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Optimum frequency planning:

a new concept

by
Ayarard 6. STRUZAK"

mum.

radio spectrum utilization

SUMMARY

The problem of optimum fequency and power assignment in a transmitter network is formulated in this paper, and an
appropriaie sofuiion method is outitned.

The paper describes an heuristic technique capable of solving a class of frequency planning problems involving: co-
channel, adjacent-channel, spurious, and \mermodularion interferences; fixed pre-exisiing frequency assignmenis and fre-
QUERCY- Teparation requirentents: non-repetitive zone siruciures and frequency resource lisis that contain gaps and vary
from zone to zone: natural or political boundaries: specific ierrain topegraphy and irregular transmitier locanions; signal
and npise environment, transminer powers, and directive antenna patterns 1hat vary ffom rransmitter to iransmitter. The
method it based on rormalization, decomposition, and reduction techniques and on graph-colouring procedures. It as-
sures that all relevant consiraines and requirements are fulfilled and the 1otal power radiated by all wransmitters is mini-

The paper is addressed 1o persons involved in preparation, revision, or approval of frequency plans. (o specirum planners,
specirum managers. frequency assigners, efeciromagnetic compaiibifity analysis and afl thuse responsible for ellicient

1. Introduction

General

As evidenced by the recent World and
Regional Administralive Radio Confer-
ences, there have been growing demands
for specirum sharing by many users (sec,
e.g. Kirby and Rutkowski [*]). Unfortun-
ately, radio transmission systems may
nol employ the same area without inter-
fering with one another. Thus & funda-
memal problem in sharing the spectrum
is the climination of harmiul interfer-
ences that limit the effectiveness of radic
services. Hence, use of the spectrum re-
source involves careful co-ordination of
several faclors by which one radio ¢com-

muaication may be distinguished from
snother, and inlerference between them
avaided. In addilion to precluding inter-
ferences, the rational use of the spectrum
should assure accommodation for as
many users as possible with the limited
frequency resource available. The most
efficient way 1o achieve these goals con-
sists in a preventive aclivity: that i, in &
minimization of possible conflicts and
spectrum  wastage belfore their occur-
rence.

Both national and international wireless
communications would dissolve im0
chaos without a system for allocating
proper places in the radio spectrum
among the claimant transmitters. As the
number of transmilters is use grows,

more requirements concerning electro-
magnetic compatibility must be given
due consideration, and the problem be-
comes more and more complex. Since
the carliest days of radio, this problem
has been of great internationa! inlerest,
Initially. the rule “the higher power ra-
diated the better™ was Lhe only guide in
planning transmilter networks, and it was
not sa long ago that it became evident
that this approach ieads to pitfalls: to
raising of interference background level;
1o power racing: o natural enviromment
degradation ; 1o capital investment losses.

* Professor Strulak is Vice-Chairman of the
International Radip Consuliative Commitice
(CCIR) Study Group | (Specirum ulilization
and monitonng).
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Relatively soon it became clear that the
effective use of 1he radio spectrum de-
pends on both the operational characier-
istics of sysiems and frequency planning
techniques. This has been confirmed re-
cently by the CCIR which endorses spe-
cial studies on oplimum network plan-
ning and frequency assignment lechni-
ques that could be recommended for use
on world, regional, or national, scales
(CCIR M)

A frequency plan is a lunction that as-
signs appropriate operational characteris-
lics to each of the claimamt transmitlers.
Generally, this may be one, & lew, or all,
of the faciors by which radiocommunica-
tions can be distinguished from one an-
other: operating frequency (frequency
discriminalion); power radiated (power
level discriminstion); antenna location,
height, and radiation pattern (direction
discrimination); polarization (polariz-
ation discrimination}; time-structure of
the signal {signal structurc discrimina-
tion); operating time. Initially, only the
frequency was assigned, and this explains

the expression “freq y pl | I

Although there are numerous publica-
tions on frequency planning (scc e
Hatle’s bibliography [¢) and special issues
of the Institute of Electrical and Electron-
ics Engineers (IEEE) and European
Broadcasting Union (EBU) journals{*
) the general problems of optimum fre-
quency planning with atl the above-
mentioned factors taken into account
have not yet been solved, and are among
the main 1opics of CCIR activity {?]. The
reascn is Lthat mathematical models ac-
counting for numerous factors and com-
plex inicractions, as well as & grest
amouni of required inpul data, create se-
vere problems in attempis 10 apply rigor-
ous formal methods to real-life situ-
ations.

Paper srganination

The chiel aim of this paper is 1o intro-
duce & new formulation of the problem
of optimum Irequency and power assign-
ment in a transmilter network and to
outline its possible solution,

The remaining part of the papert is organ.
ized as follows:

In section 2 we formulate the problem.
We lormulate il 85 an optimization issue.
It is worth noing here that, generally,
optimization is the determination of the
value of design parameters subject to spe-
cific consiraints that yield the best result,
The following elements of any optimiza-
tion problem are implicit;

— there are variables subject 10 control;

— Ihe result to be optimized is described
in mathematical terms of controllable
patamelers;

— 2 measure, of criterion, of sysiem per-
formance which should be optimized
is selecied;

— all requi ts and ptions,
jointly named constraints, are stated
explicitly.

We base our approach on math ical
models in which variables describing
rel¢vant components, sintes and perfor-
mances ol 8 system are described, and re-
Iationships  between them  represented
thraugh mathematical expressions. Many
facioes of a physical, technical, economic
and even social snd political nature,
must be given due consideration when
planning transmitler networks. There is
no realistic way 10 inciude all of them
into & mathematical model explicitly,
and their effect is evaluated by handling
them as constrainis.

In section 3 we outline the proposed so-
lution method, and main difficulties en-
countered. The usual quesizon in any op-
timizsjon problem s how much work or
how much time is required to find the so-
lution. In our approsch we spply the
decamposition principle, The original
problem is decomposed into several sub-
probl of a lower di ionality, and
each of Lthem is solved separately. Their
order is determined so thar results of pre.
ceding sub-problems are used in subse-
quent ones. Normalization, reduction,
and graph-colouring procedure are the
key clements af the solution method pro-

posed.

Section # introduces imporiant defini-
tions of 1wo graphs: ihe signal graph and
the bond graph, on which our solution
method is based. Two algorithms for
consruclion of these graphs are also of-
fered here.

Sections 5 and 6 present two key sub-
problems concerhing the \ransmiller or-
dering and frequency channel ordering
Appropriate slgorithms are also pro-
posed.

In section 7, guided by our efforts in sec-
tions 4, 5, and 6, we present an outline of
the proposed solution method to the
problem. along with a relevant algo-
rithm. In this paper, a frequency plan isa
function which aisigns 10 esch of the
claimant transmitters a pair: an operat.
ing frequency (from a set of available fre-
quencies, called the frequency catatogue),
and an operaling power (from a sel of
available powers, called the power caia-
logue). This contrasts with the traditional

methods, which are still widely used, and
which account for only one of them: fre-
Quency or power {see, e.g. Strulak ['}]).
There arc three main reasons for propos-
ing the new concept. Firstly, the fre-
quency and power are both the crucial
facrors that control the inerference and
COVErage Zones in any Iransmitter net-
work. Secondly, they are operational par-
amelers that can be modified easily dur-
ing the planning process. Finally, it is na-
iural to expect Lhat an oplimum sought
over the plane frequency-power should
be closer to the “ideat™ Lhan an optimum
sought with the single variable: power or
Irequency only,

“In section & we conclude with a summary

of our findings. Main concepts of this
paper are developed from the ideas pre-
sented &t the Seminar on optimization
methods, institute of Computer Science,
Mathematics Department, Universily of
Wrockaw, and the lectures given by the
author in January 1980, and partially
published {Strukak [V1-52)).

1. Problem formulation

This paper deals with the following prob-
lem: given a collection of test points and
1 collection of radic transmitters to be as.
signed [requencies and powers, find an
optimum assignment that satisfies speci-
fic constraints and that minimizes the lo-
tal power radiated by all transmitters.
The constraints are of three types:

1) calalogue constraints {powers and fre-
quencies must be selected from the
specified catalogues);

2) environmental constrainis (EM com-
patibility with a specified environ-
ment signal must be assured at the test
points);

3) quality constrainis (reception quality
must be guaranteed at the tesi points).

It is nssumed that complele information
is available,

It is assumed also that a specified test re-
ceiver with & test antenna is sitoated at
each test point.

Locations, heights, directive radiation
palierns, otientations, polarizations and
other relevant parameters of both trans-
mitters and test receivers are optional,
however, their choice is beyond the scope
of this paper. They should be established
before the (requency and power assign-
meni.

Any number of transmilters, test points,
and conslraints is acceptable; the total
number of (ransmillers, lest poims, [re-



encies, powers, environmental signals
wl other constraints that determine the
‘oblem’s dimension, is, however, finite.

is assumed morcover that a list ol en-
ronment signals is attributed 10 each
st point. The list contains data on sig-
Il power at the receiver input (or
swer-flux density, polarization and azi-
uth of signal arrival).

sveral real-life situations can be reduced
the form presented sbove. The test
rints, for example, can represent the
1its of area. Then, with a large number
" them and their regular distribution,
MIiNUOUs coverage area problems can
: approsimated. The test poinis can
50 represent cities or other concentra-
ans of people. In that case, population
werage problems are manageable. Sin-
tlar transmitter test point locations can
mulale point-to-point  radiocommuni.
wons. Very specific distributions may
+ required to (it the coverage area to na-
wal or political boundaries or 1o fill in
1ps 1n the coverage by other networks.

Solution outline

rometric interpretation

1igure | shows a general interpretation of
i problem. Three abstract spaces are
stinguished: the *‘transmitter”, the
ignal™ and the “receiver performance™
vaces. Each of the transmitlers consi-
sed is represented by a point in the
ransmitter” space, and each of the test
ceiver input signals is represented by a
aint in the “signal™ space: the same is
ue of the test “receiver performance”
sace. Relations between these spaces are
so shown: each point from the “trans-
litter™ space iy tmapped o the “signat™
race, and points from this space are
apped in Lthe “receiver performance”
race. These relations are dependent on
any factors, some of them uncontroll-
»le (noise, propagation effecis). This in-
oduces some uncerlainly in the map-
mg process. Generally, the problem
nstraints cut out allowable regions in
ich of the spaces separaiely. The prob-
m consists, firstly, of transforming the
lawable regions from the “receiver per-
rmance” and “signal” spaces into the
ransmitter” space and, secondly, of
nding the optimum allocalion of points
ithin the resultant sllowable region
ere.

regulnrity

ue to irregular structures allowed, the
oblem is insoluble by the classic lattice

techniques (Arnaud in (). As is known,

these techniques are based on the follow-

ing assumptions:

a) sl transmitters are identical; their
powers and antenna heights are the
same;

b) all antennae are omnidirectional;

¢} terrain effects are ignored; the Earth is
supposed to be flat and propagation 18
isotropic;

d! no natural or political boundaries;
each transmitter is located as 1 node
of a boundiess, regular lattice (no
other locations allowed);

¢) all latlice nodes are occupied by trans-
milters {no [ree nodes or coverage
§ans);

J} interference environment is the same
for each transmitter;

&' one set of channels is regalarly re-ysed
1throughout the whole boundless plane
(other lrequency allocations ignored).

