APPARATUW MVETHEDFERNON-REGUEAR CHANNEL ASSI GNMVENT | N W RELESS

\F CATI ON. NETWORKS ... Field of the Invention
ThTs invention Ael®sx ! Ty 4/ cel l ul ar radi ot el ephone ﬁ;@é}&@&ﬁé an
appar atus and net hg 1 gnment of radio frequency (RF) spectrum
channel s -t cells within a cellular systé&pfer
opt|m2|ngut|I|zat|on of the -1- @? )

' APPARATUS AND METHOD FOR NON-REGULAR Tf@'}
CHANNEL ASSIGNMENT IN WIRELESS
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Field of the Invention
5 ' This invention relates to wireless/cellular radiotelephone systems and an
apparatus and method for the assignment of radio frequency (RF) spectrum channels
t6 the different cells within a cellular system for optimizing utilization of the
available overall radio spectum.
Background of the Invention -
10 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
15 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
20 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
applied at all. To optimally utilize the RF spectrum one must solve the non-regular
channel assignment problem.
25 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
30 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 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. Given a channel assignment, the latter is fixed
35 once the traffic loads and desired blocking are specified.
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non-regular  gecomposed, according to the invention, into two mathematical programs designated
10 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:
15 - FIG. 1 is a schematic of a regular cell area layout of a wireless/cellular
radiotelephone system; '
FIG. 2 is a block schematic of a wireless/cellular radiotelephone system;
FIG. 3 is a block schematic of a data processing system for assigning
radio channels to various cells of a wireless/cellular radiotelephone system;
20 FIG. 4 is a flow process diagram of a method for assigning channels to
'various cells of a wiréless/cellular radiotelephone system;
| FIG. 5 is a flow process diagram of a method for making initial feasible
channel assignments;

FIG. 6 s a flow process diagram of a method for providing an integer
25 solution 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.
30 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
35 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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5 h 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 omi-directional or directional. Directional antennas 102 are
used to sectorize cells into smaller angular wedge type serving areas.

10 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. BEach coverage area is shown as having

15 irregular boundaries typical of an actual system. Each BS has radio transmit/receive
eguipment 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.

20 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 implementing channel assignments in
combination with remotely tunable radio transceivers located at the BSs.

An illustrative embodiment of data processing equipment included in

25 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. Initial input data is supplied through the input

30 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

35 usage patterns are supplied as an input. Traffic may be measured in real time.
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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
5 included in the BSs are tuned to the proper frequencies in accord with the
“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

10 j=1,..,7 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, .., same asj (the combination (i, j) designates a pair of

logical cells)
Yj number of channels needed in logical cell j to meet blocking
15 requirements
N number of available channels
I co-channel interference contribution by logical face i to logical cell j
§; signal strength of logical face j |
T threshold level of the signal-to-interference ratio

20 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
0  otherwise
25 The channel assignment can be expressed as a mathematical
programming problem of the form:

Maximize g

Subject to: ¥ xy Ny 2y;g forj=1,..,7 )
’ k

30 3N <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 constraint (2} the total number of assigned channels is
limited to the number of channels available. Constraint (3) ensures that the ratio of

10 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 refiect a user’s special needs.
Examples of such constraints are discussed herein below in a discussion of the
solution procedure for the basic formulation.

15 " 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.

20 In accord with the principles of the invention this problem 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

25 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

30 420 subsequently discussed with respect to FIG. 4:.

THIS SHEET HAS B l
EEN
o v |




solution for the Master Program FIG 7 is a flow process

di agram of a nethod for channel set augnentation;, and————-- -—.._FI.G. -8 is
a Tl ow process diagramof a nethod for solution of the Subprogram Detailed
Description A conventional regul ar hexagoridis Shet Has Bagn®afiaceddf a

cel lul ar radiotel ephone system is shown ign schematic f AR
Depi cting the geographical service area in terns of a h sets a
geonetric pattern that allows frequencies to be assigned | ed

di sposi tion that allowWaxiniz¢ egse of these frequencies in a controlled
repeat abl e regul ar assi gnnment nodel. The cell areas each have specific

channel sets %lslgj gned to them Each channel set conprises a
ject to: Xy Ny 2y;8 forj=1,..,7J
| all available k (4)

. Ny <N
5 all available k (5)

Ny 2 0, integer

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
10 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 'Subprégram has the following form:

Maximize v = z )»j Xj
j
15 Subjectto:

S
Pl’ObltE IiniSTrj—'i-M(l—Xj)]Zl—a forj=1,..,17

i#j

(6)

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

20 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 Xkj- 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

25 solution. Growth in the collection of channel sets stops when the optimal solution is
reached. '
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om -direct| Onﬁlogpi'm dhd §l§ﬁﬂr8é@n is Bdwitin' BORIG 241 4rRE Q&ﬁﬁ&rp&o@&ﬁm, 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),

5 Channel Set Augmentation, and Subprogram Solution {closely related blocks 430
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

10 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

15 valuesof g, Ny, 7,and A;. Tis 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.

