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54y DECODAGE DE CODES COMPLETS SPATIO-TEMPORELS
COMBINANT SUPPRESSION DES INTERFERENCES ET

VRAISEMBLANCE MAXIMALE

54y COMBINED INTERFERENCE CANCELLATION AND
MAXIMUM LIKELIHOOD DECODING OF SPACE-TIME
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(57) Des eémissions codees par bloc d une unite terminale
a multiples antennes sont efficacement detectées en
presence d’emissions d interference dans une méme voie
provenant d’autres unités terminales a multiples
antennes, lorsque la station de base possede une pluralite
d’antennes, et la suppression des interferences est
combince au deécodage a vraisemblance maximale. On
utilise les signaux recus au niveau d’une antenne de
station de base pour traiter les signaux regus au niveau
d’une seconde antenne de station de base de maniere a
supprimer les signaux d’une unit¢ terminale, tout en
décodant les signaux €mis par 1’autre unit¢ terminale.
Les approches MMSE et de la mise a zero forcee sont
presentées. Dans une autre realisation de 1'invention,
I’approche de base du décodage permet d’obtenir une
estimation 1nitiale pour les symboles de chaque terminal.
Consideérant que les signaux de la premiere unite
terminale ont ¢t¢ correctement decodes, le reécepteur
utilise ce signal mitial decode de la premiere unite
terminale pour annuler la contribution de ces signaux aux
signaus re¢us au niveau des antennes de la station de base
tout en deécodant les signaux de la seconde unite
terminale. Ce processus est ensuite répete en considerant
que les signaux de la seconde unit¢ terminale ont €te
décodes correctement; le récepteur utilise ce signal
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(57) Block-encoded transmissions of a multi-antenna
terminal unit are effectively detected in the presence of
co-channel interfering transmissions from other multi-
antenna terminal units, when the base station has a
plurality of antennas, and interference cancellation 1s
combimmed with maximum likehood decoding. The
signals received 1mm one base station antenna are
employed 1n processing the signals received 1n a second
base station antenna so as to cancel the signals of one
terminal unit, while decoding the signals transmitted by
the other terminal umit. Zero-forcing and MMSE
approaches are presented. In another embodiment of the
invention, the basic decoding approach 1s used to obtain
an 1nitial estimate for the symbols from each terminal.
Assuming that the signals of the first terminal unit has
been decoded correctly, the receiver employs this mnitial
decoded signal of the first terminal unit to cancel their
contribution to the signals received at the base station
antennas while decoding the signals of the second
terminal unit. This process 1s then repeated assuming that
the signals of the second terminal unit have been
decoded correctly; the receiver employs this initial
decoded signal of the second terminal unit to cancel their
contribution to the signals received at the base station
antennas while decoding the signals of the first terminal
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initial deécode de la seconde unite terminale pour
supprimer la contribution de ces signaux aux signaux
recus au niveau des antennes de la station de base tout en
décodant les signaux de la premiere unite terminale. Les
techniques decrites ci-dessus peuvent s appliquer a tout
nombre K d’unités terminales emettant simultanément
sur une voie donnee, chaque unité terminale utilisant un
code complet spatio-temporel avec N antennes
d’€émission, et une station de base posse¢dant au moins K
antennes de réception.
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unit. The above disclosed techniques are variable for any
number K of terminal units concurrently transmitting
over a given channel, where each terminal unit 1s using a
space-time block code with N transmit antennas, and a
base station has at least K recei1ve antennas.
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| (§7) Abstract

Block—encoded transmissions of a multi-antenna terminal unit are effectively detected in the presence of co-channel intertering
transmissions from other multi-antenna terminal units, when the base station has a plurality of antennas, and interference cancellation is
combined with maximum likehood decoding. The signals received in one base station antenna are employed in processing the signals
| received in a second base station antenna so as to cancel the signals of one terminal unit, while decoding the signals transmitted by the other
terminal unit. Zero—forcing and MMSE approaches are presented. In another embodiment of the invention, the basic decoding approach is |
used to obtain an initial estimate for the symbols from each terminal. Assuming that the signals of the first terminal unit has been decoded
correctly, the receiver employs this initial decoded signal of the first terminal unit to cancel their contribution to the signals received at
the base station antennas while decoding the signals of the second terminal unit. This process is then repeated assuming that the signals
l of the second terminal unit have been decoded correctly; the receiver employs this initial decoded signal of the second terminal unit to

cancel their contribution to the signals received at the base station antennas while decoding the signals of the first terminal unit. The above
disclosed techniques are variable for any number K of terminal units concurrently transmitting over a given channel, where each terminal
unit is using a space~time block code with N transmit antennas, and a base station has at least K receive antennas.
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Combined Interference Cancellation and Maximum

Likelihood Decoding of Space-Time Block Codes

Reference to Related Applications

This application claims the benefit of U.S. Provisional Application
No. 60/061,145, filed October 6, 1997. This application 1s also related to U.S.
Application 09/074224, filed May 7, 1998, titled “Transmitter Diversity

10  Technique for Wireless Communications”™.

Background of the Invention
This invention relates to wireless communication and, more

particularly, to techniques for effective wireless communication in the
15  presence of fading, co-channel interference, and other degradations.
Rapid growth in mobile computing and other wireless data services is
inspiring many proposals for high speed data services in the range of 64-144
kbps for micro cellular wide area and high mobility applications and up to 2
Mbps for indoor applications. Research challenges include the development
20  of efficient coding and modulation, and signal processing techniques to
improve the quality and spectral efficiency of wireless communications and
better techniques for sharing the limited spectrum among different high
capacity users.
The physical limitation of the wireless channel presents a
25  fundamental technical challenge for reliable communications. The channel
1S susceptible to time-varying noise, interference, and multipaths. Power and
size limitations of the communications and computing device in a mobile
handset constitute another major design consideration. Most personal
communications and wireless services portables are meant to be carried in a
30  briefcase and/or pocket and must, therefore, be small and lightweight. This

translates to a low power requirement since small batteries must be used.
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However, many of the signal processing techniques which may be used for
reliable communications and efficient spectral utilization demand significant
processing power, precluding the use of low power devices. Continuing
advances in VLSI and integrated circuit technology for low power
applications will provide a partial solution to this problem. Still, placing
most of the signal processing burden on fixed locations (base stations) with
relatively larger power resources than the mobile units will, likely, continue
to be the trend in wireless systems design.

Perhaps the single most important parameter in providing reliable
communications over wireless channels is diversity. Diversity techniques
which may be used include time, frequency, and space diversity
o Time diversity: channel coding in combination with limited interleaving 1s
used to provide time diversity. However, while channel coding is extremely
effective in fast fading environments (high mobility), 1t offers very little
protection under slow fading (low mobility) unless significant interleaving

delays can be tolerated.

e Frequency diversity: the fact that signals transmitted over different
frequencies induce different multipath structures and independent fading 1s.
However, when the multipath delay spread 1s small compared to the symbol
period, frequency diversity 1s not helpful.

e Space diversity: the receiver/transmitter uses multiple antennas that afe

separated for reception/transmission and/or differently polarized antennas to
create independent fading channels. Currently, multiple antennas at base-
stations are used for receive diversity at the base. However, it 1s difficult to
have more than two antennas at the mobile unit due to the size and cost of

mutltiple chains of RF conversion.

