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Field of the Invention . " .This invention relates to

WI rel ess/cel lul ar radi ot el ephone systens and an apparatus and net hod

for the assignnent of radio frequency (RF)-&pectrum channels to the

different cells within a wireless comunication systemfor optimzing 10

utilization of the avail axi,?ﬁw |ANMﬁP?ﬁF6ﬁA APTI®EKground of the |
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systemis partitioned. D¥NAMIC CHANNEJASSIGNME as cells,

where radi o tel ephone users COMM’UNMCNM@NNMWMKS' inks, with the base
station serving the cell. The base station 15 (BS) is coupl ed to the Iand

network. Efficient use of the available radio frequency spectrumis
achi eved through the reuse of the sane radi o frequencies in designated

Cco- user ceII§ that are sufficiently separated by di stance so that the

conbi ned interference generated by all cells is below tolerable |evels.
The assignnent of radio

Field of the Invention | __
. This invention relates to wireless/cellular radiotelephone systems and an
apparatus and method for the assignment of radio frequency (RF) spectrum channels
to the different cells within a wireless communication system for optimizing
10 utilization of the available overall radio spectrum.

Background of the Invention
The service area of a wireless communications system is partitioned into
connected service domains known as cells, where radio telephone users
communicate, via radio links, with the base station Serving the cell. The base station
15 (BS)is éoupled to the land network. Efficient use of the available radio frequency
~ spectrum is achieved through the reuse of the same radio frequencies in designated
 co-user cells that are sufficiently separated by distance so that the combined
interference generatéd by all cells is below tolerable levels. The assxgnment of radio
frequencies to cells has been based on regularity assumpuons (ie., equal-sized
20 regularly-spaced cells with uniformly distributed traffic loads), which enable the
adoption of simple rules for identifying co-user cells, and for partitioning the RF
spectrum into channel sets. When the regularity assumptions do not hold -- as is
frequently the case in real world situations -- the rules of regular channel assignment
do not lead necessarily to the efficient utilization of the RF spectrum, if they can be
25 applied at all. To optimally utilize the RF spectrum one must solve the non-regular
channel assignment problem. -

Summary of the Invention |
Therefore a channel assignment system, embodying the principles of the

invention, assigns channels to a group of cells of arbitrary shape, size, and/or
30 location, by the optimal partitioning of the available radio frequencies into non-
overlapping sets, the optimal grouping of co-user cells, and the best ass1gnment of
~ the former to the latter. The objective is the maximization of traffic handling
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f‘requénci es to cells has been based on regularity assunptions (i.e.,
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Foads), which enable the adoption of sinple rules for identifying _
co-user cells, and for partitioning the RF spectrum i nto channel sets.
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by recomputation of the optimal channel assignment based on traffic estimates
derived from the observed traffic loads. satistical differences may be determined
from real time measurements of traffic load and used for rearranging channel

15 assignments. An assignment of channels to cells based on an expected traffic
distribution does not imply an exclusive relationship between them, as shown in
detailed description below. Available channels not assigned 10 a particular cell can
be borrowed by that cell if ithas a present need for added channel capacuy and '
provided that the interference and other system constraints are satisfied.

20 The solution of the optimal non-regular channel assignment is
decomposed, according to the invention, into two mathematical programs designated
as a Master Program arid a Subprogram. These are solved iteratively. A channel set
‘augmentation technique may be implemented between solutions of the Master and
Subprogram in order to speed up the solution procedure

25 ~ Inan illustrative embodiment, a cell having exhausted its avmlable
assigned channels may borrow a channel that is not assigned to the cell to satisfy
capacity.

While the illustrative embodiment hexem is characterized in terms of
frequency assignments, it is to be understood that the same techniques may be
‘30 applied to code assignments in a CDMA system and time slot assignments in TDMA
- systems. It is not believed necessary to describe these alternative arrangements
herein.
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5 factor. A capacity ratio for a cell is defined as the ratio of the nunber

of radio -frequenci es assigned to the cell over the nunmber of radio
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system and tinme slot assignnments I systens. It is not believed
necessary to dSubprogramnange al ternati ve arrangenents her ei n.

FIGS. 9 and 10 are flow charts disclos'i_ng_ a process for a borrowing a
channel from another cell channels to meet random changes in traffic demands.

20 Detailed Description _ |
A conventional regular hexagonal cell layout, of a cellular

radiotelephone system, is shown in schematic form in FIG. 1. Depicting the
geographical service area in terms of a hexagonal grid sets a geometric pattern that
allows frequencies to be assigned in a patterned disposition that allows the reuse of
25 these frequencies in a controlled repeatable regular assignment model. The cell
areas each have specific channel sets assigned to them. Each channel set comprises a
plurality of individual transmit and receive radio channels for use within the cell
area. In this modél, shown in FIG. 1, cells marked "A" are co-user cells and all use
the same channel set. The same is true for co-user cells marked "B", "C", etc., each

30 of which have their own assigned channel set. _ _
'Bach cell is radiated by an antenna system associated with a base station

(BS), that includes the radio transceivers and which are in turn connected to the

public switched telephone network (PSTN) via trunk lines or suitable equivalent.

Antennas 101 are either omni-directional or directional. Directional antennas 102
35 are used to sectorize cells into smaller angular wedge type serving areas.
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-3- Brief Description of the Draw ng In the Draw ng:
FIG 1 is a schematic of a regular cell area |ayout of a wreless/cellular

radi ot el ephone system 5 FIG 2 is a block schematic of a
wi rel ess/cel lul.ar radi ot el ephone system o FIG 3 is a block
schematic of a data processing system for i gni ng _ radi o channels to

various cells of a wireless/cellular radiotel ephone system
FIG 4 is a flow procesg tﬂpxéﬂro%lml@f sﬁmidm“ﬁn% tlﬁésblbdﬂdiagraﬁhofm 2. A

|1 | |
Fra %57 o 71 Slariiglc Sacti sitehitsRenteREMASCH. 207 3AT 20 35 Mot sonpectina e
channel assign nmhls;m&otelephone system to thBipGbli6 switchedfttlophqne netwark ZOAJPEINDf a
met hod for provydicpgs WIS Cs Qw%h%%@gpﬁxgéht% Q?b%%iﬁﬁm? g@ﬂrﬂ'ﬁ each

[
FIG 7 is a flow procesgogl agram o hannel | set _
augnent at i ord gryiding service to a cell coverpge arga.Each coveragearss isshownA§ harings o

met hod for sol ﬁéﬂh&%uﬁ%es 1&1@?%%&&1 sy%féih F.ach BS has radio transdfit;%en& and

10 are flow chart
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coverage area.
. An operations and management center (OMC) 220 is coupled to the
10 MSCs 202 and 203 to control their system operation and their associated BSs 210.
OMC 220 is a central control station which include_s data processing equipment and
input for acceptiﬁg data input from data storage and real time control. This data
processing arrangement may be utilized in implementing channel assignments in
combination with remotely tunable radio transceivers located at the BSs.-
15 An illustrative embodiment of data pfpcessing" equipment included in
the OMC for controlling the assignment and tuning of radio transceivers at the BSs
is shown in block schematic form in the FIG. 3. A general purpose computer 310
has a stored program included in its memory 311. This program includes instructions
for performing the non-regular assignment of radio channels to a cellular system as
.20 disclosed in further detail below. Initial input data is supplied through the input
' circuit 312 to the computer 310. Inputs include the available cells. The available
radio frequencies, the channel bandwidth, and filter characteristics are also input into
the computer 310. Further inputs include paraméters describing the statistical
behavior of interference between users and base stations in different cells, and the
25 statistical distribution of the serving signal in each cell. These parameters may be
 estimated from signal strength measurements. The inputs may also include system
constraints necessary for the desired channel assignment. Traffic usage pattemns are
supplied as an input. Traffic may be measured in real time.
In this illustrative embodiment of the invention, the assignment process
30 is performed in the computer 310 according to the instructions contained in memory
311. The resulting non-regular assignment is output via the output 313 to the MSC
315 and is in turn forwarded to the BSs 321. The individual tunable radios 322
included in the BSs are tuned to the proper frequencies in accord with the
assignment of radio channels determined by the éssignment process. Added output |
35 - leads permit graphical and data printouts at the OMC. |
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various other system performance measures. When a cell reserves a channe_l, the cell

must be treated as a current user of the channel when checking compliance with

interference and other system constraints before using this channel elsewhere. A
15 borrowed channel is released by the using cell as soon as one of the cell’s allotted

channels becomes available (due to a call nennination or a hand-off). If channel

rearrangement is not desirable at this point, the borrowed channel is released upon

termination or hand-off of the call it serves. .

To state a simple example of the above general assignment problem

20 algebraically, the following notation is utilized. Let

j=1, .., index of different logical cells
(A Iogzcal cell is the portion of the coverage area of a cell served by a logical face.)
i=1,..,J same as j (the combination (i, j) demgnaues a pair of

~ logical cells)
25 y; number of channels needed in loglcal cell j to meet blocking
requirements
N number of available channels
| I interference contribution by logical face i to logical cell j
S; signal strength of logical face j -
30 T

threshold level of the signal-to-interference ratio



The switching of the MSCs interconnects a plurality of base stations (BS)
210 each 5 providing service to a cell coverage area. Each coverage area

i's shown as having i rregul ar boundaries typical of an actual system
Each BS has radio transmt/receive equi prent and radi ating antennas to
serve nobil e radiotel ephones 250 within its6beell cover age area.

