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& (57) Abstract: Systems and methods of optimizing communication channels in multi-user communication systems are provided.
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multi-user MIMO (Multiple Input Multiple Output) where each receiver has fewer antennas than the transmitter, and enhance system
performance if the total number of antennas at all of the receivers exceeds the number of antennas at the transmitter.
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METHOD TO DETERMINE PRECODING-WEIGHTS BASED ON
CHANNEL STATE INFORMATION IN A MIMO COMMUNICATION
SYSTEM

Field of the Invention

The invention relates to communication systems in general, and
particularly to communication channel optimization in multi-

user communication systems.

Background

In any communication system, the quality and capacity of a
communication channel are affected by such factors as
interference, allocation of communication resources, the
communication schemes or algorithms used on the communication
channel, and the particular communication equipment implemented

at transmitting and receiving ends of the channel.

The effects of certain factors may be mitigated through
efficient resource allocation and selection of communication
schemes and equipment. According to some conventional
communication techniques, processing operations intended to
compensate for other communication channel effects are
primarily receiver based. Fér example, interference
cancellation is performed by a receiver in,knéwn communication
systems. In addition, the implementation of different types of
communication equipment in conjunction with the same type of
channel, such as different communication terminals in a
wireless communication system for instance, may affect received

signal processing operationsg at all receivers.

Communication terminals at the ends of a communication channel
are seldom identical. In wireless communication systems, for
example, user communication terminals at one end of a

communication channel normally have much more limited resources

CONFIRMATION COPY
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than base statiomns. In known MIMO (Multiple Input Multiple
Output) systems, each receiver has at least as many antennas as
a transmitter. This constraint is difficult to satisfy where
communication equipment on opposite ends of a communication
channel are significantly different, as in the case of wireless
communication terminals and Dbase stations in wireless
communication systems, for example. In addition, resource
limitations at one receiver in such a multi-user system can

also affect other receivers in the system.
Summary of the Invention

According to one aspect of the invention, a method of
processing signals to be transmitted to receivers on
communication channels 1s provided. The method includes
determining pre-coding signal weights based on channel state
information associated with the communication channels to
provide proportional power allocation to the signals, and
applying the signal weights to the signals. 1In a preferred
embodiment, the channel state information is received from the

receivers.

The invention also provides, in another aspect, a method which
includes receiving over a sub-group of communication channels a
subset of signals to which pre-coding signal weights based on
channel state information associated with the communication
channels to provide proportional power allocation have been
applied. The received subset of signals using inverses of the
pre-coding signal weights based on channel state information
associated with the sub-group of channels to decode the

received subset of signals.

According to an embodiment of the invention, the signals to be
transmitted include respective groups of signals to be
transmitted to the receivers, and the pre-coding weights are

determined to separate the respective groups of signals.
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Decoding then separates individual signals in the received

subset of signals.

In another aspect, the invention provides a system for
processing signals to be transmitted to receivers on
communication channels. The system preferably includes an
input for receiving the signals and a processor. The processor
is configured to determine pre-coding signal weights based on
channel state information associated with the communication
channels to provide proportional power allocation to the
signals, and to apply the signal weights to the signals. In a
preferred embodiment, the system further includes multiple
antennas which provide respective sub-MIMO channels to the

receivers.

The invention also provides a system that includes an input an
input for receiving over a sub-group of communication channels
a subset of signals to which pre-coding signal weights based on
channel state information associated with the communication
channels to provide proportional power allocation have been

applied, and a processor. The processor is configured to

decode the received subset of signals using inverses of the

pre-coding signal weights based on channel state information

associated with the sub-group of the channels.

A further method of processing signals to be concurrently
transmitted to receivers over communication channels, in
accordance with still another aspect of the invention, includes
determining channel state information for the communication
channels, determining a spatial coding matrix which includes
respective set of spatial coding weights for each of the
receivers based on the channel state information, and applying
the spatial coding weights in the spatial coding matrix to the

signals.



10

15

20

25

30

WO 2005/046081 PCT/GB2004/004681
- 4 -
A method in accordance with a still further aspect of the
invention includes determining channel state information for a
communication channel between a receiver and a transmitter,
transmitting the channel state information to the transmitter,
and receiving from the transmitter one of a plurality of
demodulation matrices for demodulating subsequently received
communication signals to which spatial coding weights
comprising respective sets of spatial coding weights for

multiple receivers have been applied.

A network element for processing signals to be concurrently
transmitted to multiple communication terminals in a
communication network is also provided. The network element
preferably includes an input configured to receive the signals,
and a processor. The processor is configured to determine
channel state information for each communication channel
between the network element and the communication termiﬁals, to
determine a spatial coding matrix comprising a respective set
of spatial coding weights for each of the communication
terminals based on the channel state information, and to apply
the spatial coding weights in the spatial coding matrix to the

signals.

In a related aspect, a communication terminal for operation in
a communication network is provided. A processor in the
terminal is configured to determine channel state information
for communication channels between the communication terminal
and a network element in the communication network. The
terminal also includes at least one antenna for transmitting
the channel state information from the communication terminal
to the network element, receiving a demodulation matrix from
the network element, and receiving signals concurrently
transmitted to multiple communication terminals from the
network element. The processor is further configured to

demodulate the received signals using the demodulation matrix.
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Other aspects and features of the present invention will become
apparent to those ordinarily skilled in the art upon review of
the following description of the specific embodiments of the

invention.
Brief Description of the Drawings

The invention will now be described in greater detail with

reference to the accompanying diagrams, in which:
Fig. 1 is a block diagram of a 6x6 MIMO system;
Fig. 2 is a block diagram of a decomposed 6x6 MIMO system;

Fig. 3 is a block diagram of a MIMO system, illustrating inter-

user interference;

Fig. 4 is a block diagram of a MIMO system using polarized

communication channels, illustrating inter-user interference;

Fig. 5 shows a block diagram of a MIMO system according to an

embodiment of the invention;
Fig. 6 is a block diagram of a MIMO BLAST system;

Fig. 7 is a block diagram of a multi-user MIMO system in

accordance with another embodiment of the invention;

Fig. 8 is a block diagram of a conventional null beamforming

MIMO system;

Fig. 9 is a Dblock diagram of a known multi-user BLAST MIMO

system;

Fig. 10 is a block diagram of a known round-robin TDM (Time

Division Multiplexing) BLAST MIMO system;
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Fig. 11 is a plot of BLER (Block Error Rate) versus SNR
(Signal-to-Noise Ratio) for an embodiment of the invention and

several known communication schemes;

Fig. 12 is a plot of BLER versus Eb/No (Energy per Bit to
Spectral Noise Density ratio) for an embodiment of the

invention and several known communication schemes; and

Fig. 13 is a plot of BLER versus SNR for several embodiments of

the invention.

Detailed Description of the Preferred Embodiments

According to embodiments of the present invention, systems and
methods are provided which enhance the performance of
communication channels in a communication system, to thereby
improve, for example, the transmission performance of multi-
user MIMO (Multiple Input Multiple Output) communication

systems.

In MIMO systems, a multi-data stream transmitter at a base
transceiver station (BTS) that provides communication services
for a coverage area or cell in a wireless communication system

transmits communication signals to user terminals via multiple

antennas. User terminals are also commonly referred to as user
equipment (UE), communication devices, and mobile stations, for
instance. At a UE side, multiple receive antennas are employed

for each user.

Fig. 1 is a block diagram of a 6x6 MIMO system, which includes
a plurality of antennas 16 at a BTS 10, and a plurality of
antennas 18 and a MIMO decoder 20 at a UE 12. 1In this system,
6 communication signals 14 intended for the UE 20, labelled as

(1) (1)

S1 through sg are transmitted wvia the antennas 16 from the

BTS 10 to the UE 12. At the UE 12, each of the antennas 18
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receives the signals transmitted from the antennas 16, and the

received signals are decoded in a MIMO decoder 20.

It should be appreciated that the system of Fig. 1 is intended
for illustrative purposes only. As will be apparent to those
skilled in the art to which the present invention pertains,

BTSs include further components in addition to the antennas 16,

(1) (1)

such as components to generate the signals s through sg for
instance. Similarly, the UE 12 includes components to further
process received signals decoded by the MIMO decoder 20. Also,
the BTS 10 and the UE 12 normally support both transmit and

receive operations.