20 The Channel Group Augmentation algorithm is a heuristic 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

25 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

30 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

Xpidi ST
},-: K% @

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

10 violates the requirement in (7) it cannot be identical to any of the K—1 solutions
encountered previously, by condition (8). Hence, xk; 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. '

15 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

20 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,

25 as shown in FIG. §, 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 A;. If a channel set
violates the interference constraint {decision Block 502), cells are removed (Block

30 504) 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 1T additional channel sets are generated until al cells are covered (Block 506).
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5 The Master Program is a linear program involving the integer variables
Ny, which assume values ranging from O 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
10 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
availabie channels. Given an optimal solution to the relaxed problem (the linear
15 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
20 steps of the algorithm are shown in the FIG. 6 and are described below in detail.
The term N k 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 Ny equal to the integer closest to N. (Block 603)
25 Step2 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 8y = Ny — Ny
Decrease the size of each of the D channel sets by 1.
30 _ Terminate. (Blocks 611, 613)
Step5 . Find |D| channe! sets with the largest difference 8, = Ny — Ng.

Increase the size of each of the | D] channel sets by 1.
Terminate. (Blocks 615, 617)
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Once the complexity caused by the integer constraints has been
removed, the solution of the Master Program becomes straightforward. Standard

5 linear programming software can be used. By linear programming standards, the
* 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
10 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 augmentation 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

15 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,

20 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 first channel set
generated after the solution of the xh Master Program has this potential since it has

25 anegative 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

30 without re-solving the Master Program.

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):
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A consequence of the above conditions is that the simplex multiplier A ;, which is
required to be non-negative, will be positive only if the corresponding primal

5 -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 j 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

10 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:

A = 0 if xg; = 1
e unchanged if xg; = 0 (10)

15 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

20 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 ; 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

25 status of a cell together with simplex multiplier A ; values in deriving a new channel
set. '

There are several ways to revise Ni. 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

30 accordingly. That is,
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K nunber of channel sets Nk si ze of channel

set k- [err] I f logical cell jThisShéereeBes Rplacehannel
set k [err] [err] ot herw se ! hannel
assi gnment can be expressed as a mat hemati cal p} MH“I“ mlﬂﬁmbl em of
the form Maxi m ze ¢ 12 Subj ect , '
(1) [err] al ‘
. N
Ne=x. an

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

K- erk=1,., K-1

s Ne=Nye—¢ (12)

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

in FIG. 7.
Step 1 Set A; and Ny equal to the values obtained by solving the
Master Program. (Block 701)
10 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 Nk by equation (11) (Block 709), and revise N
fork = 1, ---, K — 1 by equation (12). (Block 711)
15 Step6 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

20 constraints of equation (6). Such a set is constructed by adding one cell at a time,
giving priority to the cells with the greatest &; 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.

25 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

30 are partitiohed into three subsets. The set C, which consists of the cells included in
the solution (i.e., x; = 1); the set 5, 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
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Prob[err] for j =1, ..., J and k = 1, ."—’Kﬁ_ XKj :1 0

cet Has Been Replaced

T

and C are empty. At each step a member of U is placed in C. Its inclusion in the
solution mz;y 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 Cis
chosen based on its potential to block other members of U from entering C. There

-13.-

- 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 cell j.

1
Pi=o . (13)

The solution of the Subprogram is expanded to include cells with zero
;. 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;:

K

ZX'Nk
fj:.-lj—a k=1 K '—Szpj

4 | (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 & ; 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.




Nerr], [err] O, integer where Mis a large positivemunberr——
The constraints in (1) allocate channels to | ogical c& & i opor ignlto
the cells' requirements. In constraint (2) the total Pefed .
channels is limted to-the nunber of channels avail abl g U 3) |
ensures that the ratio of signal strength_ to co-channel S
above the desired threshold value with coktdence level 1 - [err]. The -
above formulation of the channel assignment problem can_accommodate

addi tional corgwy ai nts t hpfacoalbélisiift ketds land nbtke set§ CSHRICT einptie esidck §043p! es
of such constrainfs are scussed her.ei i{bel ow i.n a di s.cu%%o&!oﬁ @L;e

sol ution proc for tHETHah memperdof i, compute f; by equation (14}, brobl em
is a large sc@tep Bonl i neaeleﬁy'ed-ﬁenhemmbsﬁmma&mime Pﬁhtbﬁﬂfgl&hhal(bmgoa)n
If, for exanple, a cell u'@m@fe'jdﬁ%%x%?&?oclk%fal cells (70 cell

5 Step 4 Compute a; for each member j of C assuming that j* (block 807)
' is alsoin C.
Step 5 Ifa; < OforanyjinC,place " 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)

10 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
15 measures the margin for additional contributions to the interference experienced in
cell j. The slack will vary with the composition of C, the coliection 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
20 collection of undetermined cells. The constraint in equation (6) can be written as
follows:

S.

