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This invention relates to a method of communication, a base station, a communication
network, a user equipment and an integrated circuit, and relates paﬁicularly though not
solely to efficient frequency reuse to minimise inter-cell interference in a cellular

communication network.

BACKGROUND

The following abbreviations may be used in this specification:

OFDMA Orthogonal Frequency Division Multiple Access

3GPP 3rd Generation Partnership Project

MIMO Muitiple-Input and Multiple-Output

LTE Long Term Evolution 3GPP pre 4G standard eg: E-UTRA
(Release 8)

WIMAX Worldwide Interoperability for Microwave Access

SINR Signal to Interference and Noise Ratio

BS Base Station

UE User Equipment

ICI Inter-Cell Interference

NB Node B i.e. a termination between the air interface and the

carrier network, eg: base station

SCH Synchronisation Channel

q the fraction of the system bandwidth reserved as the cell-edge
band

P frequency reuse factor in the cell-edge band

K number of UE in each BS

k user index

n m cell indexes



carrier

network, eg: base station SCH Synchroni sati on Channel

the fraction

of the system bandw dth reserved as the cell-edge band P frequency reuse
factor irwOhelshd99edge band K nunber of UE in each BS PCuseroiomdein, m

cell indexesKl cell-interior user group of each BS cell-edge user group of
each BS nunber of cell-edge users in the ra-th cell nunber of cell-edge
users in the r th neighbouring cell ok the n-th cell, where i is an
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where, the ce of the w,-th cell

P Riear b eI EARES Do 1T el I
transm ssi obelPéddy uset glouBDfeatiaBSpower of the cell -edge user
group o transm ssion power of a BS Pth power threshold value for PE Wtotal
dt h wE syst envipheraficgtHedge bisereiin thedyld ogller s

number of cell-edge users in the m~th neighbouring cell of the

n-th cell, where i is an index such that i=1...1/p-1 and where
the cell edge users of the m-th cell uses distinct frequency
bands from cell edge users of the n-th cell.
maximum total transmission power of a BS
total power of the cell-edge user group
transmission power of a BS
power threshold value for Pg
total system bandwidth
system bandwidth for cell-edge users
system bandwidth for cell-interior users
bandwidth of each subchannel

set of subchannel indexes
set of subchannel indexes available for assignment to the Kg
of the n-th cell

set of subchannel indexes available for assignment to the Kt

of the n-th cell
subchannel index

number of cells

random channel gain in the subchannel J petween the k-th
user and the BS in the th cell,
Sum-power-minimization problem for the »-th cell

Weighted sum-rate-maximization problem for the n-th cell
Multi-cell weighted-sum-rate-maximization problem
Additive White Gaussian Noise

power spectral density of the AWGN,

transmission power allocated in the J-th subchannel of the m-
th cell

i ndex
uses



WL system bandwi dth for cell-interior users B bandw dth of each subchannel
J set of subchannel indexes (n) set of subchannel indexes avail able for

assi gnmernwoto1wdsesoe of the R-th cell set of subchannel PouSGea980E91 abl e
for assignnent to the i of the R-th cell subchannel index nunber of cells L
I fc random channel gain in the subchannel between the h user and the BS in
the TOth cell, mn Sum power-mnimzation problemfor the "-th cell p (n)
Wi ght ed mrat e-maxi m zation problemfor the "-th cell multi Milti-cell
wei ght edPsum r at e- maxi m zeansnisgion bbwen Adchtedddithe J¢h Bhibdhanel s shean- Noi se
No power spectral densityt of . the AWGN, P ) ,( transm ssion power allocated
in the i-th subchannel ofht w th cell(n)

Roin target minimum rate
Rﬂ) instantaneous throughput of the k-th cell-interior user in the
5 n-th cell
l’%(E”,)c instantaneous throughput of the k-th cell-edge user in the n-
th cell
w,(c") weighting factor for the k-th UE in the n-th cell
din distance threshold for separating the cell-interior and cell-
10 edge user groups
SINR:n instantaneous SINR threshold for separating the cell-interior

and cell-edge user groups
SINRn average SINR threshold for separating the cell-interior and
cell-edge user groups

{n
15 SINRJ‘k) instantaneous SINR of the k-th user at thej-th subchannel in

the n-th cell
“’gzﬂ) variable indicating a utilisation of a j-th subchannel of a 4-th
user of the n-th cell
€ path loss exponent
20 R radius of a cell
A distance between the k-th UE and the BS serving the 4th UE
Jmin minimum number of subchannels allocated to cell-edge users

in the P problem

min

25  Wireless or cellular communication systems may use a range of different technologies
in order to operate in an efficient and/or effective manner. OFDMA is one of the
technologies that will be likely to be adopted by the next generation of cellular systems.
In particular, OFDMA has been adopted as the downlink transmission technology by

several communication standardisation bodies like 3GPP LTE and IEEE 802.16 Mobile



Pj transm ssion power allocated in the -M subchannel of the nth cell i mn
target mninumrate instantaneous throughput of the -th cell-interior user
in the n-wb 208050829k i nst ant aneous t hroughput of the -tirCESIGRo®AgBoUSEr in
the nth cell j weighting factor for the k-tb UE in the n-th cell dt

di stance threshold for separating the cell-interior and cell edge user
groups SINRt h instantaneous SINR thrashold for separating the
cell-interior and cell-edge user groups SINRt h average SINR threshold for

separ at i anMake OFBIMA i RUkiBArBREartsplissiGHBRnM§Es, viich dididss INBiavhailaient aneous
SINR of the k-Vr\ user at thej-th subchannel in the n-th cell (") J

vari abl e spasiiugdhdiima résoufdes &itb @mudibed of mullipexéd basyoinaldubahdmnesefor of t he
"-th cell e path | oss exponent

“resource blocks” in the 3GPP context) and numerous subchannels are combined at

the receiver to form one high-speed data transmission. Since each subchannel is

5 assigned exclusively to a particular user, there is no intra-cell interference. Moreover, a

robust, reliable, and spectrally efficient cellular system may be achieved through

efficient resource allocation to exploit multiuser, time, and frequency diversity within

each cell. However, should a universal frequency reuse factor of one be used, users

may experience interference from other cells and this ICI can significantly reduce the .

10  user throughput. Users located at the edge of the cell or at a bad coverage location

may experience a low SINR and therefore be susceptible to ICl.

To mitigate the ICI problem, one can exploit efficient resource scheduling algorithms fo
allocate the subchannels and power so as to minimise the overall system interference
15  level. Such a multi-cell scheduling approach may require a centralised scheduler to
solve joint subchannel and power optimisation problems across all the users in their
corresponding cells. A large amount of information may thus need to be conveyed to
the centralised scheduler. Considering the signalling overhead and the computational
complexity of such an optimisation problem, it may be challenging to implement the

20  multi-cell scheduling in practical cellular systems, especially in a mobile environment.

Alternatively, one can employ lower complexity interference coordination schemes that
use multiple reuse factors in the same celiular system so as to protect the weak users
from ICl. The underlying principle behind reuse partitioning is to lower the received

25  SINR for users that already have more than adequate transmission quality while

offering greater ICI protection to those users that require it by restricting



R radius of a cell dk distance between the Mh UE and the BS serving the h
UE Jm n m ni nrum nunber of subchannels allocated to cell-edge users in the V
X probl enwoioslesssvoor cel | ul ar communi cati on syst ens mapClise26090a039e of
different technologies in order to operate in an efficient and/or effective
manner. OFDVA is one of the technologies that will be likely to be adopted
by the next generation of cellular systens. In particular, OFDVA has been
adopted as the downlink transm ssion technol ogy by several comunication

st andar diimafitegiehyfioder tddetrcashita kddrdmatkd wryEarBoiy MbitiMelddie Whe sfm i©FDVA i s
a nmulticarrier transm ssion technique, which divides the avail able spectrum
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conbi nedbangindabout aggeneral tnorefase in calldhtoughpypeed data transmi ssion. Since
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efficient cellular system may be achi eved throu h efficient resource
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Contrary to the traditional frequency reuse scheme, fractional frequency reuse

10 schemes allow users in different channel conditions to utilise different reuse factor.

