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PRECODING FOR MULTIPLE ANTENNAS

BACKGROUND

|. TECHNICAL FIELD

[0001] This invention pertains to wireless telecommunications, and particularly
the use of wireless communication over channels having multiple transmit and multiple
receive antennas.

n. RELATED ART AND OTHER CONSI DERATI ONS

(0002] Wireless communication over channels having multiple transmit and
multiple receive antennas has generated agreat deal of interest over the last decade.
Multiple-input and multiple-output (MIMO) isthe use of multiple antennas at both
transmitter and receiver to improve communication performance. Until recently, most
MIMO research was focused on serving asingle user. Inthe single-user MIMO (SU-
MIMO) case, if perfect channel state information (CSl) is available at the transmitter
and receiver, one can diagonalize the channel, thereby creating as many parallel, non-
interferring, sub-channels asthe minimum number of transmit and receive antennas.
Rather surprisingly, inthe SU-MIMO casg, it was later shown that the same number of
paralel channels can be created between the transmitter and receiver even if only
statistics of the channels are known at the transmitter (assuming some rather mild
conditions on the average rank of the downlink channels). A.Tulino, A. Lozano, and
S. Verdu, "Capacity-Achieving Input Covariance for Single-User Multi-Antenna
Channels'. IEEE Trans, on Wireless Communications, VOL. 5, NO.3, March 2006; and
|.E. Teletar, "Capacity of multi-antenna Gaussian channels," Eur. Trans. Telecom, vol.
10, pp. 585-595, Nov. 1999.

[0003] In anon-coordinated cellular system, the transmissions in different cells are
formed independently. Hence, the transmission from one cell typicaly acts as
unwanted interference to mobiles in other cells. Since each cell acts independently,
each cell has no way of knowing how its transmission will impact the mobiles in other
cells. With small to medium-sized cells, other-cell interference isa main factor limiting
the performance of the cellular system. Particularly for mobiles near the cell edge, the
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other-cell interference isamain factor prohibiting the delivery of high data rate to these
users.

[0004] On the other hand, a coordinated system with distributed antennas uses its
knowledge of the propagation environment to control the mutual interference by jointly
shaping the signals that are transmitted to all the users.

[0005] More recently, considerable work has been done in investigating the role of
multiple antenna systems in multiuser wireless networks, and especially in the
broadcast (downlink) and multiple-access (uplink) scenarios. It has been shown
recently that dirty-paper coding in conjunction with linear precoding is capacity
achieving for the downlink Gaussian broadcast channel. See, e.g., H. Weingarten, Y.
Steinberg, S. Shamai, "The capacity region of the Gaussian Multiple-Input Multiple-
Output Broadcast Channel," in IEEE Trans. Infor. Theory, vol. 52, September 2006; G.
Caire and S. Shamai, "On the achievable throughput in multiantenna Gaussian
broadcast channel," IEEE Trans. Infor. Theory, vol. 49, July 2003; and W. Yu and 3.
Cioffi, "Sum capacity of Gaussian vector broadcast channels," in IEEE Trans. Inform.
Theory. All these results rely on the assumption that the channel between every
transmitting antenna and every mobile is known perfectly at the transmitter at every
frequency.

[0006] Coherent coordination schemes that have been proposed recently include
the following:
[0007] Linear beamforming. See, e.g., P. Viswanath and D. Tse, "Sum capacity of

the vector Gaussian broadcast channel and uplink-downlink duality,” |EEE Trans.
Inform. Theory, vol. 49, no. 8, August 2003.

[0008] Linear beamforming with dirty-paper coding. See, e.g., G. Cairc and S.
Shamai, "On the achievable throughput in multiantenna Gaussian broadcast channel."
|IEEE Trans. Infor. Theory, vol. 49, July 2003.

[0009] Zero-forcing beamforming. See, eg., M. Karakayali, G. Foschini, and R.
Valenzuela, "Network coordination for spectrally efficient communication in cellular
systems," in IEEE Wireless Communication, August 2006.
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[0010] Zero-forcing beamforming and dirty-paper coding. See, e.g., Kambiz
Zangi and Dennis Hui, "Costa-Precoding and Zero-Forcing Linear Beamforming for
Gaussian Broadcast Channels,” Ericsson Internal Report, BAE-07:0025 19, June 2007.

[001 1] There is a formidable problem with existing coherent schemes (such as
those listed above, for example) for coordinating the transmissions in a system equipped
with distributed antenna infrastructures. The problem is that these coherent schemes
require that the channel between every transmitting antenna and every mobile be known
perfectly at the transmitter. Assuming a system with t number of distributed antennas,
with m number of users to be served on agiven transmission timing interval (TTI),/
number of subcarriers, and r number of receive antennas per user, the network must
acquire the exact value of tx mx/x r channel coefficients for each TTI (e.g., very one
msec). Enabling the network to acquire this information might require considerable
overhead and feedback from the mobiles to the network (especially in a frequency
divison duplex [FDD] system).

