8] —S3—S3 S;+S5+s3 S —S5+83  S; +8y—83

Sp +85 —83 —S]+85—83 S;+85+8; —8; +85+83

Sy —S, +83 8] +S5—S3 —S]+S3+S8; —S| —Sy —S3

 S; +85+83 —S]+85+8; —S] —854+8; S —Sy+S3

On the other hand, 11 the peak-to-average power needs to be
mimmized, U and V can be selected for example as follows:
(It 1s assumed herein that the signal constellation 1s 8-PSK..)

/ . .3 "n 55
1 E—:% e '3 e _SE ( )
T A A
1|11 -8 7 —¢'%
U=— and
g T T 37
1 '8 —e 4 —e'%
T T 3T
1 —e'8 -1 e'F
(1 0 0 0 ) (56)
i
0 £'S 0 0
V =

Applying now the transformation (51) to the code (49) with
the above matrices U and V, a power-uniformized code 1s
achieved, which has a minimal peak-to-average power

/ i i

. . i i
zy—e '8z;—e '3z zi+e8z +e '3z

_ 1] z1 +E_i%z”2‘ —E_igzg
C=UC(s)V = 7

iR L
Z)—e 8z, +e 4z;

i —it .
21 +e 8Z,+e 47
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" —fﬂ " fﬂ "
z1—e 8z, +edz;
* iz« —iT . o —in i . i i
—Zy+e8Z, —e 423 Zi+e 8Z,+edzZ; —Z1+esZ, +edz;
* A LN * LN i i i
Z1+ €82, —e 4z; —zi+e Sz, +edzy —z)—e8z2; —edz3

* %« —it . * il i is i
—Z)te8Zi,+e 12y —Z)—e 8L, +edZy Z —edir+edz; |

24

Let us next examine a decoding method which can be
applied to the reception of the signals that are coded 1n the
above manners. [.et us assume that a recerver has M antennas.
[ et us further assume that N' antennas are used for transmis-
sion 1n a transmitter and that the block code uses N time slots.
The channel between the nth transmit antenna and the mth
recetve antenna 1s denoted by the term o, . The channels can
be assumed to be static over the frame N. The channel terms
are collected into the N'xM matrix

(@11 Qp2 Xppp (58)
a1 22 o pg
Yy =
Iyl @2 ot N

Correspondingly, the signal received by the antenna m at
the time slot t 1s denoted by r, . The NxM matrix of these
signals 1s obtained from the formula

R=C(s)a+n, (59)

where n 1s an NxM matrix of additive complex Gaussian
noise. The block code C is constructed as above ((1), (2) and
(4)), possibly by restricting the number of antennas. Now
denote

ViU Vo k=1,. .. K (60)

Using these markings, the maximum likelihood detection
metric for the kth transmitted symbol s, 1s

M= Tr(Ye, oRZ+ROT, )= 12+ Tr(0o)=1) s 12

(61)

where Tr refers to a matrix trace, (1.e. the sum of diagonal
clements, and H refers to the complex conjugate transpose).
Thus, the aim 1s to minimize the metric, (1.e. 1t 1s used as a
criterion for deciding which symbol s, comprises).

FIG. 3 1s an i1llustration of an arrangement according to an
embodiment of the mvention—to be used as exemplar only.
The figure shows a situation where channel-coded symbols
are transmitted via three antennas at different frequencies, at
different time slots or by using a different spreading code.
Firstly, the figure shows a transmitter 300, which 1s 1n con-
nection with a receiver 302. The transmitter comprises a
modulator 304 which recerves as input a signal 306 to be
transmitted, which consists of bits 1n a solution according to
a preferred embodiment of the invention. The bits are modu-
lated to symbols in the modulator. The symbols to be trans-
mitted are grouped into blocks having the length of a given K.
It 1s assumed 1n this example that the length of the block 1s
three symbols and that the symbols are s, s, and s5. The
symbols are conveyed to a coder 308. In the coder each block
1s coded to NxN' channel symbols. The channel symbols 310
are conveyed 1n this example via radio frequency parts 312 to
three antennas 314 to 318 from where they are to be trans-
mitted.

Inthe present example, the block comprises the symbols s, ,
s, and s;. The coder performs coding, the defining code

i

(57)

.E.ﬂ- .E.ﬂ-
Zi +e 8z, —g' iz,




US RE43,746 E

25

matrix of which 1s formed of 2K elements, in which each
clement 1s a product of a symbol or symbol complex conju-
gate to be transmitted and a complex NxN anticommutator
matrix, and in which each matrix 1s used at most once 1n the
formation of the code matrnx.

A code matrix can for example be the matrix (34) described
above, which means that the coder performs the coding

(81,82, 83) = (62)
# # * * * * * *
(8] —S5 —S3 S +S8, +83  S§; —S> +S3 S +S3 —S3 )
S| +85 —83 —S;] +85 —83 S;+85+8; —S +82 +83
S| —S, +83 8] +Sy;—83 —8 +85+8; —S] —S3 —S3
(S| +S5+83 —s; +Sp+S3 —S; —Sr+S3 S —Sy +S3

The coder can preferably be implemented by means of a
processor and suitable software or alternatively by means of
separate components.

Let us examine the receiver shown in FIG. 3 once more. By
means of the transmitter of the invention, a signal 320 1s
transmitted by using three or more antennas. The signal 1s
received 1n the recerver 302 by means of an antenna 322 and
it 1s conveyed to the radio frequency parts 324. In the radio
frequency parts the signal i1s converted to an intermediate
frequency orto baseband. The converted signal 1s conveyed to
a channel estimator 326, which forms estimates for the chan-
nel through which the signal has propagated. The estimates
can be formed, for example, by means of previously known
bits the signal contains, such as a pilot signal or a training,
sequence code. The signal 1s conveyed from the radio fre-
quency parts also to a combiner 328, to which also the esti-
mates are delivered from the channel estimator 326. The
channel estimator and the radio frequency parts can be imple-
mented by employing the known methods.

The combiner 328 receives the symbols transmitted at dif-
terent time slots, typically stores them temporarily 1n a buifer
memory and forms estimates s, 1=1, 2, 3 for the original block
symbols by means of the channel estimates and the metric
(61). A detector 330 performs the symbol detection according
to the formula (61). The signal 1s conveyed from the detector
330 to a channel decoder 332 and further to the other parts of
the recerver. The detector can preferably be implemented by
means ol a processor and suitable software or alternatively by
means ol separate components.

Only one example of a possible receiver 1s described
above. The calculation and use of channel estimates, for
example, can be implemented 1n various other ways, as 1s
obvious to a person skilled 1n the art.

For real signal constellations, full rate codes exist for up to
8 transmit antennas.

I 51 59 83 0 (63)
—s5 8] 0 —s;3
Caulsy, s2,83)=| | )
—sa 0 s; sy
* *
0 sz -8y sy

The 4-branch MRC linear decoding property of this code 1s
reflected 1n the unitarity of the code matrix:

C3;4HC3;4:(S 181 +8585 % +8383 )1 (64)

Some features of space-time block codes may be relaxed.
One such feature 1s the requirement of orthogonality of the
space-time block code. Here it 1s easy to see that rates less
than 1 result in power-unbalanced schemes (1.e. the transmit
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power of a given antenna fluctuates 1in time). The basic rate ¥4
code 1s gtven above, the symbols transmitted are s, , s,, and s,.
A three antenna version of the code 1s derived by switching
oif one of the antennas. The ineificiency and power-unbal-
ance 1s visible in the zeros of the code. Furthermore, 1t 1s clear
from the code that the inefliciency of the code 1s due to the
existence of redundant directions 1n the code matrix, which
are not used for signaling. In the above code, this redundant
direction 1s spanned by the off-diagonal 1n the code matrix.
This code may be used as the basis of the code provided by
another embodiment of the invention a Layered Space-Time
Block Code 1s 1dentified below. Layered space-time block
codes 1involves patching pieces of fully orthogonal space-time
block codes together.