These assumptions make it impossible to

take inlo account optional localions and
anicnna patterns, non-continuous cover-

e\

age area, effects of other radio services
tharing the same area, etc.

Discoutinuity

The discontinuaus nature of the problem
excludes diflerential calculus, Lagrangian
multipliers and, generally, all continu-
ous-type lechniques, including linear
programming. Integer and non-linear
programming gencral 1echniques are not
directly applicable either.

Problem dimension

One of the distinct characteristics of our
problem is the large humber of possible
cases that must be laken into account,
Even with a moderate number of fre.
qQuencies, powers, transmitters and test
poinis, the number of computations re-
quired for exhaustive inspection of all
possible combinations is enormous. If the
catalogues contain N frequencies and N,
powers are available, then there are
Nex N, pairs of frequency power. With
Ny claimant transmitiers, this makes ¥
different frequency plans possible

Nr
N=(NpxN,) th
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between them. The problem constraints and influencing Juctors are also shown.

(all possible permutations wilh repeti-
tions allowed). **

IT there are N, test points, then each of
these plans should be checked N, times
for compalibility and quaiity constraints.
For Mg = 20 frequencics, N, = § powers,
Nz = 10 transmitters and N, = 100 1est
points, the total number of tests is 100 x
100'® = 100" = 1012, Even if cach iest
takes only | millisecond of compuler
time, the job would not be finished in 3 x
10'? years! Note, for comparison, that
the estimated age of the Earth is § x 10*
years of so.

For this reason no solution method based
on such an exhaustive inspection is ac-
ceptable. The suthor conducted a search
of the literature but found no other for-
mal solution to the problem.

Proposed solution method

It is well known from practice that the
signal environment usually varies lrom
one lest point 1o another and that the de-
gree of difficulty in finding & proper fre-
quency also varies (rom transmiller 1o
transmitter. We make use of these in-
equalities by applying the *“‘worsl-case™
rule. Thus, we identify the “most diffi.
cult” transmitier and the “most criticat™
test point and we do an assignment that
oplimally “fits in* this particular yrans-
mitier 1o its environment at this panicu-
lar test point. After assigning a frequency
und power 10 the first transmitter, all xig-
nals of this transmitier are considered 23
new environmental signals, and the next
“mosl difficult™ transmitter is filted in 1o
them at its “worst™ Lest point. The firm
transmitter is matched to the original en-
vironment, whereas Lhe last is fitted in 10
the environment modified by all previous

** Note: Formula (1) results from the follow-
ing considerations:

A frequency plan s a list of transmitiers, each
with a specific frequency and power assighed.

assignments. This method  equalizes
chances of the claimam transmitters by
offering more (reedom to the transmitters
which are initially in a more difficult
situation. It reduces the number of dif-
ferent frequency plans and the number of
verilications required o check whether
alt constrainis are fulfilled or not. The
number of possible plans is:

N=NpxNyx Ny (2

With, as previousty. ¥, = 20 frequencies,
N, = 5 powers, Ny = 10 claimant trans-
mitters, N = 1000.

Decomposition

In order 1o apply this methed, the origin-
al problem is decomposed into sub.
problems of lower complexily. These
sub-problems #re ordered and solved
separalely, in & determined sequence, so
that resulis of preceding stages are used
in the subsequent ones. Specific con-
straints are imposed on each sub-
problem, 30 that their sum can be equi-
valent to the criginal problem.

In the first sub-problem, a transmitter
priority list i arranged. All transmitters
are intercompared. and the transmitler
with maximum interference poteniial is
selected and placed a1 the top of the list.
The assignment beging with this irans-
mitier. In the second sub-problem, s
channel priority list i prepared for a
given Lransmilter. Here all relevant envir.
onmental signals are  intercompared
channel by channel. and the channel that
assures minimal radiated power in the
worst case is placed at the 1op of the hist,
and is the frst assigned. The last sub-
prablem consisis of tests and an assign-
ment of optimum frequency and power.
Here the solutions af the previous sub-
problems are used, and specific 1est
procedures are applied. This is a syste.
matic  transmitler-by.transmitter and

When 1wo such plans are interc: d, they
are considered sdentical if they comain the
same \r itters and each ter has the
same frequency and power in both plans. With
a single transminer, 8 singhe power and Ny dil-
ferent frequencies, Ny different plans are possi-
bic. because each of the frequencies can be as-
signed to the ransmitter. If N, diflerent values
of the power arc available insiead of & single
value, the number of different plans is (N,
N,), because for each of the N,, powers each of
the irequencies can be assigned to the 1rans-
mutier. Let N be the number of dilferent fre.
quency plans for i wansmitters, with N, fre-
quencies and N, powers svailable, with an ex-
tra Lransmitter added (N, x N,) diflerent as-

ig are possible for this trans 1. and
cach of them can be combined with cach of
Nfi) former plans. Therefore the resullant
number ofdlﬂgrcm plans with this extra trans-
mitter added is (N, »x A) x Nfir. Fori=1,2, 3,
o Ny, there is A w [Ny x F,F, N FLP, . ANg
* NI Ny,

h: I-by-channel procedure that stops
when an optimum combination is found.
More “prominemt™ transmitiers have
more freedom hete and others are suic-
matically adjusted to them, because each
new assignment takes into account all as-
sighments made previousty, Afer a limit-
ed number of computation, ordering, and
testing sieps, Lhe final solution 1s found
ar any inconsistency in the problem con-
ditions is staled.

4. Graphs

In our auemm some graph.lheory con-
cepls are apphed. A graph is a set of ver-
lices partially or completely intercon-

nected by lines {see Christofides [*]). We
imroduce here graphs of 1wo differemt
kinds: signal graph G, and bond graph H.

Signal graph G

Imagine a map with all claimant trans.
mitters and test points marked. Mark
also sources of all environment signals at
convenient places on the map and all the
vertices of graph G will be displayed. In
this graph the vertices represent signal
sources (transmitters, environment} and
signal sinks {test poinis) whereas the lines
represent the power flow. If the signal
from a transmitter reaches a test point
with a sigmficant power, there is an
oriented line larrow) from the transmitter
10 the test point. Lines outgoing from test
points or ingoing to signal sources are
forbidden in graph G, so that there are
no lines inlerconnecting the sources or
interconnecting the sinks. There are no
isolaied (unconnected} sources or sinks,
An example is shown in figure 2.

The graph may also be memorized
within a computer, withoul delineating it
on paper. All elements of such a graph
are labelied so that fubl information con-
cerning the transmiting stations and
their sighal ¢environment is contained in
the graph (see Lable |). At the beginning,
the information about the operating fre-
quencies and powers is not available, and
graph G is constructed according to the
following algorithm:
Algorithm: signel groph G construction
Step 0
Start with the lisi of lest points (TEP),
list of claimani rransmitiers {TRA) and
hist of environment signals (ESY). as-
suming Lentatively Lthat all transmitters
radiste the same unu power and all
transmitiers and 1251 receivers use the
same [requency. Introduce all trans-
mitters and 1est points as the vertices
of the graph.
Step |
Stop if there arc no points on list TEP,
otherwise select a 1est point from the
top of this list.
Step 2
Go 10 step T if there are no transmit-
ters on list TRA, otherwise select a
transmitter from the top of this list and
delermine its distance d from the test
point. Il the transmitter is desired al
the test point and 4> A go to step §, il
it is undesired and 4> B go 1o step 6.

Step

Determine the signal power p at the in-
pul of the test receiver accounting for
propagation losses and directive anten-



n3 patterns. If the transmitter is desired
and p<C go to siep 3, if it is undesired
and p< D go to step §.

Step 4

Insert a line from the transmitter to the
test point, note the signal at the re-

O 8

ceiver input, remove the transmitier

from list TRA and return to step 2.
Step §

Stop: problem inconsistency {quality

constraints not fulfilled), Revise the

problem and return 1o step 0.

Figure 2—Signal graph G. It represenis 3 rransmitiing siations (A-E), | environmen
signal (F), 28 test points (not labelled), and 34 signal paths: 28 desired (comtinyous ar-

rows) and & undesired (dotred arrows)

Takle |
Informatlon contained in signsl praph G

Mo graph clement

informalion carried

1 claimant transmitier vertex

— peographical location,

— antenna*

— Frequency and power of sach signal
radiated

3 test point veriea

— geographical location,

— antenna®

= iest receiver nominat and spurious
response (of signal-to-interference
raLIOs)

— efiviroament signal st

Step 6
Signal path irrelevant: remove the
transmitter from list TRA and return
o step 2.

Step 7

Select and note all relevant environ-
ment signals, insert corresponding lines
in the graph, remove the lest poinl
from list TEP, and return to step |,

The limiting values A-D are determined
according to the problem constraints and
nominal usable field strength.

Transmitters from the outside of the cir-
cle with radius A are unable 10 produce
any signal that could be uwsable, and
transmitters from the outside of the circle
with radius B are unable 10 produce any
signal that could be usable or inlerfering
al the test point considered, tven in the
most favourahle conditiom (maximum
allowable power radiated, minimum
propagation losset, maximum antenna di-
rective gains).

There is no resiriction comcerning the
propagation model used in signal power
density computalions (see CCIR [}, but
models thal are based on detailed terrain
data analyses are the most appropriate.
An example for UHF/VHF can be found
in Sega er al ['9 A discussion of this
question is, however, beyond the scope of
this paper.

The ber of di ¢ determinati
N, required in step 2, equals

Ne=NyuN, [£1]

The number of necessary power calcula.
tions N, (step 3), is much lower: its lower
bound 1s

N, 3 max [N, N) )

and the upper bound is given by 73/,

Graph G consists, therelore, of (¥, + ¥}
vertices and a number of oriented lines
for which the lower and upper bounds
are (1) and max [N, N1 N, is the num-
ber of the signal sources. Nole that graph
G is a sparsc onc and contains only &
stall percentage of the lines ol the com-
plete graph with the same vertices, which
is

% N NI N, e N -1 (S

because in the complete graph a!l nodes

3 environment signal vertex

- no specific information

4 oriented ling

— frequency. power, and desirabifity
index ol each signal at the 1est re-
ceiver input

* Heighi, polarization, orientation. radistion patiern.

are mutually interconnected.

For examnple, iF—as previously—N, =Ny
= 10 transmitters, and N, = 100 1esi
points, graph G consists of 110 vertices
and less than OO lines, which is only
1% of 1he 1otal $995 lines of the com-
pleie graph. The algorithm requires 1000
catculations of the distance and from 100

AQ o

F E

Figure¢ 3—Bond graph H corresponding
to figure 2. lix & vertices (A-F) represent
signal sources and its 6 lines represent
potential transmitter influences

to 1000 power evaluations. With | ms of
distance calculation time and 100 ms of
power calculation, the job would take 10
1o 100 seconds of computer time.

The information contained in graph G is
modificd during the planning process, At
the beginning, all transmitters have the
same [requency.

Afler the assignment of an actual fre.
qQuency-power pair lo the i-th transmit-
ter, this power and [requency atong with
all signals generated by the transmitter,
modily the existing data in graph G.
Finalty, s}l its vertices and lines are la-
belled by proper data, as Jisted in table ),
We define the transmitier zone as the sel
of all test poimts st which its sighal is
relevant. In graph G this zone is the set
of all Lest-point vertices incident 10 the

connected, remove the test point from
list TEF and return to step |.

Step 3

If there are parallel lines in graph H,
replace them by single lines and siop.