Previous work on transmit diversity can be classified into three broad
categories: schemes using feedback, schemes with feedforward or training
information but no feedback, and blind schemes. The third category (blind
schemes) relies primarily on multiple transmit antennas combined with

channel coding to provide diversity. An example of this approach is

PCT/US98/20982
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disclosed in the aforementioned copending application 09/074224, 1998,

titled “Transmitter Diversity Technique for Wireless Communications,” filed

May 7.

Summary of the Invention
Improved performance is attained in an illustrative arrangement

where K synchronized terminal units that transmit on N antennas to a base
station having M > K antennas, by combining interference cancellation (IC)
and maximum likelihood (ML) decoding. More specifically, space-time
block coding is employed in transmitters that employ N transmif antennas
each, and the signals are received in a receiver that employs M receiving
antennas. In accordance with the processing disclosed herein, by exploiting
the structure of the space-time block code, K-1 interfering transmitting umts
are cancelled at the receiver, regardless of the number of transmitting
antennas, N, when decoding the signals transmitted by a given mobile unit.
In another embodiment of the principles of this invention, signals of a first
terminal unit are decoded first, and the resulting decoded signals are
employed to cancel their contribution to the signals recetved at the base
station antennas while decoding the signals of the remaining K-1 terminal
units. The process is repeated among the remaining K-1 terminal units. That
is, among the remaining K-1, signals of a first terminal unit 1s decoded first
and the resulting decoded signals are employed to cancel their contribution to
the signals received at the base station antennas while decoding the signals of
the remaining K-2 terminal units, and so on. This procedure 1s repeated M
times, each time starting with decoding signals of a particular terminal unait.
This successive procedure will yield additional performance improvement.

Both zero-forcing (ZF) and minimum mean-squared error (MMSE)

interference cancellation (IC) and maximum likelihood (ML) techniques are

disclosed.

Brief Description of the Drawing

PCT/US98/20982




CA 02273295 1999-05-31

WO 99/18682 PCT/US98/20982

FIG. 1 depicts an arrangement that, illustratively, includes a receiving

base station (20) and two transmitting terminal units (10 and 30).

Detailed Description

5 FIG. 1 illustrates two transmitting units and one receiving unit that
comport with the principles disclosed herein. However, this is merely

illustrative, and the disclosed method is useful for more than two terminals

(K > 2).

10  Single Transmitting Unit

Transmitting unit 10 may correspond to the transmitting circuitry in a
terminal unit, while receiving unit 20 may correspond to the receiving
circuitry in a base station. Terminal unit 30 i1s shown 1dentical to terminal
unit 10. It should be understood, of course, that each terminal unit has a

15  receiving circuit, and the base station has a transmitting circuit. The terminal
units are shown to have two antennas each. Receiving unit 20 1s also shown

to have two receiving antennas. Here, too, 1t should be kept in mind that,

generally, any number, M > 2, of receiving antennas can be had. Particular

advantage is realized when M= K. Since the mathematical treatment below

20 is couched in general matrix notations, the expressions are valid for any
number K and/or M.

Considering terminal unit 10, the information source provides input

symbols to element 13 which develops a block code. The symbols are

divided into groups of two symbols each, and at a given symbol period, the

25  two symbols 1n each group {c,,c,} are transmitted simultaneously from the
two antennas. The signal transmitted from antenna 11 i1s ¢, and the signal
transmitted from antenna 12 1s ¢,. In the next symbol period, the signal

— ¢, * 1s transmitted from antenna 11 and the signal ¢, * is transmitted from
antenna 12. The symbols are modulated prior to transmission with

30  constellation mappers 14 and 15, followed by pulse shapers 16 and 17,

respectively, 1n a conventional manner.
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In receiver 20, signals are received by antennas 21 and 22 and are

applied to detector 23.
In the mathematical development of the algorithms disclosed herein,

't is assumed that the channel from each of the two transmit antennas remains
fixed over two consecutive symbol periods. That 1s,
h(nT)=h((n+1)T), i=12. (1)

To ascertain the channel characteristics, the transmitter carnes out a

(W 0

calibration session. during which pilot signals or tones are transmitted. The

signals received during the calibration session are applied to channel

10 estimator circuits 23 and 24. which are well known circuits. and the channel

characteristics are thus obtained.

When only transmitter 10 1s considered, the received signals at
antenna 21 can be expressed as
ny = Ao+ hne, (2)
15 ha = —hycy + e + 7 (3)

where r;; and r); are the received signals over two consecutive symbol

periods, /1, denotes the fading channel between transmit antenna 11 and
receive antenna 21, /1, denotes channel between transmit antenna 12 and

receive antenna 21, and 7, and 7, are noise terms, which are assumed to be

20 complex Gaussian random variables with zero mean and power spectral
density Ny/2 per dimension. Defining the vectors r =[r,,#,*", ¢=][c¢,,]’,

and 7 =[n,n,*]", equations (2) and (3) can be rewritten in a matrix form as

r=H-c+n (4)
where the channel matrix H 1s defined as
o ]

25 | hu*" (5)
thz * =hy, |

The vector 1 1s a complex (Gaussian random vector with zero mean

and covaniance N, -I. Defining C as the set of all possible symbol-pairs

¢ ={c,c,}, and assuming that all symbol pairs are equi-probable, it can be

*wvda spamilaniincabenge
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easily shown that the optimum maximum likelihood (ML) decoder selects

|2 . This

from C the symbol-pair & that minimizes the expression |r—H-¢

can be written as

¢ = arg min

ceC

[r-——H-é||2.

It was shown by S. Alamouti in “Space Block Coding: A simple
Transmitter Diversity Scheme for Wireless Communications,” submuitted to
IEEE JSAC, September 1997 that the diversity order of the above space-time
block code is equivalent to that of a two branch maximal ratio receive
combining (MRRC). Because of the orthogonahty of the matrix H,

Alamouti also showed that this decoding rule decomposed into two separate
decoding rules for ¢, and c¢>. The uncertainty, A_, of the decoded symbols ¢

1s defined as

2

A, =|r-H-¢

[t should be noted that the above analysis addresses only receive
antenna 21. When receiver 20 uses both antennas, 1.e., antennas 21 and 22,
two received signal vectors ry and r; can be defined for antenna 21 and 22,
respectively, as

rr=H, -c+7g
r,=H, -c+7,
where H, and H. are the channel matrices to receive antennas 21 and 22,

respectively, and 77, and 7. are the corresponding noise vectors. That is,

r aay

Hl — hll hlz , arld H2 ___[ h2| h22 :I’

hnz* _hll*_J hzz* _hzx*

where /£, denotes the channel between transmit antenna 12 and receive

antenna 22, and 5., denotes the channel between transmit antenna 11 and

receive antenna 22. In this case, the ML decoding rule is

),

a . NP
¢ = arg min(jr, - H, -¢|" +

ceC

r,-H, ¢

PCT/US98/20982
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(9)

(9a)
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As before, both the matrices H, and H, are orthogonal matrices and hence

the above decoding rule also decomposes to two separate decoding rules for

¢, and c,. Note that the rate of transmission (of information symbols) in the

space-time block coding scheme is

Interference Cancellation and ML Decoding: BASIC CASE

FIG. 1, however, shows two terminal units, and the issue that needs
1o be addressed is the detection performance at the base station receiver

when the two terminal units transmit over the same time and frequency

channel.

