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less network using coordinated multi-point (CoMP) trans-
mission are disclosed. In each of several iterations of an
exemplary method, a tentative user- specific antenna beam-
forming vector for the antennas of the first cell is formed
for each of several first mobile stations served by the cell
and for each of several second mobiles in neighboring
cells, based on a most recent tentative virtual allocation of
uplink transmitter power to each of the mobile station and
virtual uplink signal-to- noise-plus-interference ratios for
the mobile stations that account for inter-cell interference.
Further, a current tentative allocation of downlink transmit-
ter power to each of the first mobile stations is determined
for each iteration, based on the tentative user-specitic an-
tenna beam-forming vectors for the first cell, a pre-deter-
mined transmitter power constraint for the first cell, and
target signal-to-noise-plus- interference ratios for the fast
mobile stations.
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MULTEUSER BEAMFORMING WITH INTER-CELL
INTERFERENCE SUPPRESSION

TECHNICAL FIELD
The present tnvention relates generally to wireless communtications systems,
and more particularty to multi-user beamforming between arrays of antennas at one or

more wireless access points and multiple user devices.

BACKGROUND

Mudti~-user muitiple<input multiple~output (MIMO) transmission using a grid-of~
beams (GoB) approach has been shown to be an attractive scheme for space-division
multiple access {SDMA)Y for emerging wireless systems.  See, for example, IST-4-
027756 WINNER H  Deliverable D473, “Smart antenna based interference
mitigation,” June 2007 (heremafter “WINNER II7). In a GoB scheme, a grid of beams
is created by using a closely spaced array of antennas at the base stations. Independent
data streams are transmitted to mobile ternunals in geographic locations served by non-
overlapping beams. A hallmark of this scheme is that it requires very little channel
state nformation at the transmitter (CSIT), as the system need only select an
appropriate one of the grid of overlapping beams to serve a particular mobile terminal.

While the GoB-SDMA approach relies on fixed beans, the steering of antenna
beams by means of baseband signal processing 1s also well known. This approach can
provide tmproved coverage and less imterference, at the expense of more complex
processing and more complicated channel state feedback mechanisms. The general
problem of joint adaptive beamforming from a multi-antenna base station to multiple
single-antenna mobile terminals bas been solved. See, for example, M. Schubert and
H. Boche, "Selution of the multi-user beamforming problem with mdnadual SINR
constraints,” JEEE Trans. Fehiculay Technology, vol. 33, no. 1, Jan. 2004 (heremafter
“Shubert™). With Shubert’s solution, the beamformers and transmission powsrs are
jointly adjusted to fulfill individual signal-to-interference-plus-noise rattio (SINR)
requirements at the mobile termunals. Shubert presents an algorithm that maximizes the
jointly-achievable SINR margin (over the SINR requirements} under a som transout

power constraint, 1.e., a constraint that Hmuts the total power transmitted from all the
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antennas of the base station antenna amay. Shubert also provides an alternative
alporithm that mimnizes the sum transmit power while satistfying the set of SINR
requirements for the mobile terminals.  Bach of these algorithms requires the base
station to have statistical information characterizing the channel conditions.

A coordinated muld-point (CoMP) transmission system architecture i being
considered for IMT-Advanced systems. (The term “distributed antenna system,” or
DAS, has also been applied to these concepts under development for IMT-Advanced
systems; the term CoMP, as used herein, i3 not intended to exclude systems or
techniques that use the DAS nomenclature} CoMP differs from a conventional cellular
systen in that antennas are deploved at several access points dispersed across a CoMP
cell. The access points are connected to a central processing unit (CPU) by means of a
fast backhauvl. Compared to a conventional cellolar network, very high spectral
efficiencies are possible m a CoMP network. In the downdink, this 15 because
transmissions from multiple access points can be coberently coordinated. In the uplink,
mobile termunal transmissions can be received at multiple access points, and the
received signals processed jointly for improved reception. Of course, this coordination
requires that statistical nformation characterizing the channel conditions between a
given mobile and each of the access points 18 available.

The fixed and adaptive multi-user beamforming schemes applied to
conventional cellular systems are not appropriate for a CoMP network, as these
schemes cannot exploit the coordination between access points i a CoMP cell
Furthermore, applying beamfornung schemes m a CoMP network can ¢reate mtra-cell
and inter-cel] interference that are not easily moderated using conventional interference

cancelling schemes.

SUMMARY

Disclosed herein are vartous methods and apparatus for determining downlink
transmission parameters i a cell of a cellular wireless network using coordinated
multi-point {CoMP) transmission. The techniques disclosed facilitate the formation of
multi~aser multi-antenna beams that sappress inter-cell interference. In some
embodiments of the invention, mobile terminals in a given cell as well as mobile

terminals i neighborimg  cells  have individual  signal-to-mtra-and-inter-cell-
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interference-plus-noise ratio (SHNR}) targets. Downlink power allocations and antenna
beamtorming vectors are determined to maximize the jomtly-achievable SHNR margin
for all mobile termunals under either a sum-power constraint or per-transmitier power
constraint, where the jointly-achievable SHNR margin is the ratio of the achieved
SHNR to the SHNR target for the worst-case mobile terminal.  In some embodiments,
downlink power allocations and beamfornung vectors are determuned to achieve the
SHNR targets for all mobile terminals while minimizing the total transmitted power.

[n other embodiments, mobile terminals in a given cell have individoal signal to
intra-cell-interference-plus-noise ratio (SINR) targets. In these embodiments, a
downlink power allocation i3 determined to maxmmize the jointly-achievable SINR
margin for the mobile ternunals under sum or per-transmitter power constraints; and
beamforming vectors are defermined to maximize the SIINR for each mobile terminal
i a dual aplink multiple access channel (MAQ). In other embodiments, downlink
power allocations and beamforming vectors are determuned to achieve the SINR targets
for all mobile terminals while minimizing the sum transmitted power,

In an exemplary method, downlink transimssion parameters are deterntined for
a first cell of a cellnlar wireless network using coordinated multi-point transmission,
wherein the first cell comprises a plurahty of radio access points and wherein each
radio access point comprises one or more transmit antennas. This exemplary method
comprises, for cach of two or more terations, determining, for each of a plurahity of
first mobile stations served by the first cell and for each of one or more second mobile
stations served by ong or more neighbormg cells, a tentative user-specific antenna
beam-forming vector for the antennas of the first cell, using a most recent tentative
virtual allocation of uplink transmitter power to each of the first and second mobile
stations and based on virtual aplink signal-to-noise-plus-interference ratios for the first
and second mobile stations that account for mter-cell interference. The method further
comprises, for each iteration, determining a current tentative allocation of downlink
transmitter power 1o each of the first mobile stations, based on the tentative user-
specific antenna beam-fornming vectors, a pre-determined transmitter power constraint
for the first cell, and target signal-to~noise-plus-interference ratios for the first mobile
stations, and then determining a current tentative virtual allocation of uphink transmitter

power to each of the first and second mobile stations, based on the current tentative
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atlocation of downlink transmitter power. In some embodiments, the determination of
the virtual allocation of uplink transmitter power may take mto account imter-cell
interference, while inter-cell interference may be ignored in this step in other
embodiments.  These steps may be repeated until the process converges, e.g., unsil
tmprovements in signal-to-notse-plus-interference stop improving significantly.