BRIEF SUMMARY

[0012] In one of its aspects the technology concerns awireless network which
participates in radio frequency communication with plural wireless terminas. The
network comprises plural transmitters, a precoder value processor configured to
develop aset of precoder values;, and, a precoder which uses the precoder values for
coding the signals transmitted from the plural transmitters.

[001 3] The precoder value processor is configured to develop aset or matrix of
precoder values (e.g., frequency-independent, linear precoder values) for use in coding
signals transmitted from the plural transmitters. Each precoding vector of the set is
associated with one wireless terminal. The set of precoder values is determined such
that aset of target average signal to interference noise (SINR) ratios is achieved by the
plural wireless terminals with apredetermined total transmit power. Preferably, the
predetermined total transmit power is minimum total transmit power.

[0014] In an example embodiment the precoder value processor is configured to
implement an iterative procedure that comprises (1) determining a unit-norm linear
precoding vector V; that maximizes the signa to interference noise ratio (SINR;) for
wireless termina |; and (2) determining aminimum sum power set that satisfies the set
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of target average signal to interference noise (SINR) ratios. In the example
embodiment, the precoder value processor is configured to evauate the following
expression to determine the unit-norm linear precoding vector Vj that maximizes the
signal to interference noise ratio (SINRj) for wireless terminal i:

-t 2
y =K gM wherein g™ isaunit-norm, eigen vector associated with a maximum

[
1]

R
eigen value of amatrix K JK,K 2, wherein K is acovariance matrix K= £(h,i)) of

each row of matrix channel H, for wireless terminal /. In the example embodiment, the

precoder value processor is configured to evaluate the following expression to
determine the minimum sum power set/7,,, that satisfies the set of target average signal
to interference noise (SINR) ratios: p,,, = (1- DHA)"a, wherein D isadiagonal matrix
defined as D =diag{a(l),a(2),...o(m)}, wherein ais avector whose i-th element is
. SINR . . . .
a(i) = ' - and Aisan mx mmatrix whose (ij ) entry is A(JJ) = VK.V,
(i) (I'*'—SWR,—)A_UZ./r) (ij ) entry (39) =KV

and wherein / isthe identity matrix.

[0015] In another of its aspects the technology concerns a method of coding
signals for transmission from awireless network to plural wireless terminals in radio
frequency communication with the network (the network comprising plura
transmitters). The method comprises using a processor to develop a set of precoder
values for use in precoding signals transmitted from the plural transmitters. Each
precoding value is associated with one wireless terminal. The set of precoder values is
determined such that a set of target average signal to interference noise (SINR) ratios is
achieved essentially simultaneously by the plural wireless terminals with a
predetermined total transmit power. The method further comprises using the precoder
values for coding the signals transmitted from the plural transmitters.

BRIEF DESCRIPTION OF THE DRAWINGS

[0016] The foregoing and other objects, features, and advantages of the invention
will be apparent from the following more particular description of preferred
embodiments as illustrated in the accompanying drawings in which reference characters
refer to the same parts throughout the various views. The drawings are not necessarily
to scale, emphasis instead being placed upon illustrating the principles of the invention.
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[0017] Fig. lisadiagrammatic view of awireless network comprising plural
transmitters for communicating with plural wireless terminals.

[0018] Fig. 2 isa flowchart showing example, non-limiting, basic acts or steps
involved in an example embodiment of aprecoder value determination procedure.

DETAILED DESCRIPTION

[0019] In the following description, for purposes of explanation and not limitation,
specific details are set forth such as particular architectures, interfaces, techniques, etc.
in order to provide athorough understanding of the present invention. However, it will
be apparent to those skilled in the art that the present invention may be practiced in
other embodiments that depart from these specific details. That is, those skilled in the
art will be able to devise various arrangements which, athough not explicitly described
or shown herein, embody the principles of the invention and are included within its
spirit and scope. In some instances, detailed descriptions of well-known devices,
circuits, and methods are omitted so as not to obscure the description of the present
invention with unnecessary detail. All statements herein reciting principles, aspects,
and embodiments of the invention, aswell as specific examples thereof, are intended to
encompass both structural and functional equivalents thereof. Additionaly, itis
intended that such equivalents include both currently known equivalents aswell as
equivalents developed in the future, i.e., any elements developed that perform the same
function, regardless of structure.

[0020] Thus, for example, it will be appreciated by those skilled in the art that block
diagrams herein can represent conceptual views of illustrative circuitry embodying the
principles of the technology. Similarly, it will be appreciated that any flow charts, state
transition diagrams, pseudocode, and the like represent various processes which may be
substantially represented in computer readable medium and so executed by acomputer
or processor, whether or not such computer or processor is explicitly shown.