] .
—3 __>T[21-0a forjeU
z I

i#j, eC (15)

~ Prob

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

. 5j
Y = 10 logyp TT-
1
in, 6C (16)

Following other treatments, we assume that Y is normally distributed. Let Ly and
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sites, with 3 logical faces per cell site), and 200 channel sets are
consi dered, there woul d be 42,211 constraints and 42,200k ik 8@ ReplRéd abl es
(excludi ng slack variabl es), of which 42,000 woul d be}| ;
In accord with the principles of the invention this pkwﬂﬂmlﬂgmmosed
into two conmputationally tractable parts qsing genera
programm ng. The original problemis decoﬁosed into two smal | er probl ens
which are solvgd one after the other in an iterative sequence, exchanging
their respect ¢ mean and vaniance of Werespactinely, andlenR be thesignakrithed.
Fol | ow ng est FrBeel W& B0deR § ster
Program and tﬁg,&gubproﬁ?gm Tﬁgﬁ %ﬁ?ﬁﬁggsosgéam ci(?rélss?sm{lgsgéd glg?& utévflhe
stochastic coWgitieniagfallaws: (3)  which make up the Subprogram constraints.
The al gebraic fornulation of the Master Program and Subprogram are
expressed as follows. The foll owpg expressions define the Master Program
of bl ock 420 %F%rﬁ]l ¥ F'—SWEQ it A f‘é’stgclt 1g Ffogj fu

5 Oy

(17

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

By + 24 Oy 2R (18)

10 where Z is the a-quantile of 2 normal random variable. a; is the slack variable of
the above inequality. Therefore,

a; = by + Z4 Oy - R (19)

" The values of jty and 6y depend on the composition of set C. They are
15 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

20 Y=P-L (20)

where

L= 10_log10[ Z Iij]

i=j,eC

(21}

25 P=10 log 10 S j (22)

If )1, the mean of the cumulative interfence L in cell j, expressed in decibels o1 2
the variance of L jLp the mean of the power signal P in cell j, is expressed in decibels
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as Gp2 the variance of P then, the mean and variance of Y are given by:

-16 -

By = E(Y) = E(P) - E(L) = pp - Ur’ 23

5 oy? = Var(Y) = Var(P) + Var(L) = op? + o 2. 24)

Hp and op? are specified as input to the model. §t{ and o2, which vary with the .

composition of the set C, are computed in each step of the Subprogram Solution
algorithm by a power-summing procedure.
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err] Nerr] N all available k— o N
(5 . Nerr] I nt eger where X[ err] aré constants satisfying
t fe co-channel in ﬂﬁmm‘m“w ml ans. These £ HAReRepipdei ed by
t he Subprogram degm i ?Mmmﬂm ains the
st
It

constraints assurirg fhat the*rafio of Si gnal hanne
interference is above a desired threshol val ue.
coefficients are the sinplex nmultipliers corresponding to constraints (4)

of the MaS!%ﬂlSPr ogram The Subprogram has the follow ng form
‘L. In a wireless telephone communication system, having a plurality of
substantially contiguous cells; apparatus for assigning radio channels to the cells
‘CHARACTERIZED BY;

5 input apparatus (312) for storing a memory information concerning
available radio channel constraints, cell identifications, interference and system
assignment constraints and existing traffic patterns for the cells;

a computer (310) including programmed instructions for developing
radio channel assighments in response to data stored in the memory;

10 means (313) for assigning to the cells the radio channel sets developed
by the computer to enable radio transceivers at the cells to tune to frequencies in
accord with the channel assignments;

wherein the programmed instructions carry out the process of:
selecting a first channel set;

15 i for the channel set, determining values for a capacity factor, channel set
sizes, a first simplex multiplier corresponding to channel assignment constraints for
each cell, and set of second simplex multipliers, corresponding to the available radio
channels constrain;

determining if channel sets violate interference constraints;
20 generating additional channel sets using values obtained from the step of
determining; .
adding new values of channel set sizes and adding new values to the set
of second simplex multipliers;
repeating the step of generating a selected number of times; and
25 returning to the sfep of determining as long as a selected criterion is not

2. In an wireless telephone communication system as claimed in claim 1,
further CHARACTERIZED BY:
generating additional channel sets by modifying channel sets one at a
30 time.

3. In a wireless telephone communication system as claimed in claim 1;
further CHARACTERIZED BY:
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establishing initial capacity factors to define a limiting capacity ratio of
assigned channels to channels needed to meet blocking requirements, and
maximizing the capacity factor.

4, In a wireless telephone communication system as claimed in claim 1,
5 .~ further CHARACTERIZED BY:
iteratively evolving channel set optimality and a.ugmcnung assignment
until optimality is achieved.