In some embodiments, the pre-detenmined power constramt is a sum power
constraint, e, a constraint that defines a maxinmum downlink transmifter power
aggregated over the radio access points of the first cell. In others, the pre-determined
transmitter power constraint defines a maximum access point transmitter power for
each of the plurality of radio access points, 1.e., 8 per-transputter power constraint. In
sonie of these embodiments, a downlink power allocation may be computed in cach
iteration, based on the current tentative beamiorming vectors and the signal-to-noise-
plus interference ratio targets. Fach dowulink power allocation may be converted to a
virtnal uphunk power allocation for use in deternuning improved beamforming vectors
in the next iteration of the process. Once the process converges, the most recently
computed beamformung vectors and the most recently computed downhnk power
atlocation may be used to transmit data to the mobile stations m the CoMP cell.

In several embodiments, determining the cwrent tentative allocation of
downlink transmitter power to each of the first mobile stations comprises finding
dowlink transmitter powers corresponding to cach of the first and second mobile
stattons by applving a maximization objective to the smallest margin between a
downlink signal-to-noise-plus-interference ratio that accounts for inter-cell interference
and a corresponding target signal-to-noise-plus-interference ratio for each of the first
and second mobile stations, given the tentative user-specific antenna beam-forming
vectors.  In other words, the worst-case margin of signal-to-noise-plus-interference
ratio over its corresponding target 18 maximized, where the signal-to-nose~-plus-
tnterference ratios account for imter-cell interference.

In other embodiments, determining the current tentative allocation of downlink
transmitter power to each of the first mobile stations comprises finding downlink
transmutter powers corresponding to each of the first mobile stations by applying a
maximization objective to the smallest margin between a downlink signal-to-noise-

plus-interference ratio and a corresponding target signal-to-noise-plus-interference
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ratio, for each of the first mobile stations, withouwt regard to interference from the
second mobile stattons.  In other words, the worst-case margin of signal-to-noise-plos-
interference ratio over its corresponding target s maxinuzed, where the signal-to-noise-
plus-interference ratios ignore inter-cell interference.

Apparatas configured to carry out the various techniques described herein are
also disclosed, including a controlier for a cell of a wireless network using coordinated
multi-point transmission.

The present invention may, of course, be carried out in other ways than those
specifically set forth herein without departing from essential characteristics of the
wmvention. Upon reading the following description and viewing the attached drawings,
the skilled practiioner will recognize that the described embodiments are illustrative
and not restrictive, and that all changes coming within the meaning and equivalency

range of the appended claims are intended 10 be embraced therein

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 illostrates a cellolar system  wotthzing coordmated multi-poim
transmission.

Figure 2 illustrates an  exemplary  method for determining  downlink
transmission parameters based on a sum transmitter power constiaing.

Figure 3 illustrates another exemplary method for determining downlink
transmission parameters based on a sum transmitter power constraint.

Figure 4 illustrates an ecxemplary method for determining  downlink
transmission parameters based on a per-transmitter power constraint.

Figure 5 illustrates another exemplary method for determining downlink
transpuission parameters based on per-transmitter power constraint.

Figure 6 dlustrates an  exemplary method for determining  downlink
transmission parameters that munimize the total power allocation while achieving target
signal-to-mterference-plus-noise ratios.

Figure 7 illustrates an embodiment of a coordinated multipoint cell controller.

Figure 8 illustrates an embodiment of CoMP control processing circuits

according to some embodiments of the present invention.
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DETAILED DESCRIPTHON

As noted above, the fixed and adaptive multi-user beamforming schewmes
applied 1o conventional cellular systems are not appropriate for a CoMP network, as
these schemes cannot exploit the coordination between access points in a CoMP cell.
The present inventor bas filed a related, co-pending US. patent appheation serial no.
12/406 489, filed March 18, 2009 (hereinafter “Hateez”), the entire contents of which
are incorporated by reference herein.  In Hafeez, techniques for joimt adaptive
beamforming from multiple access points with array antennas to several mobile
ternunals in a CoMP cell are provided. These techmiques effectively exploit the
coordination between the multiple access pomts, and are suitable for a frequency
division duplex (FDD) air interface where there is no channel reciprocity between
uphink and downlink to allow coherent channel state information t the transmitter.
These techniques are also suitable for wide area cellular deplovments where the
channel typically exhibis low angular spreads.

The fixed and adaptive multi-user beamforming schemes described in WINNER
H and Shubert, respectively, each address the problem of ingra-cell interference. The
muiti-transmitter, multi-user, beamforming scheme described in Hafeez likewise
addresses the nra-CoMP cell tnterference problem. However, all of these schemes
suffer from problems with buter-cell interference, ie. the imterference belween
conventtonal or CoMP cells.

The harmful effects of mter-cell interference w a cellolar system are more
proncunced when beamforming is emploved, as the beamforming caunses the so-called
flashlight effect. Of course, a CoMP cell might have larger geographic footprints than
conventional cells, and therefore may not suffer much from nter-cell interference.
However, synchronization requirements, backbaol capacity issues, etc., impose
practical hmits on the geographical footprint of a CoMP cell.  Moreover, mebile
ternunals located close to a border between CoMP cells are still Likely to suffer from
mter-cell nterference, no matter how large the CoMP cell.

Indeed, system sumulations have indicated that inter-cell interference can
severely fimit the performance of multi-user beamforming in a CoMP cell. In fact, for
CoMP cells comprising up to 21 sectors and four antenna elements per sector, multi-

transmitter muolti-user beamforming performs only slightly better than GoB-SDMA,
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where the latter does not account tor intra-CoMP cell interference.  Thus, inter-cell
miterference still represents an obstacle to achieving high spectral efficiencies in future
wireless networks.

One kpown solution to the flashlight problem is coordinated beam switching.
With this approach, a predefined beam cvcling pattern i used by cells i a
neighborhond that uwse a fixed mult-user MIMO scheme, such as GoB-SDMA.
However, a fixed beam cycling pattern himits the available spectral resouvrces, and
requires that mobile terminals in alt cells perform beamforming. Thus, other solutions
are needed.