Again, the symbol-wise maximum likelihood detection
metric for the space-time block code (63) 1s

M, =ITr(B;, aRZ+RaB,._7)-s, 1 °+(Tr(aZ a)-1)1Z,)° (65)

Here, a 1s the matrix of channel weights (allowing for a
multitude of receive antennas), R 1s the matrix of received
symbols, and the decoding matrices are

‘100 0 ‘01 0 0 (66)
000 0 00 0 0
Pe=lo o000l P7|oo o1
000 1, 00 0 0,
00 1 0> 00 0 0
00 0 -1 010 0
P==lo 00 o P*=loo1 o
000 0, 00 0 0,
0 0 0 0 0 00 0
10 0 0 0 00 0
182+=00 0;6,34—:_100
0 0 -1 0, L0 00 0,

For a space-time block code with rate less than one, the
inefficiency of the code 1s exploited to transmit additional
data. For example, parts of another block code (the higher
layer code) may be appended onto the redundant directions of
the block code. This 1s repeated as many times as 1s required
to transmuit the tull higher layer code.

The upper layers violate the inherent orthogonality of the
underlying block code, making linear one-step decoding
impossible. However, the two-layer code can be decoded 1n
two linear steps, first the upper layer, then, after interference
cancellation, the component codes of the lower layer one at a
time. Better performance 1s achieved, 1f instead of linear
decoding, the upper layer 1s decoded by a optimal configura-
tion search.

Similarly, the possible residual inefficiency of the two-
layer code can be used to transmit a third layer block code.
The linear decoding of a I-layer code has to be done 1n I steps,
starting from the uppermost layer. The interterence induced
by a higher layer on the lower ones 1s cancelled after detection
of the higher layer. The best performance 1s achieved when
the upper layers are decoded by a optimal configuration
search.

More mathematically, the basis of the proposed scheme 1s
the following. Consider a space-time block code with N trans-
mit antennas, and for simplicity, N symbol intervals. Code
matrix orthogonality restricts the number of symbols to some
number K#N. The proposed scheme applies when K<N. In
this case, the antenna resource 1s used inetficiently, the block
code has rate <1, and it 1s power-unbalanced.
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The received symbol vector 1s a vector in N-dimensional
complex space, call 1t the reception space. Now one should
distinguish between two different kinds of orthogonality.
First, there 1s the orthogonality of the code matrix, which
translates on reception to linear decodability of the block
code, and full diversity. Second, there 1s conventional
orthogonality 1n the reception space.

The code-matrnix-orthogonal K symbols span a K-dimen-
s1onal subspace of the reception space, call 1t the block-code
reception subspace. As K<N, there 1s room in the reception
space for more mformation. This extra information 1s called
the higher layer, and it 1s encoded 1nto redundant directions of
the code matrix, (1.e. code matrix directions that project onto
directions of the reception space that are reception-space-
orthogonal to the block-code reception subspace).

This reception-space-orthogonality does not translate 1nto
code-matrix orthogonality, as the latter was already maxi-
mized when maximizing K. Thus one-step linear decoding 1s
lost. However, the redundant directions can be decoded first,
and subtracted using interiference cancellation. After this,
what remains from the recerved symbols, can be linearly
decoded using code-matrix orthogonality. Optimal decoding
of the upper layer requires searching through the upper layer
configurations to find the optimal one.

Straight forward use of the redundancy does not provide

tull diversity for the symbol(s) transmitted on the redundant
direction. Rather, the channels combine uncoherently. To
avoid this, one may use a higher layer block code, so that the
outputs of the redundant directions of successive coding
blocks yield the would-be recerved symbols of a block code.
This higher-layer block code can then be decoded as a normal
block code. After interference cancellation, one can decode
the lower layer blocks.

Using a block code with rate <1 on the higher layer, leaves
some residual inetficiency, (i.e. the rate of the layered code 1s
still R<1). This meiliciency can again be used to accommo-
date information symbols for a even higher layer code. In this
way, the code rate can be made asymptotically as close to
unity as wished.

Alternatively, the additional layering can be terminated on
any stage (also belore adding any layers to the basic block
code), and the remaining ieificiency can be used to transmut
known pilot bits. These dedicated pilots would, apart from
improving the channel estimates on reception, make the code
completely power-balanced. Also, arate-1 block code (Alam-
outi 2x2 or no code) can be used on an upper layer to make the
layered code unit rate and power-balanced.

The upper layer codes can be designed so that 1t 1s possible
to construct upper layer pseudo-received signals 1n which the
interference from the lower layers i1s cancelled completely.
These pseudo-received signals are constructed from the
received signals and the powers of the estimated channels.
The upper-layer code can thus be decoded directly, without
considering lower-layer interference. The decoded upper
layer can then be cancelled from the recerved signals, and the
lower layer may be decoded linearly. This decoding scheme 1s
sensitive to changes 1n the channels over the whole multi-
layer block.

The upper-layer decoding based on pseudo-received sym-
bols 1s sub-optimal, however. An optimal upper-layer decod-
ing would involve searching the upper layer configuration
which after IC and lower-layer decoding would give the
smallest euclidean distance between the received signals and
the explained part of the recerved signals. An optimal decod-
ing 1s msensitive to changes 1n the channels between lowest
layer sub-blocks.
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The optimal decoding can be approached by iterating an
IC-procedure. The transmaitted symbols are divided into two
parts, the lowest layer and the upper ones. The detected lowest
and upper layer symbols are alternately subtracted from the
received signals, using the residual signal to detect the upper
and lowest layer symbols, respectively.

As the starting point of iterative IC detection, one may use
the result of the multi-step linear decoding. Alternatively, one
may start directly by decoding the lowest layer, with no upper
layer IC.

The essential aspects of this embodiment of the invention
are:

1. Using the redundant directions of a space-time block

code matrix for signaling additional data.

2. Additional coding of the signals on the redundant direc-
tion.

3. More specifically, utilizing a higher layer block code for
signaling on the redundant directions of successive
lower layer transmit blocks, to improve the reliability of
the higher layer baits.

4. If a redundant block-code 1s used for the higher layer,
iterating the layering structure any number of times,
always 1ncreasing the coding rate, asymptotically mak-
ing it approach unity.

5. After terminating the layering procedure, possibly using
the remaining redundancy to transmit pilot bits, thus
making the code completely power-balanced.

6. Designing the code so that multi-step linear decoding 1s
possible; with suitable operations, the interference from
the lower layers to an upper ones can be completely
cancelled. Thus one first decodes the highest layer block
code, then cancels the interference from lower layer
symbols, and repeats this until the lowest layer has been
decoded. This decoding 1s sub-optimal, and sensitive to
changes of the channels over the successive blocks cov-
ered by the layering scheme.

7. Iterative IC-decoding by alternatingly subtracting the
interterence caused by the upper layers on the lowest one
and the lowest layer to the upper ones.

The starting point of the first iteration of the lowest layer
might be the upper-layer data produced by the multi-step
linear decoding described above, 1f the channels do not
change significantly over the whole signaling block.

I1 the channels do change significantly, or 1f the upper layer
codes have not been designed to enable multi-layer linear
decoding, the iterative IC-decoding should be started directly
by decoding the lowest layer, skipping upper-layer IC.

Iterative I1C decoding converges towards an optimal upper
layers decoding by an upper-layers configuration search.

As examples, consider the embodiments built upon the
four-antenna space-time block code C, .

First we consider a version of the preferred embodiment,
where the same 4x4 code C,,, 1s used on all layers. This
results 1n a rate 316 2-layer code. A three antenna version of
the code 1s created by turning oif one of the antennas. This
scheme keeps the diversity gain maximal by avoiding non-
coherent combining loss in the upper layer.

In a two-layer code, the lowest layer of a two-layer code
consists of four elementary blocks. Thus the processing delay
1s 16 symbol mtervals. All in all, 15 complex symbols can be

encoded 1nto a two-layer block code with three or four trans-
mit (1X) antennas.

The redundant direction of a coding block of form (63) 1s
spanned by the matrix




US RE43,746 E

29

F0 0 0 1> (67)
0 0 10

Po=lg _1 00
-1 0 0 0,

This can be seen 1f R:C(_s})a+n0ise to be the recerved
symbol, when the conventional block code equation C, ,
above 1s used for transmission, and o 1s the channel vector.
The reception-space-orthogonality of the block-code recep-
tion subspace to the higher layer reception subspace 1s
reflected 1n the fact that for this R,

a’p,R=0+noise. (68)

This equation is the basis of the layering embodiment of the
invention.