[0021] The functions of the various elements including functional blocks labeled
or described as "processors' or "controllers’ may be provided through the use of
dedicated hardware as well as hardware capable of executing software in association
with appropriate software. When provided by aprocessor, the functions may be
provided by a single dedicated processor, by asingle shared processor, or by aplurality
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of individual processors, some of which may be shared or distributed. Moreover,
explicit use of the term "processor” or "controller" should not be construed to refer
exclusively to hardware capable of executing software, and may include, without
limitation, digital signal processor (DSP) hardware, read only memory (ROM) for
storing software, random access memory (RAM), and non-volatile storage.

[0022] Fig. lillustrates an example wireless network 20 which participates in
radio frequency communication over aradio or air interface 22 with plural wireless
terminals 30, such aswireless terminals 30] through 30,,,. Each of the wireless
terminals 30 is shown as having plura receivers, e.g., plura antennas 32. For example,
wireless terminal 30, has antennas 32| | through 32[ ; wireless terminal 30, has
antennas 32,i through 32, ; and so forth so that wireless terminal 30; has plural
antennas 32; through 32, and wireless terminal 30, has plural antennas 32,,i through
32,,,- While it so happens that the Fig. lillustration shows each of the wireless
terminals 30 as having the same number (e.g., "r" number) of antennas, such need not

be the case as different wireless terminals 30 can have differing numbers of antennas.

[0023] The network comprises plural transmitters 40 (e.g., transmitters 40i
through 40,); precoder value processor 42; and, precoder 44. Each transmitter 40
comprises atransmitting antenna, and in such sense the terms "transmitter” and
"antenna’ are utilized interchangeably. Precoder value processor 42 is configured to
develop a set of frequency-independent, linear precoder values. Precoder 44 is
configured to use the precoder values developed by precoder value processor 42 for
encoding the signals transmitted from the plural transmitters 40.

[0024] The precoder value processor is configured to develop a set of (e.g.,
frequency-independent, linear) precoder values V(e.g., V]...V;) used to encode the
signals transmitted from the plural transmitters. The set of precoder values Vcan take
the form of alinear preceding matrix, where the t-th column of V is the vector V..
Each precoding vector V, is associated with one wireless terminal 30;. As explained
herein, the set of precoder values V is determined such that a set of target average
signal to interference noise (SINR) ratios is achieved (e.g., essentially simultaneously)
by the plural wireless terminas with a predetermined total transmit power. Preferably,
the predetermined total transmit power is minimum total transmit power.
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[0025] The transmitters 40 of the wireless network 20 can be co-located at a same
node of wireless network 20, or not co-located. By "not co-located” includes scenarios
in which the transmitters 40 are situated at different nodes of wireless network 20 or
situated at differing locations of the same node. A "node" can be, for example, the type
of nodes that is referred to as a base station transceiver, aradio base station, or a NodeB
(e.g., BNode).

[0026] Asshown in Fig. 1, in order to develop the set of precoder values V,
precoder value processor 42 receives inputs 46 as described herein. The set of precoder
values Fare applied to precoder 44. In particular, each precoder value V is applied to a
first input terminal of a respective multiplier 48 which comprises precoder 44. A
second input terminal of each multiplier 48 receives a portion X of an information
stream X to be transmitted over the transmitters 40. The information stream is depicted
as x :ix V, . Thus, for example, multiplier 48 receives precoder value Vj and

=1
information stream portion X, and yields the product x, V  The products of all of the
multipliers 48 are applied to adders 50, each adder 50 being associated with an
associated transmitter 40 for feeding the associated transmitter 40 with the signal to be
transmitted by the associated transmitter 40.

[0027J In an example embodiment, precoder value processor 42 is configured to
implement an iterative procedure that comprises, for each user i, (1) determining a unit-
norm linear precoding vector V; that maximizes the signal to interference noise ratio
(SINR ) for wireless terminal i; and (2) determining a minimum sum power set that
satisfies the set of target average signa to interference noise (SINR) ratios. In so doing,
precoder value processor 42 needs know statistics of the downlink channel for each
wireless terminal 30, but need not know the instantaneous realization of the downlink
channel (and thus eliminates the large amount of feedback and overhead which attended
prior art precoding schemes).

[0028] In particular, in the example embodiment of Fig. 1, the precoder value
processor 42 is configured to evaluate the following expression to determine the unit-
norm linear precoding vector V; that maximizes the signal to interference noise ratio
(SINR ) for wireless terminal /, such unit-norm linear precoding vector V; being
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. -t/2
y (=K gM+ wherein g™ isaunit-norm, eigen vector associated with a maximum
!

eigen value of a matrix K%K K 2, wherein K, isacovariance matrix K,= £(/*,X) of

each row of matrix channel H, for wireless terminal /. In the example embodiment, the

precoder value processor is configured to evaluate the following expression to
determine the minimum sum power setp . that satisfies the set of target average signal
to interference noise (SINR) ratios: p,;, = (1- DHA)"a, wherein D, isadiagona matrix
defined as D, =diag{o(l), a(2),... a(m)}, wherein a is avector whose i-th element is

____SINR,
(1+ SINR)AQ, ] )

and A is an mx mmatrix whose (ijy) entry is AQJ) =VKV/,

and wherein / is the identify matrix.