5. In a wireless communication system in which a service area is
partitioned into a plurality of non-regular contiguous cells; a method of dynamically
10 altering assignments of radio channels to the cells comprising the steps of:
storing an existing assignment of radio channels into a memory;
determining existing traffic patterns of mobile ratio telephone usage
within the service area and entering the existing traffic pattern into a memory at a
. computer;
15 determining interference constraints, system constraints and available
channel frequencies and entering the information into the memory at the computer;
developing an improved assignment of radio channels to the cells; and
communicating the improved assignment of radio channels to the cells,
causing radio transceivers at the cells to operate at the frequencies representing the
20 improved channel assignments;
wherein the improvement comprises programming the computer to
- solve a calculation for optimizing radio channel assignments to the cells by
decomposing the calculation into a master program and a subprogram, and by:
initially solving the master program to determine values for a capacity
25 factor, channel set sizes, a first simplex multiplier corresponding to interference and
system constraints for each cell and a second simplex multiplier corresponding to
available channel frequencies;
solving the subprogram to generate additional channel sets usilig output
values from the master program;
30 generating new values of the second simplex multiplier and channel set
sizes; and '
re-solving the subprogam to generate further channel! sets;
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The col.l ection of channel SetsTmctuded in the Master—Pregramis

conprised of all ﬁﬁ m, fgi he Subprogram The Kk[err I

t he Subpr ogr ant ofﬂ"r'l 'ﬁumlmmfor the binary var Fb‘%iiﬁ iﬁ“ﬂ
: : |

i

channel set is defined i " terns of the co-user cel
col l ection of channel sets grows with evgrgy new sol
Subprogram and this growh hel ps i nprove“tthe Master Program sol ution.

Gowh in the collection of channel sets stops when the optimal solution is
r eached. _ resolving the master program for determining new channel sets;

" checking resulting calculated assignments for optimality; and
terminating when optimality is achieved.
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-7- The overall structure of the assignrent—process—
corrprl sing the Master Program and Subprogramis shown |n t he FI G 4 The

sol'uti on. procedure, as shown in the flow process iIHs ee
four major functions. These are: Channel Assi gnnent

(bl ock 410), a Master Program Sol ution (bl ock 420),

Augnment ati on, and Subprogram Sol uti on (cbgsely rel ated bl ocks 430

440). In the first function, block 410, which is the initialization of the

channel assi %r‘ant, a feasi bl e channel assignnent is obtained before we
proceed with thg——ﬁﬁ)ti m zation. If the nodel is applied to an existing

grid, the present channel APPARSSTIOHAND METHOPFOR NON-REGUILARal channel
any of the constrarnts, it 1 CHANASSICHMEHAYMIRARS  net ' hcsi gnrent
al gorithm as described bel ow, FGOMNEEATMNB'WONCS Once
A S e e T e e
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.

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 (460) is decomposed into two mathematical programs designated a
Master Program (420) and a Subprograni (440). These are solved iteratively with

15 assistance from a channel set augmentation technique (430) implemented between
solutions of the Master and Subprogram.

THIS SHEET HAS BEEN
REPLACED




sol ution of the Master Programin block 420, whose soluf+0ﬂ—+tWTﬁshms—rhe
system- values of g, Nerr],[err], and [err]. [err] & Rslmmd
mul'tiplier corresponding to constraint (5) and [err]

mul tipler corresponding to the jth constraint in (4). (ﬁi IIOH
is used by the Channel Set Augnentation algorithmin b

i nvokes the Subprogram Sol ution algorlf min bl ock 440 several tines in
order to generate new channel sets. The Channel G oup
Augnmentation algorithmis a heuristic process th enhances sol ution of
the problem It revises the val \ ch are used I n
the next solution of the Subpr on furni shes the
values of v and [err]. ber of channe
sets has been generated, optinal) pr= . 3sQri bed in decision
bl ock 450. If ugﬁysplut'on I's opti maN ag jeci si on bl ock
450, the al gor tterm nates & pvi ded i n bl ock
460. Ot herw se, the cycle repeals ag4 of the

restricted Master Programin bl g AQt@D ne\ fol | ow ng
condi ti on indicates optimality;

INITIAL FEASIBLE  |—410
CHANNEL ASSIGNMENT

J

RESTRICTED ~
MASTER PROGRAM

g,Nk,JT, Aj

CHANNEL GROUP
AUGMENTATION

SUBPROGRAM —
X” 17

| 450
N

YES

OPTIMAL
CHANNEL ASSIGNMENT

FIG. 4

420

430

440

460
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cycle, ,and let x[err] be the optimal solution o t e ew {ogram Let
[err] ‘be the sinplex multiplier corresponding 2°5) of the
rellaxed Master Program |If [err] m I J

(7) then the current solution is optiml for RSt er
Pr ogram
27
o FIG. 2
CPREOY
£ 210
we [ LT
220
1

OMC

INPUT ’é.‘

35 |20
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-8 - The sol ution procedure describednerein1s finite as the

number .of different channel sets is finite, and eachpgah il i1QR.QfkebhEd
Subprogram contri butes a new channel set to the Mste t the
channel set entering the Master Program at each cycl emmﬂmmﬂ%&gd on
the follow ng observation. The sinplex nmultipliers of ster