To construct the second layer code, the zeros 1n the lower
layer blocks are filled with rows from the higher layer block
code. The higher layer matrix, inserted into the zeros, is
constructed from the redundance spanner matrix 3, and a
code matrix of the form C, ., namely:

. S13 S14 SIS () (69)

" "
» | 7Sia siz U =S

* #
—si5 U 513 S14

* *
0 s;s —spq si3

To each sub-block of the lower layer, a matrix 1s added that
can be constructed as the product of the redundance spanner
matrix f,, and a matrix with one of the rows of C* on the
diagonal. The resulting two-layer block code 1s shown in FIG.
5 and has a rate R=1%s.

The zeros 1n the two-layer code in FIG. 4 may now be used
to accommodate either pilot bits, or one row of a third layer
block code. Repeating this four times, for each row of the
Layer 3 block, we get a rate ¢34 three-layer block code for
four transmit (' 1x) antennas. This code provides full diversity,
and encodes 63 complex symbols with a processing delay of
64. An example of a three-layer code 1s given 1n FIG. 5.

The procedure of mnserting rows of the third layer code into
holes of the two-layer codes, differs from iserting rows of
the second layer to the one-layer codes, in that no sign
changes indicated by multiplying with 3, are required. This 1s
a generic property—at even levels, some of the signs change
with [3,, at odd levels, the code matrix rows are inserted as
they are.

Repeating the pasting procedure, we get a rate 2°3/4s6 four-
layer, four-antenna code with processing delay 256, a
rate 19231024 five-layer, four-antenna code with processing
delay 1024, and finally a rate 1-27*', four-antenna code with
1 layers and processing delay 2°*. Corresponding three-an-
tenna codes can be created by deleting one of the antenna
columns.

Finally, 1f desired, the residual inetficiency of these codes
can be used to transmit pilot symbols. This would make the
codes completely power-balanced.

Decoding

The decoding algorithms are presented for one receive
(Rx) antenna. It 1s easy to generalize to any number of Rx
antennas.

An optimal decoding involves an upper layer configuration
search. Thus, for example for the 2-layer code of FIG. 4,
optimal decoding would involve going through all 4°=64
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combinations of upper layer symbols, canceling the hard bits
from the lower layer recerved signals, decoding the lower
layers using metric

and finding the configuration that minimizes the residual
noise (the absolute difference of the recerved symbols and the
part explained by the decoded bits).

An optimal decoding 1s mnsensitive to changes of the chan-
nels between successive lowest layer blocks. The layered
scheme thus 1s as sensitive to the fading speed as the lowest-
layer block code.

This embodiment of the invention provides an iterative
IC-procedure that converges towards optimal decoding for

the 2-layer code 1n FIG. 4.

The complex channel weights between the n:th transmit
and the recetve antenna 1s denoted o, . The channel vector for
4-antenna transmission 1s thus o=(a.,; o,; 05; o). The 4x4
blocks of the two-layer code corresponding to the lower layer

block codes are denoted C(?)z-zayer,m m=1, 2, 3, 4. Corre-
sponding to these, the received symbols in the sixteen inter-

vals covered by the code may be divided into four blocks of
four:

mR = C(—>)

A

(71)

o +noise, m=1,2, 3 4.
2—laver,m,

To be explicit, the recerved symbols are

18] + G282 + 383 (72)
"
R &pS| — Q1S2 — X453 + X355

) ) ) + noise
¥38) + ¥4S> — Q&S5 — Q2814

48] — @3Sy + @Sy — @813

Y184 + Q2S5 + @38 — ¥4S]5 | (73)
E E

254 — 155 — Q454 _

2R = ) ) .| +noise

38, + X485 — & Sg — X283

| 484 — Q385 + Q2S¢ — X S14

(Y187 + Q2S¢ + @389 + ®¥4S)4 | (74)
* * *

X287 — ¥1Sg — X459 + X353

3R =

) ) + noise
387 + Q48§ — Q& Sqg

@487 — @3Sg + A28y + @S]5

@ S10 + Q2811 + @3812 — 483 | (73)

* * *
Q2810 — @1S] — X4812 T A3
AR =

) ) . | +noise
&’3510 + {1f4511 - (1,’1512 - @2515

* *
&4S10 — &3S + Q&25)»

With the interference from the upper layer symbols s, 5: 8, .4;
s, < (partly) cancelled, each of these subblocks can be decoded
as a 4x4 block code of the form C, ,, using metric (65) above.

Conversely, with the interference from the lowest layer
cancelled, one can see from equations (72-735) that each
received signal carries information of only one of the upper
layer symbols, multiplied by a channel. It 1s clear how these
can be maximal ratio combined by multiplying with suitable
channel estimates. Due to the space-time block code structure
of the upper layer, MRC gives four-diversity-branch com-
bined estimates for the symbols.
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For slow-fading channels the linear I-step decoding
described 1n the next Section, can be used as a starting point
for iterative 1C detection, making convergence faster. For fast
fading channels, one should start the iterations by first detect-
ing the lowest layer with no IC.

Linear I-step Decoding

An embodiment of the mvention provides for a detection
and 1nterference cancellation procedure, which decodes 1n
I-linear steps the preferred embodiment I-layered code built
on space-time block code C;,,. The channels are supposed to
be almost static over the I-layer processing period of length
22t

In addition to the estimated channel, we shall also need the
vector of squared channels a*=(c.,%, a,, 05>, ¢,°), and for
the I-layer code, the vector of fourth powers of channels,
a*=(a,* o, a,”, (144),, up to the vector of 21-2:th powers of
channels o 2Ll-D=q21- :((1121'2 21-2  21-2 21-2)‘

’ (1_’2 » C{'3 » C{'4
First, the two-layer code constructed in FIG. 4 1s decoded.

From each set_R of four recerved symbols 1n above equa-
tions (72-75), we can construct a second layer pseudo-re-
ceived symbol,

R, “=-a'B,,R. (76)

Here we see how the data encoded onto the redundant

direction of the code-matrix C,, 1s extracted from the
received signals.

The pseudo-received symbols constructed 1in (70) carry the
data encoded onto the redundant directions of the four first
layer blocks. The vector of these pseudo-recerved symbols 1s

_ @%813 + 0,’2814 + {L’%SIS _ (77)

CK2514
2 2 %

@583 + @2514 — &S5

@2513 @4515

2
| 4813 — @5514 + a58]5

Now one can employ a variant of the metric given above in
(65) to decode the symbols s,5, s;, and s,s. The ensuing
decoding metric 1s

(78)

M2 = R®H B, o® 4 @ g1 R® _ g > 4 (o®H @ _ 1)

2
|s¢|

which gives an estimate for s, ,_ ., when the detection matrices
3., are used.

These estimates should now be subtracted from the
received symbols. To mimimize interference, one may com-
pute (e.g. the maximum a posteriori (MAP) estimates of the
transmitted higher layer symbols, {S,;, S,4, S,5}. and of the
higher layer code matrix

Si3 S S15 0 (79)
K K o
A2 —514 913 0 —S]5
(' =
L 0 Ak A
—3515 513 514
Ak N M
0 515 T84 %13
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Denoting the matrices with rows of this matrix on the
diagonal as

A (2, diag)
C

m=1, 2, 3, 4, we can cancel the interterrence from the blocks
of Tour successive recerved symbols (71) above:

A (2 diag)

mR = mR - B, g, (80)

These IC-cancelled blocks R can now be decoded as con-
ventional space-time blocks codes using metric (65).

The interference 1s only one-way; the upper layer bits
disturb the lower layer bits, whereas the upper layer does not
see the lower layer.

For a code with three or more layers, this procedure 1s
iterated the corresponding number of times, always starting
from the highest layer.