Specifically, the whole system bandwidth is divided into two subchannel groups

respectively dedicated for cell-interior and cell-edge users. In addition, the subchannels

assignment are coordinated such that all cell-interior users share a universal reuse

factor, while all the cell-edge users share a reuse factor smaller than one. The

15  fractional frequency reuse schemes can be divided into hard and soft frequency reuse

schemes.

In the hard frequency reuse scheme, the cell-edge subchannel group is coordinated
among multiple cells such that the cell-edge users within each cell are only allowed to

20 use part of the cell-edge subchannel group. This is equivalent to the conventional
frequency reuse concept, except that it is used only on the cell-edge band. Clearly,
hard frequency reuse ensures that the cell-edge users are fully protected at the

expense of an inefficient usage of system bandwidth.

25 On the other hand, the soft frequency reuse scheme tries to compensate for this

bandwidth inefficiency in the cell-edge band by allowing cell-interior users to use this



al l ocate the subchannel s and power so as to mnimse the overall system
interference level. Such a multi-cell scheduling approach may require a
central i s&0 200s08sber to sol ve joint subchannel and poweCTSERON08EBY1 ON
probl ens across all the users in their corresponding cells. A |large anmount
of information may thus need to be conveyed to the centralised schedul er.
Consi dering the signalling overhead amsd the conputational conplexity of
such an optim sation problem it may be challenging to inplenment the

mul ti - celphng e ukh Maver iraR&mkios Power IHdWever, 2l Hhedetschenpeareadthtic in a nobile
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Specifically, the whole systembandwi dth is divided into two subchannel

groups respectively dedicated for cell-interior and cell-edge users. In
addi ti on,wOhe1mibgohannel s assi gnnent are coordi nat ed suelTSIGA00980$391
cell-interior users share a universal reuse factor, while all the cell-edge

users share a reuse factor smaller than one. The fractional frequency reuse
schenes can be divided into hard and goft frequency reuse schenes. In the
hard frequency reuse schene, the cell-edge subchannel group is coordinated
among mukiihgreel | s such that the cell-edge users within each cell are
only allowed to use part of the cell-edge subchannel group. This is

equi val ent to the conventional frequency reuse concept, except that it is
used only on the cell-edge band. Clearly, hard frequency reuse ensures that
t he cel | freggrralsans, thiecrésdnt jnveniidraerbpekestusinge dynpetically obtimisednef f i ci ent
usage of system bandwi dth. On the other hand, the soft frequency reuse
schemne t freqericy reuserseheme avhieos thettotal pewahaildedted todhe iceli-edas/usar arowp isel | - edge
band by allowi ng cell-interior users to use thisband at a much | ower

t r ansi s §isboptinoiged sepasatelydn each BSt anskibe bandwigth tathe selbinterios B$RNGERUP wher e
the reuse factors are a priori fixed_during the fre uencz/ | anni ng phase.

I n real i then eptimisad seRaratelyinpppie BEoHs F‘Laygﬁl"?&'@ 3Aveptage Séﬁ'ﬁ‘-i ally
honobgeneous and may, exhi bit significant .variations over. tine, For .exanple,
one mi ght see°E|Mr‘i'%'é'm"’}‘ aqqrgwgﬁg?magbggeqwe ing’ﬁe@:hasﬁégﬁt'(?%aa‘? akl’Pler ent
times of .the da rai 2) stat.ons, shopping districts, and |lunch tine.

Thus the""’ﬁgﬁ‘%‘@%@dﬁ@%@é)’r%ﬂ § TEAHE , the soft frequency

° traffic load, characteristics of the propagation environment, and the interference
10  vulnerabilities of users may be accounted for;
° what might otherwise be a multi-cell optimisation problem may be efficiently
decomposed into distributed optimisation problems, possibly resulting in single-cell
resource allocation problems that need to be solved,
. complexity for resource allocation may be significantly reduced;
15 o fractional frequency reuse may be combined with the adaptive resource
allocation algorithm to achieve an adaptive reuse partitioning; and/or
. the network throughput may be improved while the cell-edge users may be

protected from inter-cell interference.

20 In a first particular expression of the invention there is provided a method of

communication as claimed in claim 1.

In a second particular expression of the invention there is provided a BS as claimed in
claim 18.

25
In a third particular expression of the invention there is provided a communication
network as claimed in claim 19.



reuse scheme, or the usage of a centralised scheduler may not solve all of
these problens that are present in a realistic system SUWRRY |In genera
terns, tWORPEMBNLI2I nventi on proposes using a dynam cal PgTEERIII8EE1
frequency -reuse schene where the total power allocated to the cell-edge
user group is first optim sed separately in each BS, and the bandwi dth to
the cell-interior user group is then @ptim sed separately in each BS. This
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traffic tlamd20characteristics of the propagation environnment, and the
interference vulnerabilities of users may be accounted for; what m ght
otherwise be a nmulti-cell optimsation problemnay be efficiently

deconpos bda fifth paicstar expresstbrogittheiirsaniimnthpreob Ipeovidedparsibtdgrated eisclit asng i n
singl e-cel |l resaouyr al l ocation problens that need to be solved; conplexity
for r%soglﬁg‘%ecgﬁlcg%rﬁt%m may be significantly reduced; fractional frequency
reuse may be conbined with the adaptive resource allocation algorithmto
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interferéice. In a first particular expression of the invention there is
provi ded a nethod of comrunication as clained in claiml.



In a second particular expression of the invention there is provided a BS
as clainmed in claim18. In a third particular expression of the invention

t here i s woavicdsos9a conmuni cati on network as cl ai med i npPersiGao@®0o3a1a forth
particul ar expression of the invention there is provided a UE as clained in
claim?20. In a fifth particul ar expression of the invention there is
provided an integrated circuit as claigmed in claim2l. The invention may be
i npl enented according to any of the enmbodinents in clains 2 to 17. BRI EF

DESCRI PTERNEDESIRIPRON NESTHM ORAWINE S exanpl e enbodi nents of the
invention will now be described, with reference to the follow ng figures,

in which: Figure 1 is a schematic diagramof a wirel ess network accordi ng
to an exanple enbodinent; Figure 2 is a schematic diagramof a soft
f r equenc Pneausitors ekample dnigpdineer8s bktha irsehtorawillmodi kegdeseribéd, avithar d f r equency
reuse scheme; Figure 4 is a flow diagramof a nmethod of wireless
communi c saferencetrthe dolloyingfigwess irewipiEs enbodi nent; Figure 5 is a net hod of
partitioning the users in Figure 4; Figure 6 is an alternative method of
parti Bi offiayee { irea sehamaticliggreu of a wirelssg netvork agcosding {hHeAMRIBt er mi ni ng t he
power |evel for the cell-edge user group in

embodiment;

Figure 2 is a schematic diagram of a soft frequency reuse scheme;

Figure 3 is a schematic diagram of a hard frequency reuse scheme;

Figure 4 is a flow diagram of a method of wireless communication according to an

10  example embodiment;