Known MIMO systems do not support simultaneous multi-user MIMO
transmissions where each UE does not have at least the same
number of antennas as a BTS. Instead, MIMO is typically used
as a single “fat-pipe”, and multiple users are served through
the use of time division techniques. In addition, it 1is
practically difficult to realize very large dimension MIMO
systems, 8x8 systems for example, due the physical size
limitations of UEs. As the physical size of a UE is usually
limited, the distance by which multiple antennas for larger
dimension MIMO systems can be separated is also limited, such
that the antennas at the UE become highly correlated. This
drastically reduces the MIMO channel capacity.

However, large dimension MIMO systems may be decomposed into
combined sub-MIMO systems, because in general, channel fading
between different UEs is un-correlated. MIMO channel capacity
can then be more efficiently exploited. Fig. 2 is a Dblock
diagram of a decomposed 6x6 MIMO system. The decomposed 6x6
MIMO system includes antennas 32 at a BTS 22, and three UEs 24,
26, 28, each of which includes a pair of antennas 34/36, 40/42,
46/48 and a MIMO decoder 38, 44, 50. At the BTS 22, signals
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s, M /s, s, /8,1, g,83/5,®) are transmitted via a respective

antenna in each of a plurality of sub-groups, pairs in Fig. 2,

of the antennas 32 to corresponding UEs 24, 26, 28. The
superscripts (1), (2), (3) indicate for which UE 24, 26, 28, a
signal is intended. Each pair of the antennas 32 forms a 2x2

sub-MIMO channel with the pair of antennas of a respective one

of the UEs 24, 26, 28.

To apply the MIMO technique to a multi-user system, inter-user
MIMO interference is a major issue. In Fig. 2, for example,
although each pair of signals slu)/szu), 5,3 /8,12, 8.3 /5, may
be intended for a particular UE 24, 26, 28, the antennas 34/36,
40/42, 46/48 in each of the UEs 24, 26, 28 receive
communication signals from all of the antennas 32. In order to’
cancel such interference using known techniques, the number of
receive antennas must be equal to or greater than the number of
transmit antennas. Due primarily to physical space and form
factor constraints on UEs, the number of antennas that can be
provided at a UE is limited. Thus, for downlink (BTS to UE)
transmissions, the number of receive antennas 1is typically

smaller than the number of transmit antennas.

Figs. 3 and 4 are Dblock diagrams of MIMO systems, and
illustrate inter-user interference. In the system of Fig. 3,
the signals 58, labelled sluj/sﬂlﬂ sﬂm/szm), are transmitted
from the BTS 52 via respective ones of each pair of the
antennas 60 to the UEs 54, 56. Signals received by the
antennas 62/64, 68/70 in the UEs 54, 56 are processed by the
MIMO decoders 66, 72. Interference in the MIMO system of Fig.
3 is indicated at 73. As shown, any communication signals that
are received at one of the UEs 54, 56 but intended for the
other of the UEs 54, 56 represent interference at that UE. For

(2)

example, versions of s;3 and s,'¥ received at the UE 54

represent interference.
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Similarly, in Fig. 4, the signals 80, labelled s, /g, 1)
Slu)/S2u), are transmitted from the BTS 74 via respective ones
of each pair of the antennas 82 to the UEs 76, 78, received by
the antennas 84/86, 90/92, and processed by the MIMO decoders
88, 94. Polarized channels, provided by the vertical- and
horizontal- polarization antennas V and H in the example system
of Fig. 4, reduce interference 95 relative to the general MIMO
system of Fig. 3, but do not cancel the inter-user interference

to such a degree that interference cancellation is unnecessary.

The task of interference cancellation is typically performed at
a user terminal. In accordance with an embodiment of the
invention, downlink communication channel interference
cancellation is' effectively split between the BTS (transmit)
side and the UE (receive) side. For example, a BTS may perform
inter-user separation based pre-coding of data to Dbe
transmitted, while at the UE side, a UE performs MIMO layer

separation and decoding.

One type of multi-user MIMO system in which the invention may
be implemented delivers communication signals according to the
layered space-time known as MIMO-BLAST concurrently to multiple
users. Such a system is preferably realized with feedback of
communication channel state information from each UE to a BTS.
Channel state feedback techniques are very well suited for
application in conjunction with fixed or nomadic wireless
communication channels due to the slow wvariation of such
channels, which allows accurate channel state information

feedback from the UEs to the BTS.

In one embodiment, a closed-loop pre-coded transmit antenna
array for sub-MIMO transmission, preferably MIMO-BLAST
transmission, in a multi-user environment is provided. Channel

state information is measured by or fed back to a BTS, and at
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the BTS side, Jjointly optimized weights are computed and
applied to antenna input signals to cancel inter-user MIMO
interference. Therefore, in one sense, a system in accordance
with this embodiment of the invention may be considered as an
adaptive weighted transmit antenna array operating in the MIMO-
BLAST mode. This concept is a departure from the conventional

beamforming phased antenna array.
A MIMO system can be expressed as
y=Hs+17], (1)

where

53=[y1 Yy o e yN]T is a vector of communication signals

received at a receiver;

- T . ' ' .
s=[sl Sy ... sM] is a vector of communication signals

transmitted by a transmitter;

77=[771 n, ... nN]T is a vector of noise components affecting

the transmitted communication signals;

by hy ... By
3 hy hy ... hy i ) . '
H=| 7 . . is a channel matrix of communication
Pyt Pyo o P

channel attenuation factors;

N is a number of antennas at the receiver; and

M 1is a number of antennas at the transmitter.
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To decode the transmitted signal §, the receiver performs the

inverse process

§=Gy—-G7, (2)
where
G=H"=(HH)'H’ (3)
is the Moore-Penrose pseudo-inverse of H, and H is a

conjugate matrix of H, illustratively a Hermitian conjugation
or conjugate transpose. The post-detection SNR (signal-to-

noise ratio) for a decoded element s, of § is given by

- Isiiz
SIS
where g, is the ith row of G, and o’ represents the variance
of the elements in # (assuming that all the elements in # have
the same level of variance). From equation (4), it can be seen

that the SNR of post-detection signals is determined by G,

which is given by equation (3). Note that "&-"2 is not only

determined by channel attenuation factors lhij

. but by the

condition of the channel matrix H as well. When H is ill-
conditioned, llgin2 can be very large; hence ¥, will be very
small.

From equation (2), it can be seen that the post-detection

signal power is a fixed value Isi|2, such that ¥, is in fact

determined by the second term G7 only. System performance can

be improved by reducing post-detection noise, which is
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represented by “3M2' One possible issue to consider in this

regard is whether, when a transmitter has information about H,

pre-equalization can improve system performance.

By defining a new signal vector, illustratively for the square

channel matrix case in which M =N,

¥=Js=H(HH')'S, (5)
we have
F=Hi=% . (6)

The matrices G and J are equal in this example, when H is a

square matrix (M =N).

The SNR for this pre-equalized signal can be expressed as

2
_ I%I

il
where j, is the ith row of J.

The pre-equalization approach is similar to power control,
i.e., the weak user gets more power so that all the users are
equal. However, this is not an efficient approach to utilize

system power.

Another important observation is that the pre-equalization
matrix J is completely determined by the channel matrix H.
That is, except for making up an identity matrix, there are no

other kinds of optimizations in J.
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An embodiment of the invention provides for user separation at
the transmitter. One preferred user separation technique
allows the use of ML (Maximum Likelihood) detection schemes at
a receiver, such that the diversity order for each receiver is
increased. Tn addition, since layers need not be separated
within a BTS, system performance may be improved in at least
two further aspects, namely, to enhance an equivalent channel

matrix and proportional transmitting power allocation.

Fig. 5 shows a block diagram of a MIMO system according to an
embodiment of the invention. The system includes a BTS 100
having a pre-coder 106 and a plurality of antennas 108, 110,
112, 114, and UEs 102, 104, each having a plurality of antennas
116/118, 122/124 and a MIMO decoder 120, 126. In Fig. 5,

M =4, N,=2 is the number of antennas at an ith UE, U=2 is

the number of UEs, and M =U%*N,. In a particularly preferred

embodiment, the system of Fig. 5 is a MIMO BLAST system.