Thus, for the three layer code shown 1n FIG. 5, one first
divides the 64 received symbols 1nto 16 blocks of 4, R, m=
1, ..., 16. For each of these blocks, a second layer pseudo-
received symbol R_* is constructed as described above.
These are collected into four blocks of four, HR(Z),, N=1, ...,

4. Each of these blocks are of form (77), plus third layer
interference.

From each set ,R® of the four second-layer pseudo-re-
ceived symbols, we can construct a third-layer pseudo-re-
ceived symbol,

Rﬂ(&‘r):_ﬂ(z)mmfz)_ (81)
These carry the data encoded onto the redundant directions of
the four second layer blocks, each consisting of four firstlayer

blocks. To be explicit, the vector of these pseudo-received
symbols 1s

i H?Sﬁl + &’%Sﬁz + &’2853 _ (82)
4 % . gl
EaSel — &1 562 — 4563

A A A + noise
% e
&'3561 + &’4562 - ﬂfl 563

gl . .
| ySe61 — A38¢n + XpS¢g3

This again may be decoded with the metric provided above.
Thus,

M} = R B o + oM BER® s, 4 @@ -1y (83

2
|sy |

which gives an estimate for s, _ ,, when the detection matrices
3. . are used.

These estimates should be subtracted from the second layer
pseudo-received symbols collected into the blocks K R*.
After third-layer interference cancellation, each of these
blocks may be decoded with the metric (78), and again, after
second-layer IC, the sixteen f{irst-layer blocks may be

decoded using metric (65).
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The decoding of the 1:th layer proceeds i a similar way,
only that 1n constructing the 1:th layer pseudo-received sym-
bols, as in (76, 81), the channel vector .“* is used, and in
the 1:th layer metric, corresponding to (78, 83), the channel
vector a*'"? is used.

By employing a different upper layer code, the rate of a
layered code can be increased even more than by using the
same code on all layers. The price to pay for this 1s perfor-
mance losses due to non-coherent combining of upper layer
channels.

Specifically, 1T one uses a full rate upper layer code, 1.¢. the
Alamouti 2x2 block code, or just transmits one symbol on the
upper layer, one gets completely power-balanced block codes
with unit rate.

The simplest rate 1 code 1s the one where no code 1s used at
the upper layer. That 1s, four complex symbols are encoded as

S S2 S3 54 (84)
—s3 8]  S4 —$3
C.!ayeredél}{él (S1, $2, 83, 84) = " "
—53 —54 Sl 52
—S4 S3 —S5 8§

A two-step linear decoding of this code starts with creating
a second layer pseudo-recerved symbol, as 1n Equation (76),
then making a symbol decision for s, based upon this pseudo-
received symbol, subtracting the interference from the lower
layer, (1.e. s;; s,; S3), and decoding them as a normal block
code.

An optimal decoding procedure ivolves decoding the
lower layer separately using metric (635) for each of the 4
possible upper layer (s,) configurations and choosing the one
which minimizes residual noise, or just searching the 4*=256
configurations of the full code for the optimal one.

The absolute square of the above matrix 1s

Cﬁwadéhﬂc!{ayﬁfd%ﬂ = (818T + SzS}E + ‘538; + ‘5483) (85)
[+ N
where the non-orthogonality of the matrix N 1s
0 Relszsq] —Relspsq] Relsisq]] (86)
N Zn —Re[s384] 0 Re[s;sq4] Re[s3s4]
7| Re[sosq] —Re[sys4] 0 Re[sisy’
- Re[sisqa] Re[szsy] Re[sss;] 0

As a measure for non-orthogonality ., the magmtude of
the off-diagonal elements are compared to the magnitude of
the diagonal elements 1n the hermitean square (85) of the code
matrix. More exactly, the expectation value of the ratio of the
sum of the absolute squares of the off-diagonal elements to
the sum of the absolute squares of the diagonal elements. This
expectation value 1s taken over the set of codeword pair dii-
ferences, 1.e. over the set of all possible sets of four symbol
difference, where the symbols are 1n the alphabet 1n question.
In the preferred embodiment of the invention, this 1s QPSK.
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(87)

Mno =

L NI, Y
4 4
_Z ;%
\i=1 /

Thus, for the layered method and apparatus, the non-or-

thogonality measure 1s 345=0.375, (1if QPSK modulation 1s
used).

A unit-rate 2-layer code with better performance than the
one above (but with double delay), can be built if the Alamouti
code (3) 1s used on the upper layer. Thus, eight complex
symbols would be encoded e.g. as a layered 8x4 block code
with rate 1 given by

Sg S22 S3 Sy (88)

—s5 8] 8§ —$3

—S3 —S7 S; S

—S7 83 —S,5 §]
Clayeredsx4(S1, $2, 83, $4, 85, S6, §7, 8§) = .

5S4 55 56 5=

—5:% 58

| Sg 56

In a 2-step linear decoding procedure, the eight received
signals are split into two groups of four, and from each group
a pseudo-recerved symbol 1s constructed as 1n Equation (76).
These are decoded as Alamouti block-coded symbols 1n the
“squared” channel o.°=(ct,”,a,”,0;°,0.,~) analogously to the
decoding procedure for the rate-1%1s code. Interference is
cancelled from the two lower layer codes, and these are
decoded as a normal 4x4 block code, using the metric (65).

An optimal decoding involves searching through the 16
upper layer configurations, canceling the interference of
these, decoding the lower layer using metric (65), and choos-
ing the configuration which minimizes the residual noise.

The non-orthogonality determined by the procedure set out
above measures ¥is or 0.1875. The layered block code
method 1s an iterative decoding that 1s based on interference
cancellation between the fully orthogonal pieces of the lay-
ered code. It rapidly approaches the optimal performance
provided by a maximum likelihood decoder. The co-pending
application also provides a non-orthogonal four-antenna
space-time block code based on a matrix of size 16x4, (1.e. 1t
had a processing delay of 16 symbol periods or time epochs),
with a rate equal to 1%1s. The non-orthogonality of the code
measures %25 or 0.08.

With constant-amplitude modulation, 1t 1s possible to
design power-balanced codes so that the transmitted signal
from each antenna has a constant power envelope. The matrix
clements 1n the code matrices of such codes depend on only
one modulation symbol. FIGS. 6A and 6B show the two
forms of matrices from which a power-balanced full rate code
may be constructed.

The symbol types, the first occurrence of which have ret-
erence numbers 610, 620, 630, 640, means that the corre-
sponding matrix element depends on one symbol or 1ts com-
plex conjugate only. Moreover, for constant envelope
symbols, all matrix elements have the same norm. This 1s
natural from the full raw diversity point of view. Thus, any of
the hollow circles 610 1s some phase factor times s, or s, *; any
of the stars 620 1s some phase factor times s, or s,*; any of the
solid circles 630 1s some phase factor times s, or s;™; and any
of the diamonds 640 1s some phase factor times s, or s,*. It
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should be noted that 1n such an encoding, the germinal matri-
ces, (1.e. the parts of the code matrix depending only on one of
the symbols, are all unitary matrices by default).

It 1s easy to convince onesell that any power-balanced full
rate, full raw diversity four-antenna code can be mapped to
one of the two forms shown in FIGS. 6 A and 6B by discrete
matrix operations like interchanging columns and/or rows.
These operations do not affect performance properties. Also,
generic unitary transformations may be applied from lett
and/or right, changing the power spectrum, but leaving the
performance unchanged.

Several versions of the 4x4 code with p,_=0.25 may be
found. Two copies of the Alamouti block code or Radon-
Hurwitz sub-matrix may be used to generate Space-Time
Codes for more than 2 antennas, again this matrix form 1s
given by:

(89)

For minimal non-orthogonality, the four symbols may be
arranged as follows replacing the complex (z) representation
in the general sub-matrix form with (s) to represent the sym-
bol to be transmitted.

(90)

Cappa(sy, $2, 83, 84) =

* * *
| =54 53 =5 5y

C 554 has two of the 2x2 Alamouti block code with sym-
bols s, and s, on the block diagonal, and has two copies of the
Alamouti code with symbols s,, s, on the block anti-diagonal
in the form

o Al

This embodiment may be referred to as the “ABBA”
scheme. By taking (s;,s,)=(s,,s,) during the first two time
epochs T, and T,, and (s,,s,)=(55,5.) during the last two T,
and T, a transmission to a user with 3GPP release 99 equip-
ment may be realized, provided that the common channel
pilots are 1 a suitable way. Thus, providing for backward
compatibility to 3GPP release 99 open-loop diversity.