In the notation below, g,, denotes the fading channel between
transmit antenna 31 and receive antenna 21, g . denotes the channel
between antenna 31 and antenna 21, g, denotes the channel between

antenna 32 and antenna 22. and g,, denotes the channel between antenna 32

and antenna 22. Also, {c¢,,c,} and {s,,s,| denote the two symbols

transmitted from terminal units 10 and 30, respectively.

At receiver 20, the received signals over two consecutive symbol

periods at receive antenna 21, r,,and r,,, are
ny = e+ R0 + 818 8128, + Ny,
hy = =hyc, + k€ = 8,5, + &S, +
Defining r, =[rnr12*]T’ c=|c cz]ra s =|s, 32]T> and n, =[n, Tl;z]T
equations (12) and (13) can be rewntten in matrix form as
r=H -¢+G,-s+n
where the channel matrices H, and G, between the transmitter units 10 and

30 and receive antenna 21 are given by

h, h,
H =], . z,_; , and G, = gf.' g,z‘
hy, —h, 12 —&n

WO 99/18682 PCT/US98/20982
7.
and the uncertainty of the decoded symbols is defined as
" all 2
A(-:"rl-H,-c||2+lr2—Hz~c (11)

(12)
(13)

(14)

(15)
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The vector n,is a complex Gaussian random vector with zero mean and

covariance N,-I. Similarly, the received signals over two consecutive

symbol periods at receive antenna 22, 7, and r,, are

ry, = hy 0+ ha"Cy + 8515 + 8505, + Ty,

Iy, = ""hzlcz * hzzcl — &Sy T &5 MRIEE

In a similar fashion, defining r, =[r,7,*]" and n, = (7,,m,,*]" equations
(16) and (17) can be rewritten as
r,=H, -¢c+G, -s+n,
where the channel matrices H. and G, between transmitter units 10 and 30
and antenna 22 are given by
. | B ] and G, =[g.3, &z ]
82 &

Equations (14) and (18) can be combined to yield the matrix form

(r,] [H, G, “c't+[n, ]

Lhzz ~h,,

r = | =

r, H, G,|s

| - ol | . Ao 7 SN

Zero-Forcine IC and ML Decoding Scheme: In this case. a matnx W

w.rr':lz T _ H ¢ .[c}_ m,
n] |F 0 GjLs] {m
We can find an appropriate matrix W by realizing that

H G T [A!" 0 I -GGj
H, G, 0 A |-HH I

A, =H, “GIG;'H: and A,=G,-H,H/G,

1S chosen such that

where

Hence, 1f we select W as

wo| 1 -GGi
“HH' 1

(16)
(17)

(18)

(19)

(20)

(21)

(22)

(23)

(24)

SN, =S "‘wlwm.ﬂmm.“’- PRITIOR
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we will have
[ HEHE S
I, I 0 G S n,
where

~ . (26)

From equation (25) it can be easily observed that the modified

s

I

~ contains signals only from transmitter 10 ( ie.

received signal vector

signals from transmitter 30 have been canceled or removed) and,

correspondingly, the modified received signal vector ¥, contains signals only

from transmitter 30 ( i.e. signals from transmitter 10 have been canceled or
removed). A number of other attributes can be shown from the above to be

true.

1) the modified noise vector n, is a zero mean complex Gaussian random

vector with covariance

D

g2

D,
R, = No'(H J-l (27)

- ‘4 €2 ]2. Hence, the modified

where D, = Lg'“]2 +|g,2l3 and D, =

noise vector n, is also white.

2) the modified noise vector n, is also a zero mean Gaussian random vector

with covriance

Dh'.’.

" R,=N,|1+—=1] | (28)
[ Dlll)

2 R

+1h,,| , and hence it is also white.

where D, = lh,,l2 +

h, and D, =

15,

3) The matrices H and G the form

ﬁ: ,...}3’. h..?.:.,_ ; and 6=[§1 gj.] (29)
g —8
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4) Conditioned on G, and G,, the random variables Tzl and 5 are both zero
mean complex Gaussian random variables with variance o}, =1+ D,, /D,, .
5) Conditioned on H, and H,, the random variables g, and g, are both zero

+ . * . 2
mean complex Gaussian random variables with variance o, =1+ D,, /D,,.

6) The modified channel matnces H and G have a structure similar to that in

equation (5), i.e. the modified channel matrices H and G are orthogonal

matrices.

ons

Considering the modified received signal vector r,, which contains

signals only from transmuitter 10, 1.e.,

ey

r=H-c+n,
it is noted that this expression resembles the expression in equation (4).
Hence, in accordance with the principles disclosed therein, the optimum ML
decoder for the symbols transmitted by terminal unit 10 evaluates an

equation that is similar to the expression of equation (6), and 1s given by

~ 2
C = argmin r,--H-c” .
éeC

The corresponding decoder uncertainty 1s given by

.~ k.

A =|F-H-E

Moreover, since the channel Matrix H is orthogonal, the ML decoder will
also decompose into two separate rules for ¢, and c;.

In a similar fashion, considering the modified received signal vector

T, , which contains signals only from transmitter 10, 1.e.,

T, =H-c+1,,
it is noted that this expression resembles the expression in equation (4).
Hence, the optimum ML decoder for the symbols transmitted by terminal
unit 30 evaluates an equation that 1s similar to the expression of equation (6),

and is given by

~ 2

s = argmin|r, - G-$§
ies

The corresponding decoder uncertainty 1s given by

PCT/US98/20982

(30)

(1)

(32)

(33)

(34)
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A =l'i';--a§ ,

3 -

Moreover, since the channel Matrx G is also orthogonal, the ML decoder

will also decompose into two separate rules for s; and s.

5 The above-disclosed technique can be easily implemented within a
detector 25 that comprises a stored program general purpose processor.
Specifically, a subroutine (¢, A y=2F.DECODE(r,, r;, H;, Hy, G, G;) can be
installed which returns the values ¢,A in response to submitted 1nputs

r..r»,H,.H,,G), and G,, as shown below:

10
(¢,A.) = ZF.DECODE(r,,r,,H,.H,,G,,G,)
{
¥=r,-GG;'r,
H=H, -GG 'H,
C= argc féin il'i"‘ -H cllz
A, =[F-H-8 ?’
}
With such a subroutine, both § and ¢ can be estimated. as follows:
| (¢,A)=ZF.DECODE(r;, r;, H, Hy, G, G))
(s ,A=ZF.DECODE(r,, r;, Gz, Gy, Hy, H)).
15 It may be noted that knowledge of the noise power N, 1s not required.