As it follows from this algorithm, graph
H is of a lower dimension than graph G
because it contains only signal sources a3
vertices. A ling enists beiween Lwo ver-
tices in graph H if these vertices are con-
nected with & common test point in
graph G. The number of vertices in
graph H is therefore N, and the lower
and upper bounds for the number of lines
are zero and AN, x (N 1) (the latter is
valid if the graph is complete). For N, =
10 signal sources, graph H consists of 10
vertices and less than 43 tines, An exam-
ple is shown in figure 3.

As shown, Isolsted vertices are allowed
in graph H. The structure of graph H in-
dicates how many frequencies are re-
quired. If all its vertices are isolated, that
is, there are no influences between the
signal sources, sll transmitiers can use
the same frequency, and a single fre-
quency channel is sufTicient for the whole
network.

In the opposite case, when graph H is
complete and cach one of ils vestices is
connected with its (¥ =1) neighbours, all
transmitters are mutually relzied, and N,
frequency channels are required.

verlen representing this t itter {sig-
nal source).

Bowd gragh H

Bond graph H is generated from the sig-

nal graph G according 1o the following

algorithm:

Algorithm; bond graph H construciion

Step O
Start with graph G, test point list TEP,
transmitter list TRA and signal list
ESL

Siep 1
Go to step 3 if there are no points on
list TEP; otherwise sclect a lesl point
from the top of the list, identily s}
source verlices in graph G that are
connected with the test point and in-
serl them as vertices in graph H (with-
oul duplication).

Step 2
If there is only one iransmitler or sig-
nal source connected, remove the test
point from the list TEP and return 10
siep L. In the opposite case, insen lines
non-oriented in graph H between each
pair of transmitiers of signal sources

5, Tranamitier ordering

This sub-problem consists in ordering of
all trznsmilters waiting for the frequency
and power assignment in tuch a way
thal the “most difficult™ or the “most
prominent” one is in the lop position.
The criterion is the number of poweniial
conflicts, i.e. the number of frequency
channels that must be co-ordinated with
the neighbouring ransmitiers and envir-
ommeni signals. We call this number the
“interference potential™.

The interference potential of s transmit-
ter can be cvaluated using bond graph H,
and we apply the known colouring pro-
cedure in order to establish proper trans-
mitler order. In colowring the graph, in-
terconnected verlices may not receive the
same colour, The objective of the classi-
cal colouring problem is 10 find the mini-
mum number of colours required Lo col-
our all vertices. Here we are imerested in
ordering the verlices Lo be coloured. We
base our mpproach on the known heuris.
tic procedure described elsewhere {eg
Christofides [*], Zoellner [*]). according to
the following reduciion sigorithm. The

degree of 8 veriex equals the number of
lines incident to it. The procedure con-
sisls of lhe consecutive eaclusion of Lhe
least degree veriex from the graph.

£ <

. cCo <

@ = loast-degres vertex
> w vertax sblecied for removel

Priority kst of signal sources

Mo, mgnat sourcs

teansmutting stition C
wansmitting saton €
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Hransmittng

L 2 2L

rafRmitting

Figure 4—Example of transmitter order-
ing by grapk reduction. Graph H shown
in upper lefi part of the figure corre.
sponds 1o figures 2 and 3



Hgorithm: transmitter ordering

tep O
Start with graph H.

tep |
Remove a signaf-source vertex of the
least degree from the graph slong with
lines connected te it, and place it at the
last position on the signal-source list.

tep 2
Repeat step | with the reduced graph,
place the removed vertex al the last as
yet unoccupied position on the list, un-
til the last vertex is removed from the
graph.

tep 3
Remove vertices representing environ-
ment signals from the List and stop.

\n example is shown in figure 4. As can
e seen, this sub-problem it of lower
omplexity Lhan the original problem be-
ause all test points and original con-
traints are not involved directly. The
iumber of steps in this algorithm equals
he number of the signal sources.

1. Frequency channel ordeting

‘requenicy channel ordering concerns the
election of the best operating frequencies
or a given transmitier. As follows from
he original problem formulation, there
ire several lest points, each with a speci-
ic signal environment. With signal
ources active, all these signals can be ob-
erved on the screen of a spectrum ana-
yser connected 1o the test antenna. The
|Juantitative characterization of these sig-
1als may derive from direct measurement
w frem solution of prediction equations,
I'he signal environment, or spectrum oc-
wpancy, may be differeni at each of the
est points. Due to their geographical dis-
version il is dilficult 1o intercompare the
eception conditions over the transmitter
‘onc.

n order 10 omit this difficulty we normal-
ze all environment signals, The normal-
zation consisit in compensation for
ransmissich lotses which each signal
uffers on its path [rom the transmitter to
he test point. In other words, the nor-
nalized environment signal power is the
sower that should be radiated by the
ransmitter in order to equalize the en-
ironment signal at a given tesl paint.
“he 1dea is iltustrated by figure 5. With
il signals normalized, the intercompari-
on of signal reception over the whole
ransmitter zone is easy, independently
n direction and distance from the trans-
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Figure 5—Idea of environmen; signals normalization and :elcclr'on of the best fre-

guency chartnel

8) geographical location of transmitter A and its zone consisting of test points Al and
A2

b) spectrum occupancy at Al and A2

c} nurmalized specirum occupancy ai Al and A2
d) envelope of normalized specirum occupancy at Al and A2 = specirum occupancy
aver the transmilier Tone. See texr for explanation

mitier. Thus it now becomes possible 10
select the critical lest point at each fre-
quency channel and find thal channel
which containg the minimum of signal

power at the least favourable test point.

We use the lollowing algorithm:

Algorithm: frequency channef ordering
Step 0
Givert a transmitler, siari with its zone
in graph G.
Step 1

For each test point and each environ-
ment signal (ES) divide the ES power
by the test receiver inpul power due to
the unit power transmitter, accounling
for frequency difference—il necessary.

Step 2

For each frequency channel select the
test point at which the normalized sig-

nal power found instep 1 is the highest
(critical lest points selection).
Step 3
Order the channels according to non-
decreasing normalized signal power at
critical test points.
Note that ali required dats are already
contained in graph G, This sub-problem
is penerated sequentially, once per trans-
milter. As » result, a channel priority list
is obtained in which the frequency chan.
nel that assures » minimum transmiter
power in the worst case is in the top posi-
tion,

The dimension of this sub-problem is’

lower 1han the original problem because
a single transmitier and relevant signals
are  considered  simultaneously. The
number of comparisons equals the num-
ber of test points multiplied by the num-
ber of relevant environmeni signals.

7. Optimum [requency and power assign-
ment

Here. the results of earlier sub-problems
are used, according to the following al-
gorithm:

Algorithm:  optimum  frequency and
power assignment
Step 0

Start with the transmiller priority list
{A)and frequency priority list (B).

Step |
Stop if there sre no transmitters on list
A, otherwise setect 8 ransmitier from
he top of the list.

Step 2
Go to dep 6 if Lhere are no channels
on list B; otherwise select 3 channel
from the top of the list and assign it
tentalively 1o the transmitter.

Step 3
Determine the power required for re-
ception quality at the least favourable
fesl point and select the nearest higher
pawer from the catalogue. If there is no
such sllowable power go to siep 6.

Step 4
Check if constraints are fulfilled in the
critical fest points, If they are not, go
ta step 7.

Step §
Assign power and frequency channel
tested, include all signals generated by
this assignment to the environment, re-
move the iransmitter from list A, and
return Lo siep 1.

Step 6
The constraints cannot be fulfitled
(problem inconsistency). Verify the
problem data and retumn to step 0,

Step 7
Remove the channel from list 8 and
relurn 1o siep 2,

This it 8 systematic reduction method
which stops afler a limited number of
sieps: when the job is done, i.e. when Lhe
fransmitter list is exhausied, or when &
problem inconsistency is  discovered.
This sub-problem is of lower dimension-
ality than the original problem because
only & single Lransmitter is considered at
each step. The possible number of tesis
are Ny for the most lavourable case (final
salution found at first atiempt) and N N
for the least favourable one, where N,
and N are the numbers of transmitters
and frequency channels, respectively,

If an assignmeni is made, then the trans-
mitler is best fitted into its environment,
all constraints sre fulfilled, and transmit-
fer power is minimum. If problem daia
are inconsistent il is automatically indi-
cated where and why the assignment can-
not be made.

The methods of verification where the
compatibility and quality requirements
are fulfilled or not are described else-
where (see e.g. White ['Y]) and are not re-
pealed here,

8. Conclusions

ln lhu paper we have Reneralized the
g problem. In-
stead of the Iradmnnal assignment of an
operating frequency only, we have consi-
dered the assignment of a pair: an opcrat-
ing frequency and power to the Iransmil-

+ ter. We have formulated this issue as a

constrained oplimization problem, As
shown, several real-life siluations can be
reduced to the form presented. An heur-
istic methpd for solving this prohlem has
been proposed. based on decomposition,
reduction, and narmalization pringiples,

New concepis have been introduced, the
most signifisnl being the signzl and bond
grazphs; the critical points of the trans-

mitler zone; the transmitter snd fre-
quency channel priorily lists. We have
proposed several algorithms for con-
structing these graphs and lists. In one of
them we use the known graph-colouring
procedure.  The  systemaltic  solution
method proposed offers & solution that
fulfills all problem consiraints and en-
sures the best fil-in of each transmitter 1o
s local environment in the sense of
minimum power radialed. If there is any
inconsislency in the input daa, such that
A} constrainis cannot be fulfilled every-
where, the method offers indications of
where, why, and which of them cannot
be fulfilled. This makes it passible to
maodily the data wnd repeat the solution
with corrected dala.

Owing 10 the breaking up of the original
problem into sub-problems of lower
complexily and solving them separately
one afler the other, economy in memory
size and number of computalions re.
quired can be achieved in comparison
with the exhaustive search methods. Si-
milar to other heuristic procedures, our
method does not guarsniee any unigue,
ideally opumum solution but offers &
sub-oplimum or near-to-optimum one,
We believe that our spproach and ideas
presented here can serve as an efficient
100l 1o cope with new tasks facing radio-
tommunications, and open new vistas in
theary and practice of frequency plan-
ning.
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" Frequency planning methods _
for sound and television broadcasting

by H. EDEN

their practical application.

realistic conditions.

SUMMARY

Because of the growing need for ihe assigament of frequency channels in sound and television broadcasting, efforts have been
made in the course of the last 40 years 1o improve specirum utitization ¢fficiency. Among other things, these rﬂarr_: have pro-
duced three important methods of frequency planning which are described and discussed below in sufficient derail to enable

Under the first method. interference is limited by providing for a minimum separation distance berween integfering transmit-
iers. In ihe second place the lattice planning method, developed on the basis of uniform propagation conditions and charac-
teristic sransmitrer data, permits the effective limitation of interference by means of aptimized channel arrangements, The
Third method, which makes use of elemenis of graph theory, is appropriaie for the optimization of spectrum utilization in

1. Iniroduction

THE problem of distributing channels taken from & limited
frequency band among a given number of transmiltters
situated within an area of limited size, in order to permil the
establishment of an elTective broadcasting service, is as old as
broadcasting ilself. However, as long as the number of avail-
able frequency channels was not substantially smatler than the
number of transmillers, this problem could be solved fairly
easily und did not require claborate theorctical studies. This
was approximately the situalion that prevailed during the [first
quarler-century alter the coming into operation of the first
broadcasting stations.