Accordingly, various embodiments of the present invention are related to multi-
user beamforming techniques that suppress inter-cell interference in a cellular network.
In some embodiments, as described in more detail below, mobile terminals in a given
CoMP cell and its neighboring cells each have individual signal-to-intra-and-inter-cell-
interference~-plus-noise ratio {SHNR) targets.  {Those skilled in the art will note that
SHINR, as used herein, refers to a received signal quality metric that accounts for inter-
cell imterference, ie., mterference associated with transmissions from neighboring
CoMP cells. In comtrast, the term signal-to-intra-cell-interference-plus-noise ratio, or
SINR, 15 used herein to vefer to a corresponding signal quality wetric that does not
account for inter-cell interference.) In these embodiments, downlink power allocations
and beamforming vectors are determined to maxinuze the jointlv-achievable SIINR
margin for all mobile termunals, where the jomtly-achievable SHINR margin 1s the ratio
of the achieved SIINR to the SIINR target for the worst-case mobile termmal. In
vartous ones of these embodiments, the power allocations and beamforming vectors are
determined under swm transmitter power constraints of per-transmitter power
constraints.  In another embodimem of the invention, downhnk power allocation and
beamforning vectors are determined 30 as to nuninuze the sum transmitted power
while still achieving the SINR targets for all mobile terminals,

In still other embodiments of the invention, mobile terminals in a given cell
have individual downlink signal<to-intra-cell-inmterference-plus-noise ratio (SINR)
targets. Downlink power allocations are determined to maximize the jointly-achievable
SINR (not SHNR} margin for the mobile terminals under either a sum transmutter

power constraint or a per-transmiiter power constraint, and beamforming vectors are
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deterntined to maximize the uplink SHNR for each mebile terminal in a virtual dual
uplink muliple access channel (MAC) In vet other embodiments, downlink power
atlocations and beamforming vectors are determined to achieve the SINR targets for all
mobile terminals while minimizing the sum transmitted power.

Dowolink System Model

To describe the multi-user beamfonming technigues of the present mvention, a
cell with N coordinating access poiats and K mobile terminals is considered. A
simphified view of such a cell &5 given in Figure 1, which depicts a portion of a first
CoMP cell 110 along with portions of neighboring cells 112, 114, and 116, CoMP cell
110 includes a CoMP controller 130, which provides centralized coordination of
several access poimts 120, Several mobile ternunals 130 are within CoMP cell 110;
additional mobile ternunals 140 are operating in neighboring cells 112, 114, and 116,
mcloding several mobile ternunals 140 served by access points 122 wy cell 112,

Referring once more to an exemplary cell having &V access points and K
mobile terminals, transmussion from the access points, each of which has M, transmit
antennas, is coordinated by means of a central processing unit or other means (e.g.,
CoMP controller 150 i Figure 1.} For the purposes of this analysis, it is assumed that
each mobile terminal has one receive antenna, although the techniques described herein
may be adapted to multi-antenna mobile terminals. Thas, if the Ix M, vector &,
represents the frequency-non-selective fading channel between mobile termingl 7 and

access point i . then the 1x N3, vector

fy = fizi Mo o Iy
represents the channel between the i-th mobie terminal and all access ponts. The
downlink baseband signal model is then given by

= hyxw : ©
where x s an Nd, x1 vector representing the signal transmitted from the transmit
antennas of all access points and vy 1§ a sample of additive white Gaussian noise with

. 3
Varance oy .

The transnutied signal is given by,
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where §; is a modulation symbol (drawn from a unit-variance symbol alphabet)
transmitted to the i-th mobile terminal using a beamforming or precoder vector #;, with

power p;. The beamfornung vectors are normalized to have unit powern:

E

uffy, =1 viel2..K
The transmit channel covariance matrix for the /~th mobile terminal is given by

Ri=E .ﬁﬁﬁr E

Assuming that instantaneous channel vector/; at the i-th mobile terminal is

known, then the downlink SINR at the j-th mobile terminal can be caleolated according

LEN

DL pvu Ru N
SINR7 (U, p) = % } (2)

> pruf! By +of

where {7 ={uy 1y, g

is the matrix of beamforming vectors for all of the K
mobile termunals and p={py, pa..... pg | is the vector of downlink transmit powers.

Dual Uplink MAC

Constder a “virtual” uphink multiple access channel (MAC) where each mobile
terminal transmits an independent data stream received by all antennas of all access
points. Those skilled in the art will appreciate that the modifier “virtual,” as used
herein, is intended simply to denote that the term modified by the word “virtual”™ need
not physically exist, but may be an abstraction or a modeling element for facilitating
the calculation of a physical parameter, Thus a virtual splink MAC may define an
allocation of uplink transmitter powers that does not actually exist, but that is used for
facilitating the determination of downlink transmitter power allocations. In any event,

the system model for the uplink MAC may be given by:

UL Zhi REI VN LL
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where w''" is zero-mean average white Gaussian noise, with identity covarance

UL

mateix, and x;777 18 the signal transmitted from mobile termmnal 7, given by:

Ll o

Xy "“J'f}.ri““é"" Ty
In the latter expression, ¢; s the ransmit power of mobile terminal . Assuming that a
linear filter 22; is vsed to detect the symbol 5; transmitted from mobile terminal /, then

the SINR for the uphuk is given by:

g’ R,

cran Uleprr oy
SINR MU, ) = - \ . (4
yf" E iR+ 1 |
k] ki

where:
b . 2
R! w R; ia f
Note that SINR as defined in Equation (4) refers to a signal-to-mtra-cell-interference-
plus-noise ratio; e, SINR does not account for inter-cell interference.
It has been shown {e.g., by Shubert) that the virtual uplink MAC, as described
above, is a dual to the downlink broadcast channel, in the sense that the two chamnels
have the same SINR achievable regions. In other words, whatever SINR targets can be

achieved in the downlink by means of 8 downlink power allocation

PP DL P fE"’ . with sunlll Pl can also be achieved n the dual uplink MAC by

means of an uplink power allocation g ={gy.¢2,... _\{;K-]T . with sum llg“; = ” ﬁl[i . The

reverse is also true. Moreover, it has been shown that the SINR targets can be achieved
i both links using the same beamforming vectors and receive filters.  As will be
shown m further detail below, this duality may be exploited i an iterative approach for
determining downlink transmussion parameters, through the use of a virtual dual uplink

MAC corresponding to the desired downlink MAC,
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Multi-user beamformine without ICI suppression
The multi-user beamforming algorithm described by Shubert maximizes the
jointty-achievable SINR margin (') under a sum power constraint (SPC). This can be

expressed as:

o - SINRPR UL o SINRPMULp
C{Bpax ) = max min e T T ATHAX FIMEY - =
I pigisk Yi g 1gi<K Vi "
()
%
subject 1o Z 2i < Fax
=]

where p; s the target SINR for mobile terminal / and F,¢ 15 the maximum sum
fransmit power.

Shubert’s algorithm iteratively repeats the following steps: (&) given a virtual
uphnk power allocation, find the beamforming vectors that maximize the dual uplink
SINRs {e.g, ag given in Equation (4)); and (b} given the beamforming vectors, find the
virtugl uplink power allocation that maximizes the jointly-achievable SINR margin
under the sum power constraint (e.g., as given in Equation (8)). After the algorithm
converges, the corresponding downhink power allocation may be obtained by a simple
variable conversion.