[0029] The network 20 sends independent messages to m number of receivers.
Fig. 1assumes by way of example that the network 20 has / number of transmit
antennas 40, where not all these antennas are necessarily co-located. User /, /= 1,2,..,
m, has r number of receive antennas. It is assumed that there is an average total power
constraint P at the network 20. The downlink broadcast channel (BC) is an additive
noise channel and each time sample can be represented using the following expression:

i>i = Hix + ni /=12, .. ,m (1)

where X is a vector of sizet x 1that represents the total signal transmitted from all the
transmitted antennas 40. Under the total average power constraint at the network, it is
required that E[x*x] < P. In this notation, y; isthe output vector, received by user /. This
vector isof size r x 1. H; isthe matrix channel for user / whose size isr x t. The In the
notation, n; is a Gaussian, circularly symmetric, complex-valued random noise vector
with zero mean and normalized covariance /.

[0030] Each row of the channel matrix Hj is the channel to adifferent antenna of
user /. and A is used to denote they-th row of//,.

[003 1] For now it isassumed that one stream is transmitted to each mobile, so that
the total number of independent streams transmitted is m. We shall use)§ to denote the
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symbols of they-th transmitted stream with average power ey Associated with each
transmitted stream x; is a linear preceding vector \{ of size t x 1, and the total
transmitted signal can be expressed as the sum:

x=2>V, )
2=l
[0032] The transmitter (i.e. the network) only knows the statistics of the H,, and

we assume that different elements of the H,are complex, circularly symmetric, zero-
mean, Gaussian random variables. We furthermore assume that different rows of each
H,are independent and identically distributed, i.e. different receive antennas for each
mobile / are independent and statistically identical. Asshown in Expression (3), K;
denotes the covariance matrix of each row of//,.

K, = £4h, K) 3)

where h,j is they-th row of// ;. Given that different rows of H, are assumed to be

statistically identical, it is seen that K,in Eq. (3) does not depend on;.

[0033] Expression (4) describes the signal that is received on they-th antenna of
the Mh user.

y, =hyx+n, (4)

=(h,;V,x,)+(h;Zijj +n”] (5)

4’%N2 4448
= (h; Vx, )+ W, (6)
[0034] The term in parenthesis in Expression (6) can be considered the desired

signal at the output of they-th antenna of user /, and wy can be considered
noiset+interference at thej-th antenna of user i. The average input SINR at the/ 1
antenna of user / is defined asthe ratio of the average power of these two terms, as
shown in Expression (7).
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10

(7)

The expectation in Eq. (7) is over all redlization of hy. From Expression (7), and
recalling that the different rows of H, are independent, identically distributed random
vectors, it is apparent that SINR;; does not depend on/  Hence, from now on SINR; is
used to refer to the common average input SINR at any of the antennas of mobile /. In
other words, the average input SINR is the same at all the receive antennas of each
mobile.

[0035] Given aset of target average SINRSs (i.e,, given aset {SINR},’), and given
the statistics of the downlink channels {K;},"|, it is desired to find a set of {\J/, i) .0
that results in the desired set of average SINRs with minimum total transmit power

Z v dm- More formally, we would like to find set of {Vj,q} o that solves the

following optimization problem of Expression (8), subject to Expression (9) and
Expression (10).

Minimize 4 (8

/1=l

ViKY,

Subject to  — :
1+3 » VYKV

= SNIR, i=1..,m (9

q, 20 l=1,..,m (20

[0036] Note that K; for different sub-carriers are the same. See. eg.. L. Krasny
and K. Molnar, "Radio Channel Models for MIMO Antenna Systems based on
Ellipsoidal Scattering." |IEEE GLOBECOM '04. VOL. 6, pp. 3969-3973, November

2004. Hence, only one set of {\J/, g} }='"x needs to be computed for awide-band channel

with any number of sub-carriers.

[0037] Let us define an m x m matrix B whose (/,] ) entry is
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B(V) = Vjky, (1D

And similarly define avector b whose Mh element is

U i) = SINR . _ )
© (1+ SINR,)B(i,i) i=1..,m (12)

[0038] From works such as P. Viswanath and D. Tse, "Sum capacity of the vector
Gaussian broadcast channel and uplink-downlink duality,” |EEE Trans. Inform. Theory,
vol. 49, no. 8, August 2003; and D. Tse and P. Viswanath, "On the capacity of the
multiple antenna broadcast channel" in Multiantenna Channels. Capacity, Coding and
Sgnal Processing, G. J. Foschini and S. Verdu, Eds. Providence, RI: DIMACS, Amer.
Math. Soc, it isunderstood that Expression (13) holds.