I was mainly in conjunction with the implementation of
nalion-wide television services that the need arose to base fre-
quency planning on at least some simple bul efTicient rules.
This need arose Trom Lhe relalively large bandwidth required
for a television channel and the consequeniial use of “very
high™ carrier frequencies. As VHF transmitters can, in prin-
ciple, provide a useful signal only 1o within-horizon distances
and as, beyond the horizon, the signal strength falls off rather
rapidly, frequency reuse is possible. On the other hand, fre-
quency reuse is in [act absolutely necessary because of Lhe
limited number of channels available in the lrequency bands
allacated 1o 1The broadcasting service , otherwise reasonsble
coverage could not be provided to a large area.

2. The concepl of Interference limitstion

The need for a simple but efMicient rule Lo harmonize Lhe use
of the available lrequency channels Nirst became apparent in
the United States during the 1950s, i.e. al a time when the

development of television in Europe had siowed down dmstl-
cally because of the war. In the United States the problem way
solved by the establishment of strict rules for the limitation of
interference. |'] According to these rules, the minimum sepa-
ration distance belween two transmitters T, and T likely to
cause interference to one another is determined in such a way
that the nuisance field of the interfering transmitler, i.c. N3
field strength increased by the relevant RF proteclion ratio,
does not exceed, at any peint of the coverage contour of the

Led teansmitter, a predetermined permissible interference
level (which depends on the 1ype of service envisaged), e §. the
minimum usable field strengih. [*] Hence, the minimum dis-
tance consists of Lwo distance elements: the coverage range d,
of the wanted transmitier, and the interference range 4, of the
interfering transmitter, and is in fact the larges of the two sums
d,, + d,; and d,; + d,, (figure 1). The necessary field strength
prediclions gre based on slatistical propagation cutves 1*) and
take accoum of such diverse parameters as cffective transmit-
ting antenna height, transmitter power, transmitling antenna
directivity,polarization, etc. The relevant RF protection ratio
takes account of the type of interference, e.g. co-channel inter-

T

d, 1
dy %

Ao

Figure |—Minimnm distance separation d,,, between Iwo
transmitters T, and T,

ference (including the inNuence of frequency ofTsel between
carriers), adjacent channel interference, etc. [*7]

As the minimum distance between transmitters of different
power is in general delermined by the higher-power transmit-
ter, improvement in spectrum utilization efficiency is
achieved by lwo means:

— transmitters of certain power classes are grouped 1ogether
in specific sub-bands;

— the permissible inlerference level is determined as & func-
tion of the power class: the higher the power level, the
lower the permissible interference level.

It is obvious that this concept of interference limitation can
equally well be applied, subject of course to proper adjustment
of the parameters according to the problem, lo sound broad-
casting in atl available bunds. 1t is worth mentioning that this
concept is still used in numerous countries, parlicularly in
Region 2, nd in fact secved as a basis for planning during the
Regionat  Administrative MF  Broadcasting  Conference
(Region 1) {Rio de Janeiro, 1981).

The concept outlined above is particularly valuable for solving
the problem of litting additional transmilters into an existing
transmitter network ; it is less uselul for the establishment of
an initial plan, The optimization procedure required in the lat
ter case means that, apart from respecting the interference
limitation rules in each case, either frequency spectrum con-
sumption is 1o be minimized or coverage by those rahsmilters
10 which lrequencies have been assigned is 1o be thaximized.
It shouid also be noted that, due to the multiple effects of
interference, the field strength available during (100 — T per-
cent of the time will in general exceed the minimum usable
field strength, afthough interference from ¢ach individual
source is limited 1o the latter value except for a small percen-
tage (T%) of the lime, However, since interference from ¢ach
individuzl source is thus limited throughout the coverage
area, high-power transmitters are less affected by multiple
interference effects than transmitiers having a lower power.

3. Regular Inttice planning methods

3.1 Genersl

in Evurope the need for vigorous planning method arose only a
few yeurs later than in the United States or more precisely
when, lollowing the European VHF Broadcasting Conference
(Stockholm, 1952), a further conference was contemplated to
eslablish the frequency assignment plans required for televi-
sion in the UHF broadcasting bands.

However, the problem solved in the United States by means of
jnterference limitation was difTerent from that existing in
Europe, which was 10 provide complete coverage to a large
arca:

— either with & maximum number of progcammes, using a
given number of channels;

— or with one programme, using & minimum number of
channels.

These are in fact two different ways of describing one and the

same oplimization problem, the solution of which requires

that the following two conditions be mel simultancously -

— & minimum density of transmitters, 1o permit noise-free
reception throughout the area;

— 2 minimum number of channels, to aflow the necessary
minimum separation distance between transmitters liable
10 interfere with one another, thereby ensuring reception
Iree Trom unacceptable interference.

It is obvious that use was made in Europe of the experience
gained in the United Stales. A set of minimum separation dis-
tances was established 1o meet the second requirement, taking
due account of the differences between the television systems
in the two areas, ']

Additionally, for determination of the minimum number of
channels necessary to provide full coverage (o an extended
Area with one programme, certain simplifying assumptions
wert made as regards propagation conditions and network
configuration, and channels were arranged so as to minimize
patential mutual interference. The planning method resulting

from this theoretical approach (* *] encompassed two separate
alements:

= geometrically regular lattices,
«= linear channel distribution schemes,

wnd it was capable of meeting both the sforementioned
Tequirements.

3.2 Geometrically regulsr Intlices

Because of Lhe many parameters and clTects that may have an
impact on [requency planning, ¢.g. varying propagation condi-
tlons, transmitter power, transmitting-antenna height and
directivity, and terrain irregularities, the problem was [first
simplified by assuming that all transmitiers had the same
power, anlenna height and directivity as wekl as the same polar-
izatipn, that they were situaied onaninfinitely exiended plane
area forming a geometrically regular lattice and that propa-
galion conditions did not show variations throughout the area
considered.

As regards geometry, the tranamitters were supposed to be
situnted at the points of intersection of two sets of parallels,
each of them equidistam and covering the whole area. Thus
the distance between transmitlers along the parallels of either
set are equal but may dilTer at intersecting lines {[igure 2,
unbroken lines).

AY \ \ \ Ay
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\\/ \\/ \/ \/ N
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Figure 2—Geometrically regular lattice obtained from sets of
paralicls intersecting each other
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The two sets of parallels subdivide the infinite area into paral-
lelograms, 1he number of which, although infinite in principle,
is equal o the number of intersection points, i.c. ol transmitter
sites, If each transmitter could provide coverage to an area
equal in size to that of a parallelegram, then complete cover-
age of the infinile area could be obtained. This implies that, as
long as there is no interference, distances between adjacent
transmitters and effective radiated powers are suitably adapt-
ed to one another and include, il necessary, transmilting-
antenna directivity. For the purpose of coverage consider-
ations it is convenient at this stage to introduce a thicd set of
parallels joining the existing points of intersection along the
shorter of the \wo diagonals of the parallelograms (figure 2,
broken tines). In the elementary triangles of the resulting lat-
lice none of the angles exceeds 90°

In the absence of interference, complete area coverage can be
oblained only if the coverage range d, of each transmitter i$
equal to Lhe larger of the three distances between the corners
and the centre of gravity of an elementary triangle. Clearly,
complele coverage implies a certain amount of overlapping
which, in principle, should be minimized.

Overlap minimization under the conditions described calls for
a lattice of equilateral elementary triangles in which the paral-
lelograms become rhombi and the distance ol the centre of

gravily lrom each corner ol the triangle is d/V3. To determine
the minimum unavoidable overlap it is appropriate to relale
the coverage area of any one transmitter, §,= n d, = n 43, to

its share in the whole area, S =13 ¢*/2. The quolient which is
known as the coverage factor cis c= 2n/t3 = 1,209, Thus, Tull
arca coverage can only be obtained with a minimum overlap of
aboul 21%.

1n & non-equilateral triangular lattice (c.g. figure 2} the un-
avoidable overlap is greater than in the equilateral case
hecause, under the assumptions made, i.c. uniform transmit-
ter data and propagation conditions, lull coverage calls for &
coverage range equal (o the greatest of the three distances be-
tween the comers and the centre of gravity. It is therelore desir-
uble [or the elementary Iriangle 10 be equilateral. However,
the increase in overlap resulting from Lhe use of a non-equilat-
eral triangular lattice will only be slight if the shape ol the
triangle deviales only slightly [rom the equilateral shape. Thus
Lhe user of a non-cquilateral lattice may be advantageousina
number of circumsiances, some of which will be discussed
when the question of channel grouping is taken up.

Because of the high co-channe! protection ratio values—30 1o
40 dB —involved in FM sound and television broadcasting, the
coverage areas of neighbouring co-channe! transmitiers can
never overlap. However, it is clear from the above explana-
tions that the maximum coverage laclor ¢ will be obtained if
the co-channel transmitters form an equitateral triangular lat-
tice with distances D between neighbouring co-channe| trans-

mitters: ¢ = 2nd. /Y3 DY Full area coverage will require The
use of a sulTiciently large number of channels C. ldentical co-
channel triangular lattices lor these channels C, should then
be superimposed 50 that the resulting lattice becomes guile
peometrically regular again. As otie can easily irmnagine, the
number of possible solutions 1o this problem is rather small,

All the possible solutions can be found by subdividing the
co-channel parallclogram (rhombus) by two seis of € — 1
equidislant lines parallel (o either pair of sides ol the paralicto-
gram, as shown in figures 3a4) and 4a) lor an equilaieral

co-channel lattice and C == 7 or C = {2, respeclively. Geome-
trical regulsrity of the resulting lattice of elememary
triangles is obtained when each of the C — 1 paraliels of one
set carries just one transmitter. The € — 1 paraliels of the
olher sel also carry just one transmitter if Cis a prime num-
ber {e.g. 7). If Cis the product of Iwo of more primes P, (¢.8.
§2 =2 % 2 X }) there are also solutions where, in the other set,
cnly parallels which are multiples of P, {or of their products

L] < n

:E]I p) carry P, (or il}l p.) transmilters (figures dc} to 4¢)).
For €= 7, all the possible solulions (except one which need
not be considered since all the transmitters would lie along
one of the sides of the triangle) are shown in figures 3 b)to 3.
It is advantageous at Lhis stage 10 introduce a system ol non-
rectangular co-ordinates (x, p) having its origin (0.0) in Lhe
lower lefl-hand cotner, with the co-ordinates directed towards
the lower righl-hand corner (x) or the upper left-hand corner
{v), respectively. The subdividing parailels are at unity dis-
tance from one another.