While Shubert’s approach maxunizes the jomntlv-achievable SINR margin under
a swm transmit power constraint, the multi-user beamforming algorithm of Hafeez
maximizes the jointly-achievable SINR margin (') under a per-transmitter power

constrait (PTPCY. Thus:

SINRPH (U py

Clfpax ) = max ”?i“ ) - . {6)
{7, p 105K i
subject 1o z P s Ppay Ye=12 N .
ieSy

where §,; i3 the set of all mobile terminals connected to access point #. Thus, each of

the N access points 1s separately limited to a maxunum output power of £, ..
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Hafeez’s algorithm iteratively repeats the following steps: {a) given a virtual
uphnk power allocation, firgd the beamformung vectors that maxumize the dual uplink
SINRs, as in Equation (4); {b) given the beamforming vectors, find the downlink power
atlocation that maximizes the jointly-achievable SINR margin under the per-transmitter
power constraint. as i Equation {6); and (¢} given the downlink power allocation, find
the uplink power allocation that achieves the same SINRs in the uplmk. This process 1s
repeated unti it converges.

o

Multi~user beamforming with inter-cell interference suppression

To illusirate the sappression of mter-cell mterference m the ndii-user
beamforming process, a scenario s considered in which there are J mobile terminals
focated 1 cells in the neighborhood of a wansmitting cell (e.g., such as the mobile
tenminals 140 in Figure 1), These neighborhood cells (e.g., cells 112, 114, and 116, in
Figure 1} share transnussion information with the given cell, wcluding such
mformation as the transmit covariance matrices corresponding to the channels between
the access points in the neighborhood cells and the mobile ternunals in all cells. With
this information, beamforming weights and trapsmit powers can be computed jomtly
for the access points in the given cell and the neghborhood cells. Joint beamforming
across multiple cells nawurally suppresses inter-cell imterference, as all of the
transmitting access potnts are effectively coordinated. Thus, this conceptual approach
13 an extension of the scheme described in Hafeez, applied to multuple cells. Of course,
this approach would require information sharing between multiple cells mn the
neighborhood of any given serving cell.

However, consider the scenario in which a given cell does not have information
about the transmit covariance matrices for the access ponts in the neighborhood cells.
Further, assume that the given cell has information indicating that the neighboring
cell’s transpussions to #s own mobile terminals sre schedoled m the same frame as s
own mobile terminals, and are thus potentially interfering. Moreover, assume that the
given cell knows the transmit covariance matrices comresponding to the channels
between its access points and the neighboring cell mobile terminals. In practice, this
information can be obtained by using uplink channel pilots transmitted by mobile

terminals 1o the veighboring cells, for exarmple. Given this mformation, a CoMP cell
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can reduce inter-cell interference to and from mobile terminals in neighboring cells by
avoiding beam transmission in the directions of the neighboring cell mobile ternunals.

Some embodiments of the present invention avoid beam transmission in the
directions of the neighboring cell mobile terminals by counsidering neighboring cell
mobile termunals as being served by the access points in the given cell, for the purposes
of determining beamforming weights andor transmit powers.  Thus, beamforming
vectors and transmit power allocations are designed jomtly for mobile termunals i a
given cell as well as for mobile terminals in one or more neighboring cells. In some of
these embodiments, this is done by applying the multi-user beamforming scheme
described in Hafeez to mobide terminals in the given cell as well as to several mobile
terminals m neighboring cells.  Although beams are designed for all of the mobile
terminals, only those designed for the mobile terminals served by the given are actually
used.  The beams for the neighboring cell mobile terminals are developed for the
purpose of ensuring that the ultimately determuned beams and power allocations
munimize, or at least reduce, inter-cell interference to and from the mobile terminals in
the neighboring cells. Once the final beams and power allocations are determined, the
beamforming vectors corresponding to mobile terminals in neighboring cells can
simply be discarded.

An exemplary method of determuning downlink transmission parameters
according to this general techique can now be deseribed gs follows. First, assume that
downlk transmission parameters are needed {o serve K mobile termmals in a CoMP
cell of mterest, in consideration of J mobile terminals i neighboring cells. The mobile
ternunals within the CoMP cell can then be indexed as 1, 2, .., K, and the neighboring

cell mobile terminals indexed as K+1, K+2... ., K+/J. Then, the system model for

downlink transmissions in the given cell to mobile terminal i, wherei e [i?, K+J ],

ts given by Equation (1}, but with the transmitted signal x given by:

Ksd  Ksl

v

where /= Lg{; Aot g, g Lare the beamforming vectors and p={p. po. . pras]

are the downlink transmmit powers for mobile ternunals 1, 2, . K4/, respectively.
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The downlink SIINR for mobile terminal 7 is given by:

piut R,
K+d n
S puf Ry +of
fet ki

SINRPH (U, py = (8)

It should be noted that the SIINR for neighboring cell mobile terminals depends m part
on the noise variances at those mobile terminals. For the purposes of this analysis, it &8
5  assumed that the noise vanances can be estimated (at least roughly) in the given cell.

The SHNR for mobile termunal / in the virtual dual uphink MAC is given by:

H 5
” 1 Ko,
: = K+d 3
z_zfq Z Ry + 1y
ke ki )

where g ={g;.q7,....,g5 . ] are the virtual uplink transmit powers for mobile

terminals 1,2, K+J, respectively. The SHNR margin under the sum power constraing

10 {SPC) s defined as:

_ SHNR™( o) C SINRIU q)
CLP_, ¥ = max pun ———————== = max e
- Glpo sk w g sl ¥ .
7 7 (10)
K+.1
subject to: z |7
ezl

where y; is the target SIINR for mobile terminal 2.
(Given the above formulas, a process for determining downlink transmission

15 parameters according to some embodiments of the present invention iteratively repeats
the following steps: (a) given a virtual uphok power allocation, find the beamforming
vectors that maximize the dual uplink SHNRs, e.g., by using Equation (9); {b) given the
beam-forming vectors, find a downlink power allocation to maximize the jointly-
achievable SHNR margin under the sum-power constraint, e.g., by using Equation (19};

20 and (¢) given the downlink power allocation, find the virtual uphnk power allocation
that achieves the same SHNRs in the uplink, for use in the next iteration. Once the
atgorithm converges, the downlink power allocation may be obtained by a simple

variable conversion.
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This iterative process for determining downlink transmission parameters under
a sum-power constramt is lustrated i the process flow diagram of Figure 2. The
process flow of Figure 2 begins, as shown at block 210, with the initialization of a
virtual allocation of uphink transmitter power to each of the K +J mobile terminals.
As shown at block 220, the iterative portion of the process begins with the caleylation
of beamforming vectors, for each of the K mobile stations served by the CoMP cell as
well as for each of the J mobile stations served by neighboring cells. These antenna
beam-forming vectors are calculated to maximize (or approxunately maxinnze) the
uplink SHNRs for each of the K+.J mobile stations, given the curremt virtual
aflocation of uphink transnutter power to the mobile stattions. Because the beam-
forming vectors and the virtual uplink power allocations will be updated i subsequent
terations, each of these may be regarded as “tentative.” Thus, block 220 depicts the
determining of a tentative user-specific antenna-beam-forming vector for the antennas
of the CoMP cell, for each of several first mobile stations served by the first cell as well
as for each of several second mobile stations in neighboring cells, based on a most
recent temtative virtnal allocation of uplink transmitter power to each of the mobile
stations.  The beam-forming vectors are selected to maximize (or approxumately
maximize)} signal-to-intra-and-inter-cell-interference-plus-noise ratios for each of the
first and second mobile stations, ie. signal-to-neise-plos-interference ratios that
account for inter-cell interference.

