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COVMUNI CATI ON NETWORKS Fiel d of the Invention This invention relates to [
wi rel ess/ cel l ul ar radi otel ephone systens and an apparatus and net hod for
t he assignnent of radio frequency (RF) spectrum channels to the different
cells within a cellular systemfor optintzi-ng utilization of the available
overal | radio spectrum Background of the Invention The service area of a
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to the different cells within a cellular system for optimizing utilization of the

available overall radio spectrum.

Backeground 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
(BS) is coupled 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 generated by all co-user cells is below tolerable levels. The assignment
of radio frequencies to cells has been based on regularity assumptions (i.e., equal-
sized 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 sitations -- the rules of regular channel assignment
do not lead necessarily to the efficient utilization of the RF spectrum, if they can be
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 various cells by the optimal partitioning of the
available radio frequencies into non-overlapping sets, the 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
expressed as the maximization of a bottleneck capacity ratio, known as the capacity
factor. A capaciry 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. Given a channel assignment, the latter is fixed
once the traffic loads and desired blocking are specified.
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decomposed, according to the invention, into two mathematical programs designated
as a Master Program and a Subprogram. These are solved iteratively with assistance
from a channel set augmentation technique impelmented between solutions of the
Master and Subprogram.

Brief Description of the Drawing

In the Drawing:
FIG. 1 is a schematic of a regular cell area layout of a wireless/celiular
radiotelephone system;

FIG. 2 is a block schematic of a wireless/cellular radiotelephone system;

FIG. 3 is a block schematic of a data processing systern for assigning
radio channels to various cells of a wireless/cellular radiotelephone system;

FIG. 4is a flow process diagram of a method for assigning channels to
various cells of a wireless/cellular radiotelephone system;

FIG. 5 is a flow process diagram of a method for making initial feasible
channel assignments; -

FIG. 6 is a flow process diagram of a method for providing an integer
sclution for the Master Program;

FIG. 7 is a flow process diagram of a method for channel set
augmentation; and

FIG. 8 is a flow process diagram of a method for solution of the
Subprogram.
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
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
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Subpr ogram _
(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 omi-directional or directional. Directional antennas 102 are
used to sectorize cells into smaller angular wedge type serving areas.

A typical cellular system is shown in the block diagram of FIG. 2. A
plurality of mobile switching centers (MSC), 202 and 203, are shown connecting the
mobile radiotelephone system to the public switched telephone network 201 (PSTN).
The switching of the MSCs interconnects a plurality of base stations (BS) 210 each
providing service to a cell coverage area. Each coverage area is shown as having
irregular boundaries typical of an actual system. Each BS has radio transmit/receive
equipment and radiating antennas to serve mobile radiotelephones 250 within its cell
coverage area.

An operations and management center (OMC) 220 is coupled to the
MSCs 202 and 203 to control their system operation and their associated BSs 210.
OMC 220 is a central control station which includes data processing equipment and
input for accepting data input from data storage and real time control. This data
processing arrangement may be utilized in iraplementing channel assignments in
combination with remotely tunable radio transceivers located at the BSs.

An illustrative embodiment of data processing 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
disclosed in further detail below. Inital input data is supplied through the input
circuit 312 to the computer 310. Inputs include the available cells. The available
radio frequencies are also input into the computer 310. Further inputs include
interference information usually in the form of a cell-to-cell interference matrix,
which defines the interference to each cell from every other cell. The inputs also
include system constraints necessary for the desired channel assignment. Traffic
usage patterns are supplied as an input. Traffic may be measured in real time.
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regul ar cell area |ayout of a wireless/cellular radiotel ephone system FIG
2 is a block schematic of a wireless/cellular radiotel ephone system FIG 3
is a block schematic of a data processing systemfor assigning radio
channels to various cells of a wireless/cellular radi otel ephone system
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assignment of radio channels determined by the assignment process. Added output
leads permit graphical and data printouts at the OMC.

To state the above assignment problem algebraically, the following
notation is utilized. Let

j=1,..,1 index of different logical cells
(A logical cell is the portion of the coverage area of a cell served by a logical face.)
i=1,..,7 same asj (the combination (i, j) designates a pair of

i logical cells)

¥j number of channels needed in logical cell j to meet blocking
requirements

N number of available channels

I co-channel interference contribution by logical face i to logical cell j

S; signal strength of logical face j

T thrcs_hold level of the signal-to-interference ratio

The unknown quantities of the problem are:

g capacity factor (bottleneck capacity ratio) -
K number of channel sets
Ny size of channel set k

Xy {1 if logical cell j is covered by channel set k
j

0  otherwise
The channel assignment can be expressed as a mathematical
programming problem of the form:
Maximize g

Subject to: Xy Ne2y;jg forj=1,..,]J (1)
' k

Ny €N
z N @)
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where M is a large positive number.

The constraints in (1) allocate channels to logical cells in proportion to
the cells’ requirements. In consiraint (2) the total number of assigned channels is
limited to the number of channels available. Constraint (3) ensures that the ratio of
signal strength to co-channel interference is above the desired threshold value with
confidence level 1 — a. The above formulation of the channel 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.