Figure 5 is a method of partitioning the users in Figure 4,

Figure 6 is an alternative method of partitioning the users in Figure 4;

Figure 7 is a method of determining the power level for the cell-edge user group in

Figure 4;

15  Figure 8 is a method of determining the bandwidth for the cell-interior user group in

Figure 4;

Figure 9 is a schematic diagram of a simulation of the example embodiment;

Figure 10 is a graph of the average throughput of the simulation in Figure 9;

Figure 11 is a graph of the 85" percentile throughput of the simulation in Figure 9; and

20  Figure 12 is a graph of the 5" percentile throughput of the simulation in Figure 9.



Figure 4, Figure 8 is a nethod of determ ning the bandwi dth for the
cell-interior user group in Figure 4; Figure 9 is a schematic diagramof a
si mul at i omoabiwdsessexanpl e enbodi nent; Figure 10 is a gr &ph/Sckowweosaver age
t hroughput of the sinulation in Figure 9; Figure 11 is a graph of the 85th
percentile throughput of the sinulation in Figure 9; and Figure 12 is a
graph of the 5th percentile throughputoof the sinulation in Figure

9. DETAI LED DESCRI PTION A first exanpl e enbodi ment of a wirel ess nobile

communi CHETANEEDESORIEPON S shown in Figure 1. A plurality of BSs 102 are
geographical ly distributed across the network 100. The coverage of each BS

(or other NB) 102 is defined as a cell 104, where the term"cell" refers to
the smal | est coverage area of a BS. Users, or nore specifically UEs 106,
are di spavfsstxtimplzigrhisadimehteof maevirabeds ridlile cominwicstiotBettk ¢odisishiowat es vi a
the BS 102 within that cell 104. Each cell 104 may be divided into a .

cel | -i nt érFigure0d plwality of BSs-188gee Q&@rapmca!lvshﬁmw prress baseivark may be
desirable to allocate channels 112 to the cell-edge 110 orthogonally with

t hose5of 10@i Fheeeverags eigach BSyespier WP) 1 &%'SéH'neqi a,ﬁ@lc?" Ahivteeethgi s, the
network 100 ma erate as descri bed bel o BS 102 and t{% E 106 may

i ncl ude 8y ge! \égﬁ? gfslq the P’@ﬁ“ﬁStﬁ?"eﬁ?%@?@B agﬁ;&sﬁﬁr@fjmpf? RESHERY ¢ he

al gorith tlondlate The al.gor RAM or
ext er nal r@ﬁnﬁﬁ CE%??FF hﬂ‘éfsh%@e Hﬁt@%ﬂgaécgegépg ﬁ@‘f{\éﬁ% k (not
shown) , via tﬁe B%l 1J O2\Rithir? mg{"géllc?ddf EchPSéﬁ’\‘F‘o%r}né:FBe dRfIASEB a cell-interior 108
and a cell-edge 110. As described previously it may be desirable to allocate channels
10 112 to the cell-edge 110 orthogonally with those of neighbouring BSs to avoid ICI. To

efficiently achieve this, the network 100 may operate as described below.

The BS 102 and the UE 106 may include an integrated circuit or processor

programmed to execute the algorithms mentioned later on. The algorithms may be
15  stored in ROM, RAM or external storage. Each BS 102 may be connected to a

backbone network (not shown), which allows communication between UEs, between

BSs and with other networks.

A. Network Model
20  We consider the downlink of a OFDMA multi-cell scenario with IV cells. In each of
these cells, where k € K = {1, 2, ..., K}. The users are divided into cell-interior and
cell-edge user groups with K; C K and Kg C K, such that K; U Kg = K, and K; and
K are disjoint sets. As a result, we have K = K + Kg, where K1 = |K;| and
Kg = |Kgl|. Each BS 102 is equipped with one or more antennae and is imposed with
25  P,.x. The subcarriers are divided into subchannels for data transmission. Such a

channelisation technique can reduce system overhead in terms of the number of



BSs and with other networks. A Network Mddel W consider the downlink of a
OFDVA nul ti-cell scenario with Ncells. In each of these cells, where k C =
{1, 2, . W0.2010/089899The users are divided into cell-interCcorsGaond/ooedl - edge
user groups with /G C/Cand /CE C/C, such that KU/CE =/C, and /C and
JC are disjoint sets. As a result, we have K-Ki + KE, where K\ =\JG\
and K-B Each BS 102 is equi pped with ¢ne or nore antennae and i s inposed
with Pmax . The subcarriers are divided i nto subchannels for data

transm S%&Bac%c&tﬁhﬁ@ﬁ‘ﬁhﬂg{@hhi%. ireadUM ot FosbBftel MBERRNTAARM Overhead in
terns of the nunber offeedback and control signalling required. In

addi t i onpeffEed £ thegranGiakilyi sGbdhaRRelDatticH siBAifiedntlyReduieatnd arity of
subchannel s, which significantly reduces the conputational and
i nf or mat icompltationgy bad irfyrmeftiohdlcomplexity bithe sdiiediler! Tieus, tHeatbtahtodber off

subchannels is W Band J Q@ {I, %W% Wthin each cell, each user may
access t kebchaaneels B/ thanpbh & ytéha,'t /Btansmi ssions within each cell may
be synchronised so that no intra-cell interference exists. Since the

frequency resource is reused in other cells of the network, I1Cl is present
and the degree of this inpairnment depends on the interference nmanagenent
schene. Withimgachagiipeachdissbaraiaseessitie changekerthagopaltandtBe| i in each cel |

may cone fromusers_i.n the nei ghbouring gel]s., The subchannel s avail abl e
o o LRSS WS8Rt oRl ey Ba vBitteriad Sagie. SUA 43l BISETerce col| n

jar }e (r:])h OZ%gisIsr gmcte rthee ﬁeec}uséngy }esgﬂl%eﬂ'slfeugéd in other c’ellé\q)f the nrézwo?k,‘:\CI isE <XJ, and

present and the degree of this impairment depends on the interference management
10  scheme. In the example embodiment, it is assumed that the ICl in each cell may come
from users in the neighbouring cells. The subchannels available for assignment in the
cell-interior and cell-edge user groups of a cell n are chosen from the sets JI(") and
T respectively, where n € N = {1,2,...,N}, i C 7, IPCT and T and

jE(”) are chosen based on the types of frequency reuse partitioning scheme used.

16
In the n-th cell, the instantaneous received SINRs in the j-th subchannel for the £-th
user is given by Equation (1):
h(-n) 2 (_n)
SINR(Y (Im;’“z' ! (1)
> IR P + NoB
meN
mFEN
20

where ™ €N

i {m) plm) )
The channel gains & and "*i% are estimated by the UE. The channel parameters of
the downlink channel are estimated by the UE at the granularity of subchannels i.e. the

25 resolution used is at the subchannel level, and the channel parameters are fed back to



J are chosen based on the types of frequency reuse partitioning schene
used. In the n-th cell, the instantaneous received SINRs in the j-th
subchannewoforo/ashsok-th user is given by Equation (1): meT®GR00/00801e me f
The channel gains ifc and i are estimated by the UE. The channel paraneters
of the downlink channel are estimated by the UE at the granularity of
subchannels i.e. the resolution used is at the subchannel |evel, and the
channel paraneters are fed back tothe Bs. By performing estimation at the
granularity of subchannels, there nay be the advantage of | ower conplexity

as esti mathed?s-Jay Rerfopming gtimationyat the Brapkiesty of subshensalscthers way be s .