The non-orthonormality of this embodiment 1s

(91)

Cuppd Cappa=(51S 1 +5282* +5353 " +548," I+ N (92)
where the non-orthogonality matrix N 1s
00 1 0 (93)
N o 000 1
— * + *
imlss3 +sas,]) 00
010 0

This gives /4 for the measure ol non-orthogonality. The
symbols s, and s, are orthogonally encoded with respect to
cach other, as are s, and s,. All non-orthogonality 1s between
these two sets. A three Tx-antenna version may be obtained
by turning off one of the antennas.

10

15

20

25

30

35

40

45

50

55

60

65

36

For detection, the interference caused by symbols on each
other, related to the non-orthonormality, has to be cancelled.
The simple structure of the non-orthonormality matrix results
in an easily implementable Least Minimal Mean Squares
Estimate (LMMSE) decoding. Here, decoding 1n a one-path
channel 1s considered. Multi-paths may be treated waith
known equalization methods.

As stated above, the channel is given by h,=o.,.¢/°* [Ik=1 to
K. With K=4 for the four Tx antennas, the channel coefficients
are a=[a,, ., A3, A], the recerved symbol vector 1s

R=C ,zp ,0+n0I1s€. (94)

For decoding, the following channel matrix may be used:

¥ Gy ¥y Q4 (93)
# * A #
Oy —Q] &y —Q
H =
843 q & 8 4)
o —0j o3 -q

With this, we may construct linear estimates of the sym-
bols:

I Rl | 51 (96)
&
Rz * * # * - Sz .
H = (a1 + a2 + a3y + aaay )l + N) + noise.
R3 $3
Ry | 34

One may use the Real or Imaginary parts of the code.
Therefore, the correlation matrix was denoted

0 0 1 0 (97)
| 0 0 0 1
N = 2jIm[s; s3 + s8] | {00 ol or
01 0 0
0 0 1 0
0 0 0 1
N = 2Re[s;s3 + 5284 ] {00 0
0 1 0 0

This matrix may be easily mverted. Leading to a Least
Mimimal Mean Squares Estimate (LMMSE) decoder. The

decorrelating inverse of the correlation matrix may be taken
with

(98)

D=1-

, Where

)
a 0
1-a%|1

0

—_ 2 2 2

.
1
0
0

o 2 2 e

21lml oy a3 + ara ] (99)

a = or

QL) + s +asel +aga + b

2Re| a5 + ap oy ]

a =
araf + s + a3l + e + b



US RE43,746 E

37

With different values of b, different estimates for the sym-
bols may be constructed. Decorrelation estimates may be

found by putting b=0. Thus,

R, -
R;
R3

R

(100)

D(b = 0)H

((arl a] + a2 + a3 +aqa) H+ N) + noise.

With b, the sum of the Signal-to-Noise Ratios (SNR)s over
the four channels, we get a LMMSE estimate.

As 1s the case 1n multi-user interference cancellation and as
observed above regarding layered Space-Time Codes, itera-
tive methods may be used to improve the estimates of corre-
lating symbols. Thus, one may subtract from the recerved
symbols the estimates of symbols s; and s,, then detect the
(orthogonally encoded) symbols s, and s,, and vice versa.
Moreover, 1n concordance with IC results for low interfer-
ence, most of the benefit may be reaped with one re-iteration
only.

Other embodiments of the ABBA code can now be con-
structed simply by replacing any number of the 2x2 blocks 1n
the ABBA code by another equivalent 2x2 block, depending
on the same two symbols.

Another way to build embodiments of the invention 1s to
restrict the non-orthogonality to be block diagonal instead of

the block off-diagonal non-orthogonality (97) of the pre-
terred embodiment. Thus, one can take for example

101
A(Sl,82)=[ GO

5 1)
52 x5y

and build a code with the upper two blocks in ABBA being of
the above form (101), and the lower two blocks being com-
plex conjugates of the above form (101), e.g.

5] i) 83 54 (102)
— 82 51 54 —83
Cagpa(si, S2,83,84)=| ., . .
—83 =55 % Ss
| =Sy 83 —Sp S|

The generalization of the ABBA code to five or to eight
antennas 1s a twice iterated ABBA:

‘A B C D
B ADUC
CDAB
DCB A

(103)

where A; B; C; D are of the form (89), and depend on the
symbols (s,:5,), (S3:54), (S5:8¢), (5+:8¢) respectively. The non-
orthogonality of this scheme measures to 34=0.375. Also, the
non-orthogonality matrix is scarce, so 1t can easily be inverted
to produce a reliable LMMSE decoding scheme.
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This code should be contrasted with the generalization of
delay optimal layered codes to 8 dimensions which can be

constructed from the orthogonal full diversity 8 antenna block
code

(104)

C.!ayerfdélxél(sl , 82, 83, S4) = . "

(105)
—s5 —s; 0O
—ss 0O s s, 0O 0
Cia(s1, 82, 83, 84) = 00

0 s; 0 0 -s5 s 0

0 0 s 0 =55 0 s
0 0 0 0 s3

ke # $
—54 —52 81

by overlaying 1t with a version of itself. The result 1s a power-
balanced non-orthogonal code with rate 1

C(sy, S2, $3, S4, S5, S6, 57, 5§) = (106)

I 51 52 53 55 54 56 57 58
—85 —S8] —S5 —83 —Sg —S4 Sg —S5
—S3 —S5 S Sp S7  Sg —S4 —Sg
S5 S3 —S, S Sg —S7 S¢Sy
—S, S¢ S Sg S| S 83 —S%
—S¢ Sq, S§ —S5 —S5 § S5 —S3
§7 S§ Sy —S¢ —S3 S5 S| $?

| Sg  —S7 —S¢ —S; —Sg  S3 —S5 §] |

This code has non-orthogonality %2. Thus, the twice 1terated
ABBA code (103) may be superior to this scheme, and simi-
larly superior to any scheme 1n which the code matrix 1s put

together from two maximally orthogonal pieces.
Therefore, indicating that for any number of antennas,

delay optimal minimally non-orthogonal space-time block
codes may be constructed by repeatedly iterating the ABBA
method.

An embodiment of the mvention provides a class of sub-
optimal space-time block codes. Referring back to the Radon-
Hurwitz matrix

It 1s a structured matrix because 1t may be filled with any
complex pair of symbols. Also, this structured matrix may be
used as a sub-block to construct structured matrix classes or
families. Because there 1s direct relation between the 7Z matrix
or structure and the

matrix, the attention will be focused on the latter one. Subse-
quently, a few properties of H matrix are given below. The
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following matrix multiplication plays an important role in the
class of space-time codes provide by the present invention:

X (107)
H,H;y = [ . }a
where x=h,*h;+h,h,«, and y=h.h,—h,h;*.
Note that
X+ X 0 (103)
HY Hs, + HY H)p = | and
0  X+Xx
0 y+y (109)
H,Hsy — (HYHpp) =
12H34 — (H3, Hyp) [—(y+y”‘) .

Denoting by L the number of transmitting antennas and by

“@” the tensor product, the equivalent general form H
matrix of the proposed space-time block code (STC) 1s given

by

L2
H = Z (Cor—1,2¢ @Hop 1,26 + Dog—126 @ Hyp 1.2 )-
=1

(110)

Cszo1 01 and Dy, 5, are pxp matrices that:

have at most one nonzero entry for each row and column;

any two matrices cannot have a nonzero entry in the same

position, (1.e. the matrices have disjoint nonzero
entries );

a nonzero entry 1s modulus one (unit power);

a row 1n the H matrix 1s filled either by H,, , ,, or by

H*,, | - matrices.

This ensures that a given symbol 1s assigned only once to a
given antenna and at a given time instant 1s sent by one
antenna. Also, there 1s a one-to-one correspondence between
H and S matrices.

For the purpose of presentation we denote by H,, C, and D,
the matrices:

Hos 1 2

Cos-1,20- and

D, 1 o Yespectively.