An operations and managenent center (OMC) 220 is coupled to the 10 MBCs

202 and 203 to 1yl %‘F‘%Wh hﬁu@ﬁ;fg{gﬁ.gs[eﬁtd,gn and their associated BSs 210.
OMC 220 is a centr cont i on whi.ch jnclugdes d:ilta processi ng

equi pnent and & input fcﬁaPQ&‘ tor (bostdeneck capacity ffif dat a st orage and real
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i npl ementi ng channel assignne conmbi nation with renotely tunable
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is shown in block schenmati Hi¥he FIG 3. A general purpose conputer

310 has a stored prwaéeﬁamepis gigffentcanibe expréssed a8 himathérbridhl 09r am

i ncludes instructions BT%? ggl_{sr%gg the non-regul ar assignnment of
radi-o channel s ProgTamming e O cl®osed in further detail
below. Initial input data is supplied through the input circuit 312 to
t he conputer 3 u i cIu a Le,cell The avail abl e

radio frequenc?soélgjw{]ﬁ% ’él‘l %&ﬂ? If&i)u 111 l’[’efrs characteristicgpyre
al so input into t he co ut er 310 Further inputs include paraneters
~describing the statistical behavi or of interference between users and
base statiopg in different cells, and t R sNatistical distribution of
the serving signal in each cell. These paraneters may be est i méded

from signal strength neasurenents. The inputs may al so include system
constraints necessary for thecdesi red channel assignmgnt. Traffic usage

patterns are supplle ir af may_ b sured in real
tinme. %’ﬁé{ IIFJ r%t-rvg' m& thg i nven&g ,
to

t he assi gnnment process 30 i's ‘ﬁérformed in the corrput r 310 accor di
the instructions contained in nefary= 1, ..,J1dnd Krre Inesukti ng non-regul ar

assignment is output via the output 313 to t he MsC 315 and is in turn
forwarded to the BSs 321. The individual tunable radi os 322
: 15 Xgj = 1,0

N 2 0, integer

where M is a large positive number _ _
The constraints in (1) allocate channels to logical cells in propomon to
the cells’ requirements. In constraint (2) the total number of assigned channels is
20 limited to the number of channels available. Constraint (3) ensures that the ratio of
signal strength to interference is above the desired threshold value with confidence
level 1 — o Constraint (3) may be written to include neighbor-channel
interference. This constraint may be repeated for different confidence levels 1 — o
and the corresponding threshold values T. The above formulation of the channel
25 assignment problem can accommodate additional constraints that would reflect a
user’s special needs. Examples of such constraints are discussed herein below in a
discussion of the solution procedure for the basic formulation.
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included in the BSs are tuned to the proper frequencies in accord with the
assignment of radio channels determned by the assignment process. Added
out put 35 Ieads perm t. graphi cal and data printouts at the OWC.

-5 - During borrow ng, each cell wll exhaust its
allotted chan.nel s first before reques*t7 ng an addi tional . borrowed
channel. 1f, however, it needs additional channels, it may borrow
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channel constraints in (3), which make up the Subprogram constraints.

' The algebraic formulation of the Master Program and Subprogram are
expressed as follows. The following expressions define the Master Program of block
15 420 subsequently discussed with respect to FIG. 4:

Maximize g
Subject to: p Xgj Ny 2y; g forj=1,..,]
' all available k | 4
3 Ny €N
20 | all available k | &)

Ny 2 0, integer

where xy; are constants satisfying the interference conditions. These values are
~ supplied by the Subprogram described below.
The Subprogram contains the constraints assuring that the ratio of signal
25~ strength to interference is above a desired threshold value. Its objective coefficients
are the simplex multipliers corresponding to constraints (4) of the Master Program.



H)

rearrangement is not desirable at this point, the borrowed channel is

rel eased upon termnation or hand-off of the call it serves.
To state a sinple exanple of the above general assignment problem 20
al gebraically, the follow ng notation is utglized. Let - j =1, ...,J
i ndex of different |ogical cells (A logical cell is the portion of the
coverage area of a cell served | ogi cal face.) =1, ..., J sane
as j (the conblmsmm*)asd&}/oé}nm% fosmpai r of
| ogi cal cells) 25 vyj nunber of channel s needed in | ogical
cell j to neet bl ocking ~ requirenents N
number of avai | Mpximize, o & { Aj xj | [err] interference contribution
by logical face i to logicallcell | S[err] signal strength of
| ogical face j 30 T . t hreshold | evel of the
si gnal -t o- |nter$< SHes ratio :
- 6- The un nc!wn quantities of the probl em are: g
capacity factor (bottleneck capacity ratio) - K nunber of
channel sets N err] ' %.ze -of channe| set k '

5 Prob );Ii,-xi_s—,-rl+M(1-xj)zl-a forj=1,...,J(6)

i)
Xj = l, 0

where A ; is the simplex multiplier corresponding to the j constraint in (4).

The collection of channel sets included in the Master Program is
comprised of all the solutions of the Subprogram. The k™ solution of the

10 Subprogram provides values for the binary variables xyj. A channel set is defined in
terms of the co-user cells it serves. The collection of channel sets grows with every
new solution of the Subprogram, and this growth helps improve the Master Program
solution. Growth in the collection of channel sets stops when the optimal solution is
reached. o _

15 “The overall structure of the assignment process comprising the Master
Program and Subprogram is shown in the FIG. 4. The solution procedure, as shown
in the flow process in FIG. 4, involves four major functions. These are: Channel
Assignment Initialization (block 410), a Master Program Solution (block 420),
Channel Set Augmentation, and Subprogram Solution (closely refated blocks 430

20 and 440). In the first function, block 410, which is the initialization of the channel
assignment, a feasible channel assignment is obtained before we proceed with the
optimization. If the model is applied to an existing grid, the present channel
assignment can serve as the initial channel assignment, provided it satisfies all
system constraints. If it violates any of the constraints, it is modified by the Initial

25 Channel Assignment algorithm, as described below, to mect all constraints.

Once an initial feasible channel assignment has been obtained, the
remaining three functions are executed in an iterative sequence. First comes the
solution of the Master Program in block 420, whose solution furnishes the system
values of g, Ny, 7,and ;. Tis a simplex multiplier corresponding to constraint (5)

30 and A; is a simplex multiplier corresponding to the jth constraint in (4). This
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[err] if logical cell j is covered by channel set k

5

[err] ot herw se - The channel assignnment can be expressed
- as a mat hemati cal progranmm ng probl em of the form Maxi m ze ¢

Subj ect to: [err] x kj Nerr] >y[err] 99 for =1, ...J,

[err] 10 . , [err]

‘where -Mis a |arge positive nunber. .~ The constraints in (1)

~allocate chan naimnﬂmdm lueai byceielcmanﬁelweo mgﬁreaanba algoritlinh én blokck 430 which
ST, kRSBt ook Ui R ek 448 SR MELg
the ratio of generatgmew chanmelgets. to interference is above the desired
threshol d value w th coffd @il Group Augmentation algorithm is an optional heuristic
5 process that enhances solution of the problem. It revises the values of Ny and A;,
which are used in the next solution of the Subprogram. The Subprogram solution
furnishes the values of v and xy;.
' Once a specified number of channel sets has been generated, optimality
is checked as prescribed in decision block 450. If the solution is optimal as
10 determined in decision block 450, the algorithm terminates and the assignments are
provided in block 460. Otherwise, the cycle repeats again with the solution of the
restricted Master Program in block 420.
The following condition indicates optimality: Let K—1 be the current
cycle, and let xg; be the opumal solution of the new Subprogram. Let T be the
15 simplex multiplier corresponding to constraint (5) of the relaxed Master Program. If

' A €
szx.l;‘l._ T - N

" then the current solution is optimal for the relaxed Master Program.
The solution procedure described herein is finite as the number of
20 different channel sets is finite, and each solution of the Subprogram contributes a
new channel set to the Master Program. That the channel set entering the Master
Program at each cycle is new is based on the followmg observation. The simplex
multipliers of the relaxed Master Program at cycle K~ 1 satisfy the conditions: (5)

' Xih;i —tS0 fork=1,..,K=-1
25 Z it 7 ST ®)

If the new Subprogram solution x; is added to the Master Program, it cannot meet
the condition in (7), for that would lead to the termination of the process. Since it
violates the requirement in (7) it cannot be identical to any of the K~ 1 solutions
encountered previously, by condition (8). Hence, XKj represents a new channel set.
30 Given that the number of cells in a grid is finite, the number of distinct cell
groupings that represent different channel sets is also finite. Hence, the solution

procedure is finite.
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mi xed- i nt eger sthat i Aghapnel ass‘%‘ﬁgﬂéﬁ‘!ﬁ@&'%’ls "grcﬁg?gmmﬁ‘s t#%&“@!!&ﬁdﬁgab‘g

fel lular gri FI hams&im and)co-sharmel imerfle?ihoeebhstramts Fotasexmﬁrid‘oeﬂh ula® gridpihe
aces per ce , anne ts e er t her

bo 42, 511 const fiibLasiimEainlaR thay SVE o8 SRR cHdRhel pipSet, providetitt ' ¢

vari abl es), 55 istfeadiblohlizhe egisting channblaskignment is not feasible (mfeambﬂxtyTWonld

problemis deco Qﬁ!ﬂgﬂf' M‘éfg i I ng

generalized |i ngggré Sglr aﬁ%ﬁ‘\r@e origl nﬂé&e&% mis eég}ngotg 1|s E?o

two snal | er pro®¥iing chanpel agyignment it s pAcessary genmRtE AR isitial feasibie chanel v e

sequence, t.ng their respective solutions, unt|I the optimal

solution is reached. 10,.,Foll est abl i shed, con | the r obl ens

are called the Master Pﬂa’ﬁﬂ?fﬁg&&’? ‘%ﬁﬂ’p%ﬂ? P@&Iﬁb’gram

-consi sts of 18l Ivdriduohfoétlmt@h:imelﬂ}nmp Augmmmiowalgtbmhm I(13l)e mbkugdneraiikseup

t he Subprogram go | Il on of
%ﬁwﬁgh gﬁb? Otge gﬁs%q%channel asm&ﬁefi‘é wﬂSﬁfe@ e m?érf@iér?&

the Master Pr og
- constraints. In this case, Channel Assignment Initialization consists of two phases.