Che B, cHganiaRE e ps8oR Il TR e TRICOMIL N ATV Ao A gRrEIadRte - o
v 100 B 08 KO RS o SRR GER b QBT 1, et et
ns ent | opaatcrS B8 S 4 Bhefita BRIt S U R R I Tiror o
of t nd PABRDURICERG P Ierl thd 1% hE ol prdtfy b byhaRERE, P! 51
Sof t  Fr eqpsramelas 8ethe downlink channel. In this case, a feedback channel from the UE to

the BS may not be necessary.

B. Frequency Reuse Partitioning

10
As mentioned previously fractional frequency reuse schemes allow more efficient use
of the spectrum. In the following, the differences between soft and hard frequency

reuse schemes are described in more detail.

156 B.1 Soft Frequency Reuse
As illustrated in Figure 2, soft frequency reuse 200 reserves a fraction of the total
system bandwidth for the cell-edge users only Wg = ¢gWW, where ¢ € [0, 1].
Neighbouring cells are coordinated to ensure their cell-edge bands are orthogonal,
such that the condition that 7. N J&™ = @, Yn % m is always satisfied. The cell-

20  interior users can then use the remaining bandwidth W; = (1 — ¢)W. Since the cell-
interior bands need not be orthogonal to the neighbouring cell edge bands, we can
have the condition that J* N J = &, Vi = m . Without loss of generality, we let
T = {qW/B +1,qW/B +2,...,W/B}and J{® = {1,2,...,qW/B} , where
W/ Bis an integer value. Unlike the conventional frequency reuse, the total usable

25  bandwidth per cell for the soft frequency reuse is still 17/.



As illustrated in Figure 2, soft frequency reuse 200 reserves a fraction of
the total system bandwi dth for the cell-edge users only W= gqW where ¢

[0, 1]. Neoghtyvmsosong cells are coordinated to ensure thecr/scebdyoeasge bands
are orthogonal, such that the condition that J DJ m=0,Vnh mis always
satisfied. The cellinterior users can then use the remaining bandwi dth W(1
-q)W Since the cellinterior bands neegd, not be orthogonal to the

nei ghbouri ng cell edge bands, we can have the condition that J (B) n J

0,\/n h nerallty,welet){qWB+1,qWB+2, Coe e,
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and cel | - edge J bands in the requency reus hi's

speci fi cathapdireduency Puse” mf,rdlss RGERAGY tb 88 %mm\%@érﬁfy rbgse efiRisI e to as
"partial frequency reuse" we have W - = gW Wthin the

cel | - egslgendanid; =a(Ir eud¥ ard WGy = qﬁﬁ/pwltalrﬁhabemedgéb@m bhemsetfaetor:@ﬂ pisedge
users are only allowed to use pWin each cell. This is equivalent to the

convent i oeraployedguatribgt the esleedgenessps arecontyealtoviedad use piig; msadh gall. yWhisn t he
cell -edge band so that the condition that 0 and = 0,Vn f mis always
sat i sfi edis epuivaiest ﬂathﬁp@mweoﬁon?éﬁdqw@cyme«mwm exsepl thatitisiused gniyom user s
only and has a reuse factor of 1, i. Jo= My m Wt hout |oss of
gener al i t §jie Gri-efge bangso that the cpndition that J (@J @ Bhd and

JE(;") n Jém) = ), Vn # m is always satisfied. The cell-interior band is reserved for cell-

10  interior group users only and has a reuse factor of 1, i.e., JI(") = JI(’") , Vn, m. Without
loss of generality, we let 7™ = {1,2,..., (1—q)W/B}and
T = {(1 -~ )W/B+1,(1 = qW/B +2,...,[L — q(1 + p)]W/B}. Thus the total
usable bandwidth in each cell for hard frequency reuse is (1 — ¢)W + qpW. When the
J-th subchannel in the n-th cell belongs to .71 the instantaneous received SINRs for

15 user k is given by Equation (1). On the other hand, the instantaneous received SINRs

for user & in the j-th subchannel when j € Jg () i given by Equation (2):

l Bl |2 (n)

SINRY =
N NOB

@)

20  C. Problem Formulation
To improve fairness between the two user groups, we may fix R, for afl the cell-edge
users. This minimum rate constraint may force the instantaneous rate of each cell-
edge user to be at least as large as R;,. The remaining resources may then be used
to maximise the cell interior user group throughput. Mathematically, we can formulate

25  this multi-cell optimisation problem in Equation (3):



j ={(1 _gwB+1, (1-qgwB+2 . .., [12-9(l +p]WB}. Thus the
total usable bandwidth in each cell for hard frequency reuse is (1-q)W+
gpW WherwOnhe1g/os0899subchannel in the n-th cell bel ongs POTHGRN090ES9I1

i nst ant aneous received SINRs for user k is given by Equation (1). On the
ot her hand, the instantaneous received SINRs for user k in the j-th
subchannel when j J is given by Equat14)n (2): I/, 123p) SINR(n) - " | k'
Pi (2\ C. Problem Fo mJI ation T rove fa)lrness bet ween the two user
groups, we may fix i l}lﬂXfOI‘ a heu,g:)ei’iI edge users. This mninumrate
constraint may force t{hh Yitn3t antm@/qs rate of each celledge user to be at
| east as | arge as n,. The re ning resourges n be used to

maxi m se the cell esrtl or userrﬁﬂn iﬁzﬁff‘l‘?l’oughkfc)(l%tlC Nét%gﬁ’atl cal ly, We can
formulate this | ti}cell optim E R Pk einel N, Equat i on (3): ) (3)
where a" ' G { O™y nd| cat es &r “subchannel is used by user not ,
and where R =B + Sl - The ob&-gcw yve function in V represents a

wei ghted sumrate of aII cell-i iors dsers ji®dhe S stem Even in the
single-cell case andjignoring | @X the joint subchannel and power

al | ocati on probl em hphs been shovyﬁ"t@{bel}l\lP hgrd ankl ¢ Ki s @ekes it

conput ationally expensive to sol vé for i directly.

where a:(”) € {0, 1} indicates whether subchannel j is used by user k or not, and
where RI w=2B Z a:f’,:)iog(l + bINR(ﬂ)) and ng),( =B Z :z(")log 1+ SIN ("))
jeT™ jegt
5  The objective function in Pp,u; represents a weighted sum-rate of all cell-interior users

in the system.

Even in the single—cell case and ignoring ICl, the joint subchannel and power allocation
problem has been shown to be NP hard and this makes it computationally expensive to

10  solve for P; directly.

To avoid this, in the example embodiment the joint subchannel and power allocation
problems are decoupled into sub-problems. With this approach, we still need to solve a
multi-cell optimisation problem due to the presence of ICl. In the following, we propose

15  a heuristic and suboptimal algorithm that solves P, in a distributed manner, i.e.
each cell simply solves its own optimisation problem with minimal exchange of

information between the cells.

A method 400 of solving the optimisation problem is show in Figure 4. First of all, a

20 user group partitioning scheme partitions the users at 402. The first sub-problem for the



To avoid this, in the exanpl e enbodi ment the joint subchannel and power
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optimisation may be determined iteratively on a periodic basis or may be solved

10  continuously.

C.1 User Group Patrlitioning
The partitioning 402 in Figure 4 may be implemented in a number of ways. Several
example user group partitioning schemes are presented below:
15
C.1.i Geometry-Based Approach

In this approach, the cell-interior and cell-edge users are differentiated based on their
distances from the serving BS. This is done by using a distance threshold d,.