Simulation results reveal that the performance of the FIG. 1 system which

employs the principles disclosed herein and the ZF.DECODE subroutine is

equivalent to that when only one terminal unit exists and the base station

uses a single receive antenna. That 1s, the reception 1s equivalent to the

20 performance of two branch MRRC diversity receiver. Advantageously,

however, the disclosed technique 1s able to support two co-channe! terminal
units.

The discussion above centered on describing the technique for

canceling out the signal of transmitter 10 when detecting the signal of

(35)

(36)
(37)
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transmitter 30, and for canceling out the signal of transmitter 30 when
detecting the signal of transmitter 10. Effectively, detector 25 of receiver 20

can either comprise two processors, with one making the subroutine call of

equation (31) and the other making the subroutine call of equation (32).

Alternatively, the signals can be stored within detector 25 and the subroutine

calls of equations 31 and 32 can be made senatim.

Minimum Mean-Squared Error IC and ML Decoding Scheme: The

above-disclosed approach for canceling the contribution of an interfering

terminal unit is known as the zero-forcing (ZF) as a mimmmum mean-squared

error technique (MMSE).

Recalling equation (20), the vector r can also be written as

r=H-¢+n

where ’Ez['ET ?r]r, r=["r‘,’7 "r‘;T]T=[r,, r, o, rzz]r,and
H= H G,
1w <.

: . . ‘ 7
To simplify notations, the vector r is also definedas r={r, r, r r,] .

When seeking to detect and decode signals {c,,c,} by minimizing a
mean-squared error criterion, the goal 1s find a linear combination of the
received signals such that the mean-squared error in detecting the signals
{c,,c,} is minimized. In general terms, this can be expressed by an error

cost function that 1s to be minimized, such as the function

2

|2

One may note that a minimum is certainly reached when both a and £ are

ia:":‘ o (Btcl + Bzcz)

fej

=lla-r-p4-c

J(a,f)=

equal to 0, but that, of course, is not desired. Therefore, either B; or B, is set

to 1. When f3; 1s set to 1, we get the following minimization criterion from

equation (40)

|2
er N o 2
= |, T - ¢,

5
z a”)’” - c2

=]

J,(a,,ﬂ,)=

Pyt o~ r
where a, =[Ot,1,a,2,0t13,0t,4,-[31]=[0.', -——-B,] and r =[r7 c,] . From this it

PCT/US98/20982

(38)

(39)

(40)

(41)
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can be seen that

where 0=[0 0 0 0].

What is needed is to select a, so that the expected value of the

expression in equation (41) is minimized. That is, select @, to minimize
E{J;(Eii )} = E{(alﬁ — G )(&1?; ""' Cz)*}°
Taking the partial derivative with respect to &, and setting it to zero, what

results 1s

'M hﬂi' Q. -:_ ”hzj’
(hy 1]

where M = HH' +—II;-I, I" is the signal to noise ratio, I i1s the 4 by 4 identity

l
S B %

matrix, h, is the first column of H, and h, is the second column of H. It

follows that
a,=(M-hh})"h, and £ =h;(M-hb) h,.

It can be shown that

: M~ 'hh M
(M—hh)' =M" -—---l-l-“-,f'---
|—hM™'h,
which yields
3" = h,M™'h,
" 1-h'M™h,

From the structure of the matrix H we can easily verify that h, and h, are
orthogonal. Using this fact and the structure of the matrix M, it can be

shown that
B =0
a, = M™'h,
Hence, the MMSE IC solution given in equations (45) and (46) will

minimize the mean-squared error in ¢, without any regard to ¢,. Considering

the alternative cost function when B, 1s set to 1, a similar analysis leads to the

L v rvmysw——

(42)

(43)

(44)

(45)

(46)

(47)

(48)
(49)
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conclusion that

B, =0

a,=M"h,
The value of I” and the values of /4, and g;, and consequently, the values of
H and M are obtained from a training sequence in a conventional manner by
elements 23 and 24. Since, as indicated earlier, this is quite conventional and

does not form a part of this invention, for sake of conciseness additional

details are not presented. In this case, the MMSE IC solution given in
equations (45) and (46) will mimimize the mean-squared error in ¢, without

any regard to ¢,. Therefore, from equations (45)-(48), we can easily see that

the MMSE interference canceller for signals from terminal unit 10 will

consist of two different sets of weights a, and a, for ¢, and c,, respectively.
The weights for decoding signals from terminal 30 can be obtained in a
similar fashion, as expected. Thus, the decoding of signals from terminal
units 10 and 30 can be performed with a single subroutine MMSE.DECODE

in decoder 25 as follows:

(¢,A,) = MMSE.DECODE(r,,r,,H,,H,,G,,G,,I')
{

T
~ T T
rz[r, r.,]

H G,
H =
H, G,
M =HH' +—1I
I
T i
h, =[h,, hz,] = first column of H

h, = [hf2 h;]r = second column of H

a, =M"h, ,a,=M"h,

2 Y,

¢, = dIrgImin I(I,?-Cll y C --—-'argmin 'G;?-E‘zl
(“'EC (‘2€C
® A 2 L I -~ 2

A‘.r-la,r—c,] +|a,r—c_,_

PCT/US98/20982
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Similar to the zero-forcing case, simulation results reveal that the
performance of the disclosed technique MMSE.DECODE 1s equivalent to
that when only one terminal unit exists and the base station uses a single
receive antenna which is equivalent to the performance of two branch MRRC
diversity. However, this technique 1s also able to support two co-channe!l
terminal units. In addition, when the SIR (signal-to-interference ratio, which
is a ratio between the desired terminal power to the interfering terminal
power) increases, the MMSE approach will have a better performance as
compared to the ZF case (the ZF performance is almost the same as the
performance of the MMSE approach at 0 dB SIR).

Two-Step Interference Cancellation: Actually, additional
improvement can be realized by employing a two-step 1nterference
cancellation approach using either the zero-forcing or the MMSE
interference cancellation techniques disclosed above. Below, we will
describe this approach based on the MMSE technique. However, as one
might expect there a similar approach based on the zero-forcing technique.
In this two-step approach, the receiver decodes signals from both terminals
using the subroutine MMSE.DECODE disclosed above. Assuming that

symbols from the terminal unit 10, ¢,, have been decoded correctly, the
recerver can, then, perfectly cancel the contribution of the terminal unit 10 in

the received signal vectors r, and r,. The receiver then uses x, and x,, the

received signal vectors after canceling signals from terminal unit 10, to re-
decode symbols from terminal unit 30 §, using the optimum ML decoding

rule in equation -( 10). Assuming that the symbols from terminal unit 10 has

been decoded correctly, we can easily see that, the performance for terminal

WO 99/18682 PCT/US98/20982
-15-
With such a subroutine, both § and ¢ can be estimated, as follows:
(¢,A)=MMSE.DECODE(r,,r;,H,,H2,G;,G,,I") (49)
(s ,A)=MMSE.DECODE(r,,r,G,G2,H; H,,I') (50)
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unit 30 will be equivalent to that with 2 transmut and 2 receive antennas