In Phase I we modify (Block 507) the channel sets in the existing channel
assignment, one at a time by changing values for Ny and A;. If a channel set

15 violates the interference constraint (decision Block' 502), cells are removed (Block
504) until it satisfies the interference constraint. If the interference constraint is met
by an existing channel set, the algo;'itllm will assign as many additional cells as
pbs_sible (Block 505), provided that the interfemnce constraint is satisfied. If the
resulting channel sets cannot cover all cells, the second phase is implemented. In

20 Phase II additional channel sets are generated until all cells are covered (Block 506).

Both phases employ the Channel Set Augmentation algorithm. They

differ in terms of the initial values used for A ;. In Phase I, A; equals 1 for all cells j
covered by the existing channel set, and zero for the remaining cells. In Phase IL A;
is computed by the equation (10) dlsclosed herein below. :

25 The Master Program is a linear program 1nvolvmg the integer variables
Nk, which assume values rangmg from O to N -- the number of available
frequencies, a number which is normally between 300 and 400. Various techniques
may be used to obtain an integer solution. Given the magnitude of the integer
variables, one can obtain near-optimal solutions to this mixed-integer linear program

30 by solving the relaxed linear program without the integer requirements as per Block
601 in FIG. 6. For the purposes of channel assignment, integer solutions must be
provided. B

The algorithm yielding an integer solution to the Master Program shown
in FIG. 6 uses the fact that the optimal channel assignment will use all of the N
35 available channels. Given an optimal solution to the relaxed problem (the linear.
program without the integer requirements), the algorithm starts by making the
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expressed as follows. The foll owi ng expressions define the Master Program
of block 15 420 subsequently discussed with respect to FIG 4:

Maxi m ze ¢ Subj ect to: [err] where [err] are
~constants satisfying the interference COﬂdIHIOﬂS. These val ues are
suppl i ed by the Subprogram described bel ow. ) '~ The Subprogram

contains the constraints assuring that the ratio of signal 25- strength to
i nterference i channelset sizesequabto theintegess dlosest tetherelaxedbsolution/@Blockeédl)cilent s

ar ggﬁ ne Pl elerfiinadsf e'ifireGe o SRAVSHA W toN TBIBEKS 80)'6B7 609). T Adifie VESt €T
© increases (or decreases) by 1 the sizes of the channel sets with the greatest positive
(or negative) deviation from the optimal non-integer value (Blocks 611, 615). The
5 steps of the algorithm are shown in the FIG. 6 and are described below in detail.
The term N x denutes the channel set sizes in the optimal solution, and |
by N their closest integers. The procedure for obtaining an integer solution to the
Master Program is outlined in FIG. 5 as follows:

Step 1 Set Ny equal to the integer closest to Ny. (Block 603)
10 Step2  Compute the difference D = 3 N — N. (Block 605)
k
If D = 0, terminate (Block 607). Otherwise go to Step 3.
Step 3 IfD <0, go to Step 5. Otherwise go to Step 4. (Block 607)
Step 4 Find D channel sets with the largest difference 8y = Ny — Nj
Decrease the size of each of the D channel sets by 1.
15 " Terminate. (Blocks 611, 613)
Step 5 Find |D| channel sets with the largest difference 3 = Ny - Ni.

Increase the size of each of the ID| channel sets by 1.
Terminate. (Blocks 615, 617) '
It is easy to verify that, given a non-negative solution to the relaxed
20 linear program, the resulting integer solution will also be non-negative.

Once the complexity caused by the ii’me_ger constraints has been
removed, the solution of the Master Program becomes straightforward. Standard
linear programming software can be used. By linear programming standards, the
relaxed Master Program is a relatively small linear program, having a number of

25 constraints equal to one plus the number of logical cells in the grid, and number of
variables equal to one plus the number of chann_el groups. It is expected that a large
grid would have no more than 500 logical cells. Seven hundred and fifty channel
sets would more than exceed the number needed_ to yield an optimal solution.

The number of cycles of the Master Program may be reduced by

30 generating lists of channel sets with the channel group augmentation heuristic. One
of the factors contributing to the computational effqrt in mathematical programming
decomposition is the repeated solution of the Master Program. Since the optimal

~ channel assignment is derived from the last Master Program solution, and all
previous Master Programs serve only to generate a list of desirable candidate
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- o8- The Subprogram has the follow ng form Maximze v = [err]

Subj ect to: where [err] is the sinplex nultiplier
correspondi ng to the j[err] constraint in (4). The
col l ection of channel sets included in the I\/aster Programis conpri sed

of all the solutions of the Subprogram The ?(ferr] solution of the 10
Subpr ogram provi deés val ues for the binary variables x[err]. A channel set

'iﬁ def.: nedti n chanhelrms géncritingCd huﬁmbil téfdahdﬁﬁfe\stﬁﬁeacgf&?c&@dmtdﬁgn?ﬁf

channel sets gr er Soui‘-@g{l u oragba is
growt h hel ps i #%%WM&MWBEW“

col l ection of csolmion. 'Bmmfoﬂ,bpmwhanywmcmcumte mmwsoﬁthed\dasterl?mgmhed

the wmster e OBl denhidi SR b (ARl DRGE Bl B e 1O

procedure, ad s ed by theyuselie f| ow process in FIG 4, involves four.nmajor
functions. These are: C'T!l@'&ﬂkenonuseumgeneranngnewchannelsetsisthattheymusthave

the potenual to improve the Master Program objective value. The first channel set
generated after the solution of the K Master Program has this potential since it has |
a negative reduced cost by condition (7). In order to obtain heuristically additional

10 channel sets with a negative reduced cost, the simplex multiplier A ; is needed.
Typically, A; is supplied by the solunon of the Master Program. Since our aim is  to
generate more than one channel set between consecutive solutions of the Master
ngram' it is necessary to revise the A; values before each Subprograni solution
without re-solving the Master Program. - -

15 The revision of A; is based on properties that would hold if the Master
Program were solved. They are derived from the following Complementary
Slackness conditions defined by equation (9): ‘

K . .
Aj (Y x(Ny-yjg)=0 forj=1,...7J
k=1 (9)

20 A consequence of the above conditions is that the simplex multiplier A ;, which is

~ required to be non-neganve, will be positive only if the corresponding primal
constraint in equation (1) is bmdmg or, equivalently, whenever the capacity ratio of
cell j j equals the grid capacity factor. We refer to such a cell as a binding cell.

The condition of equation (9) is employed to update the Aj values of

25 bmdmg cells as follows. A new channel set K, derived from the last Subprogram |
solution, will receive in the next iteration a portion of the available channels. This
implies that if set K covers cell j, cell j will typically not be binding in the next
iteration. By equation (9), the corresponding simplex multiplier A; would become
zero. Hence, the following revision rule is used: :

if xgis; = 1
30 Aj = {0 .

unchanged 1f xgj =0 o (10)

This revision causes channel sets generated by subsequent solutions of the
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H

Assignnment Initialization (block 410), a Master Program Sol ution (bl ock

420), Channel Set Augnentation, and Subprogram Sol ution (closely

r‘el ated bl ocks 430 20 and 440). In the first function, block 410, which is
the initialization of the channel assi gnrrent, a feasi bl e channel
assignment is obtained before we proceed wrid-the optim zation. If the
nodel is applied to an existing grid, the present channel assi gnnent
can serve as t hgutigbgraml toTRveHHihdiRS SE1t R Were HoP¥OVEREH by thedhst Shariel ?Az,l
system constr ai nts &ﬁlt vi,Ql af es_.any of the constraints, it is nodi |ed
by the Initial Posiliys 4nFaleS: ol gorithm as described below, to

neet all const ral nt s.  The above revision rulésdeal withithrs bindingfceHsasothey bécunre |