20 We assume that the system is an interference-limited system in which the thermal
noise is negligible compared to the inter-cell interference. In such a case, in a linear
Wyner network model, the average received signal-to-interference ratio (§E_ﬁ) of an
arbitrary user with reuse factor 1 and located at a distance d from the serving BS can
be expressed as Equation (4):

d~F, S a*

o5 SIR(d) = [QR—d)* + Q2R +d) 1P, " 2Q2R-d)*

(4)

where 2R is the inter-cell distance. It is assumed that all the BSs transmit at the same
-power P,. Considering that the quality of service (QoS) is satisfied when the user's



C.L i Ceonetry-Based Approach In this approach, the cell-interior and

cell -edge users are differentiated based on their distances fromthe
servi ng B8O 20tws0898 done by using a distance threshol d @#CI/SGeomssese t hat
the systemis an interference-limted systemin which the thermal noise is
negligible conpared to the inter-cell interference. In such a case, in a

| i near Wner network nodel, the average received signal-to-interference

ratio (SIR arbitrar ser e facto ocated at a

i st ance Wrpo K rRbesd oiveraa e o bR reat Blo BRI Vel oo (a)
wher e 2Rifiessuffittericpcenditier] of Bjuation(®. 1t is assuned that all the BSs
transmt at the sanme power PO- Consideri that the quality of service
(Q0S) is satisfied when the ugesgsay ﬂLa.ngP_SLB exceeds a given taggjet

signal -to-interference ratio val ué =S$| }9\@1have the sufficiency condition
of Equation (5): The threshold di stance ‘El can thus be defined using SIRul.
This user partitioning schenme may not be optimal since it ignores the

ef f ecd ofThathreshdddistaacedi edn thinabgelefindd tdieg 8B s' SI NR di stri buti on.
However, the merit of this scheme lies inits sinplicity and that no
inter-cell coordination is required. To account for non-honogeneous traffic
| oad anofpisaskt partitiiniy schemeanienatidef aptienad sifice it @moresdbe keffest of aoige ng t he

SIRt h for.,each cell. Figure 5 s . ry- user group
partiti oﬁPﬂge"a*P 8‘rﬁhﬁﬂ$ﬁ55%ghe PR @giéyﬁ @%Bﬁéﬁwkﬁﬂ%ﬁﬁéﬁ%}egﬁﬁﬁo t he serving
BS i s cakchdnad b intits SDihlicioandethatnm imterdiell caordination is required. To account

10  for non-homogeneous traffic load among cells, dyy, has to be different for each cell by

varying the SIR;, for each cell.

Figure 5 shows an example geometry-based user group partitioning algorithm 500. For

each user £, the distance d; to the serving BS is calculated at 502. For example, d;. can
15  be obtained using the received ranging signal sent by user &, if the ranging signal is

available. Each user k then reports d, to the serving BS at 504. Alternatively, the BS

can estimate the distance d, using the signal strength of a received uplink signal.

The BS then determines that user £ is in the cell-edge user group of 4, is above the

20 distance threshold d, or in the cell-interior user group if dx is below dy, at 506.

C.1.ii SINR-Based Approach

Instead of exploiting the user geometry for user group partitioning, we can use the

received SINR of each user obtained from the measurements in the control channels at
25  the serving BS. Depending on the time-scale of the control channel updates, the user

group partitioning scheme can either employ the instantaneous or the average SINR

values of users.



be obtained using the received ranging signal sent by user k, if the
rangi ng signal is available. Each user k then reports dk io the serving BS
at 504. AvOepmrasissel y, the BS can estinate the di stancePdit/Se2000@oedae si gnal
strength of a received uplink signal. The BS then determines that user k is
in the cell-edge user group of dk is above the distance threshold .4, or in
the cell-interior user group if dk is4pelow < at 506. C. Ui SINR-Based
Approach I nstead of exploiting the user geonetry for user group

reasur entie PATRRESxifien PPRRGERaged it DB oaRRbmnURErE NG 1T | 0°

ti me-scalgeof the control channel updates, the user group partitioning
scheme can either enploy the instantaneous or the average SINR val ues of
users. Figure 6 shows exanples of SINR-based user group partitioning

al gorithns 600 and 608. C.i.ii.a. Average Case In Figure 6(a) using the

nmeasur engny jiieAvbrage Cz@6n t he synchroni sation channels (SCH fromthe
serving BS and the interfering BSs, each user k can determ ne the val ue of

i ts ager agFiguRseiay asingtisRnedsubdident Tesulafeonathe syacwpnisatiogiakrRnel$ 63@HEY i on i s
then fed back to Its serving BS at 604. Wen the user's average received
SINR i s dropathersehiingBSiahgRtie interfesn@BSeceanhmisaek cen dﬁ@!r@ingﬁﬁec@?qw its
cell-interior user grou%ajot herwi se the BS determ nes it bsetLon s, to the

ni

cel | - edgeaverage regaingd SINRAB®02CTheravarags easeiyad SINR igmation is then fed

back to its serving BS at 604. When the user’s average received SINR is greater than
SINR,y, the BS determines it belongs to the cell-interior user group, otherwise the BS

10  determines it belongs to the cell-edge user group at 606.

C.1.ii.b. Instantaneous Case
In Figure 6(b), each user in the cell determines the value of its instantaneous received
SINR at 610 and feedbacks this value to its serving BS at 612. Similar to the above

15  average case, a user is assigned to the cell-interior user group when the BS
determines the received SINR is greater than the threshold SINRy,, otherwise it is
assigned to the cell-edge user group at 614. The SINR;, may be larger than SINRy, in
order to compensate for fade margins. To obtain these instantaneous received SINRs
at the serving BS, the channel quality indicator (CQI) reporting procedure may include

20 both the channel quality and interference estimation.

C.1.iii. Fixed Ratio-Based Approach

In this approach, the serving BS first ranks the received SINRs obtained from the

measurements in the control channels from largest to smallest. Instead of comparing
25 these SINR values with some predetermined threshold value, the serving BS simply

chooses the weakest users as the cell-edge users. Unlike the above two approaches,



In Figure 6(b), each user in the cell determ nes the value of its

I nst ant aneous received SINR at 610 and feedbacks this value to its serving
BS at 612w0Sn1mdses99t o t he above average case, a user i sPaISIGIMOMN1t he
cell-interior user group when the BS determ nes the received SINR is
greater than the threshold SINRth , otherwise it is assigned to the

cel |l -edge user group at 614. The sINRi,,h may be larger than SINRth in order
to conpensate for fade margins. To obtain these instantaneous received

SINRs at the seryin S, the channel qual Lty Jndicator i.ng

pr ocedur eti‘ﬁ'é'i‘)t'q quq\%ggf?%qq °t°ﬁ@" qgmg%s&ﬁgfeﬁf r tﬁf’?&%ﬁt@&%&%’ﬁ%@%&ﬁ’mt i on.
C.UH Fixed. RatiQ-F ach In this approach, the serving BS first
ranks thegqr@gg?%gﬁpé?m%%' ned fromthe neasurenents in the control
channels fromlargest to smallest. Instead of conparing these SINR val ues
Wi th sonme predeterm ned threshold value, the serving BS sinply chooses the

vweakest USEN AqashivkfreRBicnc®&@e8raiR@bs. Unl i ke the above two approaches, the
ratio of the cell-edge to cell-interior users is fixed for this case and is

chosens a jéristatic intaffbreeicd Bor@mblior) i wirigornbgseity OF tPaffid\dagany eadyfmger f er ence
Coordi nation For static interference coordination, the non-honogeneity of

traffic |gsggroug distriutiop withieT eahaep) can b igrioutd torsimplifhthe celiplanoimigl can be
ignored to sinplify the cell planning phase. However, this may |lead to
si gni f i captiaspeHbweven tbis rdaylead & significant performante degriadatinn insermstaicelighput .
On the ot her hand, adaEnt ive interference coordination nay inprove system
t hr oughpuandagsengirbughputiQn thiesthar fiead.-adeptive intesierance seardinpipr mayy

improve system throughput as well as minimise inter-cell interference. This may

10  increase the computational and informational complexity among the coordinated BSs.
As a result, there may be a trade-off between performance gain and complexity. in the
following, this trade-off may be addressed by low complexity algorithms that may

combine adaptive frequency reuse and power allocation to coordinate ICl.