As shown at block 230, the tentative user-specific beamforming vectors are then
used to find an allocation of downlink transmitter power to each of the maobile stations,
given a sum-power constraint, ¢.g., as in Equation (10).  As illastrated with Equoation
{10}, this allocation of downlink transmitter power 1s found by applying a maximization
objective to the smallest margm of a downlink signal-to-noise-plus-interference ratio
over a corresponding target signal-to-nosse-plus-interference ratio for each of the first
and second mobile stations, Again, because this is an Herative process, this allocation
may be considered a “carrent tentative” allocation of downlink transmitter power.

Once the process has converged, which may be determined by evaluating
whether the smallest margin {C(#,,, ) ) increased significantly, as iHlustrated at block
240, then the Hustrated procedure ends and the most recently calculated tentative

atlocation of downlink transmitter power may be used, along with the most recently
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deterntined tentative antenna beamforming vectors, to transait data to the first mobile
stations, with suppressed interference 1o mobile stations in other ¢ells,

Unal the process converges, however, the current tentative allocation of
downlink transmitter power may be converted into a fentative virtual uplink power
allocation via a variable conversion, as shown at block 250, This tentative uplink
power allocation, which is stmply the dual of the downlink allocation, or the uplink
transnutter power allocation that achieves the same SIINRs in the uphnk that the
corresponding downlink power allocation achieves in the downhink, serves as the basis
for the next eration of the process, back at block 220, Thus, the current tentative
virtual aplink power allocation caleulated at block 250 13 used at block 220 to
determine a new tentative user-specific beamforming vector for each mobile station,
and so on, until the process converges.

In the process illustrated in Figure 2 and described above, transmit powers
{ PK o1 PK w2 Pr o b oave “allocated” to neighboring cell mobie terminals.  OF
course, these transmit powers are not actually used — rather, the mtent of the procedure
is t0 suppress inter-cell interference by net forming beanss in the directions of these
mobile terminals in neighboring CoMP cells. Thus, the transmit powers allocated to
neighboring cell mobile terminals take away from the available transmit power that
could be used for transmission to the mobile terminals of the first CoMP cell. In order
to reduce thetransmit powers for the neighboring cell mobile termmals {e.g, t© zero),
the above procedure could be adapated by setting the SIHNR targets for those mobile
stations to be very low. However, mstead of reducing the transmit powers to the
neighboring cell termunals, this approach results in increasing mter-cell interference by
allowing beams to be formed in the directions of these mobile terminals. A different
approach is to consider inmterference to neighboring cell mobile terminals only when
determining beamforming weights for own-cell mobile terminals, so that the beams are
stegred away from neighboring cell mobile terminals, while ignoring neighbor-cell
terminals when optimizing transmit power allocations. In other words, beamforming
weights can be found by maximizing the SUNR {which includes the effects of
neighboring cell mobile terminals) for all terminals, while power allocation can be
found by maximizing the jomtly~-achievable SINR margin (which does not inclade the

effects of neighboring cell mobile terminals).  An terative algorithm based on these
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two steps can be shown to converge. It maximizes the jointly-achievable downlink
SINR margin under the additional constraits of avoiding beamforming in the
directions of neighboring cell mobile terminals.

Thus an approach to determining downlink transmitter parameters in other
embodiments of the invention iteratively repeats the steps of (a) given an uplink power
allocation, find beamforming vectors that maximize the dual uplink SUNRs: (b} given
the beamforming vectors, find the downlink power allocation that maximizes the
jointly-achievable SINR margin under a sum-power constraint, Le., without regards to
tnter-cell interference; and (¢} given the dowalink power allocation, find the uplink
power allocation that achieves the same SINRs in uplink, for use in the next iteration.
As with the procedure illustrated mn Figore 2, the procedore is ternunated when it
converges to the jointly-achievable SINR margin within a destred accuracy.

This alternative lterative process for determining downlink transmission
parameters under a swn-power constramnt i3 lustrated i the process flow diagram of
Figure 3. The process flow of Figure 3 begins, as shown at block 310, with the
nutialization of a virtual allocation of aplink transmitier power to each of the K +.J
mobile termunals.  As shown at block 320, the tterative portion of the process begins
with the calculation of beamforming vectors for each of the X mobile stations served
by the CoMP cell, as well as for each of the J mobile stations served by neighboring
cells,  These antenna beanv-forming vectors are caleulated to maximuze (or
approximately maximize) the uplink SHNRs for each of the K +.J mobile stations,
given the current virtual allocation of uphnk transmitter power to the mobile stations.
Becaunse the beam-~forming vectors and the virtual splink power allocations will be
updated i subsequent tterations, each of these may be regarded as “tentative.” Thus,
block 320 depicts the determining of a tentative user-specific antenna-beam-forming
vector for the antennas of the CoMP cell, for each of several first mobile stations served
by the first coll as well as for cach of several second miobile stations in neighboring
cells, based on a most recent tentative virtual allocation of uplink wansmitter power to
each of the mobile stations. The beam-forming vectors are selected to maxumize {or
approximately maximize)} signal-to-intra-and-inter-cell-interference-plus-noise ratios
for each of the first and second mobile stations, Le., signal-to-noise-plus-interference

rattos that account for inter-cell interference.
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As shown at block 330, the tentative nser-specific beamforming vectors are then
used to find an allocation of downlink transmitter power for each of the mobile stations,
given a sum-power constraint.  This may be done in a similar manner fo that described
above with respect to Equation (10}, However, in this case the allocation of downlink
transmitter power i found by applyving a maximization objective to the smallest margin
of a downhink signal-to-noise-plus-interference ratio over a comvesponding target signal-
to-noise-plus~-interference ratio for each of the first and second mobile stations, where
the signal-to-nose-plus-interference ratios and target signal-to-noise-plus-mterference
ratios do not account for inter~cell imerference.  In other words, the signalto-
mterference-plus-noise ratios used i this procedure are SINRs, eg, according to
Equation (4}, and the optimization of the downlink transmit power allocations is
performed according to a constraint like that of Equation (5}, Agan, because this is an
iterative process, this allocation may be considered a “current tentative”™ allocation of
downlink transmitier power. As was the case with the procedwre of Figure 2, once the
process has converged, which is determined by evaluating whether the smatlest margin

{C(F,00) ) increased significantly, as illastrated at block 340, then the Hlustrated

procedure ends and the most recently calculated tentative allocation of downlink
transmitter power may be used, along with the most recently deternuned tentative
antenna beamforming vectors, to itransmit data to the first mobile stations, with
suppressed mterference to mobile stations i other cells.