Program at cycle K- 1 satisfy the con?)tions: (5) [err] _
(8) | f the new Subprogram sol ution rr] is added to the Master Program

it cannot ne‘F.t__t.h.e_c.ond.l_L.l_a.n. i N ( P—for—that—wod] d | epad—t-o-tho-t-ermination
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violates the requirenent in (7) it cannot be identical_to.any of the K- 1
sol uti'ans encountered previously, by condition (8). Hence, [err] represents
a new channel set. G ven that the nunber of cells in a'i"-SheerﬁIifaénrﬁeﬁzg‘mdthe
nunber of distinct cell groupings that represent differ - B gRtSs is
also finite. Hence, the solution procedure is finite. mg”lmm”,mﬂe

sol ution procedure nmust start with a f,easi ble channel assig , it s a
channel assignnent that covers all ceI‘ and neets the channel availability
constraint and co-channel interference constraints. For an existing
cellular grid, the channel assignnment in place nmay serve as the initial
channel assignnent, provided it is f I ple. _If the existing channel
assignment is not feasible (infeasi tjﬁ Wﬁl d 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
assi gnnment . The nmethod for_deriving an initial channel
assignnment is based on a variation o st Ghannel G oup Augnentation
algorithm In the nost general case, \a i-z in FIG 5, the existing
channel assignment violates the interfegpones

01 MODIFY CHANNEL SETS IN

EXISTING CHANNEL ASSIGNMENTS
{CHANGE VALUES FOR N, Aj

FOR ONE CHANNEL SET AT A TIME)

302

IS
INTERFERENCE
CONSTRAINT

503 VIOL'fTED 504
\ ' /
ASSIGN AS MANY. ADDITIONAL REMOVE CELLS UNTILL
CELLS AS PQSSIBLE INTERFERENCE
CONSTRAINT IS MET

506

CAN THE
CHANNEL SETS

COVER ALL - .
CELLS /
?

YES

NO

1EKMINATE
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constraints. In this case, Channel Assignnent Initialization consists of
two phases. In Phase | we nodify (Block 507) the chanrnret—sets TN the
exi sting channel assignnent, one at a tinme by changi Nk and

N9, yal BeSpebOfep
Xj. If a channel set violates the interference const Block
502), cells are renoved (Block 504) until it satisfie @“%
constraint. he interference const nt is net by
#IGom 57

nce
nnel

set, the al |1 assign as nman dditional cells as possible (Block

505), provided that the interference [ [ . If the

aint is satisfied
resul ting channel sets cannot cover a | s, the second phase is
I npl emented. In Phase I'l additional chamel sets are generated until al
cells are covered (Bl ock ?O 3
60 SOLVE FOR Ny USING
RELAXED MASTER PROGAM

MAX g
X BZT g
INg=N
Ne Z 0

|

8037 SET Ny TO INTEGER VALLE
CLOSEST 10 Ny
‘
§05-  COMPARE
D=2 Ng-N
k c—
| 607
D<0 DOES D>0
D=0
\? /
- 611
9 YES } /
FIND (D] CHANNEL SETS FIND D CHANNEL SETS
WITH LARGEST DIFFERENCE WITH LARGEST DIFFERENCE
Ok = N—Ny Ok = NNy
AND INCREASE SIZE AT AND DECREASE SIZE AT
EACH [D| CHANNEL SET BY ONE EACH CHANNEL SET BY ONE
J
" TIRINATE)

EN
EEACEB




- 9- Bot h phases enpl oy the Channel Set Augrentation
algorlthm They differ in terns of the initial vatues—used-for. [err]. In
Phase I, [err] equals 1 for all cells j covered XI stl ng channel

set, and zero for the remaining cells. In Phase |1 Isiﬁﬂl Repdammiut ed by

the equation (10) disclosed herein bel ow r Program
Is a linear programinvolving the int r varlable surre

val ues ranging fromO to N -- the nu r of avail able frequenC| es,

nunber whi cpc‘lfgﬂor |1y between 3 400. G ven the magnitude of t he

i nteger vari“aBfl’€s, dme can obtain timal solutions to this

m xed-i nteger |inear program by solvi g the relaxed |inear program w thout
the integer requi rgpenfsS as _per _BIOCK o0L 1N F G ] For the purposes of

channel  assignnent, M} eSEl )\?OAND 'NP(HEQUM.SfTObﬂLUEQVl ded.
SUPPLIED BY THE MASTER PROGRAM

!

703 sET COUNTER
EQUAL T0 °1"

¥

704 _| SOLVE THE SUBPROGRAM
TO OBTAIN Xk

REVISE Aj ACCORDNG 0 |="0°

§ Aj 0IF in =1
7\; =
UNCHANGED IF qu =90

! 4

CONPUTE Ny ACCORDING T0 Ny = [~

!