. [ t h

ecoted i n an WiEpnfite? KIAES ark Meded aled o7 Blelkell sl ok Wiila B0 Maser
Mast er Pr ogr 4m Pregmne selutiombut,Asaew channel wuuraddgh@saytbesomymg Such
val ues of g, N[@ll'i's]shmhﬂ'bé]cova@? bg%ﬁﬁ uéxﬁ'i:ﬁindefséis Swmll ﬁxasﬁ%éd Erb@ﬁlue by

corresponding to cqnstrajnt [err] 1s I Rnl er
correspondi ng t¥ugReA (Dn %Wf‘ﬁ?h@o Fﬂ‘ a chance, Gness j is upda
- 9- i nf orﬂmmewayus wc&mﬁxh&a&amu binaingosiatak opi cénmyl n

bl ock 430 whic I nvgkes t r Qgr S n orith k440-
several tines %“81’599 new%gﬂérsg ﬂg"rfgtg}k %pg@r@nconm o5 the bid

The Channel 10r cssmusofiaeell rigether M@mmplemuiuplmdgtwahma lin deriving & inew diannel
process that er%gences solution of the problem It revises the val ues of

N[err] and [err whi ch are used in the next solution of the
Subprogram The Subpr ogTheresase several ways to revise Ny. In this implementation of the

_ algorithm we assume that the new channel set K will receive one K™ of the available
channels, while the size of the existing K — 1 channel sets will be adjusted
15 accordingly. That is,

- N
Nk=%x )

If the existing channel sets had size N*y, their new sizes will be
20 Nk = N'k

fork=1, .., K~-1 12)

The algorithm for generating F new channel sets is shown in flow form

in FIG. 7.
Step 1 Set A; and N equal to the values obtained by solving the
: Master Program. (Block 701) -
25 Step2 Repeat Steps 3 through 6, F times. (Blocks 702, 713)
Step 3 . Solve the Subprogram to obtain xy;. (Block 704)
Step 4 Revise A; by equation (10). (Block 705)
Step 5 . Compute N by equation (11) (Block 709), and revise N

_ : fork=1,:---,K - lbyequ_ation (12). (Block 711)
30 Step6 Increment K. (Block 711) '



furni shes the values of v and [err]. Once a specified
nunber of channel sets has been generated, optimality i s checked as
prescribed in decision block 450. If the solution is optinal as 10
determned in decision block 450, the algorithmterm nates and the
assignnments are provided in block 460-1&-herwi se, the cycle repeats
~again.with the solution of the - restricted Master Programin bl ock 420.

The followi ng conditio 'tl?é’\(?:?ﬁc rm}slu

cycle, and let [err] bgnt he op |rra“?19tsfigl Utli(l)% #l‘é{)ﬂg' rﬁnﬂ?@s i&?og'r!%é et
[err] be the 1bavadayised amefficienthenristis alganitbmyion the splutionnf ity Subprograsy It he
rel axed Mast er cfHis@Ric@ soldtion by selecting amongthe cellsmthe dthose that will

[err] thenth.e ur £ ent solutlon.ls rel axed Master
Program e the §§§P€° Gﬁ'gdﬂﬂg’“ﬁl qung RGeS finite
as the nunber abns&ﬁmtsioﬂ’eﬁpaﬁm (ﬁ)haunbhscﬂssonmubwdluymddmgdmeaen asmhnte; on of

That the channE oty i - %‘ﬁ“ﬂfbav“‘??ﬁ%**if%“‘r%& ea%%e P

i s based on thﬁltmqsmugem@nﬂaﬂw xmﬁ\pégt For cplls withlequaldjomluese
rel axed Master ﬁﬁl‘ﬁP Sreconsidendd t beEiiisd hé

I f the new Subg*rg&wm SO %lfldé)irf X Klerr] |s a lded to t e%%elgﬁléﬂoggra%ﬂl
cannot neet Precsnnt; throngh; the inerferpnge it generates, mere Gﬂgé P'F%i‘

term nati ongof Pidf&eﬁ&dlﬁ efven tScellewith low pre‘dlnﬁb téritﬁul F'Hiblpré-eﬂﬁin“t/el n(7) it
o evi ousl y. byPeS Cﬁ%qliquﬁ@%wseﬁmﬁ siopp ¥ o erifde e BB e Rt o e 30
G ven that t hecriteribe fution asédsfor inciuding d cel irf t!nlsohmonlmaupdarcﬂeafteothedl stinct
cel | addition of each cell.
The algorithm logic can be described as follows. At each step, the cells
15 are partitioned into three subsets, The set C, which consists of the cells included in
the solution (i.e., x; = 1); the set C, which consists of the cells excluded from the
solution (i.e., x; = 0); and the set U, which consists of the cells whose fate has yet
not been determined. At the start of the algorithm, U contains all the cells, and C
and C are empty. At each step a member of U is '_pl_aced in C. Its inclusion in the
20 solution may pre-empt other members of U from inclusion. The pre-empted
members of U are moved to C. The algorithm terminates when U becomes empty.
Among cells with equal A; values, the cell to be moved from U to C is
chosen based on its potential to block other membcrs of U from entering C. There
are several ways to measure this potential. In the implementation described in this
25 paper we define the pre-emptive potential function p; as the inverse of the "slack” a;
in the interference constraint in equation (6), which measures the margin for
additional contributions to the interference experienced in cell j. '

P = a; | (13)
30 “The solution of the Subprogram may be expanded to include cells with

zero Aj. This is necessary in order to deal with the non-binding cells that become
bmdmg as more channel sets are generated. In some instances, the inclusion of the _
largest possible number of cells in the solution of the Subprogram may be desirable
for the increased system' planning flexibility it a__ffox"ds. Hence, cells may be chosen



groupi ngs that represent different channel sets is also finite. Hence, the
sol ution procedure is finite.

- 10- The sol ution procedure nust start mnth a feasible
channel assignnent, that is a channel assignnent that covers all cells
and neets the channel availability conkX+ ai nt  and co-channel ,

I nterference constraints. For an existing cellular grid, the channel
assignment in phafdr GRYestBAIA %mubwmﬂdlb@hnsgf&ﬁmsdfﬁéﬁwment provi ded
it 5is feasible. If the eX|§t|ng channel assi gnne is ndf feasible
(infeasibility would arise typically fromthe violation of the
interference constraints), or if there ip go Xi sting channel
assignment, it is necessary to generate E:ingqul f easi bl e channe

assi gnrent . - _ fihe Apthed eri vj mg€apji nitial channel
assignnent is based on a 10 variation o fﬁ@.Cﬁan el Group Augnentation
algorithm In the nost general case, as’shownd in FIG 5, the exXi$Xing
channel assignnent violates the interference constraints. In thls '

case, Channel siggment Initialization consists of two phases
Phase | we rmdie“fslmgl P}'mfé%trmmeds ISP Yory s QP?‘H&‘ B%hﬁel
assignment, ®ne at a tlmebmmmﬂygsmalmafars.ﬂ{eﬁniwm@owek vhfueﬁ
channel set 15m ates the | né.grference C ng’é}iﬁ% i ec %ﬁ 502)
cells are reno %f F?'g‘ﬂ?‘ﬁt &t
constraint. If mﬂeposlﬂ\erxmmcbeemmmidemd:\mmenmus with pos}nwnr@@qml kg
channel set, tQg 3L 9pd bﬂ&i@é ¢ 4 LelPoBedAcidted TR 848 bided 07 thé fikcinpitive
_ potential p; j since, according to condition (9), the capacity ratio in the second term of
10 (14) is the same for all such cells -- it equals the grid capacity factor. For cells with
zero A; values, the capacity ratio dominates the choice of a cell to be included into
C. - | '
The algorithm for the solution of the Subprogram is shown in flow
process fonanIG 8.

15 Step1 Place all cells in set U, and make sets C and C empty. (block 801)
Step 2 For each member j of U, compute f; by equation (14). (block 803)
Step 3 Select j* to be the member of U with the greatest f; value. (block 805)
Remove j* from U. (block 806)
Step 4 Compute a; for each member j of C assuming that j* (block 807)
20 is also in C.
Step 5 Ifa; < OforanyjinC, placej* in C and go to Step 8. (block 809)
- Otherwise, place j” in C (block 811) and go to Step 6.
Step 6 For each member j of U compute a;. (block 813)
Step 7 Remove from U any of its members j witha; < O and
25 place them in C. (block 815)
Step 8 If U is empty, terminate. (block 817) Otherwise, go to Step 2.

The calculation of the pre-emptive potential p; in the solution of the
Subprogram, discussed above, involves the interference constraint slack a;, which
measures the margin for additional contributions to the interference experienced in
30 cellj. The slack will vary with the composition of C, the collection of cells covered



T

possi bl e (Bl ock 505), provided that the interference constraint is

satisfied. If the resul ting channel sets cannot cover all cells, the
second phase is inplenented. In 20 Phase || additional channel sets are

generated until all cells are covered (Bl ock 506). Bot h
phases enpl oy the Channel Set Augnentation Ifl-gorithm They differ in
ternms of the initial values used for [err]. In Phase I, [err] equals 1 for

all cells j by th®vlainael &y, t he exi sting channel set, and zero for the
remaining cells. In Phage I, [err i s conput ed, by the equatipn (10)
di scl osed herein bemﬁfggomputkt{wllackaj W‘Tﬁ%‘“‘l?&?‘ﬂ% $ate °ﬂ“Pquear

_program :c nvol \6quaﬁdn€(6) hﬂ@g&bquiaﬂbﬁﬁm@lﬁsﬁﬁ Sdmstraint gmmalsﬁurm theél lrJTgS

rangi ng from - - UK ilable . re nci.es, .a number

which is nor maH‘)@%ﬁ%&ﬁ%’aﬁ@ﬁ%%o?“‘%&?f*%ﬁgn&laswﬁwﬁfm be ‘PFB@“"b%S used

to obtain arf i fellayex: sol uti'on. G ven the magnitude of the integer

vari abl es, one can obtain near-optiral solutions to this m xed-integer

l.i near program 30 by solving-'t rel axed Linear program wi thout the

integer requirements as per Blocgk g. -601|in FIG 6. For the purposes of

channel assignnent, integer Peobit- Tl - a Fopyiedtd.