Until the process converges, however, the current tentative allocation of
downlink transmitter power may be converted into a fentative virtual uplink power
allocation via g variable conversion, as shown at block 350. This tentative uplink
power allocation, which 1s simply the doal of the downlink altocation, or the uplink
transautter power allocation that achieves the same SIINRs in the uphink that the
corresponding downlink power allocation achieves in the downhink, serves as the basis
for the next iteration of the process, back at block 320, Thus, the current tentative
virtual aplink power allocation calcalated at block 350 is used at block 320 w
determine a new tentative user-specific beamforming vector for each mobile station,
and so on, until the process converges. Then, the most recently determined tentative

antenna beamforming vectors may be used, along with the downlink power allocations,
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to transmit data to the first mobile stations, with suppressed interference to mobile
stations in other cells.

The procedures illustrated tn Figures 2 and 3, and described above, utilize a
sum-power constraint, where the total downlink power for the CoMP cell is
constratned.  Other constraints may be used wstead.  For instance, some embodiments
may uiilize a per-transmitter power constraint (PTPC), where each of the N antennas

is separately constrained. The SIINR margin under PTPC is defined as:

o o sHNRPR s py
C{Hypax ) =max_ min =

U p sk Yi

subject to: Z 25 Bnay Va=L2000N
Sy

Thus, other embodiments of the present invention mnclude a procedure in which
the following steps are iteratively repeated: (a) given a virtual uplink power allocation,
find the beamformers that maxinmze the dual uwplink SIINRs, e.g., according to
Equation (9); (b} given the beamforming vectors, find a dowalink power allocation to
maximize the jointly-achievable SHNR margin under a per-transmutter power
constraint, e.g. according to Equation (11} and {¢) given the downhnk power
allocation, find the virtual uplink power allocation that achieves the same SIINRs m the
uphink, for use in the next iteration.

A process for determuning downhnk transmission parameters under a per-
transmitter power constramt is thus llustrated in the process flow diagram of Figure 4.
Like the egrher illustrated processes, the process flow of Figore 4 begins, as shown at
block 410, with the mitialization of a virtual allocation of uplink transmitter power to
cach of the K +J mobile terminals. Again like the earlier described procedures, the
iterative portion of the process begins with the calculation of beamforming vectors for
gach of the K mobile stations served by the CoMP cell, as well as for each of the J
mobile stations served by neighbering cells, as shown at block 420, Once more, these
antenna beam-forming vectors are calculated to maximize (or approximately maximize)

given the current virtual

=

the uphink SHNRs for each of the K +.J mobile stations,
allocation of uplink transmutter power to the mobile stations. Again, because the beam-

forming vectors and the virtual uplink power allocations will be updated in subsequent
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iterations, each of these may be regarded as “tentative.” Thus, block 420 depicts the
determining of g tentative user-specific antenna-beam-forming vector for the antennas
of the CoMP cell, for each of several first mobile stations served by the first cell as well
as for each of several second mobile stations in neighboring cells, based on a most
recent tentative virtual allocation of uphnk transmitter power to each of the mobile
stations.  The beam-forming vectors are selected to maximize {or approximately
maximize) signal-to-imra-and-inter-cell-interference-plus-notse ratios for each of the
first and second mobile stations, e, signal-to-noise-plus-interference ratios that
account for inter-cell interference.

The procedure illustrated in Figwe 4 differs from the earlier described
procedures beginning at block 430, As shown at block 430, the temtative user-specitic
beamfornmung vectors are then used to find an allocation of downlink transmitter power
to each of the mobile stations, given a per-transnutter power constraint,  This may be
done accordmg to Equation (11}, for example. Thus, the allocation of downlink
transmitter power is found by applying a maxinuzation objective 1o the smallest margin
of a downhok signab-to-noise~-plus-interference ratio over a corresponding target signal-
to-noise-plus-interference ratio for each of the first and second mobile stations. In this
embodiment, the signal-to-noise-plos-interference ratios and target signal-to-noise-
plus-tuterference ratios account for uter-cell interference. In other words, the signal-
to-mterference-plus-notse ratios used 0 this procedure are SHNRs, e.g., according to
Equation {8). Because this is an tterative process, this downlink power allocation may

Re

be cousidered a “current tentative” allocation of downlink transmitter power.
Omnce the process has converged, which 1s determined by evaluating whether the
smallest margin { C{Fy,, ) ) increased significantly, as illustrated at block 440, then the

itustrated procedure ends and the most recently calculated tentative allocation of
downlink transmitter power may be used, along with the most recently determined
tentative antenna beamforming vectors, to transmit data to the first mobile stations,
with suppressed interference to mobile siations in other cells.

Until the process converges, the cwrrent tentative downlink power allocations
may be converted into a tentative virtual uphnk power allocation via a vanable
conversion, as shown at block 450, This tentative uphink power allocation, which those

skilled m the art will recall is stmply the dual of the downlink allocation, or the uplink
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transmitter power allocation that achieves the same SINRs in the uplink that the
downlink power allocation achieves in the downlink| serves as the basis for the next
iteration of the process, back at block 420.

Like the process iHustrated in Figure 2, the procedure illustrated in Figure 4

mvolves the allocaton of trassnut powers (Prol. P2 P o0 ) 1o neighboring

cell mobile fenminals. Again, of course, these transomit powers are not actoally used, as
the intent of the procedure is to suppress nter-cell interference by not forming beams in
the directions of mobile terminals i neighboring CoMP cells. St another approach,
anglogous to that Hlustrated m Figure 3, s to consider interference to neighboring cell
mobile teraunals only when determinmg beamforming weights for own-cell mobile
terminals, so that the beams are steered away from neighboring cell mobile terminals,
while ignoring neighbor-cell terminals when optimizing transmit power allocations. In
other words, beamforming weights can be found by maxinuzing the SHNR (which
tncludes the effects of neighboring cell mobile terminals) for all terminals, while power
allocation can be found by maxinizing the joimly-achievable SINR margin (which
does not include the effects of neighboring cell mobile terminals). Thus, m another
embodiment of the present invention that utilizes a per-transmutter power constraint, the
following steps are iteratively repeated: (a) given a virtual uplink power allocation, find
the beamfonming vectors that maximize the dual wuplink SHNRs; (b) given the
beamforming vectors, find the downlink power allocation to maximize the jointly-
achievable SINR margin under the per-tramsmitter power constraint, ie., without
regards to inter-cell interference; and (¢) given the downlink power allocation, find the
uplink power altocation that achieves the same SINRs m the uplink, for use in the next
tteration.  The procedure i3 terminated when it converges to the jointly-achievable
SINR margin within a desired accuracy,

This proceduore is ilustrated m Figure 5, i which blocks 310, 320, 330, 540,
ang 550 directly correspond to blocks 410, 420, 430, 440, and 450 of Figure 4, except
that the downlink transmitter power allocations determined at block 330 are calculated
without regards to inter-cell interference, i.e., using SINRs mstead of SHNRs, such as
Hlostrated by Equation {6).