REVISE Ny ACCORDING 10 Nj,= &1

707

709

i

INCREMENT k [~

Al

DOES
COUNTER
EQUAL
\Fl
?

715
TERMINATE )

NO
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The al'gorithmyielding an integer solution to the‘mﬁepﬁumm:&m I n
FI G 6 uses the fact that the optinal channel assigpgnment will usé of
thé- N available channels. Gven an optinal solutio paeet le neo ha

(the linear programw thout the integer requrrerrentﬁf aLf ]
starts by making the channel set sizes equal to thdggiiaesss
the rel axed solution (Bl ock 601). It yfrmnates if the TThtedd P
add up to N (Bl ocks 605, 607, 609). I17 hot, it increases (or decreases) by
1 the sizes of the channel sets with the great est positive (or negative)
devi atroan(@rthg opt i mal @eger val ue (Bl ocks 611, 615). The steps
of the al gorlthm are shown | FIG 6 and are described below in detail.
The term Nk denotes_the channel® set sizes in tgs opti mal solution, and by
Nk their closest §nt em A d] f or ki ni ng an integer solution
to the Master Program hseu Eg fol | ows: Step 1 Set
Nk equal to the i e & T Bl ock 603) Step 2 Conput e
the difference D = - N (Bl ock 605)

[err] N[er]

FOR EACH MEMBER | AT Uj COMPUTE fj BY EQUATION 803
-82p,
fi = Ai- 8[ Z_:1 Yi & Pl

|

SELECT j* TO BE A MEMBER AT U |80
WITH THE GREATEST fj VALUE

v )

REMOVE J* FROM U -°0°

. T -

COMPUTE of FOR EACH MEMBER j OF ¢ |-807
ASSUMING THAT { IS ALSO IN ¢

809 acl N0 L
FOR ONLY | | PUCEP We
IN / 4
s 813 FOR EACH MEMBER
| OF U, COMPUTE
!

815_| RENOVE FROM U ANY OF ITS
MEMBERS WITH j<0

J
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k

Step 3
Step 4

H—D—= 0, -t ermipate (Bl ock 607). Oh&P®iésH oo to Step 3.

If D< O, go to Step 5 Cherwise go to S 4. (Bl pgk 6
Find D channel sets with the |argest diffm@@%ﬁ)@'ﬂ@%

e Decrease the size of each of t e I ts by
REPLACEMENT SHEET | 1o\ i nate. (Bl ocks 611, 613) Step 5 11 (D=L ARsh i’ ©. by

=] = O

enm nat e.

hgnnel sets with ffhe largest differencg Jerr] = Nerr] - Nerr]
ndr epg NOV'$9986 z¢ pf each of the D channel sets by 1.

(Bl ockst 64ppARAPUS AND METHOD FOR NON-REGULAR

CHANNEL ASSIGNMENT IN WIRELESS

COMMUNICATION NETWORKS
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 cellular system for optimizing 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
(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 situations -- 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
Jfactor. A 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. Given a channel assignment, the latter is fixed
once the traffic loads and desired blocking are specified.
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cell, the assignment objective is the maximization of the cells’ combined traffic-

handling capacity. This objective is expressed as the maximization of the bottleneck

capacity ratio that can be sustained at a satisfactory blocking rate and interference

level, which is the lowest capacity ratio across all cells.

The solution of the optimal non-regular channel assignment is

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/cellular
radiotelephone system;

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

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

FIG. 4 is a flow process diagram of a method for assigning channels to
various cells of a wiréless/ccllular 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
solution 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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our aimis tOxnenna 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.
OMC220is 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 implementing 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. Initial 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.

CIJ
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hrr'this illustrative embodiment of the invention, the assignment process
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 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,..,7 index of different logical cells
(A Iogical 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) designates a pair of

logical cells)
Yj 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 threshold 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 logicfal cell j is covered by channel set k
0  otherwise
The channel assignment can be expressed as a mathematical
programming problem of the form:

Maximize g

SUbjCC[ to: Z ij Nk 2 Yj g fOl'j =1, ..,7J (1)
' k

Ny <N
Z N @

set between consecutive solutions of the
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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 constraint (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 — .. 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 problem 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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Ny 2 0, integer

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 = Y, A;j X;j
i

Subject to:

S.
Prob[ZIijxiS?J+M(1—xj)}21-—a forj=1,..,7

i#j

(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 xi;. 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.
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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 related blocks 430
and 44(5). 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
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;. 1 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 the problem. It revises the values of Ny and 4 ;, 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 xg; be the optimal solution of the new Subprogram. Let T be the
simplex multiplier corresponding to constraint (5) of the relaxed Master Program. If

Xgidi ST

then the current solution is optimal for the relaxed Master Program.
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The solution procedure described herein is finite as the number of
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 following observation. The simplex
multipliers of the relaxed Master Program at cycle K— 1 satisfy the conditions: (5)

Z xkjkj —1t<0 fork=1,..,K-1
: 8)
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
gx'oupings 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 dériving 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 A;. 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).
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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 Ny denotes the channel set sizes in the optimal solution, and
by Ny 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 N.. (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 KD <0, goto 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)
Step5 . Find |D/ channel sets with the largest difference 8 = Ny — Ny.
Increase the size of each of the |D| channel sets by 1.
Terminate. (Blocks 615, 617)
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It’is easy to verify that, given a non-negative solution to the relaxed
linear program, the resulting integer solution will also be non-negative.