The above problem is a large scale nonlinear mixed-integer stochastic
mathematical program. If, for example, a cellular grid has 210 logical cells (70 cell
sites, with 3 logical faces per cell site), and 200 channel sets are considered, there
would be 42,211 constraints and 42,200 integer variables (excluding slack variables),
of which 42,000 would be binary.

In accord with the principles of the invention this problcm_is
decomposed into two computationally tractable parts using generalized linear
programming. The original problem is decomposed into two smaller problems

~ which are solved one after the other in an iterative sequence, exchanging their
respective solutions, until the optimal solution is reached. Following established
convention, the two problems are called the Master Program and the Subprogram.
The Master Program consists of all but the stochastic 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
420 subsequently discussed with respect to FIG. 4:
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where xy; are constants satisfying the co-channel interference conditions. These
values are supplied by the Subprogram described below. '

The Subprogram contains the constraints assuring that the ratio of signal
strength to co-channel interference is above a desired threshold value. Its objective
coefficients are the simplex multipliers corresponding to constraints (4) of the
Master Program.

The Subprogram has the following form:

Maximize V=Z7ij_i
j

Subject to:

S
Pmb[z I xis-Ti+M(1—x,-)] 21-a forj=1,..,7
jot§ (6)

Xj=1,0

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
Subprogram provides values for the binary variables xy;. 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.



An illustrative enbodi nent of data processing equi pnent included in the OMC
for controlling the assignment and tuning of radio transceivers at the BSs
is shown in block schematic formin the FIG 3. A general purpose conputer
310 has a stored programincluded in its menory 311. This program i ncl udes
instructions for performng the non-regulgr assignnment of radio channels to
a cellular systemas disclosed in further ‘detail below Initial input data
is supplied through the input circuit 312 to the conputer 310. Inputs
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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

Channel Assignment algorithm, as described below, to meet 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 A;. ©is a simplex multiplier corresponding to constraint (5)
and A; is a simplex multipler corresponding to the jth constraint in (4). This
information is used by the Channel Set Augmentation algorithm in block 430 which
invokes the Subprogram Solution algorithm in block 440 several times in order to
generate new channel sets.

The Channel Group Augmentation algorithm is a heuristic process that
enhances solution of ihe problem. It revises the values of Ny and A j» 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

" 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 xk; be the optimal solution of the new Subprogram. Let T be the
simplex multiplier corresponding to constraint (5) of the relaxed Master Program. If

Xihi ST
? o )

then the current solution is optimal for the relaxed Master Program.



Is perforned in the conputer 310 according to the instructions contained in
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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, xg; represents a new channel set.
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, '

The solution procedure must start with a feasible channel assignment,
that is a channel assignment that covers all cells and meets the channel availability
constraint and co-channel interference constraints. For an existing cellular grid, the
channel assignment in place may serve as the initial channel assignment, provided it
is feasible. If the existing channel assignment is not feasible (infeasibility would
arise typically from the violation of the interference constraints), or if there is no
existing channel assignment, it is necessary to generate an initial feasible channel
assignment. _

The method for deriving an initial channel assignment is based on a
variation of the Channel Group Augmentation algorithm. In the most general case,
as shown in FIG. 5, the existing channel assignment violates the interference
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 ;. If a channel set
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 algorithm will assign as many additional cells as
possible (Block 505), provided that the interference constraint is satisfied. If the
resulting channel sets cannot cover all cells, the second phase is implemented. In
Phase II additional channel sets are generated until all cells are covered (Block 506).



T threshold | evel of the signal-to-interference ratio The

unknown quantities of the problemare: g capacity factor
(bottl eneck capacity ratio) K nunber of channel sets N k
si ze of channel set k X err] [err] 1 if logical cell j is

covered by channel set k O otherw se Thegchannel assi gnnent can be
expressed as a mat hematical programm ng probl em of the form Maxi m ze ¢
Subj ect to: [err] x[err] Nerr] [err] y[err] g for j 1, ..., J Jerr]
Nl err] [err] N (2) Both phases employ the Channel Set Augmentation algonthm They

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

The Master Program is a linear program involving the integer variables
Ny, which assume values ranging from 0 to N -- the number of available
frequencies, a number which is normally between 300 and 400. Given the
magnitude of the integer variables, one can obtain near-optimal solutions to this

mixed-integer linear program 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.

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
available channels. Given an optimal solution to the relaxed problem (the linear
program without the integer requirements), the algorithm starts by making the
channel set sizes equal to the integers closest to the relaxed solution (Block 601). It
terminates if the integer set sizes add up to N (Blocks 605, 607, 609). If not, it
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
steps of the algorithm are shown in the FIG. 6 and are described below in detail.