In this system of co-ordinates the solutions shown in figures
3bJ 10 3f7 have ont transmitter al y = 1, the position of which
with respect to x varies between x = | and x = 5. The co-ordi-
nates of all the other transmitters in each of the solutions are
multiples of the first one, ¢.g. in ligure b the co-ordinates are
(1.1}, (2.2), (3.3), (4.4),(5.5) and (6.6.}. Co-ordinates exceeding
€ can be normalized by reducing the real multiple by Corbya
multiple of C, since the original and resuliing values of the co-
ordinates are congruent 1o each other modulo €, {'}

It can be seen from figures 3b) to 3/) that some ol the solutions
are “symmetrical ™ (trigngular symmetry), e 8. those of figures
3cand 3¢)or Lthose of figures 3}, 3d)and 3f). This reduces the
number of “genuine ” solutions 10 iwo. Hence, it follows that,
except for €= 3 with one “genuine " solution, they can all be
found if the co-ordinates of one of the transmitters are
assumedtobe x € /2 — land y=  (or vice versa),i.e. to the
lell of the broken vertical lines in ligures Ya)and 40} and, more
precisely, mside the parallelograms lormed by broken lines.
Thus in the example of figure 3 (C~= 7) only the co-ordinates
{1.1) and (2.1) need to be considered, whereas in the example of
figure 4 {C = 12) only “genuine " solutions are presented,

‘The solutions in ligures J and 4 are derived [rom an equilateral
co-channel triangular latlice in which the square of the dis-
tance & between co-ordinates (x,, ¥) and {x;, ), with (x; — x))
=g and (y;— y 1= g isd + ¢+ g1+ ¢;". Infigures Jand 4,
the co-channel rhombus has a side iength D which corre-
sponds in either case Lo C units, and an ares §, = 3 D2 =3
C22. I this area is subdivided into C congruent elementary
parallelograms, each area witl be S, = (3 C/2 and, if the ele-
mentary area is s thombus, S, = §34%/2,i.e. @ = C. Figures 3
#nd 4 show that the elementary triangles are generally noil
equilateral and have side lengths 4,, &y and 4,. Only in excepti-
onal cases (Migures 3¢j and 3e}) is the elementary triangle equi-
laieral. Solutions where both the co-channe! and the elemen-
lary triangles are equilateral exist only when C is a rhombic
number, i.c. when there are two integers, g, and g,, which [ulfil
the equation €= ¢.>+ ¢,¢; + ¢;’. |"'] This is because ail the
transmilter co-ordinates must be inlegers. The area nfcr,!uilat-
eral and non-equilateral triangles are equal il 3d™* =~ 44,'d," —
{(d! + d,? — d,’y'. Example : in figure 44) the side lengths are 4,

= V13, d,= 3.4 4 hence 38 = 4 x 13 % 9~ (13+ 9— 16)%. 0r
g = V13X 12— 12= 12~ C. Table | gives a series of rhomb-
ic numbers together with the originaling integers g, and g,
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Table |
Riowblc numbers C and their sriginailng integers g, and

ClajajCla|a|Cla|nfCla|aiCla|alCin]la

LIOT 1Y 9(at3R19{2]) 528 2|4 040(1|65212(6
LR E AR RN PIERRER FIBEREE EIIRIE RHAR AR
4101231317 X(02510|5g36(0 (6 49(I[5f61(4)5
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The lollowing conclusions may be drawn Tor geometrically
regular lattices:

« Full area coverage can best be obtained with equilateral ele-
mentary triangles.

» Because of the high co-channel protection ratio values in
FM sound and 1ebevision broadcasting, more than one channel
is required to obtain lull area coverage.

« When co-channel interference is predominant, with the
required RF protection ratio exceeding those for all other
types of interference by 20 1o 30 dB, the co-channel triangular
fattice should be equilateral. However, if other types of inter-
ference are of similar magnitude, € .g. imterference from adjac-
ent channels at 100 kHz spacing in FM sound troadeasting, the
use of equitateral co-channel triangles may not be appropriate.

» The co-channe! and elememary triangles of one and the
same lattice can only both be equilateral il C(the humber of
channels used) is a rhombic number.

» Il full area coverage is to be oblained, some overlap is
unavoidable. With equilateral elementary triangles this over-
lap is minimal {about 21%); otherwise it is larger.

» Thus a coverage factor ¢ 1.2 is required to obtain full area
coverage, the getual value depending on the shape of the ele-
mentary triangle.

« If the coverage obtained with only one channel Is ¢ and if
Lhere is only co-channel interference, then the number of
channels required for full coverage is C= L.2/¢,,

Some further conclusions may be drawn:

« Il transmilters situated al the corners of the co-channel
thombus suffer interference from other Iransmitters situaled
elsewhere in that rhombus and using dilferent channels, ¢.g.
adjacent or second channels, then the distance of such trans.
mitters from the comers should be maximized, i.c. they
should be situated as closely as possible to the triangle's cenire
of gravity. Nevertheless, such interference will lead to a reduc-
tion in coverage and, 1o compensate for this loss, the reguired
number of channels will have to be increased.

» The effect of interference depends mainly on the distance
between the ransmitters involved and the RF protection ratio
required. Because of the smaller distance between the cenire
of gravity and the corners of the co-channel Lriangles it may
happen, particularly in the case of adjacent channel interfer-
ence at 100 kXHz spucing in FM sound broadeasting, that co-
channet interference is no longer predominant. 1n such cir-
curnstances equilaleral elementary triangles may be prefer-
able to equiluteral co-channel trinngles. However, regardless
of the solution chosen, the number of chunnels required for
Tull area coverage will inceease.

 [n cases where several types of interference are of similar
magnitude, the solutions with non-equilateral elementary
triangles obtained as a first result can easily be transformed
into corresponding solulions with equilateral teiangies, by
retaining the largest ol the three sides d,, d; and d,, and simul-
taneously rotating and extending the remaining two sides to
make all three sides equally long (afTine Lransformation),

3.3 Linear channel distribuiion schemes

The remaining part of the problem is to find an atrangement
fot the € channels, necessary for full coverage, in such a way
thatinterference is minimized. At this stage it seems appropri-
ate 1o recall that every co-channel rhombus which was, or wilk
be, given as an example is part of an infinitely extended lattice
consisting of C regularly superimposed co-channel lattices.
Each result obtained by the lattice-planning method will
therefore be characterized by a periodical repetilion in all
directions of the geomeiry and of the channel arrangement
shown, by way of examples, on the area of a co-channel
rhombus.

For the purpose of channel arrangement considerations, it
scem appropriate to use channel number 0 as a reference and
o ussiEN it in sny one example to the comers ol the co-channel
rhombus, Hence the numbers of the channels (1,2,....C— 1)
in the arrangement will automaticaily be equal to the dilTer-
ence in chunnel numbers between the transmitler under study
and those at the corners of the co-channel thombus. However,
when considering, as an example, adjacent channel interfer-
ence, It must be borne in mind that this type of interference
does not exsit only between channets 0 and |, but also belween
channels | and 2, 2 and 3, ete. For reasons of simplicity and the
regulatity of the resulting channel distribution scheme, it
seems appropriate to assign channel | to a transmitter at co-
ordinales (x,, y;} which, sccording to the previous explana-
tions, should be fairly close to the centre of gravity, and chan-
nel 2 to the transmitier at co-ordinates (2x,, 2y}, ¢tc. This
implies that channel numbers assigned to equidistant trans-
milters silualed along a straight line will have the same diller-
ence. If this difference is greater than [, channel numbers
greater than C may result which should be normatized by sub-
traction ol C or a multiple of C. The original and the norma-
lized channel mumber are thus congruent to each other
modulo C.[®] The resulting channel distribution schemes are
called linear distributions. Of course, other solutions exisl, but
non-linear distributions [, although not necessarily useless,
are less manageable.

For the study of coverage efficiency, the consideration of
linear channel distribution schemes is advantageous, since the
imerference situation in each of the Csuperimposed co-chan-

Figure S—Cvclical system of C = 7 channels
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nel latlices is identical, except lor some irrcgularities linked lo
the lower and upper of the C channels. This exceplion can,
however, be disregarded if the C channels are assumed Lo {otm
a cyclical system of channels where channels 0 and C— 1 are
adjacent to each other. Such adjacency would incidentally
result i an atternpt were made 1o obtain coverage with
programmes by using a sequence of subsequenl channels
subdivided into n coherenl groups of ¢ channels each.
A cyclical system of channels is shown in [igure 5.

As the interference situation in all C channels as well as for
each lransmitier in any one of the € co-channel laitices is iden-
tical, the coverage areas of all transmillers are also identicsl,
both in size and shape. Hence verification of the coverage
oblained by all transmitters in the Cchannels does not regqutre
more than the delermination of the coverage area of a single
transmilter. The delermination ol the amount of overlap
would in principle also be possible, but slightly more complex.
The use of linear channe! distribulion schemes is particularly
advantageous when dilTerent Lypes of interference are 1o be
taken into account, such as co-channe! interference, interfer-
ence from adjacent chanaels or second channels or interfer-
ence due to IF gencration ot radiation of the receiver’s local
oscillator. Table 2 presents iwo examples with difTerent types
ol interference, logether with the corresponding difTerences in
channel numbers (interfering minus wanted channel),

Table 1

Types of interference ta be taken inte account snd
cerresponding differences (Inlerfering minug wanted)
it channel numbers

example 1 example 2
YHF FM sound broadcasting UHRF television broadcasting
channel spacing - 100 kHz channel spacing 8 MHz
IF:10.7 MHz IF range: 3240 MHz
difference difference
type of imerference § 0 | type of interference | g0
number number
co-channel 1} co-channe| o
adjacent channel =1l |Fdjnccn| channel |
2nd adjucent channe) 12 IF generation 45
Ird adjacent channel EY ] oscillstor radiation -5
4t adjacent channel 24 second channet +9
IF generation 2107
ascillaor radialion + 107

From the explanations given so far, it follows that all channels
causing of subjecled Lo interference require a position in the
vicinily of the centre of gravity of one of the two Iriangies
forming a co-channel rhombus. Their distance from the carn-
ers should in principle be the targer. Lhe greater the RF prolec-
tion ratio. In finear channe! distribution schemes, lof reasons

of symmetry, channels wilth equal difference lrom that of the
refcrence transmitter but opposiie sign are at symmetrical
positions relative 10 these two centres of gravily.
Remembering that channels : and C — z are symmetrical lo
each other, there can obviously exist no more than Cr2 difTer-
ent channel distributions, i.¢. taking the example of figure 33),
only three (see figure 6). The fwo centres ol gravity are marked
by the symbol G. The third solution would provide the lacgest
distance lrom the corners to the adjacen! channels. In the
figure 3¢/ example, the distance of each transmitter from Lhe
nearest corner is identical; hence the possible three solutions
are in this case equivalent, so thab in reality there exists only
one single “genuine” solution becguse of addilional sym-
melry.

Figure 6— Possible channel distribution schemes applicable to
the geromeirical solution of figure 3 1) (C > 7} G = centre of
grovity

In principle, the number of possible solutions increases with
the number of channels necessary for full coverage. However,;
the difference in channel numbers, A, between neighbouring
transrmtiers and the pumber of channels available ¢ should
have no factor (other than 1) in common, since in such cases
only channel numbers that are multiples of this common fac-
tor would be used, whereas the remaining chunnel numbers
would be lelt aside. 11 is obvious that in such circumstances no
Iincar channel distribution scheme could ever be oblained.
Hence the full number of C/2 solutions (the integral part of
this fraction) will exist only if Cis p prime number. if Cis the
product of two or more primes, the number of solutions is con.
siderably lower. For C = 12, for instance, there are only iwo
solutions which are shown in figure 7 lor the geometry of
figure 4/). Once again the two centres of gravity are marked by
the lener G None of the two solutions is satisfactory when
used with this geometry,

Figure 7—Possible channel disteibution schemes applicable ro
the geumetrical solution of figure 4 b) (C = 12): G = cemire of
graviry

Figure 8 shows an example for € = [9; the elementary
triangles of this solution are equilateral. The channe! distribu-
tion scheme selected is Fairly appropriate for UHF television
broadcasting, as it makes optimum allowance for interference
from channels | and +9, the distance of these channels from

the corners being 13 times or 2 times respeciively the side
length of the elementary triangle. The pusitions of channels
1 5 are (airly unsatisfactory, however, as they are immediately
adjaceni to that of the reference channel. It can easily be veri-
fied that, with this geametry, no solution ¢an be lound for
which the positions of channels +1, £ 5 and + 9 are altogether
equally satisfactory.