Once the complexity caused by the integer 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
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 augmentation 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 first channel 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 X ; 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 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):
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A consequence of the above conditions is that the simplex multiplier A;, which is
required 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 X; 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 A; would become
zero. Hence, the following revision rule is used:

Il
p—

A = 0 if XKj
3T unchanged  if xg;

Il
o

(10)

This revision causes channel sets generated by subsequent solutions of the
Subprogram to favor binding cells that were not cbvered 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,
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If the existing channel sets had size Ny, their new sizes will be ,
_ar (K-=1) _
Nk - N k —K'— fOI‘ k - 1, csey K"l (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)

Step 2 Repeat Steps 3 through 6, F times. (Blocks 702, 713)

Step 3 Solve the Subprogram to obtain x;. (Block 704)

Step 4 Revise A; by equation (10). (Block 705)

Step 5 Compute Nk by equation (11) (Block 709), and revise Ny
fork = 1, .-+, K — 1 by equation (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 ; 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 partit:iohcd into three subsets. The set C, which consists of the cells included in
the solution (i.e., x; = 1); the set E, 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
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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 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 cell j.

1
Pi= ) (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 ; 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 ) ; 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.
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any of its Sepiers | wréreach menberjwf U, compute f; by equation (14). (block 803)

(bl ock 806)

Step 3 Selectj” to be the member of U with the greatest f j value. (block 805)
Remove j* from U. (block 806)

Step 4 Compute a; for each member j of C assuming that i* (block 807)

. isalsoin C.

Step 5 Ifa; < OforanyjinC,placej” in Cand go to Step 8. (block 809)
Otherwise, place j*inC (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; < 0and
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—>T|{21-0a forjeU
T Iy
iwj, €C (15)
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 (16)

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

m ng
err]

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

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

a; = Uy + Zg Oy — R 19)

The values of Ly 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[ E Iij}

i=#j,eC

1)

P =10logyp S; (22)

If pp, the mean of the cumulative interfence L in cell j, expressed in decibels o2
the variance of L j1p the mean of the power signal P in cell j, is expressed in decibels
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as op? the variance of P then, the mean and variance of Y are given by:

Ry = E(Y) = E(P) —~ E(L) = yp - p, (23)
2 = Var(Y) = Var(P) + Var(L) = 6p? + o2 (24)

p and op? are specified as input to the model. p1 and oy 2, which vary with the

composition of the set C, are computed in each step of the Subprogram Solution
algorithm by a power-summing procedure.
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1. In a wireless telephone communication system, having a plurality of
substantially contiguous cells; apparatus for assigning radio channels to the cells
CHARACTERIZED BY;

input apparatus (312) for storing a memory information concerning
available radio channel constraints, cell identifications, interference and system
assignment constraints and existing traffic patterns for the cells;

a computer (310) including programmed instructions for developing
radio channel assignments in response to data stored in the memory;

means (313) for assigning to the cells the radio channel sets developed
by the computer to enable radio transceivers at the cells to tune to frequencies in
accord with the channel assignments;

wherein the programmed instructions carry out the process of:

selecting a first channel set;

for the channel set, determining values for a capacity factor, channel set
sizes, a first simplex multiplier corresponding to channel assignment constraints for
each cell, and set of second simplex multipliers, corresponding to the available radio

Claims:

channels constrain;

determining if channel sets violate interference constraints;

generating additional channel sets using values obtained from the step of
determining; -

adding new values of channel set sizes and adding new values to the set
of second simplex multipliers;

repeating the step of generating a selected number of times; and

returning to the step of determining as long as a selected criterion is not

met.
2. In an wireless telephone communication system as claimed in claim 1,
further CHARACTERIZED BY:
generating additional channel sets by modifying channel sets one at a
time,

3. In a wireless telephone communication system as claimed in claim I;
further CHARACTERIZED BY:

NN T R [ e e
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assigned channels to channels needed to meet blocking requirements, and

maximizing the capacity factor.