Of course, the system of Fig. 5 is one illustrative example of
a system in which the invention may be implemented. The
invention is in no way limited thereto. Extension of the
principles of the present invention to systems having other

dimensions will be apparent to those skilled in the art.

At the BTS side, the BTS 100 preferably uses the U degrees of
freedom (one per UE 102, 104) of the transmit antennas 108,
110, 112, 114 to perform weighted pre-coding of the signals

s, g, g%, 5,2 in the pre-coder 106, while reserving the
N, degrees of freedom (one per receive antenna of each UE 102,
104) of the transmit antennas 108, 110, 112, 114 to maximize
the N,XN, sub-MIMO channel capacity and proportional antenna

power allocation for each user.
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At the UE gide, each UE 102, 104 decodes communication signals

received at its antennas 116/118, 122/124, using ML or MMSE
(Minimum Mean Squared Error) decoding, for example. The N,

antennas also provide diversity gain.

The UE-1 102 preferably determines and feeds back channel state
information H; (4x2) to the BTS 100. The UE-2 104 similarly
preferably determines and feeds back channel state information
Hy, (4x2) to the BTS 100. For some types of communication
channel, channel state information may instead be determined
locally by the BTS 100. Thus, channel state information
determination is shown conceptually in Fig. 5 outside the UEs
102, 104. Those skilled in the art will appreciate that
channel state determination may be performed in the UEs 102,
104 or the BTS 100 by a digital signal processor (DSP) or a
general-purpose processor adapted to execute signal processing
software, for example. Various techniques for determining
channel state information will be apparent to those skilled in
the art, including estimation based on pilot channels in CDMA
(Code Division Multiple Access) systems or preambles and
scattered pilot tones in OFDM (Orthogonal Frequency Division

Multiplexing) systems, for example.

Based on the channel state information H; and H; , the BTS 100
computes an antenna weight matrix or pre-coding matrix P, which
preferably cancels inter-user MIMO interference between UE-1
102 and UE-2 104 and maximizes MIMO system channel capacity for
UE-1 102 and UE-2 104.

Before proceeding with a detailed analysis of the system of
Fig. 5, a combined (with respect to users) 2x2 MIMO system, in
which M =2, N,=1, and U=2, is first considered. In this
system, there are no multiple layers associated with each user.

The channel matrix H can be expressed as
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o :[hu hlz} . (8)
hy  hy

Now we define a pre-coding matrix P, so that

hy, h h,p,, + +h
C=HP= ‘i 11 1zjnipn Plz:‘ _ |: P thapy b 12P221| . (9)
hy Pyl Py P hy Py +hypy ByDint hy,Pa

One goal is to identify if a solution to the following equation

5 exists:

{maxlh'llpll + hxzpml
P11 P2y
hypyy +hypy =0

. (10)
{maxlhmplz + hzzpzzl

P12:P22

hy Py + hapyy =0

In the pre-equalization approach, the set of elements in a pre-

equalization matrix {j,.jy jn.jny are used to satisfy the

following condition:

{hnju + Ry, jy =1
by jiy +hyjy =0

10 ) . : (11)
{1121]12 +hy Jp =1
Py +hipjn =0
Given the same "1’5,.||2=||7i||2, with =12, equation (11) forces

Ry +hyjs and hyji,+hyj, to 1, while equation (10) tries to
maximize the power of the analogous components h,;p, +h,p, and

hyy Py thyps - This illustrates one primary difference between

15 the user separation techniques according to embodiments of the

invention and pre-equalization approaches.

Equation (10) can be manipulated to the form of
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h

pn(%l_hz m]
2

, : (12)

-

max
P

Although there is no optimized solution to equation (12),

selection of p,, and p, such that

_ iy

o< |h.
22 I,

(13)

improves the system capacity.

If each UE has only one receive antenna and receives only one
layer of the MIMO signal, then proportional power allocation
may be achieved. However, if a UE has multiple antennas and
receives multiple layers of signals, as in Fig. 5, then the

situation will be different.

As described briefly above, the pre-coder 106 at the BTS 100

determines and applies pre-coding weights to the signals s, Y,

2”’ 1&)’ Szm) to perform the function of inter-user

s , S
interference cancellation through user separation. Each
receiver, UEs 102, 104 in Fig. 5, then performs the function of
inter-antenna interference cancellation. Thus, algorithms such
as ML and iterative ZF (Zero Forcing)/MMSE can be used to
further improve detection results. The concept of splitting
interference cancellation functions between the transmitter and

receivers is described in further detail below.
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For the combined 2x2 MIMO multi-user system of Fig. 5, the pre-

coding matrix P is selected so that the combined channel matrix

C has the format of

¢y ¢, 0 0
c 0 O

C=Hp=|® Cxn ) (14)
0 0 ¢y ¢y

0 0 cyy cy

Note that only ¢ and ¢,, where ¢; represents the i-th row of C,
affect the UE-1 102, and that only ¢ and ¢, affect the UE-2

104. The combined channel matrix C has a form of U N,XN,

sub-matrices, diagonal elements of which are respective
diagonal elements of C. Elements of C outside the plurality
of N,XN; sub-matrices are zero. In another sense, C may be
considered as having groups of rows associated with UEs and
groups of columns respectively associated with antenna pairs.
For example, ¢, and ¢, are associated with the UE-1 102 as
described above, and the columns of C are respectively
associated with the antennas 108, 110, 112, 114. As the
antenna pairs 108/110 and 112/114 provide sub-MIMO channels to
the UEs 102 and 104, each pair may be considered to be
associated with a respective one of the UEs 102 and 104. Thus,
each element of C positioned in a row associated with a
particular UE and a column corresponding to an antenna that is
associated with a different UE is forced to zero by selection

of pre-coding weights in the pre-coding matrix P.

The first two columns of the pre-coding matrix P are determined

such that they satisfy
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¢y =hypy Ty pyy F R pyy Py
Coy =hy Dy + oy Py F 3oy +hyypy

, and (15)
By Dy + sy Doy + By Py + haypyy =0
hyypyy +hy Doy + Ry sy Hhypy =0
Cio =My Py Doy F hgPyy H My Pas
Cop =My Py + My Py + hyPyy +hyy Py (16)

hyypyy + sy Doy + hyypay Py =0
hypiy + hyDoy + gDy + iy Py =0

The second two columms of P, related to the UE-2 104, are

preferably determined in an analogous manner.

From equation (14), it is mnot difficult to see that the

equivalent system for UE-1 102 is

|7y1}=[011 012j|[s1}1 (17)
Vs Cay Cx | 52

which represents a 2x2 MIMO system. When an ML decoder is used

at a UE, the diversity order is two.

The decoders 120, 126 decode received signals using an inverse
matrix such as the Moore-Penrose pseudo-inverse matrix of a
corresponding sub-matrix of P. In Fig. 5, @O, and @, indicate

sub-matrices of such an inverse matrix (@ that relate to the UEs

102, 104, respectively. Preferably, an inverse matrix D of
C=HP, or strictly sub-matrices D, and D, thereof, are used by
the decoders 120, 126 in Fig. 5. These matrices can be derived
by each receiver based on channel estimation using pilot
channels, for example. In one embodiment, the BTS 100 sends
pilot tones to UEBs 102, 104, and each UE the estimates the

elements of its corresponding inverse sub-matrix.
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For brevity, the following analysis relates only to the UE-1
102. Those skilled in the art will appreciate that the
analysis for the UE-2 104 would be similar.

In equation (15), let p, and p, force ¢;=c, =0, which gives

5 {Psljlz_i{ Ps —h34:l[h31 haz:”:Pu} (18)
Pa Al=hy  hy By Ry || Py

where A=hyh, —hyh,, .

If A is defined as

A=|:h” hlz___1_|:hl3 }‘14}{ h44 “h34:”:h31 haz}, then (19)
hy, hzz_ Alhy hy|—hs hy |[hy h

42

. _
[ 11}=A|:p11 . (20)
Cy P2 |

10 As the matrix A is determined by the channel matrix H, p, and

P, are free to be chosen, and as such can be used for channel

matrix optimization.