Figure 8—Example of a geomeirically regular lattice and channet
distribution scheme for C = 19

[fin Figure 8 each channel is multiplied by 2 (and subsequently

normalized, il necessury) the resufting solution would be fairly

adequate for YHF FM sound broadcasting, since the positions

ol channels 1, 1 2 4nd £ ) are suitably remote [rom the com.

ers, i.e. corresponding to the respeclive protection ratios, This

can be seen from figure B, if the correspondence between

channel numbers in the two schemes is known: channels—|

(B), +2 and — 3 (16} in the new scheme corresponds to chan-

nels +9, 41 and +§ in that of figure 8.

It can be concluded at this stage that the problem of achieving

full area coverage can be solved, ina number of staps, by deter-

mining {ligure 9):

~ the coverage factor ¢y, when only one channel is used and
when, in the absence ol noise, account is taken of co-chan-
nel interference alone: ¢, = 2 = 4,3 I?

— the minimum number of channels C,,, necessary 1o pro-
vide full coverage : € pin~1.2/cy,.

— the most lavourable geometry (equilateral or near-equilal-

eral elementary triangles) for Cp, 07 slightly larger values,
if necessary or appropriate

— the most appropriale channel disttibution scheme for the
geometrical solution of step 3;

— the coverage lactor ¢, obtainable wilth any one of the
C channels, 1aking account of all types of interference -
o = Ind, DY

— the coverage factor ¢ obtainable wilh all channels;
c=, C;

— lhe power level necessary 10 permil noise-Tree reception at
8 distance d,; from the transmitter.

It should be noted thal. assuming complele uniformity of all
transmitter and progagation daula and complete lattice regular-
ity, the coverage lactor ¢ will in the absence of noise not
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Figure 9—The optimization procedire of the lattice planning
method



depend on the (uniform) level of Lransmitter power. More-
over, it should be pointed out Lhal the distance D between
co-channel Lransmitlers is the sum of the coverage range d,
and the interference range d,. Bearing this in mind, we shall
have no dilficully in executing the aforementioned steps and
making the appropriate corrections, as follows:

+ To obtain the optimum result, steps 3 and 4 may require
repetition in an iterative procedure.

« Ifin step 6 the resulting coverage factor cis not equal to(for
equilateral elementary triangles), or sulTiciently greater than
(for non-cquilateral elementary triangles) 1.2, the whole pro-
cedure has 1o be repeated, starting cither with step 3 or, if
necessary, [rom the beginning, but with an increased value
of €. Alfine transformation may be useful, if interference
from other channels exceeds, or is comparable 1o, co-channel
interference.

« [fthe powerlevel determined in step 7 exceeds a reasonable
or & predetermined value, either the co-channel distance Dhas
10 be reduced and the whole procedure has to be repeated, or
the number of channels C has 1o be increased,
It is easy 10 imagine and important to know that the coverage
factor C is not & monotonously increasing lunction of the
number of available channels C. This is due to the fact that:
— in geometrically regular lattices the distance from the
cenire of gravity of the position which is closest to it varies
wilh the geometrical solution selecled and also with the
number of channels available (compare, in this respect, the
solutions of ligures 3b) and 3¢} or those of figure 4);

— the coverage faclor ¢ depends on the amount of interfer-
ence [rom all sources and thus on the channel distribution
scheme selected.

3.4 Mulilple coversge and channel grouping

Having solved the optimization problem of obtaining full area
coverage with a minimum number of channels, it is fairly easy
10 solve the problem of providing full area coverage with more
than one programme too. I is obvicus that the number
of chennels C, necessary for coverage with P programmes
is C, = C-P. There are two promising ways of solving this
problem.

The fitst involves extending the cyclical system of C channels
to comprise P cycles of C channels cach; in figure 5 this solu.
tion is shown for C= 7 and P= 2. By selecling this sofulion,
advantage is taken of the fact that in a cyclical system channels
C — 1 and C arc slready adjacent to each other. Hence no fur-
ther interference will in principle need Lo be considered, the
only exception being those 1ypes of interference which were
not previously involved because of the small number of chan-
nels used. As, for instance, in the Tigure 6 example, only seven
channels are used, no second channe! interference can arise
from channel +9. This will no longer hold good when multiple
coverage wilh seven channels per prograrmme is envisaged.
From figure 5 and the exptanstions given it is clear that the
channels with numbers 9 and 2 are congruent modulo 7.
Therefore, it would atready have been possible in an earlier
step 1o take account of this type of interference by conside-
ting channel 2 as a potential source of second channel inter-
ference.

The advantage of this first method is that the coverage
oblained with the P programmes are identical, il the facl is
overicoked that in reality the channels at Lhe two extreme
ends of the frequency range have only one udjacent channel
and Lhal the nine highest channels will not be subject 10
second channel interference. 1{owever, when more than two

channels are grouped together al every transmitier site they
have equidistani numbers (the dilTerence being C); this may
be considered as a drawback as it may give rise to third order
intermodulation probiems at the receiver input in areas of
high field strengths. Such intermodutation problems can be
eliminated by separaling any two blocks of C channels by »
varying number of exira channels. "] However, the extra
channels themselves must be used with particular care us their
relationship to other channels will vary from one block Lo
anpther,

Under the second methoed, all the Cp channels sre treated as a
single whale. As the number of possible solutions increases
with the number of channels involved, this approach is more
fNexible thaft in the previous case. Of course the basic latlice
resulting fram this spproach will provide one site per transmit-
ter, which it inconsistent with actual practice. It would,
however, ba possibis with such solutions to distort the basic
fattice in such a way that all P iransmitters and their channels
are grouped 1ogether a1 one and the same site. No detrimental
eiTects would resuit from this grouping provided Lhai the dis-
torted fattice is made completely regular again, that channels
creating or subjected 10 interference are not brought into
closer proximity than in the basic lattice, and that channels
at the same site do not cause interference 16 cach other. The
P channels which gre grouped together may have an arbitraty
configuration in the basic lattice, but they should normally be
in closc proximity to one another. If more than two channels
are aken from o streight ling the dilference in their channel
numbers will be equal, as in the previous case, and
here 1oo intermodulation problems may arise when the
transmitters are received in areas of high field sirengths.

From the sbove explanation it is obvious that the elementary
triangles of the distorted lattice rather than those of the basic
Iattice should be equilateral or near-equilateral. Because of
thit requirement, basic solutions with elementary trisngles
which are far from equilateral may be worthy of interest.
Figure 10 illustrates this point for the basic solution of figure
38), which is repested in figure 6 Logether with the second
channe] distribution. However, slthough the elementary
triangle of Lhe distorted tattice is much more appropriate than
that of the basic salution, it must not be overtooked that, in
this example, some of the resulting co-channel distances are
severely reduced.

Figure 10—Channel grouping by lattice distortion

315 Practical applicatien of the laitice planning method

The regular lailice planning method deveioped in theory can
be considered us a uselul Lool fer the practical solution of Ire.

quency assignment and related coverzge problems in sound
and television broadcasting. Te apply this methed in practice
entails adapting the regular lattice to an existing or planned
network of transmitters. Since in actual practice terrain data,
population distribution, availability of electricity and feeder
links, etc., are more important for the selection of transmitter
sites than geometrical regularity, adaptation of the theorelical
Iattice to practical needs will inevitably lead to a more or less
severe distortion of the theoretical lattice.

Once the regular lattice and the channel distribution scheme
causing least interference are determined, practical applica-
tion should start with the subdivision of the whole planning
area into area elements by superimposing the regular lattice
on a map showing the transmitter sites. During this operation,
care must be taken 10 ensure that the number of transmitters
{or transmitter siles) on an arca element does not exceed the
number of channels {or groups of channels) available on the
same area tlement.

If the number of channels and transmitters on the area cle-
ment are equal, each channel available in the superimposed
regutar lattice will have to be assigned 10 the nearest transmit-
ter on the map; if there are fewer transmitters than channels,
the distortion of the regular lattice in order to assign the chan-
nels shoutd, in principle, be kept to the minimum.

In general, the density of the transmilters, which is related 1o
the average distance between them, varies with the geogra-
phical arca and hence from one area element 1o another,
There are two possible ways of overcoming the difficulty
resulting from this varying density for channe| assignment:

« The planning srea is subdivided into area elements simitar
in shape but different in size. This can be done by distorting
the theoretical laltice to adapt the size of the area elements lo
the needs which arise from the varying densitr of the real
transmitter network. This density adaptation ['* ®] will result
in varying distances beiween interfering transmitiers but
retain {more or fess) the original distance relations and, conse-
quently, ensure that interference is kept to arelative minimum
in all pars of the lattice.

« The planning ares is subdivided into area clements of equal
shape and size. [] In this case, not all the channels available
on the area clement of the theoretical lattice can be assigned 10
transmitiers in & region with reduced transmitter density. Spe-
cial sicps therefore have to be taken to ensure that on average
&l channels are used with equal frequency or, more precisely,
that the resulting interference is kept 1o a relative minimum in
every part of the planning area.

In addition to the measures taken to accommodate varying
transmitter density, fucther measures are necded to take into
account real network irregularitics such as effective antenna
heights, effective radiated powers and the like. In this respect
it is important to note that less mutual interference, i.e. more

eflicient use of the spectrum, is preferable 10 less severe distor-

tion of the original lattice,

The coverage provided in actual practice will usually be

smalier than that obtainable in theory. This must be borne

in mind not only when a decision is taken on the regular lattice

and the corresponding channel distribution scheme, but also

when the most appropriste transmilter sites are selected.

The lattice planning method has been successfully applied on

several pecasions, the most important of them being:

— the European VHF/UIIF Broadeasting Conference—
Stockhotm, 1961 (for UHF television);

— the African VHF/UNF  Broudcasting Conference—
Cieneva, 1963 (for television and FM sound);

— the Regional Administrative Conference for FM sound
broadcasting in the VHF band {Region | and certain coun-
tries concemned in Region 3)—Geneva, 1982/84 (for FM
sound).

The lattices and channel distribution schemes selected ate
reproduced in the Final Acts of those Conferences, Atthe twe
earlier Conferences, density adaptation was used before chan-
nels were assigned, whereas at the most receni of them neither
of ihe two regular lattices was adapled to the transmitter den-
sity in the area where they were applied. All the frequency
assignment plans established with the help of the lattice plan-
ning method at the three aforementioned Conferences suppo-
sedly meel expectations; at least this holds good for the UHF
television plan for Europe, which has been in force for more
than 20 years without any request for revision having been
made.

1.6 Application to AM seund bresdcasting

Before applying the lattice planning method together with
linear channel distribution schemes 1o AM sound broadcast-
ing, particular allowance must be made for the fact that propa-
gation in the LF, MF and HF broadcasling bands takes place in
more than ope mode:

» Ground waves are propagating close to the Earth's surface
and suffet attenuation which depends strongly on (requency.