The term N x denotes 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 N equal to the integer closest to Ny. (Block 603)
Step 2 Compute the difference D = ¥ Ny -~ N. (Block 605)
k
If D = 0, terminate (Block 607). Otherwise go to Step 3.
Step 3 If D <0, go to Step 5. Otherwise go to Step 4. (Block 607)
Step 4 Find D channel sets with the largest difference 8, = Ny — Ny

Decrease the size of each of the D channel sets by 1.
Terminate. (Blocks 611, 613)
Steps . Find |D{ channel sets with the largest difference 3y = Ny — Ny.
Increase the size of each of the |D| channel sets by 1.
Terminate. (Blocks 615, 617)
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relaxed Master Program is a relatively small linear program, having a number of
constraints equal to one plus the number of logical cells in the grid, and number of
variables equal to one plus the number of channel 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 is reduced by generating
lists of channel sets with the channel group angmentation heuristic. One of the
factors contributing to the computational effort 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
channel sets, generating a larger number of candidates at each cycle would tend to
reduce the number of Master Program solutions while still yielding an optimal
solution. Therefore, between any two consecutive solutions of the Master Program,
the method used generates several new channel sets. The number to be generated is
specified by the user.

The criterion used in generating new channel sets is that they must have
the potential to improve the Master Program objective value. The firstchannel set
generated after the solution of the Kth Master Program has this potential since it has
a negative reduced cost by condition (7). In order to obtain heuristically additional
channel sets with a negative reduced cost, the simplex multiplier A; is needed.
Typically, A; is supplied by the solution of the Master Program. Since our aim is to
generate more than one channel set between consecutive solutions of the Master
Program, it is necessary to revise the A ; values before each Subprogram solution
without re-solving the Master Program.

The revision of ; 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):

a
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re'qﬁfred to be non-negative, will be positive only if the corresponding primal
constraint in equation (1) is binding or, equivalently, whenever the capacity ratio of
cell 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 A ; values of
binding 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 .; would become
zero. Hence, the following revision rule is used:

A = 0 if XKj = 1
! unchanged  if xg; = 0 (10

This revision causes channel sets generated by subsequent solutions of the
Subprogram to favor binding cells that were not covered by the last channel set, as
they will have positive A values.

The above revision rules deal with the binding cells as they become
non-binding. Rules are needed also for the cells that are not binding in the Master
Program solution but, as new channel sets are added, may become binding. Such
cells should be covered by subsequent channel sets. With A; assigned zero value by
equation (9), however, they do not have a chance, unless A j is updated. An
alternative way is to communicate to the Subprogram the binding status of a cell by
handing over the new channel set sizes Ny . The Subprogram considers the binding
status of a cell together with simplex multiplier A ; values in deriving a new channel
set.

There are 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
accordingly. That is,



Maxi m ze g Subject to: [err] (4) [err] Nerr] [err] Nall available k
(5) Nerr] [err] O, integer where x[err] are constants satisfying the
co-channel interference conditions. These values are supplied by the

Subpr ogram descri bed bel ow. The Subprogram contains the constraints
assuring that the ratio of signal strengtly to co-channel interference is
above a desired threshold value. Its objettive coefficients are the sinplex
mul tipliers corresponding to constraints (4) of the Master Program The
Subpr ogram haNKt heflollowng form Maximze v = [err] Subject to:

[err] (6) (11)

If the existing channel sets had size N’y their new sizes will be

Ny = Ny —(3(—K“-i)- fork =1, ..., K~1 .
_ The algorithm for generating F new channel sets is shown in flow form .

in FIG. 7.

Step 1 Set ; and N equal to the values obtained by solving the
Master Program. (Block 701)

Step 2 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 Ng by equation (11) (Block 709), and revise N
fork = 1,---, K - 1byequation (12). (Block 711)

Step 6 Increment K. (Block 711)

Given the difficulty of pursuing a globally optimal solution method, we
have devised an efficient heuristic algorithm for the solution of the Subprogram. It
constructs a solution by selecting among the cells in the grid those that will
maximize the Subprogram objective value without violating the interference
constraints of equation (6). Such a set is constructed by adding one cell at a time,
giving priority to the cells with the greatest A,; value. A cell can be added to the set
if it does not interfere with the cells already in the set. For cells with equal A; values

'~ the order in which cells are considered is important because the inclusion of one cell
might preempt, through the interference it generates, more cells than another.
Preference is given to cells with low pre-emptive potential. The pre-emptive
potential would change at each step, as new cells are added to the set. Therefore, the
criterion function used for including a cell in the solution is updated after the
addition of each cell.

The algorithm logic can be described as follows. At each step, the cells
are partitioixed into three subsets. The set C, which consists of the cells included in
the solution (i.e., x; = 1); the set a 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



x[err].=1, 0 where [err] is the sinplex nultiplier corresponding to the
j[err] constraint in (4). The collection of channel sets included in the
Master Programis conprised of all the solutions of the Subprogram The
k[err] solution of the Subprogram provides values for the binary vari abl es
x[err]. A channel set is defined in ternsy$f the co-user cells it serves.
The collection of channel sets grows with every new solution of the

Subprogram and this growth helps inprove the Master Program sol ution.
Growt h in the asdQaseempty. dﬂewmmmmbgrewpsplmnﬂa&smmmmémUt|on i s

r eached. - sdlutiod Bﬁy%?‘%éﬁg{ othér iti&tn oPU fbg ﬁcﬁﬁ%m Fhop

corrprl sing the Master m and- Subprogramis s G 4. The
sol uti on pr oc&aambers qudrmt%mq @ﬁmﬁh@c@%‘n@‘ﬁs when @WW‘!’)P‘VB’Q’ f our

mej or functions. Thes eAx%bﬁ céﬂsame AP R} GAIGEY) the!celllth BE ibRbd ABM(Wh@Cks 410) ,
a Mster Prog rcggs]ex? %laéjetdl ocx)lnns ;Poltenual to zx.k other members of U from entering C. There
are several ways to measure this potential. In the implementation described in this
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 céll j.