(which is equivalent to 4 branch MRC diversity). If we let

A =A_ +A, denotes the overall uncertainty for ¢, and s,. The recerver

then repeats the above step assuming that symbols from terminal unit 30 s,
have been decoded correctly using the MMSE.DECODE subroutine. As

before, the receiver cancels the contribution of terminal unit 30 in the

received signal vectors r, and uses y, and y,, the received signal vectors

after cancelling signals from terminal unit 30, to re-decode symbols from

terminal unit 10 ¢, using the optimum ML decoding rule in equation (10).
As before, assuming that symbols from terminal unit 30, the performance for

terminal unit 10 will be equivalent to that with 2 transmit and 2 receive

antennas. Similarly, let A, =A_+A_ denotes the overall uncertainty for C,

and §,. The receiver then compares the overall uncertainty and chooses the
pair (¢,,8,) if A, <A, and (¢,,§,) otherwise. The two-step interference
cancellation approach based on the MMSE technqiue disclosed above is
presented below in pseudo-code subroutine ILMMSE.DECODE. As we
mentioned earlier, the techniques can be also used with the zero forcing

approach. Below, we also present the pseudo code subroutine

[1.ZF.DECODE for the two-step interference cancellation based on the zero-

forcing approach.

PCT/US98/20982
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(¢,§) = II. MMSE.DECODE(r,,r,,H,,H,,G,,G,.T')

{
(&,,A..) = MMSE.DECODE(r,,1,,H,,H,.G,,G,,T’)

”

X, =T -H,.¢, , X,=n -H,-¢,

§, = argmin ( X, -G, ‘3“2 +|x, =G, '5”2 )
sed
B,y =% =Gy +lx, = G, f

(,,A,,) = MMSE.DECODE(r,,r,, G, ,G,,H,,H,,T)
y =r,-G,:§, , ¥,=r-G,-§
C, = argrréin (ny, - H, -CHZ +|y, - H, -c||2 )

2

E y,—H,-¢c

Ac'.l =”yl _.Hl €

If (A.,+A,,)<(A,+A;) = (¢,s)=(¢,,s, )

Else (¢,8)=(¢,,S,)

(¢,8) = II. ZF.DECODE(r,,r,,H,,H,,G,,G,)

(50, A(.o) = ZF. DECODE(H s Iy Hl ’ Hz’ Gl ’ G-’-)

"~

x=r~H-c, , x,=r-H, ¢

0 o

2 +[x, - G, os||2 )

§ = argmin (

seS

X, -G, -s

A, , =[x, - G, os“z +|x, - G, -s||2
(8,A, ) = ZF.DECODE(r,,1,,G,,G,, H,, H,)

A

ylzrl_Gl.sl ’ 512=l'_,_—G2'§,

é, = arg min (ny -H,-c 2"'”3'2 -H,-c 2)
ceC
Ac.l ="yI “H, - C 2+ YZ“H2°C 2

If (A, +A, )<(A ,+4,) = (¢,8)=(c,,S,)

Else (¢,8)=(c,,$,)
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Interference Cancellation and ML Decoding: GENERAL CASE

In the above basic case, we focused on the basic case where we
assumed two co-channel terminals (K=2) each uses two transmit antennas
(N=2). Both terminals communicate with a base station that 1s equipped with
two transmit antennas (M=2). In this section we will consider the more
general case of K = 2 co-channel terminals each is equipped with N 2 2
transmitting antennas, both terminals communicate with a base that has
receive M > K antennas. We will develop similar interference cancellation
and ML decoding scheme for this case.

In a paper submitted to IEEE Transactions on Information Theory,
Vahid Tarokh et al. extended the above space-time block coding scheme to
the case when more than two antennas are used for transmission (N = 2).
There, a technique for constructing space-time block codes (with similar
properties to the simple scheme described above) was developed. It was also
shown that for real constellations space-time block codes with transmission
rate 1 can be constructed. However, for a general complex constellation the
rate of transmission for these codes will be less than 1.

In general, let us assume that the input information symbols to the

transmitter are grouped into groups of () symbols ¢,¢,, --,¢,. A space-time
block code in this case will map the symbols ¢,,c,,:-,c, into an N xL array

. L . * .
C whose entries are made *¢,,xc,, ", ¢, and ¢ ,tc,, ", xc,. At time ¢

where /<t £ L, the ¢-th column of C is transmitted from the N antennas. In
this case, the transmission rate of such code will be (/L. In general, for a

rate O/L space-time block code (as constructed by V. Tarokh et al.) designed

for N transmit antenna, let r,r,---,», be the received signals at time

t=12,---,L. As before, we define the received signal vector as
N . . o7
r= [!‘, oot Tua Miewr Tine rL]
where the Lx1 vector r can be written as
r=H-c+n1

and H 1s the Lx{ channel matrix whose entries are

PCT/US98/20982
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*

from+h,+h,, -t hy,th ,thy,- 1 hy, and it 1s an orthogonal matrnx,
T . .
C = [c, c, CQ] ,and 1 is an Lx1 zero-mean complex Gaussian random

vector with covariance N, -1 which models the noise. The ML decoder in

this case is similar to that in equation (6), that 1s

2

C = arg min"r -H. é|

ceC
and the uncertainty, A_, of the decoded symbols ¢ is given by
A, =lr-H-§".
As before, since the channel matrix H is orthogonal, the decoding rule 1n

(53) decomposes into  separate decoding rules for ¢,¢,,---,¢,. For

example, assuming that the terminal unit uses 4 transmit antenna, a rate 4/8

(i.e. it is a rate ¥2) space-time block code 1s given by

C G G 6 TG ¢ 6 € —G
» : » *
¢, | 1¢a & G ¢ ¢ €6 —C¢ ¢

In this case, at time =1 ¢,c,,c,,c, are transmitted from antenna 1 through 4,
respectively. At time =2, -¢,,c,—c,,c, are transmitted from antenna 1

through 4, respectively, and so on. For this example, let #,r,---,% be the

received signals at time ¢=1,2,---8. Define the received signal vector

" L

r=[7; rn, nr,n I ok r;]r. In this case, we can write the received
signal vector r can be written as

r=H-c+n
where n is the 8x1 AWGN noise vector and H is the 8 x 4 channel matrix

given by:

i L v ——

PCT/US98/20982
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hoh, kA,
h, —h h, —h,
b —h, —h b,
he b —~h, —h
H=|,0 g |
A A AR
PSS,
W ]

We can immediately notice that the matrix H 1s orthogonal, that is

4
HH=D, I where D, = Zlh,.|" and I is a 4x4 identity matrix.
f=1

Let us now assume a multi-user environment with K co-channel
synchronized terminals. Each terminal uses a rate /L space-time block code
with N transmit antenna (as constructed by V. Tarokh et al). The base station
uses M = K antennas for reception. We can write the received signal vector

at the m-th receive antenna as

M=

r =

i

H .c +m,, m=12-M (57)

k=]

where H, is the LxQ k-th user channel matnx to antenna m |,

T, . .
¢, =[Cu Cpp o ckg] is the Ox1 information symbols vector for k-th

user, and mn, is the Lx1 noise vector. The entries of the k-th user channel
matrix Hkm arc from i;’la&.n:,.l".’l: k.m.2’.”’ihk.m.N and ihlc,d'n.l’:thl(.m,?.””’i hk,m.N’

where 4, is the complex channel gain between transmit antenna » of the 4-

K.m.n

th user and receive antenna m. As we stated earlier, the matnx H, 1is
orthogonal.