4. In a wireless telephone communication system as claimed in claim 1,
further CHARACTERIZED BY:
iteratively evolving channel set optimality and augmenting assignment

until optimality is achieved,

S. In a wireless communication system in which a service area is

partitioned into a plurality of non-regular contiguous cells; a method of dynamically
altering assignments of radio channels to the cells comprising the steps of:

storing an existing assignment of radio channels into a memory;
determining existing traffic patterns of mobile ratio telephone usage

within the service area and entering the existing traffic pattern into a memory at a
cormputer;

determining interference constraints, system constraints and available

channel frequencies and entering the information into the memory at the computer;

developing an improved assignment of radio channels to the cells; and
communicating the improved assignment of radio channels to the cells,

causing radio transceivers at the cells to operate at the frequencies representing the

improved channel assignments;

wherein the improvement comprises programming the computer to

solve a calculation for optimizing radic channel %‘ngnments to the cells by
decomposing the calculation into a master program and a subprogram and by:

initially solving the master program to determine values for a capacity

factor, channel set sizes, a first simplex multiplier corresponding to interference and
system constraints for each cell and a second simplex multiplier corresponding to
available channel frequencies;

solving the subprogram to generate additional channel sets using output

values from the master progfam;

generating new values of the second simplex multiplier and channel set

sizes; and

re-solving the subprogam to generate further channel sets;

W =
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resolving the master program for determining new channel sets;
checking resulting calculated assignments for optimality; and
terminating when optimality is achieved.

e

R A

THIS SHEET HAS BEEN
REPLACED




as [err]
[err] =
(23)

16 NOV 1996

-20 -~

Abstract
APPARATUS AND METHOD FOR NON-REGULAR
CHANNEL ASSIGNMENT IN WIRELESS
COMMUNICATION 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, given the
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 namber of radio ﬁéquendes 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.

FIGURE 4.
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1. In a wireless telephone communication system, having a plurality
of substantially contiguous cells; apparatus for assigning radio channels to the
cells CHARACTERIZED BY;

input apparatus (312) for storing in a memory information concerning
available radio channels, cell identifications, interference and channel assignment
constraints and existing traffic patterns for the cells;

a computer (310) including programmed instructions for developing radio
channel assignments based on the information stored in the memory;

means (313) for assigning to the cells the radio channel assignments
developed by the computer to enable radio transceivers at the cells to tunc to
frequencies in accord with the radio charmel assignments;

wherein the programmed instructions carry out the process of:

selecting a first collection of channel sets;

for the first collection of channel sets, determining values for a capacity
factor representing a bottleneck capacity ratio of a number of radio channels

‘assigned to a cell over the number of radio channels needed to meet blocking

requirements, channel set sizes, a first simplex multiplier vector corresponding to
channe] assignment constraints for each cell, and second simplex multipfier
vector corresponding to the available radio channels;

generating additional channel sets to improve the capacity factor using
values obtained from the stop of determining;

heuristically computing new values of channel set sizes and new values of
simplex multiplier vectors;

repeating the step of generating a selected number of times, each time
including the heuristically computed new values in the generating process; and

evaluating a resultant relative to a pre-selected criterion and, where the
resultant does not meet the pre-selected criterion, returning to the step of
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2. Inawireless telephone communication system as claimed in

Claim 1, further CHARACTERIZED BY:
the generating step operating to modify channel sets ane at a time.

3. Tna wireless telephone communication system as claimed in
Claim 1;
further CHARACTERIZED BY:

establishing initial capacity factors to define a limiting capacity ratio of
assigned channels to channels needed to meet blocking requirements, and
‘meximizing the capacity factor.

4.  Inawireless telephone communication system as claimed in
Claim 1,

further CHARACTERIZED BY:

iteratively evolving channel set optimality and augmenting assignment
until optimality is achieved.

5.  Inawireless telephone communication system in which a service
area is partitioned into a plurality of non-regular contiguous cell; a method 6
dynamically altering assignments of radio channels to the cells comprising the
stepe of:

= initially determining interference coustraints, channel assignment

constraints and available channel frequencics and entering the information into
the memory‘ of 2 computer;

storing an existing assignment of radio channels into the memory;

determining existing traffic patterns of mobile ration telephone usage
within the service area and entering the existing traffic pattern into the memory of
the computer;

developing a new assignment of radio channels for the cells; and

communicating the new assignment of radio channels to the cells, causing
radio transceivers at the cells to operate at the frequencies representing the new

channel assignments;



“‘y".

10

15

D gy [PEPRACEENT SHetT

oo 27 JUN 1938

19

wherein the improvement comprises programming the computer to solve a
calculation for optimizing radio channel assignments to the cells by decomposing
the calculation into a Master Program and a Subprogram, and by:

initially solving the Master Program to determine values for a capacity
factor representing a ratio of radio channels assigned to a cell to radio channels
needed to meet blocking requirements, channel set sizes, a first simplex multiplier
vector corresponding to channel assignment constraints for each cell and a second

simplex multiplier vector corresponding to available channel frequencies;

salving the Subprogram to generate additional channel sets using output
values from the Master Program;

hetristically generating new values for use by the Subprogram of the first
simplex multiplier vector and of channel set sizes; and

re-solving the Subprogram using the new values to generate further
channel sets;

re-solving the Master Program using results of the Subprogram for

.selecting additional channel sets to maximize the capacity factor;

checking resulting channel set sizes of the Master Program for optimatity;
and
terminating when optimality is achicved.