= L '
Py = (13)

- The solution of the Subprogram is expanded to include cells with zero
A;. This is necessary in order to deal with the non-binding cells that become binding
as more channel sets are generated. Moreover, the inclusion of the largest possible
number of cells in the solution of the Subprogram is desirable for the increased
system planning flexibility it affords. Hence, cells are chosen in order of descending
value of the following criterion function f;:

¥; ' 14)

where K is the last channel set generated, and € is a very small positive number.

Given a sufficiently small value for €, the cells with positive A j values
will be given priority. The remaining cells will be considered only when all cells
with positive A ; have been considered. Among cells with positive and equal A ;
values, the choice of a cell to be included in set C is based on the pre-emptive
potential p; since, according to condition (9), the capacity ratio in the second term of
(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 form in FIG. 8.



Channel Set Augnentation, and Subprogram Sol ution (closely related bl ocks
430 and 440). In the first function, block 410, which is the initialization
of the channel assignnent, a feasible channel assignnent is obtained before
we proceed with the optim zation. If the nodel is applied to an existing
grid, the present channel assignnent can §g've as the initial channel
assignnent, provided it satisfies all syst'@mhconstraints. If it violates
any of the constraints, it is nodified by the Initial Channel Assignhment

al gorithm as Sepcri bed b@laealltcellsrineset Yl indmaled seas Qtand Clamyety a(blocki801)al

et Pl Channgiyor 1 gl e lSaR: P9 Oy SRR 0. BBSERY) .,

functions are executed inanrfera sequ e. t

of the Master $epgram in Seleetli 2pbe themaemabes of Utwitinthe greatesh Esvalues (Woek 805)
values of g, Nerr], [errgem j'[ﬁééﬁ]l]. (Ll?élfk()ﬁgs a sinplex multiplier
9)” an |

correspondi ng to constraint [err s a sinmplex multipler

correspondi ng $6Pthe |t h Computes;fer gagh membenofC pssuming thebiy (Plock 88D by t he
Channel Set Augnentation glag@rihidim i n bl ock 430 which invokes the
Subprogram Sol yti on algorjthmin bl ock 440 sevgrak tines in qQrder to
generate new cﬁ‘ﬁhrﬁzl setsI.faTr@Ocﬁq’émln@’(i’@?ﬁemﬁ’fﬁﬁ?%g?&hsﬁpgo bleak#09) o

heuri stic process that erﬂ)&ﬁﬁﬁﬁg,wqf ﬂncc(f?lthelgr@alggrm _skapg,evi ses t_hp
val ues of N erétLp %nd Xl erlsclr’ea\c’:mn%pnb%rrfotlﬁ%gmpute a;. (block 813)

Step 7 Remove from U any of its members j witha; < Qand
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
cell j. The slack will vary with the composition of C, the collection of cells covered
by the channel set.

To compute the slack a; we convert the probability statement of
equation (6) into an equivalent deterministic constraint for each cell j in U, the
collection of undetermined cells. The constraint in equation (6) can be written as
follows:

S
Prob|—2—2T|21 -« forjeU
| X
(15)

i=j, £C

To write the above as an equivalent deterministic inequality, we need to know the
probability distribution of the signal-to-interference ratio. Let Y be the value of this
ratio, expressed in decibels. That is,

. S
Y =10 logyo —z'—f—
1
iwj, eC (16)

Following other treatments, we assume that Y is normally distributed. Let py and



in the next solution of the Subprogram The Subprogram sol ution furnishes
t.he values of v and x[err]. Once a specified nunber of channel sets has
been generated, optimality is checked as prescribed in decision block 450.
If the solution is optimal as determ ned in decision block 450, the

al gorithmterm nates and the assignnents_ﬁég provi ded in bl ock 460.