Similarly, from equation (16),
1| A —h,lh,, h

{Pszilz___[ 44 34}[ 31 32}[P12:|, and (21)

Py Al=hy  hy || By hy || P
c

15 [ 12}=A[”“}. (22)

Cn P

By combining equations (20) and (22), we can establish a

c c
relation between I:“ 12] and [Pu p12:| as follows:
Cy Cx Pa Pxn
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¢, C
{ 1 12J=A[Pu p12:1 , (23)
€y Cp Py Pxn
and the parameters in [p“ Pn} provide for optimization of the
Pau P»
¢, C
channel matrix {11 n}. Note that in the pre-equalization
Cy Cxn
¢, C
case, [p“ pn} is selected in such a way that {11 u] is set to
Pxn Pxn Cu Cop
1 0 i .
0o 1l On the contrary, in this procedure, two goals are

achieved during pre-coding, namely, separating the layers with
respect to recelvers and allocating transmitting power to
facilitate equal layer performance. Since individual layers

now no longer need to be separated at a transmitter, and power

Pu Pn

allocation is not pre-equalization, the matrix [
Py Pxn

} may be

chosen according to different criteria, such as improving

channel matrix condition and providing proportional power

‘i1 Cnp
dd{[ }} should be
Cn Cn

maximized. One possible way to achieve this is to force the

allocation, for example.

To improve channel matrix condition,

elements in A to add constructively to form the diagonal
elements ¢,; and c¢,. In particular, the pre-coding weights for

the UE-1 102 may be set to

*
Py =va,

*
Py =Vay,

. (24)
Pz =Vay

*
P = Vay
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where Vv 1is a power normalization factor and the elements a; are

elements of A. Substituting (24) into (23) yields

2 2 * *
€ Cp| laul +|a12’ ay,0y; + 10y, 9
=V * * 2 2 |- (25)
Ay T ayna, |azll +la22|

It can thus be seen that ¢, and ¢, are enhanced constructively,
while ¢, and ¢, are constructed randomly. Therefore, the

condition of C becomes more robust. From a beam-forming point

(1) (1)

of view, layer-1 s; and layer-2 s; are beamed onto antenna-1
108 and antenna-2 110, respectively, following the MRC (Maximum
Ratio Combining) criterion. The elements ¢, and c, represent
both inter-layer interference and receiver diversity. Recall
that A4 +A,=¢,+c,, where A (i=12) are eigenvalues of [ZH ?2].
21 22

Since ¢; and ¢, are enhanced constructively, so are A +A4,. 1In

addition, according to Cauchy-Schwarz Inequality, we always
c c a.,*a

det [ u 12} >0 when { 1 .
Ca Cop A # Ay

For the UE-2 104, the elements of P may be selected in an

have

analogous manner. The elements p,, py, py, and p, are
preferably selected to force c¢; =cy=c,=¢,=0, and py, Pus D

and p, are preferably selected as p, =W, Py=Vdsy, Puy =vay, ,

and p, =Va,, where Vv is as defined above. For UE-2 104,
however A= l:hss ]134} 1 []131 hs, }{ by, = hn}[hla ]114} and
h43 h44 A h41 By, | = Py hn h14 h24

A=h,h,, ~h,h, .

A new scheme to further enhance multi-user MIMO system

performance has been described. The above embodiments are
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based on splitting the interference cancellation task between a
transmitter and receivers. Specifically, a transmitter
performs inter-user separation pre-coding to define sub-MIMO
channels, while receivers perform individual layer separation.
The transmitter and each receiver benefit from this task
partitioning. From the transmitter point of view, since it is
no longer required to provide individual layer separation, it
has the freedom to perform beamforming, which results in more
robust equivalent channel matrix, and proportional power
allocation. At the receiver, since multiple antennas are
receiving signals from multiple layers, when the ML decoding

algorithm is used, additional diversity gain can be achieved.

The above description relates primarily to MIMO systems in
which sub-MIMO channels between the BTS 100 and each UE 102,
104 have the same dimension. However, it should be appreciated
that these embodiments of the invention may also be extended to
systems in which UEs do not have the same number of antennas,
such that sub-MIMO channels of different dimensions are

supported in the same system.

Further embodiments of the present invention will be best
appreciated in conjunction with the following detailed analysis
of MIMO, particularly MIMO BLAST. Fig. 6 is a block diagram of
a MIMO BLAST system.

The system of Fig. 6 includes a BTS 130 and a UE 132. The BTS
includes a modulator 134, an S/P (serial-to-parallel) converter
136, and a plurality of M antennas 140. At the UE 132,
communication signals received at a plurality of N antennas
142 are decoded in a decoder 150 to recover the transmitted
signals s;%,. ., sy'*! at 152. Communication channel noise is

represented by the adders 144, 146, 148.
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Fig. 6 shows a general case of an MxN MIMO system. Although
three representative signals and antennas are shown at the BTS
130 and the UE 132, the invention is in no way restricted any
particular dimension of MIMO system. M and N may be equal to,
larger than, or smaller than 3. Also, as described above in
conjunction with Fig. 1, BTSs and UEs typically include further
components that have not been shown in Fig. 6 to avoid

congestion in the drawing.

According to the basic point-to-point Layered STC architecture
known as BLAST, a sequence of the modulated symbols, each
symbol having a duration of T, from the modulator 134, is
serial-to-parallel converted in the S/P converter 136 into

parallel transmission blocks in the signals 138. Each
transmission block consists of K_, symbols, where K, is the
number of spatial channels. In the downlink transmission case,
K, is equal to the number of antennas, M, at the BTS 130.

All of the symbols of a transmission block are simultaneously
radiated into space, and each symbol is radiated by a
respective one of the antennas 140. As the equivalent time

duration of the transmission block relative to the original
modulated signal output by the modulator 134 is K_,T, the
radiated signal requires spectrum width equal to a fraction
(1/K,) of that of the original signal. This achieves a very

high spectral efficiency.

The reception of a signal in such systems requires multiple
antennas, with N>2M . The model of a received signal is

described by following vector-matrix expression

§=,/Ps/MH§+77 , (26)

where
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P, is the total transmitted power; and
Yy, M, H, 5§, and 7 are as defined above.

The elements of H are preferably independent Gaussian complex

. . 2 . .
random variables, with zero mean and E{|h }=1 variances. ]

mn |

2 . .
also preferably has zero mean, and R=20,"I, covariance matrix,

where [, is an NXN -dimensioned unit matrix and 0',72 is the

variance of one quadrature component of #. The mean power of

each radiated symbol is equal to unity, i.e., E{ 2

s 1 }=1.

m

The solution for linear estimation of a vector of modulated
symbols can be carried out, for example, by the ZF criterion

expressed as
S=H'5/(P,IM). (27)
Estimation by the MMSE criterion is as follows:
5 =(HHIN+@20,” | P),) (HNM)y
=(H'NM)HH'IN +20, 1 P),)"5 (28)
where I,, is an M XM -dimensioned unit matrix

The MMSE algorithm provides a significant gain as contrasted

with the ZF algorithm in a channel with Rayleigh fading.

For single user point-to-point MIMO with an open-loop
transmission, the MIMO channel capacity is proportional to

min{N,M}. It well known that the throughput capacity of MIMO
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grows linearly with an increase of min{N,M}. Conventional

MIMO-BLAST receiver processing schemes require co-processing of
signals received by all antennas in the MIMO system. However,
such a method cannot be applied for multi-user combined MIMO
systems, as the signals received by all other UEs may not
always be accessible to each UE. Therefore, usage of MIMO
BLAST in multi-user systems to provide for multiple access may
be inefficient, despite a marginal increase of throughput
capacity at the expense of an increase in the number

transmitting and receiving antennas.

In the multi-user point-to-multi-point case, since the inter-
user communication is typically not done, the capacity of a

multi-user system with open-loop transmit diversity is
determined by min{M,N,,N,,...N,}, where U, as above, 1is the

number of UEs in a multi-user system. Thus, common throughput
capacity will be limited by UEs with the least number of

receiving antennas.