Still other vanations of the above technigues are possible. For instance, instead

of maximizing the jointlv-gchievable SUNR margin, some embodiments of the present
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mvention may be configured to achieve the downlink target SHNRs for all mobile
terminals with mininwm total transmitter power, rather than to maximize the mintnmum
marginn of SHNR over a target SHNR. Of course, this approach is only applicable when
the target SIINRs are achievable; achievability can be tested first by using one of the
ahove procedores to determine whether the jomntly-achievable SHUNR margin is greater
than or equal to unity. A procedure according to this approach, using a sum-power
constraint, is tustrated in Figure 6. Blocks 610, 620, 630, and 640 correspond directly
to blocks 210, 226, 230, 240 of Figure 2. However, once it s determmed that the
process has converged, at block 640, then the mimimum margin of the uplink SHINR
over the corresponding target SIINR is evaluated, as shown at block 650.

If the margin is greater than one, then the targets are achievable, and the virtual
uphink fransmitter power allocation can be re-allocated to achieve the minimum total
transmitter power, e, the sum of the uplink transmitter powers allocated within the
CoMP cell, given the most recently computed beamforming vectors. This i3 shown at
block 6060, This virtual uplink power allocation is then converted o the dual downlink
transout power allocation, as shown at block 670,

Those skilled in the art will appreciate that the approach illustrated in Figure 6
ts derived from the approach of Figure 2. The techniques illustrated n Figures 3, 4,
and 5 may be modified in a similar manner. For example, with regards to the approach
itlustrated in Figure 3, instead of maximizing the jointly-achievable SINR margin,
another embodiment of the present mvention achieves the downlink target SINRs for
all mobile terminals with minimuam sum transmit power, given that the target SINRs are
achievable. As before, achievalulity can be tested first by using the process illustrated
mn Figure 3 to determine if the jointly-achievable SINR margin is greater than or equal
to anity.

In yet another vartant applicable to all of the preceding embodiments of the
present invention, the transmit covariance muatrices of the neighbonng cell mobile

terminals (&, /= K +LK+2,. K +.J ) can be multiphiad by a scalar @ <1 in order to

control the extent of inter-cell mterference soppression. It has been found that «
should be set equal to 1 for light to moderate traffic loads, while it should be less than |
for high traffic loads. This is because in light traffic some of the degrees of freedom

beamfornmung can be used to suppress inter~cell interference. In heavy traffic, mter-cell
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mnterference suppression may cause large signal reduction and thus cause more harm
than good.

In all embodiments of the present inveuntion, scheduling information can be
shared between ngighboring cells, e.g., by means of the 3GPP-defined X2 mterface, or
derived from traffic wonstonng. The transmit covariance matrices for the neighboring
cell mobile temunals can be obtained from their uplink pilot channels. The noise
vartances for the neighboring cell mobile terminals can be replaced by estimates
obtained from the own-cell mobile terminals.

Those skilled in the art will appreciate that the techniques described above may
be implemented at a control function focated m or associated with a CoMP cell, such as
the CoMP controlier 150 generally illustrated in Figure 1. This CoMP controller may
be part of a base statton node, e.g., directly associated with one of the transmitting
glements, or elsewhere.  An exemplary embodiment of a CoMP controller 150 is
tHustrated in Figore 7, which depicts some of the functional elements of an appropriate
controlier; other clements not necessary to a complete understanding of the present
mvention are omitted.  CoMP controller 150 includes a network interface wmt 720,
which processes user data coming from and going to the data network as well as
signaling from the network and other cells. CoMP controller 150 further includes an
access point communication interface, which connects the controller 150 1o the access
points (transmiiters) for the sending and receiving of user data and control signaling,
This control signaling includes conirel data for setting the access pomnt transmit powers
according to the downlink power allocations, as well as for establishing the
beamforming according to the beamforming vectors caleolated according to the
technigues described above.

Finally, CoMP controller 150 includes a control processing unit 710, which is
configured to carry out one or more of the techniques described herein for determining
downlink transmission parameters in a CoMP cell. Details of an exemplary control
processing unit 710 are illustrated in Figure 8, where control processing unit 710
includes one or more microprocessors 810, one or more digital signal processors 820,
and other digital hardware 830, any or all of which may be configured with software
andfor firmware stored in memory 840. In particular, this software includes beam-

forming and power allocation program code 842, which comprises mstructions for



WO 2011/036621 PCT/IB2010/054242

10

15

20

25

carrying out one or more of the techniques described above. This software also
mclodes other program code 844, which may include program instructions for generally
operating the CoMP controller, controlling network interface 720 and access point
fnterface 730, and the hike.  Finally, memory 840 mcludes program data and
configuration data, such as 1 a random-access mewory (RAM) or Hash memory.

More generally, those skilled n the art wall appreciate that control processor
710 may comprise any of a vanety of physical configurations, such as in the form of
one or more apphication-specific integrated circuits {ASICs).  In many of these
embodiments, control processor 710 may comprise one Of mMOre MICTOPIOCESSOTS,
microcontroliers, andfor digital signal processors programmed with appropriate
software andfor finnware to carry out one or more of the processes described ghove, or
variants thereof. In some embodiments, these processing circuits may comprise
customized hardware 1o carry out one or more of the functions described above., Other
embodiments of the invention may include computer-readable devices, such as a
programmable flash memory, an optical or magnetic data storage device, or the like,
encoded with computer program mstroctions winch, when execoted by an appropriate
processing device, cause the processing device 1o carry out one or more of the
techniques described herein for equalizing received signals i a commmumications
receiver.

Those skilled m the art will recognize, of course, that the present mvention may
be carmed out w other wayvs than those specifically set forth herein withouot departing
from essentigl characteristics of the invention. The present embodiments are thus to be
considered in all respects as Ulustrative and not restrictive, and all changes coming
within the meaning and equivalency range of the appended claims are intended to be

embraced therein.
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CLAIMS;
i A method for determining downhink transmission parameters in g first cell of &
cellular wireless network using coordinated multi-point transmission, wherein the first
cell comprises a plurality of radio access points and wherein each radio access point
comprises one or more transmit antennas, the method comprising, for each of two or
more iterations:

determining, for each of a plorality of first mobile stations served by the first
cell and for each of one or more second mobile stations served by one or more
neighboring cells, a tentative user-specific antenna beam-forming vector for the
antennas of the first cell, using a most recent tentative virtual allocation of uplink
transmitier power to each of the first and second mobile stations and based on virtual
uphink signal-{o-noise~plas-iterference ratios for the first and second mobile stations
that account for inter-cell interference;

determining a carrent tentative allocation of downhink transmitter power to each
of the first mobile stations, based on the tentative user-specific antenna beam-forming
vectors, a pre-deternuned transmiiter power constraimt for the fist cell, and target
signal-to-noise-plus-interference ratios for the first mobile stations; and

determining a current tentative virtual altocation of uplink transmitter power o
each of the first and second mobile stations, based on the current tentative allocation of

downlink transmitter power.