15 C.2.i Sub-problem of Cell-Edge User Group
A method 700 for the optimisation of cell-edge user group is presented in Figure 7. For
the cell-edge users, frequency allocation may be carried in a fixed manner by arbitrarily
assigning J,i, subchannels to each user in the cell-edge user group at 702 in a
random manner. Alternatively, frequency allocation for the cell-edge user group may

20 also be done based on the channel information for each user in the group.

Frequency may optionally also be allocated on a subcarrier by subcarrier basis, i.e. at a
subcarrier level of granularity. Alternatively, frequency allocation may also be allocated
in groups of subcarriers. The groups can, for example, comprise adjacent and/or non-

25 adjacent subcarriers.
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10 In 707, q is determined. If there is a homogeneous user distribution over all cells, a

common value of g is given by Equation (6):

— (Kén) JminB)/W  soft frequency reuse
= (K, (?t') JminB)/pW  hard frequency reuse ©)

15  where p can be fixed a priori during the cell-planning phase.

If there is a non-homogenous user distribution, different reuse factors can be obtained
for each cell. In such a case, the number of user Kg varies from BS to BS and the value

of g is given by Equation (7):
20
KOJ . BIW soft frequency reuse

= Yp1
1 (K§”+ZK§”’")JJMB/ pPW  hard frequency reuse

i=1

()

Where the frequency reuse factor is p, there would be 1/p — 1 neighbouring cells
amongst all the neighbouring cells for the n-th cell, such that the cell edge users for the

25  1/p—1 neighbouring cells would be sharing the bandwidth 7 (where Wr = gW) with the



of as long as Jmn < Wis satisfied . In 707, q is determned. If there is
a honogeneous user distribution over all cells, a common value of g is
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distribution, different reuse factorsogan be obtained for each cell. In
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di stinct frequency bands for cell edge users (i.e. kuge Sact or 4of p in the
cell edge). Taking for exanple hard frequency reuse scenari os where p =
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can al t er@at(Kglé'lFKéhé) +Kgnz§h) +Kl(;m3;n)),minB/pW .

In 708, the total power of the cell-edge user groups (Pg) are tested against a threshold
Py, If Pg is found to be greater than P, the optimisation process is repeated starting
10  from 704. P, can be selected to be a value equal to P, or it can alternatively be

selected to be lower than Py.

With minimal coordination between adjacent cells, we can then determine jl(") and

WA ™) for each cell at 710.

15
The cell-edge users may have lower SINR due to presence of IC| and significant path-
loss. These users may operate in the low SINR regime and may be power limited
instead of degrees of freedom limited. Thus, allocating more power to these users
instead of allocating more bandwidth, may improve the rate of these celi-edge users.
20

C.2.ii. Sub-problem of Cell-Interior User Group
The cell-interior users may have higher SINR since they are closer to the serving BS
and farther away from the interfering BS. Thus these users may operate in a higher

SINR regime, which may be a bandwidth limited regime. In this scenario, the rate of



selected to be |lower than Pmax. Wth m nimal coordination between adjacent
cells, we can then determne J and J for each cell at 710. The cell -edge
users maywbaovw/dsesser SINR due to presence of | Cl and si gairfSiGeenetoogsat hl oss.
These users nmay operate in the low SINR regi ne and may be power limted

i nstead of degrees of freedomlimted. Thus, allocating nore power to these
users instead of allocating nore bandwqdth, may inprove the rate of these
cell -edge users. C. 2.H Sub-problemof Cell -Interior User G oup The
cell-intefi Ie ' l; t he
cerving SR e tAeiptlerANF oA Ekedb) Bl mohERerthiu B BIE S0 oSy
oper ate i&v@r.hi gher SINR regine, which may be a bandwidth Iimted regine.
In this scenario, the rate ofthese cell-interior users may be inproved by
al l ocating nore bandw dth instead of power. A nethod 800 for optimsation
of cell-interior user group is presented in Figure 8. Each subchannel
(denot ed AynetHdl doudexoptimisationiat cell-intstiar asertgpoupiie présented inFguye BEEasn t ake
on a different nunber of subchannels. In alternative enbodi ments such as
wher e 5mul dubchmme! (dehbied byldiseidex faanbelziibeatedto asnURlapd everydJE caratabd t o and
shared by nore than one UE. The process of optim sation determ nes for each
UE, how mmg diffatenhhimbersafisubehanaels. i dltermstiveipmbedimentst sichtas werg mult he

resi dual power and bandwi dth is allocated anong the cell-interior users at

802. The YsesMIMA)is Upeth $aFh spkahannelsan @isediedlipczied drandehased by MES r enai ni ng

subchannel s
than one UE. The process of optimisation determines for each UE, how many and

which subchannels will be allocated to it.

10
First, the residual power and bandwidth is allocated among the cell-interior users at
802. The residual transmit power is uniformly allocated over the remaining subchannels
that belong to the set JI("). Alternatively, the residual transmit power can also be nhon-
uniformly allocated amongst subchannels.

15
With the power allocated, the maximum weighted sum rate problem for the cell-interior

w](crm) R(n)

users can be solved at 804. 804 maximises the sum rate i.e. Zkezc: Lk given

(n)!
iJI subchannels that are present in JI("). Each subchannel (denoted using the

the
index ;) of JI(") may be allocated to a UE.
20
(n) . (n) .. .
W~ is a weighting factor for the k-th UE. “i ~ represents the priority given to the UE
and is usually determined according to the quality of service (QoS) requirements of the
(
UE, as well as the type of application for the UE. ”‘%n) can for example be determined
using the queue lengths and this may have the advantage of minimising the risk of

(n)
25  buffer overflows. Alternative embodiments can also determine ¥ ~ using the inverse

average throughput and this may have the advantage of resulting in a proportional fair
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t he maxi muo2emvoghgoed sum rate problem for the cell-intePCorsGao09oodet G k

| -i,fc given J (n) ( the 1 subchannels that are present in J n ) . Each
subchannel (denoted using the indexy) of J may be allocated to a UE. 00 (")
wk is a weighting factor for the h Ug, w h represents the priority given
to the UE and is usually determ ned according to the quality of service

e SRR uR g SlbodrFin B Bsb ol s L o B R, Ty
have fthe %%’f'ﬁ%t\ﬁ&ﬁd Pets Wé%ﬁuﬁgnéngf&e% f buffer overf I ows. Alternative
Chn als0 et

enbodi men erm e inverse average throughput and
this may have the advantage of resulting in a proportional fairQO
scheduling policy. O her enbodi ments can al so using an equal value of k for

al | UEs aggh 518 fwoRES Fois@saink intBgrality @aHstaimidnosti, B deasaot nle 1304 al so
i nvol ves relaxing the integrality constraint of*x i.& a does not have to

be const r gdrizgatdinka tdBe an intdger TRypically,the Mitdgrality Benstrairg wadk itd Hiffiampivhen nt
| eads to difficulty when resolving the optimsation problemand this

di ffi cul tpesbling\ties optinisationgidblem amllthix idifficulty is overcome in 804 by relaxing mg’,?

to be a real value such that Znetc; ik '<1 J €I (n) and ® (n) 20,5¢ *71{13)?7“ €K
A corresponding real valued solution is obtained and this solution can be rounded off to
an integer value thereafter.