Fig. 7 1s a Dblock diagram of a multi-user MIMO system in
accordance with another embodiment of the invention. The
system of Fig. 7 includes a BTS 160 with a beamforming module
166 and a plurality of antennas 168, 170, 172, 174, and two UEs
162, 164, each having a pair of antennas 176/178, 182/184 and a
decoder 180, 186. The beamforming module 166 includes
respective beamformers 188, 190 and signal combiners 192/194,
196/198 £for each UE 162, 164. The beamformers 188, 190, and
possibly the signal combiners 192, 194, 196, 198, are
preferably implemented using signal processing software in
conjunction with either a DSP or a general-purpose processor at
the BTS 160. The decoders 180, 186 are also preferably

software-based.
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Closed-Loop Transmit Diversity (CLTD) , with different
configurations for the two UEs 162, 164, is provided by feeding
back channel state information shown as H,, H, from the UEs
162, 164 to the BTS 160. It should be appreciated that the
combined 4x2 (M =4, N=2, U=2) multi-user system of Fig. 7 is
one illustrative example of a MIMO system to which the present
invention may be applied, and that the invention is not limited
thereto. This will become apparent from the following

generalized analysis of multi-user MIMO with CLTD.

The BTS 160 has K spatial channels and M =4 antennas 168,

ch

170, 172, 174, with K, ,<M. In a multi-user system, there

exist only K_; channels to the i*® UE. Signal vectors 5(i) of

symbols intended for the i*® UE are multiplied in the
beamformers 188, 190 by respective elements of

F=[FY F® _FY], which is a spatial coding matrix of spatial

coding weights. Each element F® ig a personal beamforming

matrix for i*® UE with MxK dimension and satisfying

ch,i

HFOFO Y =g (FOFOY=p | =1, 2,.., U (29)
where
tr{e} is the trace of a matrix.

As shown, signals output £from each beamformer 188, 190 are
combined in the signal combiners 192, 194, 196, 198 and output
to respective antennas 168, 170, 172, 174.

In this case, a constant and equal transmitted power is applied

to signals for all UEs. The wvector signal received by the 1EB

UE i1s described by
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. . . » - U - - >
3O =HOFO5Y +HO Y FO5® 47 = HOFs +7® (30)where
n=ln#i
50 =[5,9,5,@ O g K, .-dimensioned vector of symbol
=[s,7h8 sy, is a K, ;-dimensi of s ols

of the if" UE:;

5=[s,,5,...5,]" is a K, -dimensioned vector of symbols of all

UEs;

U
K =ZKC,U. is the total number of channels for the BTS;

ch
i=t

59 =19,",5,"...9,%7 is an N -dimensioned complex vector of

signals received at the i®? UE;

H® is an NXM -dimensioned matrix of complex channel

gains from the BTS to the i*® user;

n? =m",72," .7, is an N -dimensioned complex vector of
noise of observation for the i®™® user with zero mean and
15 (2 . .
R™ =20, I, covariance matrix.

In multi-user systems in which UEs have different numbers of

antennas, N would be replaced with N,; above, where N, is the

1

number of antennas at the i™" UE.

CLTD multi-user MIMO can be considered as the optimization of
signal detection matrices. When the number of transmitting
antennas is the same as the number of receiving antennas, so-
called transmit and receive channel reciprocity exists. In
this case, optimum weighting coefficients for beamforming for
each UE are calculated at a BTS. The computed weilghting

coefficients are then used for radiation of a signal by the
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BTS. If the total number of receiving antennas of all UEs is
equal to the number of transmitting antennas of the BTS, the
full division of each transmitted signal, directly, on UE

receiving antennas is satisfied.

Now consider a reverse channel problem for a single user, to

th

determine a CLTD matrix for data transmission from an i UE,

with N; antennas on K; parallel channels. The virtual reverse

channel signal, observed at the BTS 166, is described by

2

y(i) — ﬁ(i)ﬁ'(i)§~(i) +ﬁ(l’) (31)

where

ﬁ(i)=[H(i)I is an M XN,-dimensional channel matrix of the

virtual reverse MIMO channel;

F® is the optimal wvirtual CLTD space time coding matrix

of N,XK,; dimension; and

the “~” symbol indicates matrices and vectors associated

with the virtual reverse channel.

There are several ways to construct the F® matrix. Consider

first a singular decomposition of the channel matrix H,

H=UAV?, where U and V are unitary matrices with M XM and

N;xN, dimensions, respectively, and A is a non-negative
diagonal matrix with M XN, dimension. The squares of diagonal
elements of A are equal to eigenvalues of the HH' matrix. The

columns of U are eigenvectors of the HA' matrix, and the

columns of V are also eigenvectors of the HH' matrix.
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The optimum value of F can be shown to be
F=Vd, (32)

where V is a matrix with N,xK_,, dimension, constructed from

XK

Ky, columns of V., and ® is a diagonal matrix with Ko XK

5 dimension having non-negative diagonal elements satisfying the

following condition:

Kcl‘t,r‘

(B = 30,0 =P, . (33)

k=1

The diagonal elements of matrix @ determine channel power

allocation. A uniform power allocation gives
10 ¢k,k2 =P /1Ky, (34)

Some possible alternative versions of power

allocation include:

1. MMSE criterion

+
¢k,k2=20'772 £ ‘-1—:!; (35)

1%.

2. Minimum Symbol-Error-Rate (MSER) criterion

’ f ’
20 3
7 l:g k.k

2
¢k,k = 2
Ev i 20,

—-4| ; and (36)
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3. Maximum Capacity and Information Rate (MCIR) criterion,

also commonly known as the water-filling algorithm

262\
Op =|u-—21| , (37)
Eex
where
5 Ok =max(-,0>=§(|-|+->,-

2 . 54 .
ok =My  are eigenvalues of the HH' matrix, and /4, are

diagonal elements of the A matrix; and

M is a factor that is selected to define each criteria.

After the CLTD matrix 1is constructed at the transmitter,

10 equation (31) becomes
O =H, 5 + 70 i=12,..U , (38)

where

ﬁF‘i’z(ﬁ(i’ﬁ(i))/1/20”i2 is a matrix of the wvirtual reverse

MIMO channel with M XK dimension; and

ch,i

15 7=X(0,I,) is an M -dimensioned complex vector of a virtual

noise observed at a BTS, with zero mean and 1%==“4 covariance

matrix.

A personal beamforming matrix F® can thereby be constructed in

a closed loop fashion for each individual user in the absence
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of other users. However, 1in a multi-user scenario, the
presence of inter-user MIMO interference prevents such a
straightforward user-specific personal beamforming approach.
An embodiment of the invention provides a solution for the
multi-user CLTD by using the MMSE criterion to minimize the
inter-user MIMO interference, and a network solution for

optimizing the multi-user MIMO allocation.

To integrate signals of all users into a virtual model, it is
possible to re-write the virtual reverse MIMO channel model for

multiple users, as given below:

where

T
2_l(zof (zof (a@sf : 5 : :
s=|Is A5 I K is a K_,-dimensioned wvector of

<

symbols, and K, =) K,,; and
=1

i

A N

H, =lﬁp(l),ﬁp(2),...ﬁFK"'J is an MXxK_,-dimensioned matrix of the

reverse virtual MIMO Channel.

It should be noted that I%ChSKC,]SM, i.e. the number of

estimated symbols is less than or equal to the number of
received signals. In this situation, a very effective
estimation can be carried out using, for example, a linear MMSE

algorithm, as follows:

%19
]
=<

(40)

Kl‘ll,l
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oxr

§“(i) _é(i)j; , (41)

where

Using a principle of identity (or duality) of receiving and

~

transmitting channels, an optimum dJdemodulation matrix G is
preferably used for generating F=[FY,F® . . F®], the CLTD or

beamforming matrix, at a BTS. In this case, personal

beamforming matrices are preferably determined by

’ ’

FO = Jp—S = Jp— _fm , (42)
1’”,.(é 0 é"’) fz gm’n(i) 2

where §,, is (m,n)™ element of G©.

The model of an observed (received) signal at the input of the

UE of the i® user can be written as

U
y(') =HOFO50 4 @ ZF(n)E;(n) _*_ﬁ(t)

n=1,n#i

U
() =i i @n) = = (i
=H,""sO+H? Y H """ +79 (43)
n=1,n#i

—_ HF(f)g 4 7—7(1')
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where Hp " =gOF® g O =g _H,“"]. In some commumnication

systems, the BTS can measure the H,"” n=12..U matrices. In

other systems, the UEs feed back channel matrices to the BTS.