The al gorithmyielding an integgr 2l lgionlto the Master Program sh :

in FIG 6 uses the fact that the-#hbeFrmal channel assignment will US&V‘A’SII of

the N 35 avail able channels. Gven an optimal solution to the rel axed .

probl em (the | it the abdve 48 b ByivhiRft erdrhfinibei! HGHalkef é AEH iidw the'®

algorithmstarts ag'_ma.lngi)t.e . i R .
_ probability distribution of the signal-to-interference ratio. Let Y be the value of this

10 ratio, expressed in decibels. That is,

S;
Y = 10 logm ——Z_I— .
. i
is, 6C (16)

Following other treatments, we assume that Y is normally distributed. Let py and
0% be the mean and variance of Y, respectively, and let R be the signal-to-
15 interference ratio threshold value T expressed in decibels. Equation (15) can be

written as follows:
Prob[ Y2 R| = 1-Prob| 25— X/ 21-a forjeU
Nk a7
where z is a normal random variable. The equivalent deterministic constraint is the
20 following: |
Ry + Zq Oy 2R | (18)

where z, is the a—quamilé of a normal random variable. a; is the slack variable of
the above inequality. Therefore, - |



channel set sizes equal to the integers closest to the relaxed sol ution

(Block 601). It termnates if the integer set sizes add up to N

(Bl ocks 605,607,609). If not, it i ncreases (or decreases) by 1 the
sizes of the channel sets with the great estl;ositive (or negative)
deviation fromthe optimal non-integer valu¥ {Bl ocks 611, 615). The 5
steps of the algorithmare shown in the FIG 6 and are described below in
detail . The term I\Eeg yaengt QﬁYtJIQ{ channel set sizgg)in
the optimal solution, and by N[ err thel T osest integers. The

procedure for obtaining an integer solution to the Master Programis
outlined in FIG 5 as fThesaluesof py an&ttﬁpddpendonthﬁeﬂmﬁsnbmsﬂsetc They are

'dI“]E otk ng'eosbef tcof@ru%ﬂ l%th? %L&Yr@u%?@%jxﬁe g%@? of all antenna 1388 Wheh prreﬁedD
0, term nate5( Bhdednbdsm imiependeint sommallyddistibyted random vagiables and thatthe f D <

(II))’ Cﬁgnf’]& Sggfs%m% the rg'glg% g‘r’%n‘é‘ﬁzgﬁ‘]‘g%%m"“{d'wwm Find

Decr ease t he &%MW’E‘&(%C’@FS‘[[ﬂb@channel sets by 1. 15

Term nate. (Blocks 611, 613) Step 5 Find ID channel sets with
the largest difference [err]k = Nerr] - rr

I ncrease the size of each of the 1D chanfe ? se‘l‘s by 1. 20)
Term nate. (Bl ocks 615, 617) It is easy to verify that,

gi ven a nonjgpe lve solution to the relaxed 20 |I|inear program the
rresulting integer solution will also be non-negative. Once
the conplexity caused by the integer constraints has been ‘renoved, the
solution of the Master Program becones straidghtforwayd. Standard | i near
progranmm ng software can be used. By=l '101@@% o%r WLng standards, the

rel axed Master Programis a relatively sm lI ,upa:a rogram havi ng(2i1)

number of 25 constraints equal to one plus the nunber of logical cells in
the grid, and nunber of vari abl es equal to one plus the nunber of '
channel groups. It is expected that aP artfklogi Sgrid woul d have no(2@)re
than 500 | ogi cal cells. Seven hundred and flfty channel
15 Ifpy the mean of the cumulanve interfence L in cell j, expressed in decibels o 2
the variance of L |1 p the mean of the power signal P in cell j, is expressed in decibels

as Op 2 the variance of P then, the mean and variance of Y are given by:
By = E(Y) = E(P) — E(L) = Up - H (23)
20 Sy2=Var(Y)=Var(P)+Var(L)=6p2+0.2+2 cov(P, L) (24)

_up, op2, and cov(P, L) may be calculated from analytical models, or estimated
based on empirical data, which may accumulate during the dperation of the system.
i and oy 2, which vary with the composition of the set C, are computed in each
25 step of the Subprogram Solution algorithm by a power-summing procedure. The
statistical parameters employed in the power-summing computation may be
calculated from analytical models, or estimated based on empxncal data that may
accumulate during the operation of the system.
The process in which unused channels of one cell are borrowed by a cell
30 needing added capacity is illustrated by the flowchart of FIG. 9. The process begins
at terminal 901 and in block 903 the instructions call for a periodic measurement of
traffic distribution. The instructions of the block 905 replicate the gbove described



sets would nore than exceed the nunber needed to yield an optimal solution.
The nunber of cycles of the Master Program.may be reduced by 30 generating
I'i sts of channel sets with the channel group augnmentation heuristic. One

of the factors contributing to the conputational effort in mathematical
progr anm ng deconposition is the repeaﬂ@d solution of the Master
Program Since the optimal channel assignnent is derived fromthe | ast

Mast er Program fp.:g foPEsmputin chanﬂvlmg}ﬂﬁedb’bﬁhﬂi offiepgiethdd fotomtpuitigy t o
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Z12- charfi? ﬂ‘&‘“&‘i’%’r‘bf@rcmﬂﬁ}&q‘ﬁf‘ nons o shecellgase o ch
cycle woul d t erstown in block@ﬁﬁlumay firid:thas cellfnlly Subsesibed. Theodpcisionsbibok 90t s

while still vyi Hahhd1Fom et

- consecutive soﬁiﬁ%%ls 21;919{]6 g%hsayae%ab rogr a%] -ﬁﬁﬁéﬁ F@taﬁogﬁuse generlg?es
several new 2haharels ons, it is assigned channed reguest provided the interfsreare pediowsr t he
user. system conﬂ_tli‘ﬁnﬁrdré ﬁﬂsﬁ&.um the fibwprodéddsdo BMWQWSCSG'[ s is

that they nust have nt 10, | ove.the Master Pro
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thg K[Srr] Ivaf)ttamﬁfjmggam has this potential since it has a negative
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reservation requirements if assigned to the channel request. If there is one, the flow
proceeds to block 915, whose instructions assign the call to the free channel and the
assignment process ends in terminal 919.

15 ~ When a channel becomes available a process, illustrated in FIG. 10,
controls the disposal of the borrowed channel. The process begins in start terminal
951 and in block 953 which recognizes the termination or handoff of a call. The
instructions of decision block 955 inquire if the released channel is a borrowed
channel. Ifitis, the flow terminates in the end terminal 961. If it is not, the decision

20 block 957 inquires if there is another call in the cell using a borrowed channel. The

- flow ends in the absence of such a call. If a borrowed channel is being used, the call
on that channel is transferred to the released channel as shown in block 959. The
flow process terminates in the end terminal 961.

The interference constraint checked in channel use and reservation

25 decisions is similar to the interference constraint in equation (6), and its equivalent
constraints (15) and (18), but with the following differences. The set C is the
replaced by the set C’ consisting of the cells actually using the channel when
compliance is checked. The confidence level 1 — ais replaced by 1 — @', which
would be typically higher. For example, & could be 0.50 while &’ would be 0.10.

30 Finally the probabiiity distribution may be conditional on the observed signal "
strengths of the interfering and serving signals if their values are available. That is, if
the observed serving signal strength of a call requesting a channel in cell j is S;’, and
the interfering signal strengths are I;;” for i € C’, then the following interference
constraint is checked before using the channel in cell j:



‘Program it is necessary to revise the [err] val ues before each Subprogram
sol ution W t hout re-solving the Master Program 15 The
revision of [err] is based on properties that would hold if the Master
Program were sol ved. They are derived fromthe foll ow ng Conplenentary

Sl ackness conditions defined by equation (‘91)9:‘ K
[err] 20 A consequence of the above conditions is that the sinplex
multiplier [err], which is requiged to be non-rlegative, will be
positive only if the corresp | Q_M

ooqst rgint. ih equation (1) is
bi ndi ng or, equival ently, whenéever ¥hdy capa0|§‘y rétli o of cell j equals
the grid capacity factor. W ref ra,.tec'such a cell ds a binding cell.