Zero-Forcing IC and ML Decoding: Without loss of generality, let us
assume that we are interested in suppressing signals from co-channel

terminals 2,3,---, K while decoding signals from the first terminal. This can

be done in a successive manner as follows.

PCT/US98/20982
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First, let us define r'” =r, . Let us assume that we start by canceling

N

out the contributions of the K-th terminal. We can use the M-th antenna

received signal vector r,, to cancel out the contribution of the K-th terminal

in the remaining M-1 received signal vectors by forming the modified

received signal vectors r!’, m=1,---,M —1 as follows:

(1) . (0 __ +  (0) — co e M —

m N

where H;  is the generalized inverse of the channel matnx H,, and is given
by

km™ " km Am

H., =(H, H,,) H,

We can easily verify that H; H, =1, where I is the OxQ identity matrix.

km

We can easily verify that the modified received signal vectors

r'. m=1,---,M—1, do not contain any signal contribution due to the K-th

m >

user. Moreover, we can easily verify that r!”’ can be written as

K—1
r =Y H) ¢, +n), m=12,-,M-1  (60)
k=1

b

m

H = HY -HQ (HS,) HS), m=12,-,M-1  (61)

km km

(1)

"

where H{’and 7|’ are given by

M =1 = Hig, (Hgy ) nly, m=1.2,,M~1 (62)

Moreover, 1t can be shown that for codes constructed by V. Tarokh et al, the

modified channel matrix H,) will have exactly the same structure as that of

H,. That is, the entries of the k-th user modified channel matrix H!" are

M 4 g (1) () 4 g0 ) o
from 4 ,th, . th,yand 4 R o +RD L where ALY s

m K.m,r— k.mn.n

the modified complex channel gain between transmit antenna »n of the k-th

user and receive antenna m, m=l1,...,M-1. Hence, the modified channel
matrix H}) will be orthogonal as well.

It can then be observed that the expression for the M-1 modified
received signal vector r,’ in equation (60) is the same as that in equation

(57) except that we now have one less interfering terminal. In a similar

fashion, we can cancel out the contributions of terminal X-1 and obtain AM-2

PCT/US98/20982
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modified received signal vectors r'*) m=1,---,M —2 that do not contain any

contributions from terminals K-th and K-1. In general, after stage j, where

j=1,2,..,K-1 contributions from terminals K,K-1,...,K-j+1 are canceled out

and we are left with M-j modified received signal vectors

5 ' 'm=1---M-j,j=12,--,K~1 that contain signals due to terminals

1,2,...,K-j only. In this case, we will have

= S HD €0, m=12, M )
k=1
where H{’ and 1! are given by
() =y _HOD (HYD, VR m=12, M= (64)
10
HY, = HY) -HY) (BYD, ) B 1SmSM—j,1Sk<K~) (65)
N = —HYD (YD, ) 0, m=12, M= (66)

This process 1s repeated until we are left with M-K+1 modified

15 received signal vectors r'*" m=1-. M-=K+1 that contain only

i

contributions due to the first terminal. In this case we will have

n, U =H, "¢+, m=12,- M-K+1 (67)

which contains signals due to the first terminal only. Similarly, the modified

channel matrixH{" ", m =1,2,---,M — K +1, will have a similar structure and

20 1s also orthogonal. Hence, it 1s straight forward to see that the ML decoder

for signals from the first terminal 1s given by

M—-K+1

. . _ A2
¢, =argmin Y |ri*"—HE™" . ¢ (68)
¢ eC m=I '
and the corresponding uncertainty will be given by
M-K+! 5
_ (K=1) (K~1) A
Al T Z ”rm o Hl.m g Cl (69)

m=l

25 Similarly, since the modified channel matrices H"™, 1< m< M- K +1 are

o

orthogonal, as before, the decoding rule in (68) will decompose into QO
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separate rules for decoding ¢,,c,,, "*,¢,o. We may observe that the basic
case for zero-forcing IC and ML decoding that we discussed in detail

earlier is a special case of the above approach.

(é’ A) = G... ZFDECODE({I‘M }ISmSM ? {Hk"l }IskSK.lSmSM)
d

(O —r l<msM

H” =H,,,1<sm<M,15k<K

for j=1> K-1
My=M-j,K;=K-

for i=1— M,

+
() — =1 gD {ggi-n ) pti-n
'’ =r H' (Hx,,M,) r,

. jd i

+
() _ xxl-D  prG-b [yyGi-n (i-1)
Hk.i _Hk.f HK’-,m(HKj,ﬁf;) Hk,M;- ’ 1Sk..<..K,

end
end
M-K+] 2
¢ =argmin ) ”r,ff"’ - H{" Y c"
é,eC nr=|

M=-K+1

A, = Z ”r(h-l)_H(K-I}.é’

" {.n

2

m=]

j

The above-disclosed technique can be easily implemented within a

detector 25 that comprises a stored program general purpose processor.
Specifically, a subroutine (c,A)=G_ZFDECODE({r,} <m<pr ,{Him}
1<k<K-1smepm ) €an be installed which returns the values ¢,A in response to

submitted inputs {r,} i<m<y and {Hin} 1<i<k,19m<nr , a8 shown above.,

Minimum Mean-Squared Error IC and ML Decoding Scheme: The

MMSE IC and ML decoding in the general case can be developed in a
similar fashion as follows. We recall the received signal vector at the m-th

recelve antenna in equation (57)

PCT/US98/20982
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K
rm = z Hkm . ck + nm’ m = 1’2” . .’M (70)

k=1

This can be written in a matrix form as in equation (38)

r=H-¢c+n (71)
where r=[rf [ . r;]ris a MLx] vector, "é'=[c,r c; cﬂ]ris
T T 71"
5  (QKx1 a vector, n---[n, N, nM] 1s a MLx1 vector, and

[Htl H, - H,,
H H, - H

1 (72)
__Hw HZM HKM

i

is the MLxQOK channel matrix. As before, we redefine the vector r as

T . ‘
r=[{r, n, - r,]. As before, we assume that we are interested in

decoding the symbols transmitted from terminal 1 ¢,,c,,, --,¢,,. As before,

10 when seeking to detect and decode signals ¢, ,c,, :*,¢,, by minimizing a

mean-squared error criterion, the goal 1s find a linear combination of the

received signals such that the mean-squared error in detecting the signals
Ci15,Cas "5 Cp 18 minimized. In general terms, this can be expressed by an

error cost function that is to be minimized, such as the function

"

1
1

LM *, ) 5
15 Ja.py=2,an-3 Be,| =|a-r-p-c| (73)

7=l

Similarly, as before we can see that one of the £,,1< j < O must be set to 1

or else we get an all zero solution for & and £. Consider the case where we
set . =1. Hence, in this case, the criteria to be minimized is

LM+O~1 2

Jla;,B;)= Z Xt — Gl = "o:_,. I, — ¢
=1

, 1750 (74)

20  where

o, -p,] (75)

a; = (€)1, @ 155 ',O{,w,"ﬂ,,'°',-;3,._,,-,6,+,,--',—ﬂQ]
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~ T T

I = [r; Cho ot G G CIQ] (76)
If we follow the same steps as in the basic case, we arrive at the conclusion
that

(j)=0 i=1,---0Q, i#]J
£:(J) = 0 J (77
— 1 ] = j
5 a,=Mh,1<;s0 (78)

where h; 1s the j-th column of the channel matrix H, and M = HH + -II:I, 1S

an MLxML matrix, I" i1s the signal to noise ratio, and I 1s the MLxML
identity matrix.