« Sky waves are propagaling through space above the Earth's
surface and undergo altenvation snd refraction in different
regions of the ionosphere ; attenuation and refraction depend
# great deal, among other things, on the time of day and the
frequency band considered.

The extensive variations of the coverage and interference
ranges of the ground wave as a function of the {requency, seem
to indicate that the use of this planning method for AM sound
broadeasting might not be suitable. However, iransmitter nel-
works operaling in the AM broadeasting bands #re usually
designed 10 take account of sky-wave interference. 1n such cir-
cumstances the interference range within each of the AM
broadcasting bands becomes much lesy dependent on fre-
quency and comparable in magnitude to the Earth’'s radius.
In the HF broadcasting bands, propagation conditions vary
considerably from one band to another. Use of the ground
wave is practically negligible because of severe attenuation.
Hence coverage is provided almost exclusively by the sky
wave, which propagaies in various modes depending on the
frequency band as wetl as on the time of day, season of the
year and solar cycle. The lattice planning method does not
enable these variables 1o be taken into account in addition Lo
the usual parameters. Qther methods were therefore devel-
oped and discussed during the First Session of the World
Administrative Radio Conference for the planning of HF
bands ailocated to the broadcasting service (Geneva, 1984).
("] They are not considered in this article.

In the LF and MF bands, on the other hand, the required sepa-
ration between co-channel transmitlers when sky-wave propa-
gation determines the inlerference range (i.e. during the hours
of darkness) does not vary 16o much, either with frequency or
with the season of 1he year or the solar cycle, It may therefore
be assumed that the laltice planning method could aiso be
applied to these two broadcasting bands. Studies carricd out in
this respect were confined to MF broadcasting. {* ] From the
results obtained, however, it seems justifiable to apply the
method 1o the LF band also,



Figure H—lIcosahedron: a) body; b} developmeni (faces subdivided into Sour equilateral tangles of equal size}

When applying the lattice pianning method 1o LF and MF
broadcasting, account must be taken of the Earth’s spherica
nature and finite surface, This can best be done by approxi-
mating the sphere to a polyhedron. Since the angles ina sphe-
rical equilateral trizngle exceed 60°, no more than five such
triangles can join al each apex of the polyhedron. Conse-
quently, there are only three solutions to this approximation
problem with 3 {teirahedron), 4 {octahedron), or 5 (icoszhed-
ron) equikateral triangles joining al each apex. The most suil-
able of these solutions is the approximation to an icosahedron
(figure 1la)), because of the dimensions of the resulting sphe-
sical equilateral triangles (side length: 7050 km}. A subdivi-
sion into smaller equilateral (co-channel) triangles is impos-
sible on the surface of the sphere but possible on the laces of
the icosahedron. Figure 115} shows, as an example, Lhe devel-
opment of the 20 faces of an icosahedron and their subdivision
inte 4 equilaleral co-channel triangles. It should be noted that
after reconstitution of the icosahedron, the triangles at the
left- and right-hand sides of the figure join each other, as do
Ihe 2 Limes 5 single riangles above or below the central stripol
the figure, respectivety.

T 2 T

While the two ends of the central strip can join without creat-
ing undue additional interference, the same does not apply to
the two groups of 5 riangles. The channel separations on any
two of these triangles will shrink upon reconstitution of the
lcosahedron, and additional and unacceptable imlerference
will arise if all channels are used. However, the resulting loss
in channe! assignment possibilities will be Lolerable if care is
taken Lo ensure that most of the losses occur in maritime areas.
Triangles with channels thal cannot be used are shown in
figure 11b) as shadowed arcas.

Taking the cxample of figure 115}, the world is subdivided
into 40 thombi and therefore no channe| can be used mare
Lhan 40 times world-wide. However, these theoretical possibil-
ities are considerabiy reduced because of the difficulties that
arise, #s has already been mentioned, upon reconstitution of
the icosahedron and because a large number of the 40 rhombi
are localed, either cntirely or in parts, in the seas which cover
about 70% of the Earth's surface.

Because Lthe Earth's surface is finite, unigue interretations
exist between the co-channet distance D and:

= the number of co-channel transmitlers Ny;
— the coverage fuctor ¢ for a given prolection-ratio value A,

— the transmitter power P for a given minimum usable field
strength £, necessary to ensure that interference rather
than noise is the coverage-limiting factor.

Once a value for any one of these parameters D, Ny D), o( D,
A). P(D, E ) is given, the values of the other parameters are
determined.

In LF/MF broadcasting the lattice planning method, although
applicable in principle, has hitherto been used only in plan-
ning exercises and never during conferences. This is due
mainly 1o the fact that the Second Session of the Regional
Administrative Conference (Regions 1 and 3) for drawing up
(requency assignment pluns for LF and MF hroadcasting
(Geneva, 1975) and the Second Session of the Regional Ad-
ministrative MF Broadcasting Conference (Region 2} (Rio de
Janciro, 1981) were confined essentially to improving (and
legalizing) the situalion that actually existed. It must, how-
ever, be pointed out that because of the strong frequency
dependency of the ground wave, application of the method
might have resulted in & ground-wave coverage that was
complelely dilferent frorm actual coverage lor a vast number
of trunsmitters and, consequently, in countless complainis
by listeners.

3.7 Merlis and demeriis of the methods

From the explanations given, it is clear that the latlice plan.
ning method may be a valuable tool if the intention is Lo stab-
lish a frequency assignment plan permitting coverage of large
areas with one or more programmes. As a (irst step in applying
the method, a lattice gtid with more or less thombic meshes is
spread over the whale planning area. Depending on Lhe case,
Lhe size of the meshes may or may not be adapled to the vary-
ing transmitter densily, i.e, to the number of transnutters per
unit area. [Lis, however, important to recall in this respect that
frequencies cannot be assigned Lo all transmitlers if, within
any one of the meshes, their number excecds that of the avail-
able channels. [f, as a consequence of depsity adaplation, the
side lengths of the meshes in some parts of the planning arca
become smaller than the required mimmum co-channel dis-
tance, the separation distance between transmitlters causing or
subjected to other types of interference will generaliy also
trecome tao small. However, it may be considered an advan-
tage that the assignment of frequencies to all transmitters in
such problem areas will still be possible, Morzover, since the
relationship belween the varioug se paration distances remains
unchanged, the delrimental interference eflects of excessive
transmitter density will be equally distributed among all trans-
mitlers in those particular parts of the planning arca.

In a second step, individual {requencies can be assigned o all
transmitlers by adapting the linear channel distribution
scheme to each mesh. In the environment of each transmitter
site a limited number of frequencies promising minimum
interference will be available and the most appropriate of
these may be selected having due regard to lurther constraints,
if any. This assignment procedure can be started simulta-
neously in various parls of the planning area, €.g. at the
country level. Only slight adjustments will need 1o be made
later to fit the resulting pieces of the lrequency plan together
along the seams. The establishment of a frequency assignment
plan can thus be accomplished within a reasonable time and
withoul computer aids.

Because of the unavoidable lattice distortion, the interference
contributions [rom other transmillers and the resulting usable
field strength will vary in practice from one transmitter 1o an-
other. As long as all ransmilters have the same characteristics
the plan wilt be the better, the lower the mean value of the
usable field strengths and the smaller their standard deviation.
However, if in the entire network the effective radiated puwers
vary over A wide range it is preferable 1o determine both Lthe
mean value and the standard deviation according to power
classes. Since high-power transmitters normally have a large
coverage range, a small decrease in usable fickd strength will
resull in a noliceable increase in area coverage, whereas this
tncrease would be much less pronounced if the same decrease
in usable field strength were obtained for a lower-power trans-
mitter. For this reason it is advisable to classily transmillers
according to theis (maximum}effective radialed powers and to
adapt the linear channel distribution scheme to the real trans-
mitter network so thal, in principle, higher-power transmitters
have a lower usable field strength than lower-power lransmit-
ters.

Apart from the advantage there are, of course, also a number
ol drawbacks. The most important of these is thal terrain jfre-
gufarities and varying transmitter characieristics cannot satis-
factorily be taken into actount. As the lattice planning method
was developed assuming identical propagation conditions,
antenna tieights and direclivities, and power levels throughout
the planning area, actual deviations from these assumplions
may lead either Lo ineflicient use of the spectrum or to exces-
sive inlerference, as the case may be. Excessive interference
may perhaps be reduced or even eliminated subsequently on
the basis of a careful analysis of the plan, ¢ g. by introducing
directional antennas, reducing antenna heights, adapting
powers, or the like. However, il remains questionatle whe-
ther a plan modified in this way would not sufler some loss
of specirum utilization elficiency.

4. Planning methods using elements of graph theory

4.1 Genera)

In view of the explanations given above il is obviously desir-

able to develop an algorithm acecording to which lrequencies

can be assigned Lo transmitters in such a way that either:

— & minimum number of contiguous channels is used o
satisly all requirements with the level of interference be-
iween transmitters being kept below a predetermined
value; or

— the level of interference between transmitiers is kept to a
relative minimum when all requirements are satisfied with
a predelermined number of contiguous channels.

In soiving this optimization problem, eeal propagation condi-
tions and the actual characteristic data of all the transmitters
involved should be taken into account,

Normally, the first alternative is used in theory only, to deter-
mine the specirum space necessary for full area coverage with
one programme. The second allernative corresponds to fre-
quency assignmenl practice. In either alternative it may be
uselul to assume that the permissible tevel of interference
depends on the individual transmitter's effective radiated
pawer, Association of the lower permissible interference
levels with the higher efTective radialed powers leads to
improved coverage.



To reach this goal, it has been proposed that use be made of
some elements of graph theory. || In the preparation of the
Regional Administrative Conlerence for FM sound broadcasi-
ing in the VHF band (Region | and certain countries con-
cerned in Region 3) (Geneva, 1982/84), this proposal was taken
up and further developed [ "] for that particular purpose.
However, it may equally well be applied (o the planning of fre-
quengcies for television.

In the following description, the underlying problem of cover-
age maximization has been simplified by assuming that the
usable field strength at the transmitler site is representative of
the usable field strength at the coverage contour. The belter
the frequency assignment plan, the more justilied this assump-
tion.

4.1 Interference patentinl

Assuming that Ntransmitters belong to a network for which s
frequency plan is 1o be established, il is possible to calculate
on the basis of real propagation conditions and aclual irans-
mitter characleristics, all the (N — 1) field strengths 1o be
expecied at the site of each of the N transmitters.

Some of these Nield strengths will be below a threshold level
which is low enough 1o ensure that even under conditions of
strongest inlerference, i.e. co-channcl intericrence in almost
all cases, no noticeable contribution 1o the usable field
strength of the affected transmitter is 1o be expected. This
threshold Jevel E,, may be assumed 1¢ be below the reference
usable field strength £, by the co-channel protection-ratio
value A,, entarged by a margin M which is determined accord-
ing to experience and which takes account of the cumulative
efTect of multiple interference: E,, = Ey— Ag— M_1tis con-
venient not 1o consider any lield sirenglh below the threshold
andg its respective potential source of interference. In a more
refined procedure, Lhe threshold level may be adapied o each
wanied transmitter’s effective radialed power P expressed in
dB relative 10 & unit power, by applying a correction factor
SiP) e fIP) =05 (Ppu — P).