The condition of equation (9) is errpl oyed to update the [err] values of 25

Subpr ogram + CHbpiR A6 e (AEBA) erotabiliee dreitiion avomd Brusedisif; on of
the avail abl e cbastruints (6)T(i%, and (18)7bhi witholfahd O, S twilll inchudy @nycells that
e ey Wi bl o7 O c0Ue 7 ).
the follow g revision Auwhenne} assigminent iG®computed when the observed offerec[leadq
Thi's revision GaUGEHEREARYYEneth SoME BEoR o8 Larsd bicciiy Yaic Th Uhéedldt e  Ne
target values, based on which the channel assignment was computed. A record of
the number pf blocked and successful calls (or channel requests) is retained fora
time interval, thus obtaining an estimate of the load offered to the cell. If the
10 observed offered load is outside a statistically significant range of the offered load
used to compute the channel assignments, the channel assignment optimization is
invoked to compute a new channel assignment. Otherwise, the present assignment is
maintained.
Channel reservation helps the system approach the optimal channel
15 assignment. ‘A simple example of determining the number of reserved channels in
real time would be to make this number reflect the deviation between anticipated and
realized offered loads. If there is no change in anticipated offered loads since the last
channel assignment calculation, the number of reserved channels plus the number of
busy channels owned by a cell would be less than the number of ch_annels assigned
20 to the cell. " '



to13 - "Subprogramto favor binding cells that were not covered by the

oo o QAR s coar”w'th' cne'5i haing oot | & aEiaey Bae o
( f
ey

non- bi ndi rfy. tRuPess ar® needed al so for the cells that @re ng,gﬁb'

the Master 5 Program sol ution out, as new2@hannel setls_are SHHAE
becone binding. Such cells should be covered by subsequent channel -
sets. Wth [erClaiggsi gned zero val ue by equation (9), however, they do

not have a chance, unl S@d*er rl}; i s updated. An alternative way..s t
communi cate to the Subﬁr wite %c%rqmﬁu@ﬁéyﬁgm#@gcﬁwwp‘%ﬂﬂmﬁdgg
over the new cimeomnaglurality ofisutsstaniially contiguboe célls) pmushadwi assignihgrradiohe

bi ndi ng 10 st Hisin . together with sinplex multiplier [err] val ues
in deriving aaémew @%éﬁhﬁe{&h’ set . There are several ways

to revise NPerr]. In ticomprsisgshestepaofon of the al gori thm we assune

that the new channel sfewfmiing the@vailatle SEIR dikdhanneds; t he avail abl e
channels, while the size of ,the exjstin gndihl.'ﬁfhannel sets w |l be_

adj usted 15 accor di ng/dgtermiping serving si nce statistics;

[err] _ ~ detemn interferencefant lsgstemi constrgdng forthe ceBsst s had si ze

N'[err], their new sizgg, Whiding Existing traffic patterns for the cells;

10 ' inputting the cells, channels, serving signal and interference statistics,
interference and system constraints; ekis_ting traffic patterns and blocking
requirements for the cells into a computing device; - |

executing a program on the computing device to partition the available

: radio channels into disjoint sets and to assign such channel sets to the cells

15 CHARACTERIZED BY: _

determining if, upon arrival of a new channel request, a cell has
exhausted the channels assigned to the cell; '

determining if there is a free channel, among channels assigned to the
cell, that would meet interference and system constraints if assigned to the new

20 channel request given the set of current users of the channel;

determining if there is a free channel, among channels not assigned to
the cell, that meets interference and system constraints if assigned to the new
channel request given the set of current users of the channel;

assigning the request to this free channel that meets interference and

25 system constraints; | _ |

tunixig a cell radio to the free channel.

2. In a wireless communications system having service areas partitioned
into a plurality of substantially contiguous cells, a method of assigning radio
channels to the cells as claimed in claim 1: |

30 comprising the further steps of:

" employing a higher confidence level (or different parameters in the
corresponding deterministic equivalent constraints) when detennining_complianc_e
with the interference-and other system constraints in the channel assignment
procedure and upon arrival of a new channel request.

This Sheet Has Been Replaced
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'[err]———f o 7 ""The algorithmfor generating F new channel sets is

shown in fI in FIG 7. Step 1 Set | nd N err]
équal {“ml m E/!m B!ml!tal ned by sol ving the ' THIS SHMBSLBE orr
Pr ogr Step 2.. Repeat Steps 3 thropigh 6,pdp; kh S N
(Bl ocks 702 .713) Step 3 Sol ve tRk-Subprogramt :
(Bl ock 704) Step 4 Revi se [err] by equation (10). (Bl ock 705)

fork = 1, atlon I ncrenment
K. (Bl ock 711)mtoapi[urahty t substan nguouscells,amethodofass1gnmgladi E14_

G ven the diffganhéls t@ﬁwmngugamhmﬁ § optimal solution nethod, we

have devi sed an eff|C|ent he.url tic.algorithmfor the solution of the

Subprogram |t “coff é’cﬂhﬁf ?'G sel ecting anong the cells in

the grid thése that wi Idetennuungrﬂmmmbﬁmsﬁn@cka;nelmwb;m&vedfbﬁicﬂl’s

wi t hout vi ol at 8&%e interference -5 constraints of equation (6). Such a
e

set is construc y adding™one cell at a tine,
inputting the portion of assigned channels to be reserved for a cell’s own

use into a computing device;
detenmnmg at the time of a channel request whether the cell to which a
10 channel has been assigned has available the portion of assigned channels reserved for
its own use before allowing that channel to be borrowed by other cells.

Step 5 Comput e I i it 2:1 C@s§fh§x¥, nga&iﬂn%@m&p&‘hséﬁdd
ally co

4. In a wireless communications system having service areas partitioned
into a plurality of substantially contiguous cells, a method of assigning radio
channels to the cells as claimed in claim 1: -

15 ' comprising the further steps of: _
' determining in real time the portion of assigned channels to be reserved
foracell’sown use as a function of system performance.
determining at the time of a channel request whether the cell to which a
channel has been assigned has available the portion of assigned channels reserved for
20 its own use before allowing that channel to be borrowed by other cells.

5. In a wireless communications system having service areas partitioned
into a plurality of substantially contiguous cells, a method of assigning radio
channels to the cells as claimed in claim 1:

comprising the further steps of:
25 determining if a released channel at the termination of a call is other
than a borrowed channel; and
transfernng an existing callon a bon'owed channel toa non-borrowed

released channel.

6. In a wireless communications system having sérvice areas partitioned
30 into a plurality of substanually contiguous cells, a method of assigning radio
channels to the cells:

—

B
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giving priority to the ceIIs with the greatest [err] value. A cell can be
added to the set— it does not interfere with the cells already in

the set equal [err] val ues - the order ijnrk
are corH;“ m IIH tant because the inclusion of one cgl
" preenpt erference it gener%@%s nore cells

Preference is gi ven to cells vm'th | ow pre-enptive potential .
. pre-enptive pot ent coinprising thectepsosf: at each step, as new cells are
added to the set. Theref

unc jon used for including
acell in the solution I ”HBM%'&%F?%‘?"‘?#@{S ﬁ?ﬁf’h’l on of each cell.
The al gorithm | ogic c andetermiining sepvidg signabirdoneerfefence amtistidsep, the cells 15

are partitioned into thP@t@nﬁﬁﬂfﬁeﬁx J&Fe 'ﬂqﬂ% ﬂ“ﬁﬁg the cells
i ncluded in t he solution err{’ {s i[? e se?@éﬁﬁj(:h consi sts

of the cellsSexcluded f@etarmining exis GDWS and t he set
U, which consists of thﬁ, phftineSthe BARE chatine] hm ts gﬂ.ge@,ﬁ q ﬁé‘g ned
At the start of, gﬂw thm U con'?al nss . lg(lzig}:rmﬂman o

are enpty. At WFH%FW'% xﬁ“&& G patterns;and; blagkiag o |n the

20 solution rm-yqtﬁmmwforutdfwlsmh&mm gdevies; i ncl usi on. The preenpted
menbers of U are noved to C. The al gorjt mtermn es econe ty.
Anong cells with equal f’ﬁp?"g/ﬁﬂ}&%" SPPPPRNE, %"ﬁﬁ% %ﬂ“[&f’ﬁa‘@%w
chosen based0 omadibcharnetsintedisjointisetsakd 60 hssigmsnch ehannel sets forthencellt eri ng C
There are several gm;ﬁ-rgﬁ%g his potential. In the

-npl ement ation described In this agr we define the pre-enptive
potential function p[ erestimasingfrom Beasummenss theloadofered to the celly, t he

interference cooebmphing bﬁhﬂ%&i@ﬂeﬁ@ﬁsﬂﬁé&?ﬂw caiit différefBéscare f Or
addi tional cont E’I bueiona tQ the |nteﬂferen e experienced in cell j.

[err] new channeis.  The so| ution of the
Subpr ogram nay be expanded to i nclude cells with zero [err]. This is

bi ndi ng 4 More. channel" Sbp dilkiesh sGmaRicalon] R heving Sdiac 8hAg Baritoned
i ncl usi on of t into a plurality of substantially contiguous cells, a method of assigning radio
- channels to the cells: ' '
comprising the steps of:
determining the available cells and channels;
20 determining serving signal and interference statistics;
determining interference and system constraints for the cells;
determining existing traffic patterns for the cells;
inputting the cells, channels, serving signal and interference statistics,
interference and system constraints; existing traffic patterns and blocking
25 requirements for the cells into a computing device; .
executing a program on the computmg device to partition the available
radxo channels into disjoint sets and to assign such channel sets to the cells
CHARACTERIZED BY:
improving estimates of serving signal and interference statistics through
30 measurements made during the operation of the system.