In this case, as before, the error in decoding the j-th symbol c¢; will be

10 mimmized without any regard to the other symbols. Hence, the MMSE-IC

and ML decoder will consist of Q) different combiners, one for each symbol.

[t should be clear now that the MMSI-IC solution for the general case is a

straight forward extension to the basic case shown earlier. The MMSE-IC

solution for the general case can be implemented using the subroutine

15 G _MMSE.DECODE shown below.

20

25
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(éa A) — G_.. MMSEDECODE({rJ:f}lSnrsM ’{Hk"‘ }lSkSK.ISmSM ’r)
{
' T
= [rtT rzr r;]
] Hll HZI HK]
H = le sz HKZ
LHIM HZM HKM
M =HH’ +1-1
I
for j=1->0
h, = j-thcolumnof H
0‘;‘ = M-lh.i
¢, = argn?n Ia;.r-éj 2
. ~ 112
A= '“.f" _C.i"
end
C= [cl c, CQ]T
0
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We claim:

1. A method for decoding a set of M signals received at an mput
interface from a plurality of terminal units that transmit on a given channel,
comprising the steps of:

processing said M signals, received over L time intervals, where L is
an integer, with signals having components related to channel coefficients

between transmitting points of said terminal units and an input interface, to

detect signals transmitted from each of said terminal units by canceling

interference from K of said terminal units, where M and K are integers such
that M>2 and K < M , and to identity probable signals transmitted by said
terminal units through maximum likelihood detection; and

applying signals developed through said maximum likelihood
detection to a location, from which the signals may be applied to post

processing that culminates in signals adapted for delivery to users.

2. The method of claim 1 where transmissions of said terminal units

are synchronized.

3. The method of claim 1 where each of the K terminal units employs
at least two transmitting antennas, and said input interface includes M

recelving antennas.

4. The method of claim 1 where each of the K terminal units employs
N transmitting antennas, where N is greater than 1, and said input interface

includes M receiving antennas.

5. The method of claim 4, where said interference canceling involves
algebraic operations carried out on said M received signals with said signals

having components related to channel coefficients between transmitting

points of said terminal units, to form a plurality of signals, each of which is




CA 02273295 1999-05-31

WO 99/18682 PCT/US98/20982

_28.

substantially unrelated to signals sent by all but one of the terminal units.

6. The method of claim 4 where saild K=M=2 and 1< N 2.

5 7. The method of claim 6 where said processing comprises

multiplying said vector of received signals by conditioning matrix

- ! h h ». ),
. . GG, , where H, =[ A ], G, =[g:.i g,: },
__HZHI 1 h, -—h, 1 —&8

h‘) y, r 29 : . , .
H, ={ N hz'l ], G, = gfl g_: }, I is the diagonal matrix, 4, 1s a
—h,) »n ~&xn '

22

channel coefficient estimate between a transmitting antenna / of a first

10 transmitting unit and a receive antenna j of said M receiving antennas, and

g, 1s a channel coefficient estimate between a transmitting antenna i of a

second transmitting unit and a receive antenna j of said M receiving

antennas.
15 8. The method of claim 7 where L=2.

9. The method of claim 7 where said maximum likelihood detection

2
over all potential code vectors ¢, where T, is

minimizes a metric ||'i",' -H. EI
one of said plurality of signals formed by said step of multiplying, and

20 H=H -GG;H,.

10. The method of claim 9 where said maximum likelihood detection

develops an uncertainty measure.

25 11. The method of claim 10 where the uncertainty measure is given

2

by A_ = I’i‘]—ﬁ'é

12. The method of claim 6 where said processing executes a
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subroutine ZF.DECODE(rx,rJ,,Hx,H GG },) which returns an output ¢

by executing the following calculations

>

¢ = argmin “'i" ~-H-c
ceC

where
r is the first argument of the ZF. DECODE subroutine and corresponds to
a vector of signals received over said L time intervals at receiving

antenna x,

r is the second argument of the ZF.DECODE subroutine and corresponds

to a vector of signals received over said L time intervals at receiving

antenna y,
H . 1s the third argument of the ZF.DECODE subroutine and corresponds to

a matrix comprising channel coefficients between transmitting antenna x

of a first terminal unit and said M recelving antennas,

H is the fourth argument of the ZFE.DECODE subroutine and corresponds

to a matrix comprising channel coefficients between transmitting

antenna y of said first terminal unit and said M receiving antennas,
G . 1s the fifth argument of the ZF.DECODE subroutine and corresponds to

a matrix comprising channel coefficients between transmitting antenna x

of a second terminal unit and said M receiving antennas,

G, is the sixth argument of the ZF. DECODE subroutine and corresponds to

a matrix comprising channel coetficients between transmitting antenna y
of said second terminal unit and said M receiving antennas, and

¢ 1s a selected code vector ¢ from a set of code vectors C as the code

transmitted by the terminal related to the second and third arguments of the
ZF .DECODE subroutine.

13. The method of claim 12 where said processing comprises

B o= v s+ gy vy vy v
B T T
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executing the ZF. DECODE subroutine a first time with argument

(r,,r,,H,H,,G,,G, ), and executing the ZF. DECODE subroutine a second

time with argument (r,,r,,H,,H,,G,,G,).

14. The method of claim 12 where said subroutine ZF.DECODE also

returns an uncertainty measure output A_ by carrying out the calculation

A =[F-H-

15. The method of claim 14 where said processing comprises the

steps of:
executing the ZF.DECODE subroutine a first time, with argument

(r,,r,,H,,H,,G,,G,), to obtain a first version of a probable vector signal of

a first terminal unit, ¢,, and a measure of uncertainty, A_,;

obtaining a first version of a probable vector signal of a second

terminal unit, §,, and a measure of uncertainty A_,;

executing the ZF.DECODE subroutine a second time, with argument
(r,,1,,G,,G,,H,,H,), to obtain a second version of a probable vector signal
of the second terminal unit, §;, and a measure of uncertainty, A_,;

obtaining a second version of a probable vector signal of a first

terminal unit, ¢,, and a measure of uncertainty A_;

selecting said first version of said probable vector signals if

(A, +4,,)<(A,, +4,,), and selecting said second version of said

probable vector signal based otherwise.