Using (13), the general form of (5) 1s:

r=Hs+n (111)

In the detection process, matched filtering 1s performed,
(i.e. left-side multiplication of (14) by the H” matrix). Using
the fact that:

CD,=D";C,=0 (112)
this multiplication yields:

HD=H#H (113)

Li2
D (CHC)eHIH) +
i=1

Li2
> (CfcpemiH) +

i =1
i+

Lj2
> 0Dy @ HH;) +
=1

Li2
> (OfDpeHH)) =

1, 4=1
i+ 7

L2
Z [, ® (H'H;) +
=1

Lf2 L2
Y (Cflcpe®iH) + ) OFD) @ H!'H))

1, 4=1
i+

1, 1=1
i+

Usually, HY" has nonzero entries in all positions. Therefore
a multi-user detector, which may include de-correlating and
decision-feedback, should be employed for data estimation.

However, if relations (102) or (103) (above) could be
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exploited, the number of nonzero entries in H'" can be
halved. This will significantly reduce the cross-interference
terms, thus improving the detector performance.

In this case we assume D, =0 for any k, or C,=0 for any k.
To halve the nonzero entries in H"’, the following must hold
for any (1,7) pair, wherein relation (108) 1s applicable:

cchjzchcz., (Vi=)) (114)

or

DfHDj=DjHDf, (Vi=) (115)

In an alternative embodiment, we assume that both D, and
C, are nonzero matrices. Relation (109) 1s applicable 1f:

C/"C~=-D/"D,, (Vix)) (116)

The number of nonzero entries in H'" can be halved if
relation (116) holds for any (1,) pair.

In addition to the examples for recovering the transmitted
symbols another example may be found in co-pending U.S.
patent application Ser. No. 09/539,819 filed on Mar. 31, 2000
entitled SPACE-TIME CODE FOR MULTIPLE ANTENNA
TRANSMISSION, assigned to assignee of the present mnven-
tion and incorporated herein by reference. The application
provides a system to recover transmitted symbols using a
maximum likelihood sequence estimator (MLSE) decoder
implemented with the Viterbi algorithm with a decoding trel-
l1s.

Let us consider the four-antenna case. It 1s easy to see that,
for example, the following pair of matrices verily relation

(114):

(117)

(118)

Using relation (117) results 1n:

a 0 b 0O (119)
H:[le H34]'Hm: 0 a 0b
Hyy, Hpp | b 0 a 0f
0 b 0 a

a=lh [+ b [+ [+ [
b=x+x*, x given 1n (107)

y W= r=HWVs+H"n

Note that H"” is circular matrix and denoting:

a 0 —-b 0 ° (120)
O a 0O =b
= = results in:
b 0O a O
0 -b 0 a |

H®Hr = Hp H (Hs + n) (121)

= HY'HVs + H¥H"n

= (a* —=b*)ys + HYH"n

Applying sign(-) function 1n relation (121) gives the data
estimates of s. Thus, the detection 1s very simple but the noise
1s enhanced [see (121)]. However, these data estimates can be
turther improved using a multistage interference cancellation
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(MIC) scheme. Relation (121) provides the first data esti-
mates (first stage). The next stage(s) can use y'*’ from relation
(119) and the previous stage data estimations to cancel the
interference given by the b elements in H"? the matrix. The
computation overhead introduced by MIC 1s insignificant
because H" is a sparse matrix. A sparse matrix is a matrix
where the number of nonzero elements situated oif the main
diagonal 1s less than the number of zero elements. Also,b1s a
real value thus, multiplication with +1+j 1s as a matter of fact
a change of sign. The estimation can be performed using hard
bit or soit bit decision. The algorithm can provide soft out-
puts, which 1s desirable for the next processing blocks, (e.g.

convolutional decoder).
An example of a scheme that includes the D, ,, matrices

[see (110)] 1s:

(122)

[le H34}
-H;y Hj,

For this scheme, (109) 1s applicable while the detection
complexity 1s kept at the same level as in the previous case.

Some remarks regarding the proposed class of STC are
underlined subsequently.

There 1s an intrinsic relation between the 7 matrix that
provides the STC and 1ts equivalent representation 1n the H
matrix. The design has been carried out using the H matrix
because the target was a simple recerver.

The STC design presented herein i1s quite general and
straightforward. Also, can provide a rate R=1 STC.

Different STC schemes of the proposed class can be con-
catenated, 1.e. a sequence generated by relations (119) and
(122), alternately.

Embodiments of the invention has been shown as exem-
plars. Alternative and modifications by those skilled in the art
are deemed to be 1n the spirit and scope of the invention. For
example, consider the following.

It 1s well known that there exist several equivalent versions
of the Alamouti code. For example, the code

51 1) (123)
Caraz = [ ) ]

=
By T8y

has exactly the same decoding properties as (108) and (109).
Thus, other embodiments of code structures may use these
Alamouti versions, (e.g. (123), as sub-blocks to construct
structured matrix classes).

Another way to build embodiments of the invention 1s to
operate permutations, which may be column-wise or row-
wise, on a given STC structure, as 1n the following example,
wherein the step of permuting 1s denoted by the arrow

I 51 59 53 S4 | I 5] 52 53 5S4 | (124)
—S5 8]  —S; —S3 S3  S4 S| S
5= S: * # * #
83 84 Sl 52 —52 Sl —52 —33
—s; sy —sp s —sj —sy —sh —si

where the second and the third row have been permuted. Note
that the first S matrnix in (124) 1s the counterpart of the H
matrix in (119).

Also, deterministic phase rotations can be applied to anten-
nas. Recall that the columns are associated with the antennas.
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Therefore 11 a phase rotation 1s applied to all the elements of
a given column, this will translate as a phase rotation to the
corresponding channel, and implicitly to the corresponding
antenna. This can be useful to combat the degradation due to
the fading.

As will be recognized by those skilled in the art, the inno-
vative concepts described 1n the present application can be
modified and varied over a tremendous range of applications,
and accordingly the scope of patented subject matter 1s not
limited by any of the specific exemplary teachings given.

What 1s claimed 1s:

1. A method of transmitting a signal consisting of symbols
comprising the steps of:

coding complex symbols to channel symbols 1n blocks

having the length of a given K, wherein the coding is
defined by a code matrix, which can be expressed as a
sum of 2K elements, in which each element 1s a product
of a symbol or symbol complex conjugate to be trans-
mitted and a NxN representation matrix of a complexi-
fied anti-commutator algebra, extended by a unit ele-
ment, and in which each matrix 1s used at most once in
the formation of the code matrix; and

transmitting the symbols via several different channels and

a plurality of antennas.

2. The method of claim 1, wherein the step of signal coding,
further comprises negation and repetition of at least some
symbols.

3. The method of claim 1, wherein the step of transmitting,
the channel symbols comprises the steps of:

dividing the channel symbols into several time slots; and

transmitting the divided channel symbols via a plurality of

antennas.

4. The method of claim 1, wherein the step of transmitting,
the channel symbols comprises the steps of:

dividing the channel symbols into several frequencies; and

transmitting the divided channel symbols via a plurality of

antennas.

5. The method of claim 1, wherein the step of transmitting,
the channel symbols comprises the steps of:

multiplying the channel symbols by several spreading

codes; and

transmitting the channel symbols via two or more anten-

nas.

6. The method of claim 1, further comprising the step of
multiplying the code matrix by unitary matrices.

7. The method of claim 6, wherein the unitary matrices are
selected such that power levels of the antennas used in the
signal transmission are equally high on the average.

8. The method of claim 6, wherein the unitary matrices are
selected such that the diflerence between the highest and the
lowest power level of the antennas used in the signal trans-
mission 1s as small as possible.

9. The method of claim 6, wherein the unitary matrices are
selected such that the difference between a power level peak
value and a power level average value of the antennas used 1n
the signal transmission 1s as small as possible.