——
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[ 'argest possible nunber of cells in the solution of the Subpr ogram nmay be

desirabl e for the increased systenlplannlng erX|b|I|ty It affords.
Hence, cells may be chosen

-15- in order of descending value of the follomnng criterion function
flerr]: [errh

(14) where K is the |ast channel set generated and [err] is a very

smal | positive nunber. f smal | val ue
for e, the cells with po&?@ﬁ@ﬁ*@l@ﬁbﬁwmﬁﬁé%n priority.
The remaining cells w DYNAMICOCHANNELOASSIGNMENT INWIRELESS wi t h
positive [err] have been CONSk ositive and equal-
[err] val ues, the choice WW WM. n set Cis based on
t he pre- errptivébstract potential p[err] since, according to condition (9),

the capacitysralio in thghgteead ént?ﬂéﬁ}zacst%@aﬁﬁ%ﬁséh%nﬁél?ﬁ%u%éll@wm%”c“

cells -- it equals the agr ZEro [err]

val ues, the capBémalpardtioningg vallablp g m'eenswsameéaomvaﬂs@m& EethiRel
into C.  optimal grouping of co-user cells ‘and the best assignment of the former to the latter.

- The objective is the maximization of traffic handling capacity which, given the
. multitude of cells, is exi)ressed as the maximization of a bottleneck capacity ratio.

10 The capacity ratio for a cell is defined as the ratio of the number of radio frequencies
assigned to the cell over the number of radio frequencies needed to meet blocking
probability requirements. The solution to attain an optimal non-regular channel
assignment is decomposed into two mathematical programs designated a Master
Program and a Subprogram. These are solved iteratively with assistance from a

15 channel set aug’mehtaﬁon technique impelmented between solutions of the Master

and Subprogram.

Ffﬂ. Y



The algorithmfor the solution of the Subprogramis shown in flow

process formin FIG 8. 15 Step 1 Place al:l cells in set U, and
make sets C and C enpty. (block 801) Step 2 For each nmenber | of
U, conpute flerr] by equation (14). (block 803) Step 3 Select j
to be the nenber of Uwth the greatefygf[err] val ue. (bl ock 805)

Renove | fron1FyG(prck 806) Step'#” Compute af[err] for each
menber j of C‘@assuming that j* (block 807) 20 ' ' is also in
C Step 5 If a[err] < Q for any | in C_place j in Cand go to
Step 8. (bl ock 809) i Rl acej in C (block 811)
and go to Step 6. Step 6 X 5 of U conpute aferr].
(bl ock 813) Step 7 Rerye+ Giadany s menbers j with a[err]
< 0 and 25 ' ' 815) Step 8

p

If Uis enpty, termnate. (bl ock
The cal cul ati on of. the pre-enptiye
Subprogram di scussed above, i
alerr], which nmeasures the Yo
interference experienced in 30 c€
conposition of C, the collection of
- 16- .

contributions to the
vary with the

FIG. 4

— 40
INITIAL FEASIBLE
CHANNEL. ASSIGNMENT
, i
'RESTRICTED
MASTER PROGRAM
'g’Nk 'rA. ) /430
CHANNEL GROUP |
AUG.ME_NTATION. _ m
SUBPROGRAM

OPTIMAL
CHANNEL ASSIGNMENT




by the channel set. To compute the slack a[err] we convert

“the probability statenent of equation (6) into an equival ent

determ nistic constraint for each cell j in U the col | ection of
undeterm ned cells. The constraint in equation (6) can be witten as 5
follows: [err] To wite the abpme as an equival ent determnistic

I nequality, we need to know the pr bility distribution of the

signal -to-interference ratio. Let Y be the value of this 10 ratio,
expressed in @gi bePs. That is, [err]
Fol | owi ng ot her treatnents, we assune that Y is normally distributed. Let
[err] and [err] be the nean. and varlance of Y, ~and let R
be the signal-to- 15 1nterference rat o t hreshof d ue T expresse

deci bel s. Equ can be &En as f

SR,

1o 1,210_ [err]
BS

202

MSC




where z is a normal random vari able. The equivalent determ nistic

constraint is the 20 foll ow ng: _ [err]
Where z[err] is the [err]-quantile of a normal randomvariable. aferr] is
t he sl ack variabl e of the above inequality. Therefore, '

-17- [err The val ues of

[err] and [err] depend on the Conpositio /ﬁf set C. They are conput ed
usi ng the assunption that the signals of all antenna faces, when expressed
5 in deci bels, are i ndependent normally distributed random vari abl es and

that the cunul ative interference experienced in cell j is also normally
di stributed, when expressed in decibels [9]. Let
Y =P-L ~ 1(29) - o~
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10 where [err] 15 1f [err] the nean of the cunul ative interfence L
in cell j, expressed in decibels [err] the variance of L [err] the nean
of the power signal Pin cell j, is expressed in decibels as [err] the
vari ance of P then, the nmean and variance of Y are given by: [err] .
[err] [err], and cov(P, L) may be calcwzgted from anal ytical nodels, or

esti mat ed based on enpirical data, i ch may accunul ate during the
operation of the system . [err] and [err], which vary with the
conposition of the set C, are conputed in each 25 step of the Subprogram
Sol ution al goriff@n by a power-sunmi ng procedure. The statistical |
paraneters enployed in the.power-summ ng conputation may be cal cul at ed
fromanal ytical nodels, or estimteg1DgSed ON enpirical data that may
accurnul ate during the operation of ' The process

i n which unused channel s of one cel ™=aregortowed by a cell 30 needing
added capacity is illustrated by the flguchart aof ELG O __The nraocess

"~ begi ns at termnal 901 and in block 903 the instructions call for a
peri odi ¢ neasurenent of traifrc distrrputron. Ihe jnstructions of tHe

bl'ock 905 replicate the adove dHODIFYCHANNEL SETS IN
EXISTING CHANNEL ASSIGNMENTS
(CHANGE VALUES FOR Nk, A;

FOR ONE CHANNEL SET AT A TIME)

\s01

5
INTERFERENCE
CONSTRAINT

N YES

VIOLATED? |
~ ASSIGN AS MANY | 502 | REMOVE CELLS UNTL
ADDITIONAL CELLS ~ INTERFERENCE
AS POSSIBLE | | CONSTRAINT IS MET |
\gp3 | \sps

CAN THE
CHANNEL SETS
~ COVER ALL
CELLS?

NO

506

‘TERMINATE
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=18- conput ati on for computing
for conputing channel
on one of the cells as shown in
subscri bed. The deci sion bl ock 909

channel
assigned to th
system constra
whose
assi gnnment process ends in

channel s assigned to the cel
ot her cells,
free channel ,
i nterference,
- channel

an&gl
a

systen1 and
request. If there is one,
assignnent process ends in term
beconmes avail abl e a process, il

di sposal of the borrowed channel
951 and in bl ock 953 which recog
The
is a borrowed
termnal 961

[ ift
t he

" channel .
it is not,

is,
| f

assi gnnents.

fromthose already assigned to th
request provided t
satisfied. Then,
i nstructions assign the cal
- term nal
are busy
the flow proceeds to bl oc
not aSS|gned to the cel

deCISIO

channel assignnment or any ot her nethod
The occurrence of a channel request
bl ock 907 may find that cell fully

determnes if there is an avail able
ell. If 5 thereis one, it is
e interference and ot her '
the fl ow proceeds to block 911
to the free channel and the

I f all

e cell, or borrowed 10 by
ch determines if there is a
, that would neet a all

assigned to the

( V\Ai'rgma t}’l

t S6LYE FOR N ' USiNG)cee.d'sédio bl ock 915,

mhose i nstructions aSS|gp t.he chRFUg%BhNaé

ustrated

hl zes t QCRS% brﬁ%

instructions of decisidn bl.ocE N§5<|NqU|re i f

and the
When a channel
controls the
n start terni nal
or handoff of a call.
t he rel eased channel
:}? f>I6)wterm ndtes in the end
k _

PR@?GRNRF'

¢ c 10,
ns i
i on

|

SET Ny TO INTEGER VALUE
- CLOSEST T0 N

603

| D=2Nk'N

COMPARE 605

<0

&2

607
DOES 0>0
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YES
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/609
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20 block 957 inquires if there is another call in the cell using a

borrowed channel. The flow ends in the absence of such a call. If a
Borrowed channel is being used, the call on that channel is
transferred to the rel eased channel as shown in bl ock 959. The flow

process termnates in the end termnal % The
interference constraint checked in chan 9 use and reservation 25 deci sions
is simlar to]ﬂmélmﬁenference constraint in equation (6), and its

equi val ent constraints (15) and (18), but with the follow ng
differences. The set Cis the repl aced by the set C consisting of the
cells actually using the channel when conpliance is checked. The