The BTS can compute the personalized demodulation matrix for

5 the i user as

-1

A e P ’ U ~ - ~ . 4

G(l) — HF(M) I:z HF(t,n)HF(t.n) + 20';IN,CI
n=1

, , . , (44)
=H," [ﬁF‘“ﬁF“) + Za,fINi]

and sends to each UE its respective demodulation matrix G@ .

Integrating all transformations for calculating the CLTD matrix
(personal beamforming matrices F® at a BTS side and personal

10 beamforming matrices G at UE side), vyields the following
algorithm to achieve CLTD based multi-user MIMO transmission in

accordance with an embodiment of the invention:

At a BTS side:

“(i)’

Po-F—

Vr(G® 69)

ST oA A -1
G =H," [HFHF +1~.}
H,=[H.", . H,"
A,°=(HF") 20,
OO = [H(i)I
FO 7 OpO

15 At a UE side:
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U ’ -1
G =H," [E:HF(‘")HF“ " +20, 1,\,,]

n=1

(46)
Hp(i,n) — H(i)F(n)

In the above multi-user system, the following constraints are

preferably satisfied:

U
ZKchi SM
i=1 ’ . (47)

Kch,i < Ni

The first constraint of (47) specifies that the total number of
parallel channels should not exceed the number of BTS antennas,
which actually determines the number of parallel spatial
channels. The second constraint specifies that the number of
receiving antennas at a UE should be greater than or equal to
the number of parallel spatial channels assigned to it. These
conditions allow the use of linear methods to construct the
personal beamforming matrices at both the BTS and UE for all

users.

For TDD (Time Division Duplexing) communications, all the
computing can be done at a BTS. The BTS determines all
relevant parameters, calculates both the BTS and UE beamforming

matrices, and feeds back a personal beamforming receive matrix

G® to each UE.

For the FDD (Frequency Division Duplexing) case, all the UEs

can determine and feed back the initial SVD (Singular Value
Decomposgition) beamforming matrix F® to the BTS, which then
jointly integrates all F® matrices to compute the dedicated

beamforming transmit matrix F'" for each UE. The BTS then
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computes and sends a respective beamforming receive matrix G©

to each mobile terminal.

Embodiments of the above CLTD-based multi-user MIMO exhibit
performance advantages relative to conventional open-loop
solutions. For the purposes of comparison, the following
simulation conditions were used: (1) R=1/2 turbo coding, block
length 1280 bits, (2) QPSK (Quadrature Phase shift Keying)
modulation, (3) MMSE receiver for all schemes, and (4) ideal

channel feedback.

Before proceeding with a discussion of simulation results, each
of the conventional technologies with which comparison is made

will be briefly described.

Null beamforming is an open-loop scheme where the number of

transmitting antennas is equal to the total number of receiving

antennas, namely jiKmJ=A4, and K, ,=N;, such as shown in Fig.
i=1

8. Therefore, it is possible to perform null beamforming to

reduce the inter-user interference of the BTS antenna emissions

to the other users. The configuration of 2x8x2 for a 4 userxr

environment was considered in the simulations presented below.

In one known open-loop multi-user BLAST technique, the number
of transmitting antennas is the same as the number of receiving
antennas for each UE, as shown in Fig. 9, and the number of

channels ig equal to the number of transmitting antennas. A UE

. . L P N N
receive signal can be expressed as U = r—i-H°%+4f”, where §
ch,i

is an M -dimensioned vector of symbols. At N;zM, it 1is

possible to use an MMSE algorithm for demodulation of the
entire 3§ vector. Therefore, from the demodulated § vector, the

symbols transmitted to a particular user are extracted. This
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scheme is generally known as Multi-user BLAST. We evaluate the

configuration for such a system with dimension 2x8x8 and U =4.

Let K, ,=M/U and N,2M . 1In this case, it is possible for a

BTS to group together the signals of each user into units with
M symbols to thereby obtain units to sequentially transmit in
a round robin fashion. At a UE side, the i time slot is
demodulated by the if" user with an MMSE decoder. This type of
system in shown in Fig. 10. The performance of such a system
is the same as a point-to-point BLAST system, with the
compression of the duration of radiation of a signal of each
user by a factor of 1/U in time without increasing the transmit
power. We evaluate the configuration 2x8x8 and U=4 for such a

system.

Figs. 11-13 show simulation results for embodiments of the

invention and the above known technologies.

Fig. 11 shows a plot of BLER versus SNR for an embodiment of
the invention and several known communication schemes. It can
be seen from Fig. 11 that for 8 transmit antennas at a BTS and
4 concurrent users each with 2 receive antennas at each UE, a
CLTD scheme according to an embodiment of the invention has
19dB gain over open-loop null beamforming. This simulated CLTD
scheme also achieves virtually the same performance as the 4
users open-loop multi-user BLAST each with 8 receive antennas.
In this case, a reduction of 6 receive antennas at each UE can
be realized. Given 8 receive antennas at the UE side, the
proposed CLTD scheme achieves 5dB gain over the conventional
open-loop TDM BLAST, 9dB gain over multi-user BLAST, and 3.8dB
gain over the closed-loop TDM BLAST.

Fig. 12 is a plot of BLER versus Eb/No for an embodiment of the

invention and several known communication schemes. The
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simulated CLTD scheme from which the plot of Fig. 12 was
generated is clearly superior to point-to-point MIMO (open-loop

BLAST) and null beamforming.

Fig. 13 is a plot of BLER versus SNR for several embodiments of
the invention, and demonstrates the scalability of multi-user
MIMO and MISO (Multiple Input Single Output) configurations
according to embodiments of the invention. For the different
configurations indicated in Fig. 13, all wusers achieve

substantially the same level of QoS (Quality of Service).

Numerous modifications and wvariations of the present invention
are possible in light of the above teachings. It is therefore
to be understood that within the scope of the appended claims,
the invention may be practised otherwise than as specifically

described herein.

Of course it is to be understood that in a given application,
specific parameters may change. For example, different numbers
of users, transmit antennas, and receive antennas may change
the ©particular derivation details and eqguations above.
However, adaptation of the above and further embodiments of the
invention to other types and dimensions of systems than those
explicitly described will be apparent to those skilled in the

art from the foregoing.

Tt should also be appreciated that references to transmitting
or sending signals is not intended to limit the invention only
to embodiments in which signals are transmitted exactly as
generated, without any further processing. For example,
signals may be compressed or otherwise processed prior to
transmission, or stored for subsequent transmission at a later

time.
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We Claim:

1. A method of processing signals to be transmitted to

receivers on a plurality of communication channels, comprising:

determining pre-coding signal weights based on channel
state information associated with the plurality of
communication channels to provide proportional power allocation

to the signals; and
applyving the signal weights to the signals.

2. The method of claim 1, further comprising receiving the

channel state information from the receivers.

3. The method of claim 1, wherein the signal weights are
elements of a pre-coding matrix P, and wherein determining
further comprises determining the signal weights to enhance
diagonal elements of a combined communication channel matrix

C=HP, where H 1is a matrix of the channel state information.

4. The method of claim 3, wherein determining the signal
weights to enhance diagonal elements comprises determining the
signal weights to maximize the diagonal elements of C, and
wherein determining pre-coding signal weights further comprises
determining the signal weights to force off-diagonal elements

of C to zero.

Pu P2

5. The method of c¢laim 4, wherein P=[
Py Pxn

J , wherein

I7 h
=LZ” llzjl, and wherein determining comprises selecting the
21

signal weights of P such that

h12h21

.
’

|P11] o Ih’ll -

h,,
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h,h
|pzfz|°C hy, -2,
hyy
h
P, =~ 12P»n . and
1
Px =_h2;lp11 .
22
6. The method of claim 3, implemented in a transmitter
having M antennas comprising sub-groups of antennas

respectively associated with sub-groups of the plurality of
communication channels, wherein C comprises a plurality of
groups of rows respectively associated with the sub-groups of
the plurality of communication channels and a plurality of
groups of columns respectively associated with the sub-groups
of the antennas, and wherein determining pre-coding signal
weights further comprises determining the signal weights to
force each element of C positioned in a row associated with one
of the sub-groups of the plurality of communication channels
and a column associated with a sub-group of antennas that is
associated with a different one of the sub-groups of the

plurality of communication channels to zero.