10
D. Simulation Results
A multi-cell OFDMA downlink system with 19 cells and each cell has the same number
of users uniformly distributed within the cell as plotted in Figure 9. The OFDMA system
has FFT size N = 256 and the total number of users per BS is 32. The total bandwidth

15 W=5 MHz. The distance between adjacent base stations is 1 Km. In terms of channel
propagation, a path—loss model with path-loss exponent of 4 and log—normal
shadowing with standard deviation of 8 dB is adopted. The baseband fast fading
channel linking between i-th BS and j-th user is modelled as a finite impulse response

(FIR) filter with six equally spaced taps and delay spread of 0.3. For each BS,

20  Py.x = 60 dBm is assumed.

In Figures 10 to 12, the performance 1000, 1100, 1200 between Reuse one, Soft

reuse, Hard reuse, and Adaptive soft reuse schemes are compared. The Reuse one

scheme refers to a universal frequency reuse scheme with all users allocated with
25 equal power and bandwidth. The Soft reuse scheme refers to the frequency reuse

scheme of Figure 2, with p=1/3. The Hard reuse scheme refers to the frequency reuse



_. ketci x ] k3J1and, i , A corresponding real valued solution is
obt ai ned and this solution can be rounded off to an integer val ue

t her eaf t ewO 2D10/0808val at i on Results A multi-cell OFDVA dowrniriScRomypseem wit h
19 cells and each cell has the sane nunber of users uniformy distributed
within the cell as plotted in Figure 9. The OFDVA system has FFT size N =
256 and the total nunber of users per BS is 32. The total bandw dth W5
MHz. The di stance between adjacent base stations is 1 Km In terns of

h I i t - [ - t of 4 and
g nor m Rt ke SRR ES R GRAE TrAdeRR: Sl RS SRR | "
baseband : L nki - i .
ngggl ?gd |as a éfrlﬂ%? taéeboférﬂrpﬁ% sgerel)e(g'lgglggsée (IFEI E%ﬂfv?l?jtde}r‘lﬁz/s\naﬁﬂ'g‘:’thesq@ﬁryl zpaced

taps and %@n&x Shaseachppfoden Jor &@fg@asgaﬁﬁéml?gis% ptof BMdnenmssired. | n
Figures 10 to 12, the performance 1000, 1100, 1200 between Reuse one, Soft

reuse, Hahd distarke threshblddadst ue2800h! THedisines eaednidd.£ Mg meaasidd sdhe Reuse
one schene refers to a universal frequency reuse scheme with all users

al | oc&® edhai penfoaqarde gapsdretwesh differdmi rdude schemeSad variegl siacs theartio ofthers to
t he frequency reuse schene of Figure 2, with p=1/3. The Hard reuse schene
ref ers t ocelltitefiordqeethedge usere depends cnfthisidiptanse3hresheldp=1/3 and g=0.7. The
Adaptive soft reuse schene is inplenented according to the exanple

enbodi ment with p=1/3 and Rmin = 0.5. The

In Figure 10 the example embodiment 1002 provides a higher average throughput at
over 12, compared to the other schemes 1004, 1006 and 1008 which were all under 8.
10  In Figure 11 the example embodiment 1102 provides a higher 85 percentile
throughput at over 25, compared to the other schemes 1104, 1106 and 1108 which
were all under 15. In Figure 12 the example embodiment 1202 gives better ICI
protection to the celi-edge users by maintaining a minimum rate requirement,
compared to the other schemes 1204, 1208 and 1208 which were all under 0.15 for the
15  cell-edge users. This shows that the example embodiment may be effective at
optimisation with different traffic load, propagation environment characteristics, and

user interference vulnerabilities.

Whilst example embodiments of the invention have been described in detail, many

20 variations are possible within the scope of the invention as will be clear to a skilled
reader. For example, while the embodiments have been illustrated using BSs with only
a single hexagonal cell, sectorization can be implemented thus further splitting each
cell into a few smatler cells, for example 3 or 6 smaller cells. The user equipments are
also not limited by the number of antennae that they may possess and embodiments

25 have user equipment of different numbers of antennae.



geonet ry- based approach for user group partitioning is adopted for al
schenmes with the distance threshold dt h set at 280 m The distance

t hr eshol dwotzhiomaysdbe vari ed so that performance gaps betreesc2dadiofob@oent
reuse schenmes is varied, since the ratio of the cell-interior to cell-edge
users depends on this distance threshold. In Figure 10 the exanple

enbodi nent 1002 provi des a hi gher avezsage throughput at over 12, conpared
to the other schenes 1004, 1006 and 1008 which were all under 8. In Figure

11 the e@rﬁg hbBBAP (SaishbbriviEgiBh FUE"t hr oughput
at over é%ﬁgggggh?@@? @*ﬂ%ﬁ@iggﬂﬂgﬁégq%304 i106 and 1108 mh?ch wer e

al | undehadébeénms%we&héagéab@ AKBTBlisshanislst faybe hidrehgrigeawithet ter | Cl
protection to the cell-edge users by maintaining a mninumrate

r equi r engasourédbipeks? GistnfaybBeised iethe somtertss SGRP!stad@is.and 1208 whi ch were
all under 0.15 for the cell-edge users. This shows that the exanple
enbodi nent may be effective at optimsation with different traffic |oad,
propagati on environnment characteristics, and user interference

vul nerabilities. \Wilst exanpl e enbodi nents of the invention have been
described in detail, many variations are possible within the scope of the
invention as will be clear to a skilled reader. For exanple, while the
enbodi ments have been illustrated using BSs with only a single hexagonal
cell, sectorization can be inplenmented thus further splitting each cel
into a few smarter certs, forexanpte 3 or 6 smarter certs. The user

equi pnents are also not limted by the nunber of antennae that they may
possess and enbodi nents



have user equi pnent of different nunbers of antennae.In this specification,
the ternms "user" and "user equipnent” (or its abbreviation "UE') have been
used i nt evoharngsedsby. Al so "subchannel s" may be i nt er chaogsd20dotobo3dt esour ce
bl ocks” as maybe used in the context of 3GPP standards.Clains 1. A nethod
of comuni cation conprising: partitioning a plurality of user equi pnent

(UE) within a cell of a base station (QBS) into a cell-edge user group or a

cell-interior user group, determ ning a bandwi dth allocation for the
cel | -edg MSgL group that is orthogonal with cell-edge user groups of one
or more nérghbour i ng base stations, determning a frequency allocation for

each UE ip theAﬁweeltHo'ce&Q:Sm qca%'qe&gb,lg@‘r‘gszi s orthogonal with cell-edge user
ase

groups of ‘one ‘or nore nel ghbouring tations, determ ning a mninmm

transmt powe (r]f,gr%nmgea Siatdiityes 98 et RApras lelQEmlﬁlflﬁi a@ell bhg bhsnskatish h

al l ocation and trequency allFocation for the cell-edge user group and a

predeterr(lgsggj\térgr@bnrgagéag@eg&oupaé,eacéﬂqh@ﬁamggngr@ptransm't power for each UE
in the cell-interior user group based on the determ ned transmt power for

the cel | - edge deemigng abandwidtdaliceatidnfontheaefl-edge esengralp thatisi on f or each
UE of the cell-interior user group based on the determ ned transmt power
f or each dofogonaliwéthcelHedge tiser groupssafong oo mereneighbawsingthesa gtatios,or . 2. The
met hod of claim 1 wherein deternmning a bandwi dth allocation for the
cel | edge user dgtenminiogafiequercyrmlliacatiosiferpashatimindbe call-péasvses grauprthathe
cel | -edge user
g is orthogonal with cell-edge user groups of one or more neighbouring base stations,
determining a minimum transmit power for the cell-edge user group based on
10  the bandwidth allocation and frequency allocation for the cell-edge user group and a
predetermined minimum target rate,
determining a transmit power for each UE in the cell-interior user group based
on the determined transmit power for the cell-edge user group, and
determining a frequency allocation for each UE of the cell-interior user group
15  based on the determined transmit power for each UE in the cell-interior user group and

a weighting factor.