~confidence level 1 - [err] is replaced-b :

typi cally higher. For exanple, [err] 0.50 while [err]' would be
0.10. 30 Finally the probability di @n may be conditional on the

observed si gnal strengt hs of the |ntfrfer|ng and segﬂ%ng signals if
their values are avail able.[-That T3, The opnser erving signa

st ren?t h of a cal_: request |hngSH X mﬂleﬂk IEfGUAbITD VALUESS] err]h aﬂd o t he
interfering signal strengths then the foll ow ng
I nterference constraint Sﬁpﬂé Bgeﬂ*%é@gg [@bﬁgﬁ’f e channel in cell j:

f .19- CJerr] Jr703

[err]', which woul d be

SET COUNTER
EQUAL T0 "1

7704

SOLVE THE SUBPROGRAM
T0 OBTAIN Xkj

s705

REVISE Aj ACCORDING TO
Ai = XiOlF in=|
'™ UNCHANGED IF Xj=0

7107
COMPUTE Ny ACCORDING TO Ny =

x|=

7709

REVISE Ny ACCORDING T0 Ny ==
M

INCREMENT k

DOES
COUNTER

75

NO

TERMINATE
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O herwi se, the sanme (marginal) probability distribution would be used as in

constraints (6), (15), and (18), but with [err]" and C. C wll include
any ceI | s that may have reserved the channel in question for their own
use. A channel assignnment is reconputed when the observed

offered | oads FIG. a& significantly highf in sone cells so as to cause

bl ocking rates in excess of the ues, based on which the
channel assignnment was conputed. A r{ecoBTART ) t he nunmber of bl ocked and
successful calls (or channel request ned for a time interval,
thus obtaining an estimate of _the | oad offered to the cell. If the 10

observed offered load is outpid tati I gni @Qﬂlt range of the
of fered | oad used to conput S’Lfﬁé ﬁLmﬁh gﬁéluman Js’ t he channel
assi gnnment optimzation is ANDNMAKE BETS COMmJteEMPhe v channel assignnent.

Q herw se, the present assighoeot is npint ai ned Channel
reservation help opt| mal channel 15 assignnent. A
si npl e exanpl e off detférm ni ng tne nunber reservedcimanmets i 803  real
‘time would be to|make FOR £AGH MEMBER: IHCU COI&IPtJEE!IfFHBP{OEOl.tJ'ﬁTI(m3 anti ci pat ed
and real i zed|offéred Ioads If t ég change in antidi pated

of fered | oads sifpce tthe | ast nﬁ J:rgzt .cal cul atidn, the nunber

of reserved chanpel s|pl us the y chdnnel s owndgd by a cell
woul d be | ess thqn the nunber of chan eIs as%| ned 20 to the gell.

: 805
SELECT j* TO BE A MEMBER AT U |
WITH THE GREATEST f VALUE
REMOVE * FRoM U P00
- ' /807
COMPUTE of FOR EACH MEMBER | -
OF ¢ ASSUMING THAT j IS ALSO IN ¢
809
IF a<0™ NO .
FOR ONLY | —{ PLACE [* IN ¢
N ¢ 811
| Yes FOR EACH MEMBER

i OF U, COMPUTE qf

813/

REMOVE FROM U ANY OF ITS
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815/

817
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- 20- C ai ns: 1. A nethod of operating a wreless

conmmuni cati ons system havi ng service areas partitioned into a
plurality of substantially contiguous cells, said nmet hod conpri si ng
the steps of: 5 determ ning a reserved portion of assigned
channel s to be reserved for a firs ell;

determning at the tinme of a channel reqéest'mhether said first cell has
reserved channeprgyajgable fromsaid reserved portion of assigned

channel s; borrowi ng by a second cell a channel assigned to
said first cell which is 10 not one of said reserved channels if said first
cell has reserved channel s avail abl e; and tuning a
cell radio in said second cell t | g#9Qannel assigned to said first
cell. 2. The of claim1l wherein said step of
borrowi ng includes, the 15 step . enpl oyi ng a hi gher

confidence |l evel, or different parg@aneters in the _. correspondi ng
determ ni stic equival[ent conatranrs, wrerrd Q$ng if said second
cel | can borrow said [chann@OREVERYnRERION Fai d ffrst cell. |

3. The nethod of cl aijmy{EASUREL FEPDEWRQUQQN changi ng said reserved 20
portion of assigned dhapnels to De reserve orj said cell. .

4. The method of claim 1, conprisijng the further"§6§ps of :

COMPUTE CHANNEL ASSIGNMENTS 4
- - /907
WHEN A NEW CALL ARRIVES OR
IS HANDED OVER. ASSIGN IT
T0 A CELL
- 09 ASSIGN THE NEW
DOES THE CELL HAVE A FREE \ YES '
CALL TO THE FREE
?
< CHANNEL TO ASSIGN? y4 » CHANNEL
NO 911

919
END

93
YES

DOES ANOTHER FREE CHANNEL NOT
ASSIGNED TO THE CELL, MEET ALL
INTERFERENCE AND SYSTEM CONSTRAINTS
IF IT CARRIES THE CALL?

NO
BLOCK THE CALL

ASSIGN NEW CALLS
TO THIS CHANNEL

915/




w.

det er ni ni rg"if a released channel at the termnation of a call is a
hor+ owed-channel ; and transferring an existing call on a

— borrowed channel to said released 25 channel if said released channel is

not bort owed. -21- 5. In a wireless
. comuni cations system havi ng service ar g?vﬁ partitioned into a
plurality of substantially contiguous c s, wherein another plurality of

radio - omruni cati ons channel s is available for allocation
~anong said-cell sFIG:t ma’té:lod for o assigning channels to cells
.conprising the steps of: conmputing the assignnent

of radi o channel sets to the cells; apportioning a

set of channels assigned to a first cell between a reserved portion

and a free portion.
. —:-]
(@ProwaL sTep)

_ 953
BEGIN
WHEN A CALL TERMINATES IN
A CELL, OR IS HANDED OFF
| | | 7955
IS THE RELEASE YES
' CHANNEL BORROWED?
' NO 957

IS THERE ANOTHER CALL IN THE \\ NO
CELL ON A BORROWED CHANNEL?/

TYES 959
s

MOVE THE CALL FROM THE

BORROWED CHANNEL T0 A
RELEASED CHANNEL




dét er ni ni ng.at the_tinme of a channel request from a se¢pnt—eeld-whether -

said first cell has channels avail able ! &AG{(MBNT y ngd

Piéél?&ﬂ“ﬂlﬁﬂlﬂ!ﬂ“ﬂﬂmés maki ng a dynami c | flq ot ;,,.;ggt%gfi at Ihg?l
e r er;
| |

that a chahnél &noMg $aid avail abl e reserved channel s ts ™ Cé€
and system constraints for borrowi ng by sak@d-second cel |*—and

maki ng sai d channel neeting said systemand interfererice constraints fo
borrow ng avail Jfor borrowi ng by said second cellL 6.

The method of clarm's conprising the further step of: .
enpl oyi ng a hi gher conli demetbod ef/eperdting alwirtlesssrvmmenications systém havieg

cor respondi g dekvele/trds PahifichBl itk Blralf9 b7 SRRy é@ﬁgﬁggfegl@ Hd'9 said

second cel | .. can borr anne sald first

cell. method compyising th¢gepsethod of claim 5 conprising the further

step of: 5 determining a reserved portion of assigned channels to be reserved for a
first cell;

determining at the time of a channel request whether said first cell has
reserved channels available from said reserved portion of assigned channels;
borrowing by a second cell a channel assigned to said first cell which is
10 not one of said reserved channels if said first cell has reserved channels available;

and
tuning a cell radio in said second cell to said channel assigned to said
first cell.
2. The method of claim | wherein said step of borrowing includes, the
15 step of:

employing a higher confidence level, or different parameters in the
corresponding deterministic equivalent constraints, when determining if said second
cell can borrow said channel assigned to said first cell.

3. The method of claim 1, further comprising, changing said reserved
20 portion of assigned channels to be reserved for said cell.

4. The method of claim 1, comprising the further steps of:
determining if a released channel at the termination of a call is a
borrowed channel; and
transferring an existing call on a borrowed channel to said released
25 channel if said released channel is not borrowed.



| tion of assigned channels to bfepfr d
g@angu ng said. reserved porti g gmm%ﬁg‘ps

The nmethod of claim5 conpri si

ql |

< a Mlllllﬂlllhlﬂ" L ﬂll”gh'afnn‘é‘l o T St erri o anOB B g cd

H

on a borrbweld charfnel to said rel eased cpannel if sai d' | eased channel

ils

not borrowed.

5. In a wireless communications sysfem having service areas paniﬁoned into a
plurality of substantially conﬁguous cells, wherein another plurality of radio
communications channels is available for allocation among said cells, a method for
assigning channels to cells comprising the steps of:

computing the assignment of radio channel sets to the cells;

apportioning a set of channels assigned to a first cell between a reserved portion

and a free portion.

detexmifxing at the time of a channel request from a second cell whether said first
cell has channels available from said reserved portion of assigned channels;

if said first cell has reserved channels available, making a dynamic
determination that a channel among said available reserved channels meets interference
and system constraints for borrowing by said second cell; and

making said channel meeting said systeni and interference constraints for

borrowing available for borrowing by said second cell.

6.  The method of claim 5 comprising the further step of:
employing a higher confidence level (or different parameters in the
corresponding deterministic equivalent constraints) when determining said second cell

can borrow said channel assigned to said first cell.

7. The method of claim 5 comprising the further step of:

changing said reserved portion of assigned channels to be reserved for said cell.
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8. The method of claim 5 comprising the further steps of:
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determining if a released channel at the termination ofa call is a borrowed

channel; and

transferring an existing call on a borrowed channel to said released channel if

said released channel is not borrowed,