16. The method of claim I where M > 2 and K > 2, and where said
processing comprises the steps of:

combining said M received signals for form a signal that is
essentially independent of transmissions of all but one of the terminal units,

performing a maximum likelihood detection to identify a probably

PCT/US98/20982
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signal vector transmitted by said one of the terminal umts,

modifying remaining ones of said M received signals to account for
contribution of the probable signals vector, and
returning to said step of combining as long as there 1s a terminal unit
5 whose transmission is to be detected, to select another one of said terminal

units whose signal is to be detected with said step of maximum likelihood

detection.

17. The method of claim 1 where M > 2 and K > 2, and where said

10  processing comprises executing a subroutine

(&,4) =G_ZFDECODE({r, },._,,-{H..}

1sksK,lsmsM )

' =r  1<m<M
H» =H, ,lsm<M,1<k<K
for j=1— K-1

M;=M-j,K;=K-)

for i=1-> M,

r) = pl- H“"”(H""” ) ri;—n
Kid
(/) _ yyUi-n G-1) g (i-1 (=)
Hk.l' ‘_Hk" —HKJ'.m(HKj.M ) H ’ lSkSKJ

end

end
M-—-K+1] p 2
= arg min ”r,f," -l c"
¢ eC mnl
M-K+1 . K-1) 5
— (K~1) ( A
A - Z "rm -Hlm '€
m=|
where
r'” is a received signal at antenna m, as modified in step (a);

H!") is a matrix of channel coefficients between terminal unit k and receive

15  antenna m, at step a; and

(H;”2)* is the generalized inverse of H}") .

PCT/US98/20982
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18. The method of claim 1 where said processing form a vector of
signals from said M signals and said processing includes pre-multiplying said
vector by a preconditioning matrix having components related to said

channel coefficients.

19. The method of claim 18 where said components of the

conditioning matrix are related to estimates of said channel coefficients.

20. A detector responsive to M received signals, where M 22, from a
plurality of terminal units and canceling interference from K of said terminal
units, where K £ M , comprising:

a processor for transforming said M received signals through
algebraic operations involving components related to channel coetficients
between transmitting antennas of said terminal units and said M received
signal to form a plurality of signals, to each of which 1s substantially
unrelated to signals sent by all but one of the terminal units, where M, N, and
K are positive integers, and to perform maximum likelihood detection
calculations on said plurality of signals; and

a memory coupled to said processor for storing information for

controlling said processor.

21. A detector responsive to M received signals, where M>2, from a
plurality of terminal units and canceling interference from X of said terminal
units, where K < M , comprising;:

a first means responsive to said M recerved signals, for transforming
said M received signals through algebraic operations involving components
related to channel coefficients between transmitting antennas of said terminal
units and said M received signal to form a plurality of signals, each of which

is substantially unrelated to signais sent by all but one of the terminal units,

PCT/US98/20982
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where M, N, and K are positive integers;
a second means, responsive to said first means, for performing
maximum likelihood detection calculations on said plurality of signals; and
means for applying information developed by said second means to a

location accessible for further processing and delivery to a user.

22. The detector of claim 20 where the processor also calculates an

uncertainty measure associated with each maximum likelithood detection.

23. The detector of claim 20 where said processor forms said
plurality of signals one at a time, and with each formed signal of said
plurality of signals the processor selects a probable transmitted signal vector

of one of said terminals and evaluates an uncertainty measure.

24. The detector of claim 20 where said processor, in the course of
forming one of said signals from said M received signals, substantially
nullifies contribution of transmissions from terminals for which a probably

transmitted signal vector has been selected.

25. The detector of claim 20 where said processor:

forms a first version of a first of said plurality of signals, selects a
first version of a probable transmitted signal vector of a first of said
terminals, and evaluates a first uncertainty measure, then

forms a first version of a second of said plurality of signals and in the
course of said forming said first version of said second of said plurality of
signals nullifies contribution of transmissions of said first version of a
probable transmitted signal vector of said first of said terminals, selects a
first version of a probable transmitted signal vector of a second of said
terminals, and evaluates a second uncertainty measure, then

forms a second version of said second of said plurality of signals,

without said nullifying, selects a second version of a probable transmitted
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signal vector of said second of said terminals, and evaluates a third
uncertainty measure, then

forms a second version of said first of said plurality of signals and 1n
the course of said forming said second version of said first of said plurality
of signals nullifies contribution of transmissions of said second version of a
probable transmitted signal vector of said second terminal, selects a second
version of a probable transmitted signal vector of said first of said termnals,
and evaluates a fourth uncertainty measure, then

forms a first combination involving said first and second uncertainty
measures, forms a second combination involving said third and fourth
uncertainty measures, and selects either said first version or said second
version of the probable transmitted signal vector of said first of said
terminals and the probable transmitted signal vector of said second of said
terminals based on whether said first combination is greater than said second

combination.

26. The detector of claim 20 where M=N=K=2.

277. The detector of claim 20 where M>2, and K>2.

28. The detector of claim 20 where M>2, K>2, and N>229. The
detector of claim 20 where the processor also estimates parameters of

channel through which said M signals traverse.

30. The detector of claim 22 further comprising M antennas and
amplification and demodulation circuitry interposed between said M

antennas and said processor.,

31. The detector of claim 20 further comprising a subroutine stored

in said memory and executed by said processor, which subroutine performs

said transforming of said M received signals.




CA 02273295 1999-05-31

WO 99/18682 PCT/US98/20982

.35.

32. The detector of claim 24 where each execution of said subroutine
develops one of said signals that is substantially unrelated to signals sent by

5 all but one of the terminal units.

33 The detector of claim 25 where said subroutine 1s executed not

less than K times.

10 34. The detector of claim 20 further comprising a subroutine stored
in said memory and executed by said processor, which subroutine performs
said transforming of said M received signals, followed by a maximum

likelihood detection.

15 35. The detector of claim 20 further comprising means for estimating

channel parameters.

36. The detector of claim 20 where said processor forms said
plurality of signals by forming a vector from said M received signals and
20  pre-multiplying said vector by a conditioning matrix of coefficients that are
related to channel coefficients between said transmitting antennas and an

input interface.

37. The detector of claim 13 where said conditioning matrix is

— - h h
- [ I G|Gz j} , where H, =[ il 12 ], G, =[8u 812 ]’

—Hzﬂ;] I h, "hltl g;2 “g:l
H2 — [h?.l h22‘ ], G2 — l:gfl gz‘i I, I 1s the diagonal matrix, hf}- 1S a
hy, —h, 2 ~8un] |

channel coefficient estimate between a transmitting antenna i of a first

transmitting unit and a receive antenna j of said M receiving antennas, and

g; 1s a channel coetficient estimate between a transmitting antenna i of a




CA 02273295 1999-05-31

WO 99/18682 PCT/US98/20982

.36-

second transmitting unit and a receive antenna j of said M receiving

antennas.

38. The detector of claim 37 where said processor also performs

5  maximum likelihood detection on said plurality of signals.

39. The detector of claim 38, where said input interface comprises M

receiving antennas.
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