(I - diag{b(l), b(2), ..., b(m)} B)g=b (13)

In Expression (13), the mx 1lvectors g and b are defined as:

q=(l, a2 -,QJ" (14)
b= (by, by .. )"
[0039] The diagonal matrix D ;is defined as in Expression (15).
Dy = diagfb(l). b(2), ..., b(m)} (15)
[0040Q] For any given set of V;s, apositive solution for g in Eq. (13) exists if and

only if the largest eigen value of D is less than one according to the Perron-Frobenius
theorem. See, eg., S. Boyd and L. Vandenberghe, Convex Optimization, & Cambridge
University Press, 2005; and P. Viswanath and D. Tse, "Sum capacity of the vector
Gaussian broadcast channel and uplink-downlink duality,” |EEE Trans. Inform. Theory,
vol. 49, no. 8, August 2003. In case that such a solution exists, the minimum sum
power solution is shown by Expression (16).
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12
dyin=(I- DBylb (16)
[004 1] Lastly, we note that the eigen values of DB are the solutions to the
Expression (17) in A.
det(DB- N) = 0 (17)
or (18)
det(B-XD-{) = 0 (19)
[0042] Solving the optimization problem of Expression (10) directly for (V, q,)s is

difficult, since each desired INR; is affected by all other ¥,sthrough the denominator
ofSINR,. Using the well-known duality between the downlink broadcast channel (BC)
and the uplink MAC (known from P. Viswanath and D. Tse, "Sum capacity of the
vector Gaussian broadcast channel and uplink-downlink duality,” IEEE Trans. Inform.
Theory, vol. 49, no. 8, August 2003; and D. Tse and P. Viswanath, "On the capacity of
the multiple antenna broadcast channel" in Multiantenna Channels. Capacity, Coding
and Sgnal Processing, G. J. Foschini and S. Verdu, Eds. Providence, RI: DIMACS.
Amer. Math. Soc), we next find an uplink MAC that is dual of our downlink broadcast
channel (BC). This dua uplink MAC can then be used to find an iterative algorithm for
computing the solution to the optimization problem of Expression. (10).

[0043] Consider an uplink MAC where m mobiles (each with asingle transmit
antenna) are transmitting to a network that has / receive antennas. The /-th mobile now
transmits one stream X, with average power /?,. Thus, the received vector at the network
is as shown in Expression (20).

Y= fy +n (20)

In Expression (20), y is the received vector of sizet x 1, h,isat x 1vector channel for
the /-th user on the uplink, and n is a Gaussian noise vector with covariance /.
Furthermore, we assume that h, of the uplink channel is the conjugate of the first row of
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Hm i.e. hj= h,', . Lastly, we assume that al x,s are independent, and we use/?, to denote

the average power of x,.

[0044] Suppose now that a fixed linear filter V] is used to detect x, from the

received vector Yy as shown in Expression (21).
z,=Vy 1)

This is used asthe decision statistics to detect in the uplink MAC. We can expand the
expression in Expression. (21) as shown in Expression (22).

z, =(Vihx)+(Q_Vihx, +Vn) (22)
442443

The first term in Eq. (22) is the desired signal for detecting x,, and the second term, w; is
the effective noise. Using the fact that Vjis fixed, we can then define an average SINR
for user / asthe ratio of the average power of these two terms (each averaged over
realization of /7,s) as shown by Expression (23).

SINR, = ZP'VIVIZV, (23)
[0045] Let us define an mx mmatrix A whose (i, ]) entry is shown by Expression
(24).

AHJ) =VIKV (24)
Similarly, define avector awhose Mh element is as shown in Expression (25).

oty - SINR, 25)

(1 + SINR,)A(i,i)

It is then easy to show that Expression (26) holds.
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14
(\ -diag{a(\), a(?), ..., am} Ap=a (26)
In Expression (26), the mx 1vector p is defined as
P = (PUPi, ..-,Pm) (27)
Diagonal matrix D, is defined for convenience as
D_=dag{a(\), a(2), ..., a(m)} (28)

[0046] Formally, the uplink MAC problem can be stated as finding the set of
(\J/, PJ) .7, that solves the constrained optimization problem of Expression (29) subject to

Expressions (30) and (31).

Minimize P, (29)
=]
subject to:  — J?' LKIX—— =gNR, i=\, .., m (30)
1+ L jslV;Klep/
pi=0 i=1,....m 3D
[0047] For agiven set of Vs, using the Ferbonus-Peron theorem (described in S.

Boyd and L. Vandenberghe, Convex Optimization, & Cambridge University Press,
2005; and P. Viswanath and D. Tse, "Sum capacity of the vector Gaussian broadcast
channel and uplink-downlink duality,” IEEE Trans. Inform. Theory, vol. 49, no. 8,
August 2003) we see that a positive solution for/? exists if and only if the largest eigen
value of D A is lessthan one. In case that a solution exists, the minimum sum power
solution is shown by Expression (32).

Pmin={ - D,A)'a (32)

Note that the eigen values of D,A are the solutions to the following equation in A, as
shown by Expression (33) through Expression (35).
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Jei(DA-X) = 0 (33)
or (34
det(A-XD-1) = O (35)
[0048] Comparing Expression (24) to Expression (11), we see that A =B\ and we

see that by setting a = b, the same set of desired SNR Sis obtained in the uplink and in
downlink. Witha=bwe also get D ,= D,.