G herwi se, the cycle repeats again with t solution of the restricted
Master Programjn bl ock 420. The followi ng condition indicates optimlity:

Let K - 1 be t®fe bethemean andvadancerof Y,aespeftively, and let Rebegtpe sigaal-t9ol ut i on of
the new Subpr gg nb@%ado%{e];hdl&vm@ xgﬂér amxH‘d%& k'Eﬁufd&hr(fﬂnﬁﬂ%ng to

constrai nt (5) Qf t he ie axed Master [err] "then the current
solution is op¥siten asfgllowsie el axed Master Program -8 - The sol ution
procedure described herein is finite as the nunber of

R -py .
Prob| Y>R| =1~ Prob zs—c——-— 21-a forjeU
Y

(a7

where z is a normal random variable. The equivalent deterministic constraint is the .
following: '

Ly + Zg Oy 2R (18)

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

a; = By + 2g Oy — R (19)

The values of 1y and 6y depend on the composition of set C. They are
computed using the assumption that the signals of all antenna faces, when expressed
in decibels, are independent normally distributed random variables and that the
cumulative interference experienced in cell j is also normally distributed, when
expressed in decibels [9]. Let

Y=P-L ' (20)

where

L=10 logm[ Z Iij]

i#j,eC

21

P = 10 logyp §; | 22)

If o1 the mean of the cumulative interfence L in cell j, expressed in decibels oL?

the variance of L j1p the mean of the power signal P in cell j, is expressed in decibels



di fferent 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 newis based on the follow ng
observation. The sinplex nultipliers of the relaxed Master Program at cycle
K- 1 satisfy the conditions: (5) [err] I_f16t_he new Subprogram sol uti on
x[err] is added to the Master Program it cannot neet the condition in (7),
for that would lead to the termnation of the process. Since it violates
t he requi r emeds Opii theryarianceof i then,she mean and: variange ofY asy giveebX- 1 sol uti ons
encountered previously, by condition (8). Hence, x[err] represents a new
channel set. G ven_that nu rrof cells inagridis finite, nunber
of distinct c#m ﬁﬁéﬁgi:ﬁég&t)h'é{@&ﬁ)pr’eﬁmﬁ Wi fferent channel sets k@ al so
finite. Hence, the solution procedure is finite. The solution procedure
must start withisa fgasihle gh e] @assi-gnnenk, . thai is a channel i gnment
that covers aPlY cel ﬁgr(éﬁd”ngﬁ?gt'ke\?% rePPavhiFhabil i ty constrai @and
co-channel interference constraints. For an existing cellular grid, the
channel assig L 12 0, KLY, n&gﬁ ini i Qe Iagsé' nt,
provided it i %ggnbl%gﬁp@ea%@ugﬁﬁg C a}irfgl'tag%éi“ggﬁgi%?ﬁ nictgttmggasi bl e
(i nf easi bi | i t pompesitdon of the set C, are computed in each step of the Subprogram Solution |
algorithm by a power-summing procedure.




arise typically fromthe violation of the interference constraints), or if
there is no existing channel assignnent, it is necessary to generate an
initial feasible channel assignnent. The nethod for deriving an initial
channel assignnent is based on a variation of the Channel G oup
Augnentation algorithm In the nost general case, as shown in FIG 5, the
exi sting channel assignnent violates the interf raints. In this
case, Channel Assignnent Initializatroh7consists ,Qhwkivip nﬁn\\mn Phase |
we nodify (Bl ock 507) the channel sets in the exi\m\mm fBisi gnnent ,
one at a time by changing values for Nk and [err]s Id & chanhel” set

vi ol at es gP%erference constraint (decision Block 502), cells are
renoved (Bloc 04) until it satisfies the interference constraint. If the
interference constraint is net by an existing channel set, the algorithm

w |l assign . as y additjonal cells as pqssjble (Bl qck, 505) rovi ded that
t he inter?eﬁe%g%acﬁfs?ﬂeﬁ?%g f SVIEEA$SS SGOrIpUNIGAtiops 8YSIEIR  laV g2 P 19fset s

i t1 oney ety Ehlipuous 118 SR Somb ik RIS 10 TORES (1 ok
506) . inputting traffic patterns for the cells with traffic measured in real time into
a computing device; and
computing an assignment of radio channel sets to the cells using said traffic
patterns; and '
tuning radios in the cells to such channels in real time.

2. The midthod of claim 1 wherein said step of computing includes the step of
partitioning the avzilable radio channels into disjoint sets.



-9 - Both phases enpl oy the Channel Set Augnentation algorithm They differ
in terms of the initial values used for [err]. In Phase [err] equals 1 for
all cells j covered by the existing channel set, and zero for the remaining
cells. In Phase Il, [err] is conmputed by the equation (10) disclosed herein
bel ow. The Master Programis a |inear programinvolving the integer

vari abl es Nk, which assune values ranging fromO to N -- the nunber of
avai | abl e frequencies, a nunber which @8 mornmally between 300 and 400.

G ven the magni tude of the integer variables, one can obtain near-optinma

solutions to'th l.xed-integer |inear program by solving the rel axed
| i near progra mh% 'm&(t the integer requirenents as per Block 601 in FIG 6.

For the purposes of chanddPARATYHAND METHORPFOR NON:REGURAR be provi ded.
The algorithmyielding an i n&gg\mglr‘%{sgemliﬁmﬁﬁsfr ogram shown in
cha

FIG 6 uses the fact that the optinma nnel assignnent will use all of
the N avail abl e channels. G verC@MMENIGATION NETWPRESt he rel axed probl em

(the linear program wi tAesinnkl@sighin@aedysteRfdssTpANEnYs 1 Paicks lts By e st arts

by making the optimal partitioning of the available radio frequencies into non-overlapping sets, the
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, giventhe ~
multitude of cells, is expressed as the maximization of a bottleneck capacity ratio.
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 (460) is decomposed into two mathematical programs designated a
Master Program (420) and a Subprogram (440). These are solved iteratively with
assistance from a channel set augmentation technique (430) implemented between
solutions of the Master and Subprogram.