10. The method of claim 3, wherein the number of antennas
being N at the most and the number of time slots being N.

11. The method of claim 4, wherein the number of antennas
being N at the most and the number of frequencies being N.

12. The method of claim 5, wherein the number of antennas
being N at the most and the number of spreading codes being
N.

13. The method of claim 1, wherein the number of transmait
antennas being the same as the number of columns 1n the code
matrix.
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14. The method of claim 1, further comprising step of
deleting one or more columns from the code matrix before the
step of transmitting.

15. The method of claiam 1, wherein the code matrix
includes zero elements. 5

16. The method of claim 1, wherein the step of transmitting
comprises the steps of transmitting at least two parallel chan-
nels simultaneously and by implementing a power uni-
formization between the channels by permutating the anten-
nas in the code matrix.

17. The method of claim 1, wherein the step of transmitting
comprises the steps of transmitting at least two parallel chan-
nels simultaneously and by implementing a power uni-
formization between the channels such that instead of trans-
mitting zeros of the code matrix, orthogonalized information
1s transmitted.

18. A method of transmitting a signal consisting of symbols
comprising the steps of:

coding complex symbols to channel symbols 1mn blocks

having the length of a given K, comprising the steps of:

forming a code matrix freely selecting 2K-1 unitary,
antthermitean NxN matrices anticommuting with
each other;

forming K—1 pairs of the matrices, wherein the remain-
ing matrix forms a pair with an N-dimensional unit
matrix;

forming two matrices of each the pair wherein a second
matrix of the pair, multiplied by an 1imaginary unit, 1s
added to and subtracted from a first matrix of the pair,
and 1n which each matrix formed 1n the above manner
defines the dependence of the code matrix on one
symbol or symbol complex conjugate to be coded;
and

transmitting the channel symbols via several different

channels and a plurality of antennas.

19. The method of claim 18, wherein the step of signal
coding further comprises negation and repetition of at least
some symbols.

20. The method of claim 18, wherein the step of transmuit-
ting the channel symbols comprises the steps of:

dividing the channel symbols into several time slots; and

transmitting the divided channel symbols via a plurality of

antennas.

21. The method of claim 18, wherein the step of transmit-
ting the channel symbols comprises the steps of:

dividing the channel symbols into several frequencies; and

transmitting the divided channel symbols via a plurality of

antennas.

22. The method of claim 18, wherein the step of transmut-
ting the channel symbols comprises the steps of:

multiplying the channel symbols by several spreading

codes; and

transmitting the channel symbols via two or more anten-

nas.

23. The method of claim 18, further comprising the step of 55
multiplying the code matrix by unitary matrices.

24. The method of claim 23, wherein the unitary matrices
are selected such that power levels of the antennas used 1n the
signal transmission are equally high on average.

25. The method of claim 23, wherein the unitary matrices
are selected such that the difference between a highest and a
lowest power level of the antennas used in the signal trans-
mission 1s as small as possible.

26. The method of claim 23, wherein the unitary matrices
are selected such that the difference between a power level
peak value and a power level average value of the antennas
used 1n the signal transmission 1s as small as possible.
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27. The method of claim 20, wherein the number of anten-
nas being N at the most and the number of time slots being N.

28. The method of claim 21, wherein the number of anten-
nas being N at the most and the number of frequencies being
N.

29. The method of claim 22, wherein the number of anten-
nas being N at the most and the number of spreading codes
being N.

30. The method of claim 18, wherein the number of trans-
mit antennas being the same as the number of columns in the
code matrix.

31. The method of claim 18, further comprising step of
deleting one or more columns from the code matrix before the
step of transmitting.

32. The method of claim 18, wherein the code matrix
includes zero elements.

33. The method of claim 18, wherein the step of transmit-
ting comprises the steps of transmitting at least two parallel
channels simultaneously and by implementing a power uni-
formization between the channels by permutating the anten-
nas in the code matnix.

34. The method of claim 18, wherein the step of transmit-
ting comprises the steps of transmitting at least two parallel
channels simultaneously and by implementing a power uni-
formization between the channels such that instead of trans-
mitting zeros of the code matrix, orthogonalized information
1s transmitted.

35. An arrangement for transmitting a signal consisting of
symbols comprising:

a coder for coding complex symbols to channel symbols 1n

blocks having the length of a given K; and

means for transmitting the channel symbols via several

different channels and a plurality of antennas;

wherein the coder 1s arranged to code the symbols using
a code matrix, which can be expressed as a sum of 2K
clements, 1n which each element 1s a product of a
symbol or symbol complex conjugate to be transmut-
ted and a NxN representation matrix of a complexi-
fied anti-commutator algebra, extended by a unit ele-
ment, and 1n which each matrix 1sused at most once in

the formation of the code matnx.

36. The arrangement of claim 35, further comprising a
means for transmitting the channel symbols, divided into
several time slots, via a plurality of antennas.

37. The arrangement of claim 35, further comprising a
means for transmitting the channel symbols, divided into
several frequencies, via a plurality of antennas.

38. The arrangement of claim 35, further comprising a
means for transmitting the channel symbols multiplied by
several spreading codes, via a plurality of antennas.

39. The arrangement of claim 36, wherein the number of
antennas 1s N at the most and the number of time slots 1s N.

40. The arrangement of claim 37, wherein the number of
antennas 1s N at the most and the number of frequencies 1s N.

41. The arrangement of claim 38, wherein the number of
antenna 1s N at the most and the number of spreading codes 1s
N.

42. The arrangement of claim 35, wherein the number of
transmit antennas 1s the same as the number of columns 1n the
code matrix.

43. The arrangement of claim 35, wherein the coder 1s
arranged to code the symbols by using the code matrix from
which one or more columns are deleted.

44. An arrangement for transmitting a signal consisting of
symbols comprising:
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a coder for coding complex symbols to channel symbols in
blocks having the length of a given K; and

means for transmitting the channel symbols via several
different channels and plurality of antennas;

wherein the coder 1s arranged to code the symbols using,
a code matrix which 1s formed by freely selecting
2K-1 unitary, anti-hermitean NxN matrices anti-
commuting with each other, forming K-1 pairs of the
matrices, whereby the remaining matrix forms a pair
with an N-dimensional unit matrix, forming two
matrices ol each pair such that a second matrix of the
pair, multiplied by an imaginary unait, 1s added to and
subtracted from the first matrix of the pair, and in
which each matrix formed in the above manner
defines the dependence of the code matrix on one
symbol or symbol complex conjugate to be coded.

45. The arrangement of claim 44, further comprising a
means for transmitting the channel symbols, divided into
several time slots, via a plurality of antennas.
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46. The arrangement of claim 44, further comprising a
means for transmitting the channel symbols, divided into
several frequencies, via a plurality of antennas.

47. The arrangement of claim 44, further comprising a
means for transmitting the channel symbols multiplied by
several spreading codes, via a plurality of antennas.

48. The arrangement of claim 45, wherein the number of

antennas 1s N at the most and the number of time slots 1s N.

49. The arrangement of claim 46, wherein the number of
antennas 1s N at the most and the number of frequencies 1s N.

50. The arrangement of claim 47, wherein the number of
antenna 1s N at the most and the number of spreading codes 1s
N.

51. The arrangement of claim 44, wherein the number of
transmit antennas 1s the same as the number of columns 1n the
code matrix.

52. The arrangement of claim 44, wherein the coder 1s
arranged to code the symbols by using the code matrix from
which one or more columns are deleted.
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On Title Page 2, Item (56), under “FOREIGN PATENT DOCUMENTS?”, in Column 1, Line 5,
delete “WO WO 99/14871 3/19997.

On Title Page 2, Item (56), under “FOREIGN PATENT DOCUMENTS?”, in Column 1, Line 7,
delete “WO WO 99/23766 5/1999.

On Title Page 2, Item (56), under “FOREIGN PATENT DOCUMENTS?”, in Column 1, Line 9,
delete “WO WO 00/11806 3/20007.

On Title Page 2, Item (56), under “FOREIGN PATENT DOCUMENTS?”, in Column 1, Line 11,
delete “WO WO 00/18056 3/20007.

On Title Page 2, Item (56), under “FOREIGN PATENT DOCUMENTS?”, in Column 1, Line 13,
delete “WO WO 00/49780 8/20007.

On Title Page 2, Item (56), under “FOREIGN PATENT DOCUMENTS?”, in Column 1, Line 15,
delete “WO WO 00/51265 8/20007.