[0049] Noting that A = Bland D4=D , it is easy to see that (A - XD ) = (B -
XD )\ Since det(X) = det(X!) for any square matrix X, we see that eigen values of D, A

are the same as the eigen values of D B. This implies that for any fixed choice of Vis a
positive solution to g on the downlink broadcast channel (BC) exists if a positive
solution top on the uplink MAC exists. From our earlier discussion recall that in case a
positive solution exists, the minimum power solution for g and/? can be computed as
shown by Expression (36) and Expression (37).

Gmn = (I—DyB)'b (36)
(- D,B)'a (37)

Prm

Using the fact that A = Blit is easy to show (Seg, e.g., S. Boyd and L. Vandenberghe,
Convex Optimization, & Cambridge University Press, 2005; and P. Viswanath and D.
Tse, "Sum capacity of the vector Gaussian broadcast channel and uplink-downlink
duality,” IEEE Trans. Inform. Theory, vol. 49, no. 8, August 2003) that sum power of

P i @nd g,;,, are the same, as shown by Expression (38).

S Guia ()= 3 P (1) (38)
i=1 1=

[0050] In summary, we have shown that any set (V) 7} resulting in adesired set of

(SNRJ |7 on the downlink broadcast channel will also result in the same set of

1=
{SNR},5 onthedua uplink MAC channel. Furthermore, the sum power of g,
associated with {V)) .5, onthe downlink broadcast channel isthe same asthe sum power

of/7,,, associated with {\},”} onthe uplink MAC channel.
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[0051] The foregoing implies that the {V{\ 3 that solves the optimization problem
of Expression (31) for the uplink MAC channel also solves the optimization problem of
Expression (10). In other words, if we can solve the dua uplink MAC problem, we can
also solve the original downlink broadcast problem.

[0052] Described now is an iterative algorithm that is guaranteed to
mnonotonically converge to thejoint solution of the dual uplink MAC optimization
problem (see Expression (31)) for {F./?} .5 . This result is based on the properties of the
so-called standard interference function developed originaly by Ulukus and Y ates for
uplink power control in CDMA systems. See, e.g., S. Ulukus and R. Yates, "Adaptive
Power Control with MMSE Multiuser Detectors,” ICC '97.

[0053] For agiven set of {/2} [, the unit-norm V; that maximizes Expression (39)

and Expression (40) is now found.

SINR = pvk Y,
1+ VK Vp 49
VKV,
= P, (40)

1
Z]:IV (_”1—1-1+K p;)V

~ 12 ~
P,),and define K; asthe square root of A’ (i.e. K, =

J’/

~ 1'2 ~ 12

K; (K; )%. The v, that maximizes Expression (40) is Expression (41).- t

-t
V,=K g™ “4n

M is the unit-norm, eigen vector associated with the maximum

1

In Expression (41), g

eigen value of the matrix of Expression (42).

kK k2 (42)
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[0054] Previously we had shown that for agiven set of {Vj},7, the minimum sum
power set of {p-} .} that meet the desired set of SNR Sis given by Expression (43).

Pmy, = (I- D.A)-O (43)

[0055] Following the same reasoning asthat set forth in D. Tse and P. Viswanath,
"On the capacity of the multiple antenna broadcast channel" in Multiantenna Channels:
Capacity, Coding and Sgnal Processing, G. J. Foschini and S. Verdu, Eds. Providence,
RI: DIMACS, Amer. Math. Soc; and P. Viswanath and D. Tse, "Sum capacity of the
vector Gaussian broadcast channel and uplink-downlink duality,” |EEE Trans. Inform.
Theory, vol. 49, no. 8, August 2003, it is easy to see that INR; in Expression (40) in the
uplink MAC isastandard interference function (See S. Ulukus and R. Yates, "Adaptive
Power Control with MMSE Multiuser Detectors,” 1CC '97). Hence, an iterative
procedure that comprises Expression. (41) and Expression (43) is guaranteed to
converge monotonically to the solution of the optimization problem for the uplink
Expression (31). Let us denote the resulting solution to the optimization problem for the
uplink by {V 7}, .

[0056] As shown previously, {V,),]} isaso the solution to the optimization
problem for the downlink Expression (10). Given {V]},", we can find the g, for the

downlink according to Expression (44).
O =(I- DBY'b (44)

Note that the given {V},1\, all the quantities right-hand-side of Expression (44) are

known.