Thig Sheet Hag Beej

/ /II/’// /I”// //” /i??ii?cea

THIS SHEET HAS BEEN
REPLACED




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 increases (or decreases) by 1 the sizes of the
channel sets with the greatest positive (or negative) deviation fromthe
opti mal non-integer value (Blocks 611, 615). The steps of the algorithmare

shown in the FIG 6 and are described helow in detail. The term N err]
denotes the channel set sizes in the optiml solution, and by Nk their

cl osest integers. The procedure facr_gbtaini pg—an itdfeg olution to the
Master Programis outlined in FI , Set Nk equal
to the integer closest to Nerr g Comput e the
difference D = [err] - N (Bl ock\605) . (Bl ock 607).

O herwise go to Step. 3. Step 3 ;
to Step 4. (BlocF'p6r) Hep 4 '
difference [err] = Nerr] - Ner si ze\of eath of the D
channel sets by 1. Terminate. ( q Find I D
channel sets with the |argest dif N err] Increase
the size of each of the ID cha

INTIAL FEASIBLE  |-410
CHANNEL ASSIGNMENT

FIG. 4 1

resrere. 0

MASTER PROGRAM
Q,Nk: Ts )\i
) 4

CHANNEL Group 0

AUGMENTATION

SUBPROGRAM 1~

| in 1%
This Sheet Has Been Replaced ) NO 450

AR b

440

460

CHANNEL ASSIGNMENT THIS SHEET HAS BEEN

REPLACED




Term nate. (Blocks 615, 617) - 10- It is easy to veﬂmkymﬁhﬁnggk
non- negative solution to the relaxed |inear program ‘@ger
solution will also be non-negative. Once the conpl exi tyj EEMW@
i nteger constraints has been renoved, the solution of t

beconmes straightforward. Standard Iinear progranm ng software can be used
By |inear programm ng standards, the relaxed Master Programi | ativel y
smal | |inear program having a nungber of co raints ual _¥0 one plws the

number of Iogicg@&cells in the gff G and@nunher vari abl es equal to\one
pl us the numb channel groups.;bg Is expgctey/that a large grid uld

have no th 00 | ogical cell Seven Rundrgd and fifty channel dets
woul d e tﬂﬁn exoeed the nunber to yi ed—an o&iin&l sol ution.\The
nunber cy s of ogr ,emibl erating lists o
channel ' he channel__gr.gup & gnent at i eliristic. One of the
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factors contributing to the conputational effort in mathematicat—m—

programﬂ ng deconposition is the repeated solution of t he I\/aste Pro‘gram
Since the optinmal channel assignment is derived fromhtSISb;ee1

Program sol ution, and all previous Master Prograns se nerate a
list of desirable candi dat e channel sets, generating

candi dates at each cycle would tend t9 reduce the nunber of I\/aster Program
solutions while still yielding an optFnal solution. Therefore, between any
two consecut | t he Master—Pregram—ihe
several new ghannel sets. The¢ nunber to be '
user. The criterion used Ih
have the potéential |t edqi nprpv
firs-channel kng..;.t géngaged after |
this potential™si ndezZtsghas ¢ negative rle
order to obtain e Fstically additi
reduced cost| tHe dHinplex tiplier Ter
supplied by the solution of the Mster
generate nor€ than ope channel set Detwee

Master Program it io—rrecesgfy to-TevTs
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wi thout re-solving the Master Program The revision of [err] is based on
properties that would hold if the Master Program were solved. They are
derived fromthe foll owi ng Conpl enentary Sl ackness conditions defined by
equation (9): K [err] A consequence of the above conditions is that the
simplex nmultiplier [err] which is required to be non-negative, wll be

positive only if the correspondi ng prgnal constraint in equation (1) is

b|ndpngfer——EGUTV5TEﬁTT§ whenever theé capacity ratio of cell j equals the

condi t i Of ! (9) is enployed to update the [err] values of binding
mg\!ﬁ w channel set# eri d fromthe | ast Subprogram

sol ution, }T in the next J. tlo a portion of the available

channel's. This inplies that if set Kcovers cell j, cell j will typically

grid C"a%h~¥ﬁ J aeda@eplack® refer to such a cell as a binding cell. The
cells as
not be binding in the next

START

U MODIFY CHANNEL SETS IN

EXISTING CHANNEL ASSIGNMENTS
(CHANGE VALUES FOR N, , Aj

FOR ONE CHANNEL SET AT A TIME)
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506
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itération. By equation (9), the corresponding sinplex nultiplier [err]
woul d becone zero. Hence, the following revision rule is used: [err] This
revi si on causes channel sets generated by subsequent sol utions of the
Subprogramto favor binding cells that were not covered by the |ast channel
set, as they wll have positive [err] values. The above revision rul es deal
with the bi Jr}gi C gs as they becomesnon bi ndi ng. Rul es are needed al so
for the cel Iiﬁa re not binding in“the Nhster Program sol uti on but, as

new channel sets are added, may beco T \i ng. Such cells should be
covered by subsequent channel sets. WN—R~F€rr] assigned zero val ue by
equation (9), however, they do not have chance, unless [err] is updated.