7. The method of claim 6, wherein the sub-groups of the
plurality of communication channels comprise U sub-groups each
having N communication channels, wherein M =U*N , wherein the
sub-groups of antennas comprise M /U sub-groups each having N
antennas, wherein each of the plurality of groups of rows
comprises N rows, and wherein each of the plurality of groups

of columns comprises N columns.

8. The method of c¢laim 6, wherein the sub-groups of the
plurality of communication channels comprise U sub-groups, an

ith sub-group of the plurality of communication channels having
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U
N, communication channels, wherein M:ZN;. ., wherein the sub-

i=1
groups of antennas comprise M /U sub-groups, wherein an ith

sub-group of the antennas comprises N, antennas, wherein an ith

group of rows of the plurality of groups of rows comprises N,

rows, and wherein an ith group of columns of the plurality of

groups of columns comprises N, columns.

9. The method of claim 7, wherein M=4, N=2, U=2, and

wherein determining comprises selecting the signal weights of P

such that

¢, ¢, O 0
Cyy €y O 0

'

0 0 ¢y oy

0 0 ¢y cy

where the group of the first two rows of C is associated with a
first of the two sub-groups of the plurality of communication
channels, the group of the third and fourth rows of C 1is
associated with a second of the two sub-groups of the plurality
of communication channels, the group of the first two columns
of C is associated with a first of the two sub-groups of two
antennas, and the group of the third and fourth columns of C is

associated with a second of the two sub-groups of two antennas.

10. The method of claim 1, wherein applying comprises a first
interference cancellation operation of an interference
cancellation task, and wherein the interference cancellation
task further comprises a second interference cancellation task

to be performed at the receivers.
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11. The method of claim 10, wherein the signals comprise
respective groups of signals to be transmitted to the
receivers, wherein determining further comprises determining
the pre-coding signal weights to separate the respective groups

of signals.

12. The method of claim 11, implemented at a transmitter in a
multi-user MIMO (Multiple Input Multiple Output) communication
system that provides respective NXN sub-MIMO channels from the
transmitter to the receivers, wherein each of the groups of

signals comprises N signals.

13. The method of claim 12, wherein determining comprises
determining elements of a pre-coding matrix P such that a
combined communication channel matrix C=HP has a form of U
NXN sub-matrices, diagonal elements of which are respective
diagonal elements of C, and elements of C outside the

plurality of NXN sub-matrices are forced to zero.

14. The method of claim 13, wherein the transmitter has M =4

Pu Pn Pz Pu
antennas, wherein U=2, N=2, P= Pu Pn Pn Pu ,
P31 Pxn Pz DPu

Py Py Pszs Pu

by by By My, ¢y ¢ 0 0
h, h, h, h c, ¢ 0 0
H=* =2 "2 ™ , C=Hp=| % ™2 , wWherein determining
hy hy Ry by, 0 0 cy cy
hy hy hy hy 0 0 ¢y cy
elements of P comprises:
selecting  p,, j Py, and  p, to force

C13 =€y =Cp3 =€y =0;
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P =vay,
. P =Va; . . .
selecting .+ where v 1s a power normalization
Prp =y
Pn = ‘71;2
factor and a; are elements of A, where
h, F 11A h —-h, || h h
A=[]1 Zm}__{13 h{[ 44 3{[31 3{|and A= byl — Iy, ;
hy  hy Alhy hy | —hy  hy ||hy By
selecting Pz s P23+ Dy » and Dos to force
5 C31=C32=c41=c42:0; and
Px:”a;
. Paz = Val*Z
selecting . + where a; are elements of A,
Pzs =Vay,
PM=”W;
where
hyy by, 1\ hy hy || by —hy | By Ry
A=L 4 ——-h ; 5 " . and A=h,hy, —h,h, .
i M| Alhy hy || —hy e By
15. A computer program product comprising a computer-readable
10 medium storing instructions which, when executed by a

processor, perform the method of claim 1.
16. The method of claim 1, further comprising:

transmitting the weighted signals to the receivers on the

plurality of communication channels; and
15 at each of the receivers:

receiving a subset of the weighted signals over a sub-

group of the plurality of communication channels: and
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decoding the received subset of the weighted signals
using inverses of the pre-coding signal weights based
on channel state information associated with the sub-

group of the plurality of communication channels.
17. A method comprising:

receiving over a sub-group of a plurality of
communication channels a subset of a plurality of signals to
which pre-coding signal weights ©based on channel state
information associated with the plurality of communication
channels to provide proportional power allocation have been

applied; and

decoding the received subset of the plurality of signals
using inverses of the pre-coding signal weights based on
channel state information associated with the sub-group of the

plurality of communication channels.
18. The method of claim 17, further comprising:

determining the channel state information for the sub-

group of the plurality of communication channels.

19. The method of claim 18, wherein receiving comprises
receiving the subset of the plurality of signals from a

transmitter, further comprising:

transmitting the channel state information for the sub-
group of the plurality of communication channels to the

transmitter.

20. The method of claim 17, wherein the pre-coding signal
weights are elements of a pre-coding matrix P determined to
enhance diagonal elements of a combined communication channel
matrix C=HP, where H is a matrix of the channel state

information associated with the plurality of communication
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channels, and wherein decoding comprises decoding the received

subset of the plurality of signals using an inverse of either P

or C.

21. The method of claim 20, wherein the inverse is a Moore-

Penrose pseudo-inverse matrix.

22. The method of claim 17, wherein receiving comprises
receiving the subset of the plurality of signals at respective

antennas.

23. The method of claim 17, wherein the pre-coding weights
separate the plurality of signals into subsets comprising the
subset of the plurality of signals as a first interference
cancellation operation, and wherein decoding comprises

performing a further interference cancellation operation.

24. The method of c¢laim 23, wherein decoding comprises ML

(Maximum Likelihood) decoding.

25. The method of claim 23, wherein performing a further
interference cancellation operation comprises separating

individual signals from the subset of the plurality of signals.

26. The method of claim 17, implemented at a receiver in a
multi-user MIMO (Multiple Input Multiple Output) communication
system that provides an NXN sub-MIMO channel to the receiver,
wherein the subset of the plurality of signals comprises N

signals.

27. The method of claim 26, wherein the pre-coding signal
weights are elements of a pre-coding matrix P determined such
that a combined communication channel matrix C=HP has a form

of U NXN sub-matrices, and wherein decoding comprises

decoding the received subset of the plurality of signals using

an inverse of one of the U NxN sub-matrices.
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28. A computer program product comprising a computer-readable
medium storing instructions which, when executed by a

processor, perform the method of claim 17.

29. A system for processing signals to be transmitted to

receivers on a plurality of communication channels comprisgsing:
an input for receiving the signals; and

a processor configured to determine pre-coding signal
weights based on channel state information associated with the
plurality of communication channels to provide proportional
power allocation to the signals, and to apply the signal

weights to the signals.

30. The system of claim 29, wherein the processor is further
configured to determine the pre-coding signal weights to cancel

interference between groups of the signals.

31. The system of claim 29, implemented in a multi-user MIMO
(Multiple Input Multiple Output) communication system, further

comprising:
a plurality of antennas,

wherein the plurality of antennas provides respective

sub-MIMO channels to the receivers.

32. The system of claim 29, implemented at a network element
of a communication network, the communication network further
comprising a plurality of receivers, each of the plurality of

receivers comprising:

an input for receiving a subset of the weighted signals
over a sub-group of the plurality of communication channels;

and
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a processor configured to decode the received subset of
the weighted signals using inverses of the pre-coding signal
weights based on channel state information associated with the

sub-group of the plurality of communication channels.

33. The system of claim 32, wherein the communication network
is selected from the group consisting of: a MIMO system is a

MIMO BLAST system.