2. The method of claim 1 wherein determining a bandwidth allocation for the cell-
edge user group comprises minimising bandwidth allocation for the cell-edge user

20 group based on a power threshold and the predetermined minimum target rate.

3. The method of any preceding claim further comprising providing channel

information and sub/or channel indexes to the neighbouring base stations.



group based on a power threshold and the predeterm ned mnimumtarget rate.
3. The nmethod of any preceding claimfurther conprising providi ng channel
i nf or mat w0 2arb5889/ or channel indexes to the nei ghbour iPal/Sicasm/0843at i ons. 4.
The met hod of any preceding clai mwherein the frequency allocation for each
UE in the cell-edge user group conprises allocating a subchannel to a UE of
the cell edge user group. 5. The net hoggof any precedi ng clai mwherein the
frequency allocation for each UE in the cell-edge user group is allocated

at a subcarri efnd R¥flod Of My AREEAAG EMim GherSieHERIdYRENSS alRBYiJATECEANNY Cl ai m
? ﬁ | - eé@

wherein the frequency allocation Tor each UE 1n the cel e user group

al | ocat esyg it {heRelllcage! 886 \aré RS et Seb afisdatihg atdiBchdrnelto albe officheq- of any

precedi ng clai mwherein the frequency allocation for each UE in the

cel | - edgeedipauseg@up. i S al l ocated randomy. 8. The nethod of any preceding
cl aimwherein the frequency allocation for each UE in the cell-edge user
group is allocated based on a channel information for each UE. 9. The

nmet hod of any of the preceding clains wherein the partitioning the

pl urals t yd.of Ukhd methet of artpreceding blainywoersircthediestiency alfocationdorsaghce
threshold test; an averaged SINR threshold test; an instantaneous SINR

t hr eshol dUEdsthe cgligdge pseratoymisialiocated at a subcarrier level of granularity.

6. The method of any preceding claim wherein the frequency allocation for each

UE in the cell-edge user group allocates a time-frequency resource block to the UE.
10

7. The method of any preceding claim wherein the frequency allocation for each

UE in the cell-edge user group is allocated randomly.

8. The method of any preceding claim wherein the frequency allocation for each
15  UE in the cell-edge user group is allocated based on a channel information for each

UE.

9. The method of any of the preceding claims wherein the partitioning the piurality
of UE is selected from the group consisting of:
20 a distance threshold test;
an averaged SINR threshold test;
an instantaneous SINR threshold test; and

a fixed ratio.

25 10. The method of claim 2 or any of claims 3 to 9 when dependent on claim 2,
wherein the determining the minimum transmit power for the cell-edge user group

further comprises:



10. The method of claim2 or any of clains 3 to 9 when dependent on claim
2, wherein the determning the mnimumtransmt power for the cell-edge
user growpof2orovdseso9conpri ses: conparing a total power of PChsSGeadloo@sdyge user
group agai nst the power threshold of the BS; and if the m ninumtransmt
power is greater than the power threshold of the BS: determ ning a new
bandwi dth all ocation with an i ncreasecbbandvm’ dth for the cell-edge user
group that is orthogonal with cell-edge user groups of one or nore

nei ghbouri ng base statiops; re-determ njng the mni 1t power for
the cel | - edge Marﬁpﬁfﬁ{%%‘%ﬂ %ﬁ“ﬁ?@'ﬁd&ﬁ%ﬁﬁ%ﬂhfﬁ%g%‘égp@%}n for the
cel | - edge, user, qr n predetermned mninmumtarget rate. 11. The

met hod Oﬁh&qsﬁpﬁ%{%@%}aﬁ the determning the mnimumtransmt power

conprises: Kk EIF &%'mignﬁ"“u'ﬁﬁjﬁn&% Bbw& igbpga’t)ed.cema@@% dgmeg{lﬁggmm’softtﬁe gE: when

dependent on claim er conprising termning the power threshold

based on a maxi Mum gQuRiniAg atred Fandwidih allEtieR WA @ndcréasedantiwrittpfoecedi ng
clainms further conprising determning the weighting factor according to a

predetser m ned kil ledg® lissrefatiptiBal iolorthagdhalivith téll-eddecuste grous of omnyr of
claims 1 to 12 further conprising determning the
more neighbouring base stations;
re-determining the minimum transmit power for the cell-edge user group
based on the new bandwidth allocation for the cell-edge user group and a

predetermined minimum target rate.
10

11.  The method of claim 10 wherein the determining the minimum transmit power

comprises:

min  Fo® ) pf
P ) e :
st RS> R, keKe

15 12 The method of claim 2 or any of claims 3 to 11 when dependent on claim 2

further comprising determining the power threshold based on a maximum power of the

BS.

13. The method of any of the preceding claims further comprising determining the

20  weighting factor according to a predetermined quality of service for each UE.

14.  The method of any of claims 1 to 12 further comprising determining the

weighting factor according to an inverse average throughput for each UE.



wei ghting factor according to an inverse average throughput for each UE. 15.
The nmethod of any of clains 1 to 12 further conprising determning the

wei ght i ngwbaetosogdbat is equal for all UE in the cell-i RCESIGA09W8EO1 gr oup.
16. The method of any of clainms 13 to 15 wherein the determ ning the
frequency allocation for each UE of the cell-interior user group conprises:

17. The nethod of any of the precedi nggclains wherein J DJ -0,Vn f m 18.
A base station (BS) configured to communicate with a plurality of user

equi pment 5( UE)T!%C@B{hGE%gaﬁ\?oﬁél]ér?rggqtt[}% Qtne B ?@stgé n%ntgq d7. 19. A

connunlca ons ne con 0 conmuni ca ng to the nmethod of

a0, 01 SRk ot g%qué’tf&sﬁrUEWh@%Mntéﬁﬁhsépg?Bhﬂured to communi cate

with a base station according to t hod of any of clains 1 to 17.
2 1. An integrated circuit or processor |ncI ud| ng stored instructions, the
i nstructions when executed control comuni cati on between a base station
(BS) and 6. useTheanueihpd®hany biglaime ciat i1 8 gvheeein tre datérhining theefraquehcyc! ai ns 1
to 17.

5 allocation for each UE of the cell-interior user group comprises:

’
(n) Z wl(‘n)RI(:'z)

{a; } kekKy

P st Z xj(g) <1, jeF™,

keKy

g >0, jeRM, kek

17.  The method of any of the preceding claims wherein J5 ™) A (’") = 0,Vn # m.

10 18. A base station (BS) configured to communicate with a plurality of user

equipment (UE) according to the method of any of claims 1 to 17.

19. A communications network configured to communicate according to the method
of any of claims 1 to 17.

15
20. A user equipment (UE) configured to communicate with a base station (BS)

according to the method of any of claims 1 to 17.

21.  Anintegrated circuit or processor inciuding stored instructions, the instructions
20  when executed control communication between a base station (BS) and a user

equipment (UE) according to the method of any of claims 1 to 17.