2. The method of clann 1, wherein the pre-determined transmitter power constraint

defines a maxinum downlink fransmitter power aggreg

- b

ated over the plurality of radio

AcCCess Points.

3. The method of clamm 1, wherein the pre-determined transmutter power constramt
defines a maximum access point transmitter power for each of the plurality of radio

ACCESS POINES,

4. The method of claim 1, wherein determining the current tentative allocation of
downlink transmitter power to each of the first mobile stations compnses finding

downlink transmitter powers corresponding to each of the fust mobile stations by
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applying a maximization objective to the smallest margin between a downlink signal-
to-noise-plus-interference  ratio that accounts for imter-cell mterference and a
corresponding target signal-to-noise-plus-interference ratio for each of the first mobile

stations, given the tentative user-specific antenna beam-forming vectors.

3. The method of claim 1, wherein determining the current tentative allocation of
downlink transmitter power to each of the first mobile stations comprises finding
downlink transmitter powers corresponding to each of the first mobile stations by
applving a maximization objective to the smallest margin between a downlink signal-
gnal-to-noise-plus-

=

to-notse-plus-interference ratio and a comresponding  target s
mterference ratio, given the tentative user-specific antenna beam-forming vectors, for
each of the first mobile stations, without regard to interference to or from the second

mobile stations.

6. The method of claim 1, wherein determining the current tentative allocation of
downlink transmutter power to each of the first and second mobile stations comprises
finding dowalink transmitter powers corresponding to each of the first mobile stations
by determining downlink transmitter powers that achieve target signal-to-noise-plus-
mterference ratios for the first mobile stations while approximately minimizing the sum

of the downlink transmitter powers.

7. The method of claim |, wherein determining the tentative user-specific antenna
beam-forming vector for each of the mobile stations comprises, for each of the two or
more iterations, finding an antenna beam-forming vector for each of the mobile stations
that approximately maximizes the virtual uphink signal-to-noise-plus-interference ratio
for the respective mobile station, given the most recent tentative virtual allocation of

aplink transnutter power for the mobile stations.
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8. The method of claim 7, further comprising, after completion of the two or more
iterations, determining a final user-spectfic antenna beam-forming vector for each of
the mobile stations by setting the final user-specific antenna beam-forming vector for
each of the mobile stations to equal the most recent corresponding tentative antenna

beam-forming vector.

9. The method of claim 8, further comprising, after completion of the two or more
iterations, deternuning final downlink transmitter power allocations for the first mobile
stations based on the most recent tentative allocation of downlink transmitter power to

each of the first mobile stations.

10. A controller for a first cell of a cellolar wireless network using coordinated mulii-
point transmussion, wherein the first cell comprises a plurality of radio access points
and wheremn each radio access point comprises one or more transmit antennas, the
controlier comprising an interface circuit communicatively connecting the controller to
the plurality of radio access points and oue or more processing cirenits configored to,
for each of two or more iterations:

determine, for each of a plurality of first mobile stations served by the first cell
and for each of one or more second mobile stations served by one or more neighboring
cells, a tentative user-specific antenna heam-forming vector for the antennas of the first
cell, based on a most recent tentative virtual allocation of uplink transmitter power to
gach of the first and second mobile stations and virtual uplink signal-to-neise-plus-
mterference ratios for the first and second mobile stations that account for mter-cell
mterference;

determine a current tentative allocation of downlink transmitter power to each
of the first mobile stations, based on the tentative user-speciic antenna beam-forming
vectors, a pre-determined transmitter power constramt for the first cell, and target
signal-to-noise-plus-interference ratios for the first mobile stations; and

determiine a current tentative virtual allocation of uplink transmitter power to
gach of the first and second mobile stations, based on the current tentative allocation of

downlink transmitter power,
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tl. The controller of claim 10, wherein the pre-determined transmitter power
constramt defines a maximum downlink transmitter power aggregated over the plurality

of radio access points.

12, The controller of clatm 10, wherein the pre-determined transmitter power
constramt defines a maximum access point transmuitter power for each of the pharality

of radio access points.

13, The controller of claim 10, wherein the one or more processing circuits are
configured to deternine the current tentative allocation of downlink transmitter power
to cach of the first mobile stations by finding downlink transmitter powers
corresponding to each of the first and second mobie stations by applying a
maximization objective to the smallest margin between a downlink signal-to-noise-
plas-interference ratio that accounts for inter-cell interference and a corresponding
target signal-to-noise-plus-interference ratio for each of the first mobile stations, given

the tentative user-specific antenna beam-forming vectors.

14, The controller of claim 10, wherein the one or more processing cireuits are
configured to determine the current tentative allocation of downlink transmiter power
to cach of the first mobile stations by finding uplink transnutter powers corresponding
to each of the first mobile stations by applying a maxmmization objective to the smallest
margin between a downhink signal-to-nose-plus-imterference ratio and a corresponding
target signal-to-noise-plas-interference ratio, given the tentative user-specific antenna
beam-forming vectors, for each of the first and second mobile stations, without regard

to imerference to or from the second mobile stations.

15, The controller of claim 10, wheremn the one or more processing circuits are
configurad to determine the current tentative allocation of downlink transmitter power
to each of the first mobile stations by finding downlink transmitter powers
corresponding to each of the first mobile stations by determining downlink transnutter
powers that achieve target signal-to-noise-plus-imterference ratios for the first mobile

stations while approximately minimizing the sam of the downlink transmitter powers.
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16, The controller of claim 10, wherein the one or more processing cirenits are
configured to determine the tentative user-specific antenna beam-forming vector for
gach of the mwbile stations by, for each of the two or more iterations, finding an
antenna beam-forming vectar for each of the mobile stations that approximately
maximizes the virtual uplink signal-to-noise~-plas-interference ratio for the respective
mobile station, given the most recent tentative virtual allocation of uplink transmutter

power for the mobile stations.

17, The controller of claim 10, wherein the one or more processing circuits are
further configured to, after completing the two or more iterations, determine a {inal
user-specific antenna beam-forming vector for each of the mobile stations by setting the
final user~specific antenna beam-forming vector for each of the mobile stations to equal

the most recent corresponding tentative antenna beam-forming vector.

18  The controller of claim 17, wherein the one or more processing circuits are
further configured to, afier completing the two or more Rerations, determune final
dowalink transmitter power allocations for the first mobile stations based on the most
recent tentative virtual allocation of downlink transmitter power to each of the first

mobile stations.
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