An alternative way is tao,gon am t he bi ndi ng status

of a gell ?K hgndhng ovéﬁ?khe nemsou&hﬁeségfusmmzes NK rhe SuFPro?ram
consi ders e bi ndi ng status sinmplex multiplier
[err] values in deriving a re Jﬁﬁéﬁﬂd Mé ?Rgﬁlﬂ several ways to
revise Nferr]. In this inplgnmentation &ﬂ“t e algorithmwe assune that the
new channel set Kwll receijve onez‘Kker rN 9fY.t§1e aval | abl e

- (D

z Nk < N
Nz 0
603 l
=1 SET Ny TO INTEGER VALUE
. CLOSEST TO Ny

1]

805  CcomPARE

D=2 Ny -N
” S
607
D<0 " DOES D>0
D=
\? / ;
: 611
! B LY
FIND |D| CHANNEL SETS FIND D CHANNEL SETS
WITH LARGEST DIFFERENCE WITH LARGEST DIFFERENCE
Oy = N=Ny Ok = Ni=Ny
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channels, while the size of the existing K- 1 channel sets will be

adj usted accordingly. That is, -12- [err]

(11) If the existing channel sets had size N k, their new sizes will be
[err] The algorithmfor generating F new channel sets is shown in flow form
in FIG 7. Step 1 Set [err] and N err] equal to the val ues obtained
by solving the Master Program (Bl ock5_701) Step 2 Repeat Steps 3
through 6, F tines. (Blocks 702, 713) "Step 3 Sol ve the Subprogramto
obtain x[errJ@J Bl odR 704) Step 4 gﬁ@vi se [err] by equation (10).

(Bl ock 705) Step 5 Compute N y equation (11) (Block 709), and
revi se Nk

o SET Aj AND Ny EQUAL TO VALUES

SUPPLIED BY THE MASTER PROGRAM

}

7051 SET COUNTER
EQUAL TO °1"

!

704 _| SOLVE THE SUBPROGRAM
; TO OBTAIN Xk

'

REVISE Aj ACCORDING T0

N = g Ai UIkai=1
| CUNCHANGED F X, = 0

AN r,707 .
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705

L 4
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fork=.1,..., K - 1 by equation(12). (Block 711) Step 6 | ncrement K
(Block 711) Gven the difficulty of pursuing a globally optinmal solution
nmet hod, we have devised an efficient heuristic algorithmfor the solution
of the Subprogram It constructs a solution by selecting anong the cells in
the grid those that will maxi m ze the Subprogram objective val ue w thout
violating the interference constrai nt$ of equation (6). Such a set is
constructed by adding one cell at a tine, giving priority to the cells with
the greatest. Jerr] value. A cell can be added to the set if it does not
interfere d\tl‘é cells al n the set. For cells wth equal [err]

val ues the order in which c@e considered is inportant because the
i ncl usion of one cell might pr¥enpt throug té}ﬁ interference it generates,
.

nore cells than anot IPRACE Iﬂ(_gi‘@m_gslqﬁ ST i ven cells with [ ow pre-enptive
potential. The pfe- taiR ghange at each step, as new
cells are added t Aﬂﬁ?“&&f mimrﬁvwm riterion function used for
including a cell i'n the solutipn is updated after the addition of each

cell. mloglc can pe described as follows. At each step, the
cells {dre ' , \%Bch consi sts of. the
— =

cel I's ifndl uPGR! EAGH MEMBER | AT Uj COMPUTE fj BY EQUATION
_ kXN
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.the:solution (i.e:, x[err] = 1); the set C, which consists of the cells

excluded fromthe solution (i.e., x[err] = 0); and the sgtﬁpqﬁ\ﬁ T SHEET
consists of the cells whose fate has yet not been determ net. e start

of the algorithm U contains all the cells, and C - 13- and C are enpty.
At each step a nenber of Uis placed in C. Its inclusion in the solution
may pre-enpt other nenbers of U frominclusion. The preenpted nenbers of U
are noved to C. The al gorithmterm nat oY when U becones enpty. Anong cells
with equal [err] values, the cell to bé hoved fromUto Cis chosen based
on its potential to block other nenbers of Ufromentering C. There are
several ways t Absteagtire this potential. In the inplenentation described in

(s paper we deTTne Lhe iaxRS/ENDUEHIN EOWGONREBRRIAY 25 e,

(6), which neasures the margCHANNERNISIIGONMENTIMN WIBELESSs to the

i nterference experienced in cel CoMMIRTCATION NETWORKS

A channel assignment system assigns channels to various cells by the

optimal partitioning of the available radio frequencies into non-overlapping sets, the
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, giventhe -
multitude of cells, is expressed as the maximization of a bottleneck capacity ratio.
The capacisy 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 (460) is decomposed into two mathematical programs designated 2
Master Program (420) and a Subprogram (440). These are solved iteratively with
assistance from a channel set augmentation technique (430) implemented between
solutions of the Master and Subprogram.