34. The system of claim 32, wherein the processor of each of
the plurality of receivers is further configured to determine
and feed back to the network element a portion of the channel

state information.
35. A system comprising:

an input for receiving over a sub-group of a plurality of
communication channels a subset of a plurality of signals to
which pre-coding signal weights Dbased on channel state
information associated with the plurality of communication
channels to provide proportional power allocation have been

applied; and

a processor configured to decode the received subset of
the plurality of signals using inverses of the pre-coding
signal weights based on channel state information associated

with the sub-group of the plurality of communication channels.

36. The system of claim 35, wherein the processor implements

an ML, (Maximum Likelihood) decoder.

37. The system of claim 35, wherein the processor is further
configured to cancel interference between each signal in the

subset of the plurality of signals.
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38. The system of claim 35, implemented in a MIMO (Multiple
Input Multiple Cutput) communication system, further

comprising:
a plurality of antennas,

wherein the plurality of antennas provides a sub-MIMO
communication channel comprising the sub-group of the plurality

of communication channels.

39. A method of processing signals to be concurrently
transmitted to receivers over a plurality of communication

channels comprising:

determining channel state information for the plurality

of communication channels;

determining a spatial coding matrix comprising a
respective set of spatial coding weights for each of the

receivers based on the channel state information; and

applying the spatial coding weights in the spatial coding

matrix to the signals.

40. The method of claim 39, wherein the signals comprise a
plurality of groups of at least one signal to be transmitted to

respective ones of the receivers.

41. The method of claim 40, wherein the plurality of groups
of signals comprises groups of signals comprising different

numbers of signals.

a2. The method of claim 39, wherein determining channel state

information comprises:

receiving portions of the channel state information £rom

the receivers; and
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combining the portions of the channel state information
to form the channel state information.
43, The method of claim 40, further comprising:

transmitting the signals to the receivers,

wherein the spatial coding matrix F comprises elements

U“D,Fah.nfﬂw], U an integer, where each element F® is the set

B one of the receivers and

of spatial coding weights for an if
4 ’
satisfies tﬂ}ﬂ”F“)}=h{F“me}=}1, i=1, 2,.., U, where tr{e} 1is

the trace of a matrix, and P, is a total transmitted power of

the signals.

44 . The method of claim 43, implemented in a MIMO (Multiple
Input Multiple Output) communication system, wherein

determining a spatial coding matrix comprises determining the

elements F® of F as

’

) al0)
FO = [B o,
V(GO G®)

where

GO=m1," #HAH, +1,)", i=12..U, is a set of the

demodulation weights corresponding to F@;

~

H,=[H,,.08,%];

I—:TF(")=(I—AI(")la'("))/1/20',7’_2 is a combined channel matrix of a

virtual reverse MIMO channel from the ith receiver;
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.ﬁ“’=b¥mI is a matrix of channel state information of the

virtual reverse MIMO channel from the ith receiver;

H® is a matrix of channel state information for a forward

MIMO channel of the plurality of channels to the ith receiver;

F® is a space coding matrix of the virtual reverse MIMO

channel from the ith receiver;

I, is a unit matrix;

i

N; is a number of signals in the one of the plurality of

groups of signals to be transmitted to the ith receiver; and
aﬂf is a variance of a component of noise at the ith
receiver.

45, The method of claim 44, further comprising:

transmitting a respective set of demodulation weights G®

to each of the receivers.
46. The method of claim 44, wherein FO=7Op®

where
V? is a matrix constructed from columns of V®;

V? is a unitary matrix resulting from the singular

decomposition of a channel matrix H® of a MIMO channel to the
s , ~ R , ~H . . .
ith receiver as H® =UPYAYYVD"  yhere U® and V® are unitary

matrices, A” is a non-negative diagonal matrix, the squares of

’
diagonal elements of A® are equal to eigenvalues of an H®PH®
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matrix, the columns of UY are eigenvectors of the H®O[F®
matrix, and the columns of V@ are also eigenvectors of the

7
HYPH® matrix; and

®“ is a diagonal matrix having non-negative diagonal
elements that determine channel power allocation and satisfy

Krh,i

tr(FOFO )=Z¢(i)k,k2=ljs » where K,, is a number of spatial channels
k=1

to the ith receiver.

47. The method of claim 46, wherein the diagonal elements of

®?” are selected according to a criterion selected from the

group consisting of:

' . ' i 2
a uniform power criterion, ¢’ =P/K,,;

an  MMSE (Maximum Mean Sguared Error) criterion,
P’ = 20',,,,.2 ‘u - .1 :I+ ;
W f(')k,k
an MSER (Minimum Symbol-Error-Rate) criterion,
P07 = 20':7,1‘2 log f(i)k,I; —u ' . and

£ Dy 20, .

an MCIR (Maximum Capacity and Information Rate) criterion,

2\t

20',%,,

N D !

i 2
PO’ = u
where

(&) =max(e.0) = (o] +#) ;
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’
. P 2 R A . A . . .
ED%u =A0" are eigenvalues of the HPH® matrix, and A9k

are diagonal elements of the AY” matrix; and

# is a factor selected to define the MMSE, MSER, and MCIR

criteria.
48. A computer program product comprising a computer-readable
medium storing instructions which, when executed by a

processor, perform the method of claim 39.
49, The method of claim 39, further comprising:

determining a plurality of demodulation matrices
respectively corresponding to the sets of spatial coding

weights;

transmitting the plurality of demodulation matrices from

a transmitter to the receivers;

transmitting the weighted signals to the receivers over

the plurality of communication channels; and
at each of the plurality of receivers:

receiving the weighted signals and the demodulation

matrices;

determining the channel state information for a
communication channel ©between the receiver and the

transmitter; and

transmitting the channel state information to the

transmitter.
50. A method comprising:

determining channel state information for a communication

channel between a receiver and a transmitter;
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transmitting the channel state information to the

transmitter; and

receiving from the transmitter one of a plurality of
demodulation matrices for demodulating subsequently received
communication signals to which spatial coding weights
comprising respective sets of spatial coding weights for a

plurality of receivers have been applied.

51. A computer program product comprising a computer-readable
medium storing instructions which, when executed by a

brocessor, perform the method of claim 50.

52. A network element for processing signals to be
concurrently transmitted to a plurality of communication

terminals in a communication network, comprising:
an input configured to receive the signals; and

a processor configured to determine channel state
information for each of a plurality of communication channels
between the network element and the plurality of communication
terminals, to determine a spatial coding matrix comprising a
respective set of spatial coding weights for each of the
plurality of communication terminals based on the channel state
information, and to apply the spatial coding weights in the

spatial coding matrix to the signals.

53. The network element of claim 52, wherein the input is
further configured to receive portions of the channel state
information from the plurality of communication terminals, and
wherein the processor is further configured to combine the
portions of the channel state information to thereby determine

the channel state information.
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54. The network element of claim 53, wherein the signals
comprise respective groups of signals to be transmitted to the
plurality of communication terminals, and wherein the processor
implements a plurality of beamformers, each beamformer being
5 configured to apply the sets of spatial coding weights to

respective ones of the groups of the plurality of signals.

55. The network element of claim 52, implemented in a closed-
loop multi-user  MIMO (Multiple Input Multiple Output)
communication system, wherein the processor of the network
10 element igs further configured to determine a respective
demodulation matrix corresponding to each set of spatial coding

weights, the network element further comprising:

a plurality of antennas for transmitting the respective
demodulation matrices and the weighted signals to the plurality

15 of communication terminals,

wherein the communication system further comprises a
plurality of communication terminals, each of the plurality of

communication terminals comprising:

a processor configured to determine the channel state
20 information for communication channels of the plurality
of communication channels between the communication

terminal and the network element; and

at least one antenna for transmitting the channel state
information from the communication terminal to the

25 network element, receiving a demodulation matrix from the
network element, and receiving the weighted signals from

the network element,

wherein the processor of the communication terminal is
further configured to demodulate the received weighted signals

30 using the demodulation matrix.
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56. A communication terminal for operation in a communication

network, comprising:

a processor configured to determine channel state
information for communication channels between the
communication terminal and a network element in the

communication network; and

at least one antenna for transmitting the channel state
information from the communication terminal to the network
element, receiving a demodulation matrix from the network
element, and receiving signals concurrently transmitted to a

plurality of communication terminals from the network element,

wherein the processor is further configured to demodulate

the received signals using the demodulation matrix.
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