On Title Page 2, Item (56), under “OTHER PUBLICATIONS”, in Column 1, Line 2,
delete “Communicatiosn.””” and insert -- Communications.” --, therefor.

On Title Page 2, Item (56), under “OTHER PUBLICATIONS”, in Column 1, Line 12,
delete “IEE” and insert -- IEEE --, therefor.

Signed and Sealed this
Third Day of September, 2013

3

Teresa Stanek Rea
Acting Director of the United States Patent and Trademark Olffice
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On Title Page 2, Item (56), under “OTHER PUBLICATIONS”, in Column 2, Line 6,
delete “Proceddings™ and 1nsert -- Proceedings --, therefor.

On Title Page 2, Item (56), under “OTHER PUBLICATIONS”, in Column 2, Line 12,
delete “Acustics,” and insert -- Acoustics, --, therefor.

On Title Page 2, Item (56), under “OTHER PUBLICATIONS”, in Column 2, Line 13,
delete “Proceddings,” and insert -- Proceedings, --, therefor.

On Title Page 2, Item (56), under “OTHER PUBLICATIONS”, in Column 2, Line 16,
delete “Techinal” and insert -- Technical --, therefor.

On Title Page 2, Item (56), under “OTHER PUBLICATIONS”, in Column 2, Line 43,
delete “““Deisgn” and insert -- “Design --, therefor.

On Title Page 2, Item (56), under “OTHER PUBLICATIONS”, in Column 2, Line 45,
delete “PIRMC” and 1nsert -- PIMRC --, therefor.

On Title Page 3, Item (56), under “OTHER PUBLICATIONS”, in Column 2,
Line 10, delete “Golbal” and insert -- Global --, therefor.

On Title Page 3, Item (56), under “OTHER PUBLICATIONS”, in Column 2, Line 13,
delete “Symp.on” and insert -- Symp. on --, therefor.

In the Specifications

In Column 1, Linc 42, delete “pnonlv” and inscrt - - priority - -, therefor.
In Column 1, Linc 44, delete “ol” and insert - - of - -, therefor.

In Column 2, Lin¢ 36, in Equation,

<a_| b> = al*ﬁ] ™ Cl’;ﬂ3+ T ﬁ Za g,

delete ™ and

<a|b> ) fy + o, ot + a, B, zﬂfﬁ

Insert - - - -, therefor.
[ () '
(LY 10
0 |

In Column 2, Line 39, in Equation, delete L D1 J ”and nsert - - - -, theretor.
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In Column 3, Line 2, delete “in a” and insert - - in an - -, therefor.

In Column 2, Line 39, in Equation,

Z 2 i
o, =Lo)=10=1 0,0, =-0,0,=ic

delete ¢~ Z 7 and

2 2 2 o I,
o= Lo, =l,o; =1, o0, =~-0,0,=i0_,
therctor.

In Column 3, Line 49, delete “an unique” and insert - - a unique - -, therefor.
In Column 3, Line 1, delete “an one-"" and insert - - a onc- - -, therefor.

In Column 3, in Table I, Line 1, delete “Trans. Amt. | and insert - - Trans. Ant. 2 - -,
therefor.

In Column 6, Lincs 48-49, 1n Equation (35),

?"E iﬂ _J]?] h-;_} | f!l'-| 1 4 Hj
. "" . ] + |¢::‘-*I*ﬂfﬂzs + N
df:le-'te ‘ . F: L }12 h'] ~ .Srz 5 ) .Fi': | 9 aﬂd
~ — - _
A - nl A, S ,
. — ) \ 4 x Rown ¥ e H];_"'S + M

2 L h, A Sy | )

insert - - z Lo Th - z Z . - -, therefor.

In Column 6, Lin¢ 65, delete “Cap” and insert - - Cay, - -, therctor.

In Column 13, Line 37, delete “‘umtarty” and insert - - unitary - -, therefor.

In Column 14, Line 1, delete “zy=x*jyx,” and Inscrt - ~ Zy=Xx ) Vi, - -, theretor.
In Column 14, Linc 51, delcté “Find a” and insert - - Find an - -, therefor.

In Column 15, Line 54, in Equation (29), delete “y; =o); v2=a2.” and
mnsert - - y1=061; Y2=03. - -, theretor.

In Column 135, Line 62, delete "y, =c,;” and 1nsert - - y,—o; - -, theretor.

In Column 15, Line 64, in Equation (30), dcletc “ya=y(v2=102.” and
imsert - - va=yy1; v2=loa. - -, theretor.

In Column 17, Line 19, delete “Cliffordk2,” and insert - - Cliffordk.» - -, theretor.

In Column 17, Line 29, in Equation,

delete“RK (?K):Rz (72)®]d1m RK"‘* 2 and
Rk(Vk)=Rp (72)®lgimRi -2

INSErt - - -, therefor.
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(d],,.., d[Kf’Z]
Ry —

In Column 18, Line 52, in Equatiﬂn (43), delete " and
R Ak 2] _
insert - - K - -, theretor.
. "o K- : K-!
In Column 20, Ling 32, delete “N=2""1"" and insert - - N=2"" - -, therefor.
*
In Column 21, Llne 13, in Equation (48), delete &=1 ” and
(= E SEV k- + Sk}/k+
msert - - k=1 - -, therefor.
In Column 23, Linc 3, delete “unifonmzed™ and nsert - - umformized - -, theretfor.
In Column 23, Lines 60-67, in Eguation (57), delete
f X 7 R ¥ I F:s i T
. —.r— —f— . -— . —f i - IH .
zj=¢ Baee 41 -|+£’3 zy4e 42y 1 -¢ Sy+edzny  z4ed 3-4%‘4.:3
. A . SR LA
Llate Pza-e Y3 o te8zy—¢ V1 zve By+e i —zl+ﬂ33q+e"z3
= LYY — v P J
(=00 () = 5 | PSS A . L A Rl |
13. e HE;*E 42‘3 E|+[?322*Er 433 A e 32‘2+E433 —EI—ERIE—E’ng
_i'.j:r . u_r_ﬂ 4 » fi - .f':ltr " x ufﬁ u "E ri "H
‘ Zy+e Sxy+e 2y —n+eBzyte Yzg -z -0 Ve dzy e Pte 4::; ) and
insert - -
[ i R ¥ E . E i N iz \
== T 4 — I~ * I . f =
2 —¢ H:j-t’ '133 1+ 3321'{:' 433 21 — ¢ 323+E 1.23 E|+{.E"'2—L’4.:.3
LA L I S F A N E
VERL: dzy—¢ 427 —zy+e8zy-e 4z oz e Y25se itz -z e P 2+e“;3
C = UCEY =2 7 p P . P a0 o
T LT i . i, x
Z) - ¢ F’E;*‘rﬂ 423 Ir-l-l‘.'ﬂ..z'f.‘ 'J:h__ -] t+¢ HEI+E423 ..;-i'a.';"::-f IE';
—IH x :E 1 " JH rﬂI . . --J'H ’ T IE- "'T
21 te HEE-FF 4:3 —Il t+é€ 820 tg 42] i — € 3:’3 l"[fq:j Iy —¢ E:"_l'i‘ﬁ’d:ql } - -
therefor.

In Column 26, Line 51, delete “a optimal” and insert - - an optimal - -, therefor.
In Column 26, Line 59, delete “a optimal” and 1nsert - - an optimal - -, therefor.
In Column 27, Line 38, delete “a even” and msert - - an cven - -, thercfor,

In Column 31, Line 1, delete “‘channels” and insert - - channels, - -, therefor.

In Column 32, Line 8, delete “interferrence” and insert - - interterence - -, therefor.

Page 4 of 5
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In Column 35, Linc 49, delete *“are 1n” and msert - - are organized in - -, therefor.
In Column 41, Line 35, delcte “has been™ and insert - - have been - -, theretfor.
In Column 41, Linc 36, delete “Alternative’ and insert - - Alternatives - -, therctor,

In the Claims

In Column 43, Ling 27, in Claim 18, delete “each the” and insert - - cach of the - -, therefor.
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