FIGURE 4
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The sol ution of the Subpr ogramis expanded to include cellsg
[err]. This is necessary in order to deal wth the non-bindi %L@ewm%%m
becone bi nding as nore channel sets are generated. Mreover, the inclusion
of the | argest possible nunber of cells in the solution of t he Subpr ogram
is desirable for the increased systemplanning flexibility it affords.
Hence, cells are chosen in order of dzscendi ng val ue of the follow ng
criterion function f[err]: [err] where Kis the |ast channel set generated,
and [err] is a very small positive nunber. G ven sufficiently small val ue
i it pe given priority. The

for [err], the cells with posityve Nerr] yal ueg
remaining cells will be considé¢red o gnen al IsAvm h positive [err]
have been consi dered Anong cel I wt 0S) t|v 0 \ qual err] values, the
choice of a cell to be includedph et 108 | )), & pre-enptive
potential p[errf Ffhc 7accord|co g &“;

t he second term of ('14) i s the\sane
grid capacity factor. For cells\w

dom nates the choice of a cell c
solution of the Subprogramis ¢
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pr ocess formin F| GREPRACEMENTL SHERS p 1 Place all cells in set U and

mbke sets C and { eprpty—{BIrock 801) Step 2 For each nean{EpJLAQEMENTSHEET
conput e f{err] by equwg (é?% (hl ock 803) Step 3 Select |* to be

t he menber of "U wt e gf’e stj-f{f err] value. (block 805) Renmpbve j* from

U. (bl ock 806) Stepid tg a[err] for each nenberj of C assum ng

that (block 807)}is aIsomC St p 5 |f a[err] <0 for any j in C
place j in Candk®% ’ ock 2809) e, place4*~+R.C (bl ock
811) and go to St 6. Step 6 r chi_nmenber | conput e err].

(bl ock 813) Step ? Renove f‘FJf‘@J a‘z1 ofy it\s/menbers j with a[efr] <O

(bl ock 815) Stgjf 8 If U is enpty, term nafe.
go to Step 2.
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The cal cul ation of “the pre-enptive pote ¢ iREPLAGEMENT SHEE]

Subprogram di scussed above,
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- 15+ [err] be the-nean and variance of Y, respectively, and |let R be the
signal -to- interference ratio threshold value T expressed i REOB&GHIEENT SHEET

Equation (15) can be witten as foll ows:

vari abl e.

whé&re [err] is the [err]-quantile of a normal random varial)
the slack variable of the above inequality. Therefore, [efrr]
(19) The values of [err] and [err] depeAd on the conposit
are conputed using the assunption that the signals of al

when expressed in decibels, are indegﬁrzgnt {?Jrnally di st
vari ables and that the cumul ative in T ence

[err] where z is a nornmal random

The equi val ent determnistic constraint is the | ,8m§$@?Q%§Hé#

1

I on Q6 SR 19987 he

34

nt enna f aces,

y
experienced in cell j Is

al so normal ly distributed, when expressed in decibels [9]. Let
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Y = P-L .
[err] If [err] the mean of the cunulative interference L in cell E{h@‘
expressed in decibels [err] the variance of L [err] the nBEALAGEM GRS r

signal Pin cell j, is expressed in decibels -16- as [err] the variang
of P then, the nean and variance of Y are given by: [err]f pe( e (
(55) | BEPLACEVEAT OEET

E(L) =T[err] - [err]

Var (P) + Var [gnr] + [err] 5 (24)t [lerr] and [err
are specifiegzgiin t to the nodel. [err] _and [err], whijch VaBSER 190& he
conposition of the set C are conputed §TAREach step of th}e Subpr ogr am

Sol ution algorithmby a power-summ ng Pr ¢cedure.

601

(20) where

SOLVE FOR Ny USING

RELAXED MASTER PROGAM
MAX g

Z X Ne=Yi g
TNg=N
N Z

4

SET Ny TO INTEGER VALUE
" CLOSEST T0 Ny

'

CONPARE
b= % NN

603

605

607

D<0 - DOES D>0

611
YES 3 /

FIND D CHANNEL SETS

FIND [D] CHANNEL SETS
WITH LARGEST DIFFERENCE
Ok = Ni— Ny
AND INCREASE SIZE AT
EACH [D| CHANNEL SET BY ONE

WITH LARGEST DIFFERENCE
Ok = NNy
AND DECREASE SIZE AT
EACH CHANNEL SET BY ONE

1
608 {_TERMINATE )



T177 A ve: 1 A- nethod of operating a wireless conmuni cations system

ohaV|ng a plurality of substantially contiguous cells

conprising the steps

traffic'nmeasured in real tinme into a conputing device;
assi gnment of radio channel sets to the cells using sai
and tuning radios in the cells to such channels in real |t
of claim1 wherein said step of conpgting includes the 3t d

of: inputting traffic patterns

t he avail abl e radi o channels into d Qi nt sets.
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