[0057] Based on the foregoing discussion, Fig. 2 illustrates example, non-limiting,
basic acts or steps involved in an example embodiment of a precoder value
determination procedure performed by precoder value processor 42. In performance of
the precoder value determination procedure, precoder value processor 42 can be
realized by a processor or controller asthose terms are expansively explained herein.
The precoder value determination procedure determines both a set of downlink

precoding vectors (v, }., (and the corresponding minimum powers {<2}", .
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[0058] Act 2-1 of the precoder value determination procedure of Fig. 2 comprises
reception or otherwise obtaining the inputs 46 useful for performing the precoder value
determination procedure. There are three basic types of inputs 46 which are obtained
by precoder value processor 42:

[0059] [1] A setofdesired SINR values, eg., SINR, i=l,.., m, wherein SINR; is
the desired SINR value for the Mh user. The desired SINR value for the Mh user is
obtained based onthe quality of service requirements of each user.

[0060] [2] For each user /, the covariance matrix of the downlink channel from all
the network antennas to one of the antennas of the user /. The covariance matrix K, for
user / has been previously described with respect to Expression (3). Asan example,
each mobile i can measure its matrix K,and transmit this measured matrix to the
network using the uplink channel. Note that matrix /{, is frequency independent and it
changes at a much slower rate than the actual channel of the i-th mobile. Hence,
transmitting this matrix from the mobile to the network will consume a small amount of
resources on the uplink channel.

[0061] [3] A starting value for the vector p(0) =[1 1... I]' to beused in afirst
iteration of the iterative precoder value determination procedure. As understood by
those skilled in the art, in this nomenclature "T" stands for transpose of a matrix/vector.

[0062] Act 2-2 of the precoder value determination procedure asillustrated in Fig.
2 comprises determining the average power vector/? for n= 1,... N, and as such
involves iteratively evaluating Expressions (45) through (53) as set forth below for n=
1.... N. In other words, each of Expressions (45) through (53) is first evaluated for

n=l, then for n=2, and so forth to some pre-determined maximum value of n=N. By the
end of act 2-2, an optimal set of beamforming vectors, e.g., precoder vectors or weight

vectors {v,}.,, isdetermined. Note particularly in this regard Expression (48), which

concerns the precoder vectors or weight vectors.

[0063] sw- 1) =[p,(n- 1), Py ((if-1), o, p, (1 -] T /=U ,m (45)

~ 1
[0064] Kl (n) = m_i_ il + Jzﬂ K_[ P/\n--l):=l; m /= 1!"1« (46)
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[0065] g,(n) = eigmax K, (N)K,KP](n) (47)
[0066] v (n)=K"g (n)i=1,...,m (48)
[0067] A (n) =Vi(m' K \,(n) i=\,..,m j =\,..m (49)
[0068] a,(n) = 0 Sf]f’l;/ﬁA,, . I=\,...m (50)
[0069] a(n) = [, (may(n)....ajn)j (51
[0070] D,(n)= diag{a](n),az(n),...,qn(n)} (52)
[0071] I(n) = (/ - D(MA(N)Y'a(n) (53)
[0072] Thus, after having performed Expression (53) for n= N, the optimal set of

m
s

beamforming vectors, e.g., precoder vectors or weight vectors {v,} ,, is determined.
Then, asact 2-3, the precoder value determination procedure determines the optimal set
of powers {q,}f":,,which isaso known asthe minimum sum power Setp .. that satisfies

the set of target average signal to interference noise (SINR) ratios. Act 2-3 comprises
performing/evaluating  Expression (54) through Expression (58) as set forth below.

[0073] B, = (N)' Kpy; (N) i=1,..,m j=1.m (54)
_ SINR, _

[0074]J = O_Jr_Sl_I\I_F{TB,_ [=1.,Iw (55)

[0075] b=10,,b,....0] (56)

[0076) D, =diaglb, +b,esb,} (57)

[0077] q={I ~D,B)"'b (58)
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[0078] After the example precoder value determination procedure of Fig. 2 has
been performed by precoder value processor 42, the optimal set of beamforming

vectors, e.g., precoder vectors or weight vectors (v.}.,, are applied to the respective

multipliers 48 and utilized to code the signals x which are to be transmitted from the
respective plural transmitters 40.

[0079] An advantage of the coordination schemes disclosed herein is that they
require alot less feedback/overhead compared to the existing coherent coordination
schemes.

[0080] Although the description above contains many specificities, these should

not be construed as limiting the scope of the invention but as merely providing
illustrations of some of the presently preferred embodiments of this invention. Thus the
scope of this invention should be determined by the appended claims and their legal
equivalents. Therefore, it will be appreciated that the scope of the present invention
fully encompasses other embodiments which may become obvious to those skilled in
the art, and that the scope of the present invention is accordingly to be limited by
nothing other than the appended claims, in which reference to an element in the
singular is not intended to mean "one and only one" unless explicitly so stated, but
rather "one or more." All structural, chemical, and functional equivalents to the
elements of the above-described preferred embodiment that are known to those of
ordinary skill in the art are expressly incorporated herein by reference and are intended
to be encompassed by the present claims. Moreover, it is not necessary for adevice or
method to address each and every problem sought to be solved by the present invention,
for it to be encompassed by the present claims. Furthermore, no element, component,
or method step in the present disclosure is intended to be dedicated to the public
regardless of whether the element, component, or method step is explicitly recited in
the claims. No claim element herein is to be construed under the provisions of 35
U.S.C. 112, sixth paragraph, unless the element is expressly recited using the phrase
"means for."
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WHAT ISCLAIMED 1S:

1. A node (20) of awireless network which participates in radio frequency
communication with plural wireless terminals, the node (20) comprising plural
transmitters (40); the node (20) characterized by:

aprecoder value processor (42) configured to develop a set of frequency-
independent, linear precoder values, each vector of the set being associated with one
wireless terminal, the set of precoder values being determined such that a set of target
average signal to interference noise (SINR) ratios is achieved essentialy
simultaneously by the plural wireless terminals with a predetermined total transmit
power; and

aprecoder (44) configured to use the precoder values for coding the
signals transmitted from the plural transmitters (40).

2. The apparatus of claim 1, wherein the predetermined total transmit power is
minimum total transmit power.

3. The apparatus of claim 1, wherein the precoder value processor (42) is
configured to implement an iterative procedure that comprises:

Q) determining a unit-norm linear precoding vector V; that maximizes
the signal to interference noise ratio (SINRj) for wireless terminal i;
and

2 determining a minimum sum power set that satisfies the set of target

average signal to interference noise (SINR) ratios.

4. The apparatus of claim 3, wherein the precoder value processor (42) is
configured to evaluate the following expression to determine the unit-norm linear
precoding vector V, that maximizes the signal to interference noise ratio (SINR) for
wireless terminal /:

-t'2

VI — K glllld‘

!
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wherein gMa jsaunit-norm, eigen vector associated with a maximum eigen

O .
value of amatrix K 2/°,K 4, wherein at, is a covariance matrix A:= Ei h,hj) of each

row of matrix channel H, for wirelessterminal /.

5. The apparatus of clam 3, wherein the precoder value processor (42) is
configured to evaluate the following expression to determine the minimum sum power
selp ;, thet satisfies the set of target average signal to interference noise (SINR) ratios:

P n=(1-D ,A'a

wherein D, is adiagona matrix defined as D, =diag{ a(l),a(2),...ur(m)}, wherein
ais avector whose i-th element is

SINR,
all)= (1+SINR ) all, /)

Ni.j) =VK,V/, and wherein / is an identity matrix.

and A isan mx mmatrix whose (ij ) entry is

6. The apparatus of claim 1, wherein the precoder value processor (42) is
configured to develop a set of frequency-independent, linear precoder values, and
wherein the set of precoder values is determined such that the set of target average
signal to interference noise (SINR) ratios is achieved essentially simultaneously by the
plural wireless terminals.

7. The apparatus of clam 1, wherein the precoder value processor (42) is
configured to implement an iterative procedure for determining the unit-norm
precoding vectors for each user.

8. A method of coding signals for transmission from awireless network to
plural wireless terminals in radio frequency communication with the network, the
network comprising plural transmitters (40), the method characterized by:

using aprocessor (42) to develop aset of precoder values, each vector of the set
being associated with one wireless terminal, the set of precoder values being
determined such that a set of target average signal to interference noise (SINR) ratios is
achieved by the plural wireless terminals with a predetermined total transmit power;
and
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using the precoder values for coding the signals transmitted from the plural

transmitters (40).

9. The method of claim 8, wherein the predetermined total transmit power is
minimum total transmit power.

10. The method of claim 8, further comprising determining the precoder values
using an iterative procedure that comprises:

(1) determining a unit-norm linear precoding vector Vv; that maximizes the signal
to interference noise ratio (SINR;) for wireless terminal /; and

(2) determining a minimum sum power set that satisfies the set of target average
signa to interference noise (SINR) ratios.

11. The method of claim 10, further comprising evaluating the following
expression to determine the unit-norm linear precoding vector v; that maximizes the
signal to interference noise ratio (SINRj) for wireless terminal i:

t 2

- L max
V, = K, g,
wherein g "Mis a unit-norm, eigen vector associated with a maximum eigen

value of amatrix K K, K\, wherein K, is acovariance matrix K= £(//,/1,)) of each

row of matrix channel H, for wireless terminal /.

12. The method of claim 10, further comprising evaluating the following
expression to determine the minimum sum power set/?,,,, that satisfies the set of target
average signal to interference noise (SINR) ratios:

. ={J- DAYa

pmn
wherein D_is adiagonal matrix defined asD_ =diag{ a(1).a(2),. ..a(m)}, wherein
a is avector whose i-th element is
SINR

a(f) :mr,l?r) and A’ is an m x m matrix whose (ij") entry Is

AJJ) =VIK,V,;, and wherein / is an identity matrix.
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13. The method of claim 8, further comprising developing a set of frequency-

independent, linear precoder values whereby the set of target average signal to
interference noise (SINR) ratios is achieved essentially simultaneously by the plural

wireless terminals.
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