The interference potential can be presented in the form of a
{ield strength matrix M;;

E| 1 . E!J ......... E| »

F-.I - %u ......... 5‘”
Mg — : ! :

Eva overEngerovne, Evn

The various efements in the mairix represent potential intee-
Terence contributions, namely:

— those 10 teansmitter i in the line i, 1 < ¢/ S N;

— those from transmitter jin column J; 1 S j < N; j+ 1.
As transmitters do nol cause interference 10 themselves il is
convenient 1o put “0" in those cases where i = J; this is also
appropriale in cases where interference is below the threshold,

All elements that are different from 0 indicate the eventuality
of interference when transmitlers i and j are operated in the
same channel. This result can be presented either as a graph
([igure 12) or in the form of v simplified matrix, the so-called

coupling matrix M, which can be derived lrom matrix M. The
elements of M, are cither 1 or 0, depending on whether the cor-
responding element in M, exists or is 0.

Figure 12~~Transmitter nerwork In graph presentation

Neither of the two matrices Mg and M, is necessarily symmeiri-
cal, a5 the effective antenna heights and effective radiated
powers of Lhe transmitters involved are generally not identical,

In the graph, the N transmitlers are represented by N vertices
and their potential interference by connecting lines with
srrows indicating the direction of the potential interference.
In general, potential interference is bidirectional but where
there are dilferences in the charvacteristic data of the trensmit-
ters it may seem 1o be unidirectional. Figure 12 shows an
example with N = 7. the corresponding coupling matrix is:

0110000
0011000
1100100
M=| 0100000
0010000
0011000
0001000

Coupled transmitters, Le. transmitiers involved in the same
interference efect by either causing or sulfering il, can appa-
rently be identified much more easily from the graph than
from the matrix, although there is no major difference in
the (wo presentations, Coupled transmitiers are connected
by lines in the graph, and they have a “1™ where line / and
column j or, altermatively where Jine J and column { intersect,

4.3 Graph celsuring

To facilitate the explanations, it is first assumed that co-chan-
nel interference alone is to be taken inte account. In such sim-

ptificd conditions the problem of assigning lrequency chan-

nels is identical to the so-called graph colouring problem, i.e,
the problem of colouring a graph so that coupled vertices will
atways have difTerent colours, using the minimum number of
colours. Withoul going inlo the delails of graph theory, 3 heu-
ristic way of solving the probliem is to assign colour L (i.e. chan-
nel 1} to the veriex having the highest degree of coupling.

Thereafier, the sume colour (channel) may be assigned suc-
cessively to other vertices also, following an order of de-
creasing degree of coupling, provided that none of these
vertices is coupled with any ane of those 1o which this colour
{channel) has already been assigned.

The degree of coupling can be seen equally well from the
graph or the corresponding coupling matrix. 1L may be helplul,
however, to rearrange the coupling matrix according (o &
decreasing degree of coupling before assigning colours {chan-
nels).

In this simplified procedure the direction of interference is
irrelevant since only bidirectional co-channel interfercnce
exists. Thus the arrows in the graph can be ignored and Lhe cor-
tesponding coupling matrix can be symmetrized by replacing
all elements ¢, and ¢, by the larger of the two values.

The symmetrized coupling matrix M., resulting lrom figure 12
or the corresponding coupling matrix M, is

M, -

L - )
OO =D -
O —— O ———
——poo=G
coco=o@
COOm—=oD
P Y- -

n this matrix, transmitter 3 (line 3} exhibits the highest degree
of coupling ; thus channel | is assigned 1o it. Tronsmilter J is
not coupled to transmitters 4 and 7, of which transmitler 4 has
the higher degree of coupling. Consequently, channel | can
also be assigned to transmitier 4, Because of coupling between
tennsmitters 4 and 7, no {urther use can be made of channel 1.
Before continuing the procedure and assigning channel 2, all
reference to transmitters 3 and 4 should be eliminaied lrom
figure §2 and from M,,, since these transmitlers can never
again become involved in interference as long as co-channel
inletference alone exists and channel | is nol vsed any fur-
ther. The elimination of this reference entajls (he deletion of
vertices 3 and 4 and of all the lines connecling Lthese vertices (o
others from ligure {2, or the deletion of tines and columns 3
and 4 from M,,, respectively. The result in the figure 12
example is that only the line connecting transmitters 1 and 2 is
redained, or the two clements “1™ in M,, indicating coupling
between these transmitters only. As the degree of coupling is
equal for both these transmitters, channel 2 can be assigned at
will 1o one of them, ¢.g. 1o transmitier L. Subsequently, chan-
nel 2 can also be assigned to transmitters 5, 6, and 7, which are
coupled neither to transmitter | nor to each other. Finally,
channel 3 can be assigned to the only remaining Lransmitter,
i.¢. lransmilter 2,

In this simplified example, appropriate assignment of three
channels to the transmilters involved enabled the potential
interference shown in the field strength matrix to be eliminat-
ed. 1t should be noted that the three channels are often used
differently. [t would, however, have been possible to equalize
their utilization by substituting channel 3 for channel 2 st any
one of Lransmitiers 5, 6 or 7.

L is clear from this explanation that both presentations of the
problem, the gruph and the matrix, are equivalent and produce
the same result. In cases involving a large aumber of Lransmit-
ters, however, the graplt me thod is prefecuble For munual treat-
ment and the matrix method for compulier-aided procedures.

4.4 Considerntions of all types of interference

Ttis obvious that in practice all types of interference will have
10 be taken into account. Additionally, the number of avail-
able channels will in some circumstances be predetermined,
so that it may be dilTicult 1o find a satisfactory solution. Thus
the problem consists in climinaling, or at least minimizing, ail
potential interference by assigning “appropriate™ frequency
channels to the various transmitters. In this context a channel
is “appropriate " when the differences beiween any two chan-
nels are such that either:

= no interference can arise at alf; or

— lhe interference is below a corrected threshold. The cor-
rection is applied 10 the threshold in order ta account for
the real channe! separation ; its numerical value is the dil-
ference beiween the RF protection ratios required for co-
channel conditions and for the channe! separalion acluzlly
envisaged: Epcon = E + (A, — A).

in VHF sound broadcasting with t00 kHz channei spacing, the
most important types ol interference are Ist, 2nd, 3rd, and 41h
adjacent chunne! interference and IF generation. The lalier
will occur only in areas of high field strengths and is a problem
of receiver immunity against strong signal effects rather than
one involving the emissions. It is therefore not surprising that
no RF protection ratios exist for this type of interference.
Generally, IF generation is considered only when co-sited
transmitters are involved. Interference caused by the recei-
vers” local oscillators is not considered in the lollowing expla-
nations, as the pertinent channel separation is also involvediin
IF generation.

Generalty speaking, the types of interference to be considered
in relation 1o television are : adjacent channel interference, IF
generation and second channel interference. Once again there
are no RF protection ratios for IF generation, and consider-
ation of this type of interlerence (as well as of oscillalor radi-
slion), is normally restricted 10 transmitters with identical or
very similar coverage areas.

In both VHF sound broadcasting and television it may be
necessary 1o respecl some planning constraints, € . minimum
channel separation between co-sited transmitters. Neither
such constraints nor [F generation can be derived from the
field strength matrix; according to requirements they wilt
have 10 be introduced in the coupling matrix as an addition.
Wheh determining the corrections 1o the threshold, it is
important to 1ake account of the fact that interference may be:

— equalin both directions, e.g. all interference in VHF sound
broadcasting;

— different in each of the two directions, 2 8. adjacent chan-
nel interference in most television systems;

~ unidirectional, ¢.g. second channel interference in televi-
sion.

When one of the latter two cases of interference is involved,
the asymmetrical interference effect will influence the respee-
tive threshold values and, as a consequence, either reduce or
amplify any asymmetry already existing in the interference
polential.

The (oltowing explanations are based on the matrix form of
presentation of the probiem. Nalurally, this does not mean
that the graph form would be inadequate or useless. The
matrix form is taken as it facilitales the use of compuler zids.

Before starting the channel assignment procedure, it is advis-
able 10 replace the general coupling matrix by a more delailed
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channel separation matrix M, which can be derived from the
field strength matrix by relaining all elements E,, = 0 and
replacing all elements E,; + 0 by the exact channel separ-
ation required lo efiminale polential interference, ie. the
separation for which the RF protection ratio has ils greatest
possible value.

A in the previous seclion, assignments will be made foliowing
an order of decreasing degree of coupling. This degree of
coupling is equal to the larger of the two numbers of elemenis
differing from O which appear in the line or column corre-
sponding 1o the transmitter in question. To lacilitate assign-
ments, it may be helplul irst to rearrange the channel separa-
tion matrix according Lo the degree of coupling.

Il a completely new plan is 1o be established, it is advisable to
slart with the assignment of a channel situaled at one of the
two extremities of the [requency band Lo be planned. There
are no strong grounds for preferring one or the other end. In
the following examples planning will always begin with the
lowest chunnel, i.e. channet |. Care should be taken to ensure
that equal use is made of the available channels . Departures
ol mote than 10 lo 5% N/ C assignments per channe! should
be aveided.

4.4.1 VHF sound broadcasting

In YHF sound broadcasting the RF protection ratio decreases
monotonically with increasing channel separation, so that the
channel separations (1, 2, 3 or 4, depending on the case) are
minimum ones. it is convenient to enler a minimum channe!
separation 5™ into the matrix when, even for the lowest RF
prolection ratio valve, £ — E,, . > 0. Because of the sym-
metry in the interference effects, it is advanlageous to symme-
tnize the channel separalion matrix, i.¢. 10 replace the ele-
ments ch, and ck,, by the larger of the two values, before start-
ing the assignment procedure.

The procedure itsell siarts with the successive assignment of
channel |, following an order of decreasing degree of coupling,
to transmitiers which are not coupled to any of the Lransmil-
ters 19 which a channel has already been assigned. Once &
channel has been assigned 1o a transmitler, the column corre-
spending to that transmitler may be e¢himinated {rom the
matrix. The interference which might be caused by later
assignments can still be recognized from the lines correspond-
ing 1o that transmilter.

Again following an order of decreasing degree of coupling,
channel 2 is then assigned o that no unacceptabie intetfer.
ence is caused 1o the transmitter to which either channel | or
channel 2 has previously been assigned. This can be seen from
the columns of the channel separation matrix corresponding
ta the transmitter to which the channel is lo be assigned. As
the elements represent minimum channel separations, 2175
fequired (2“0 would be even better)in lines corresponding to
transmitters with channel 1 assignments, while a “0" s
rcq_uircd in lines corresponding to iransmitters with channel 2
assignments.

Further channels (3, 4, 5, etc.) are assigned successively, fol-
lowing the same rules as for channel 2. However, instead of
checking only possible first adjacent channel interference. all
other types of interference which may be invelved will have to
be checked a5 well. An assignment is always acceptable if the
channel separation actually envisaged is equal Lo, or greater
than, the minimum channel separation indicaled by the
respective element of the matrix.

The number of channels to be checked when assigning the
lirst five channels will increase steadily 2nd then remain cons-

lant until the last channel has been assigned. However, it
should be borne in mind that additional checks may be
required to take account of planning consiraints or IF genera-
tions,

4.4.2 Television

In tetevision, matiers are more complicated because the inter-
ference effects are nol symmeltrical and do nol necessarily
decrease with increasing channel separation, Taking televi-
sion system G as an example, lypical RF protection ralic
values are +3, —6and — 12 dB for second channel, lower adjac-
enl channel and upperadjacent channel interference, respecti-
vely. The respeclive channel separations to be entered in
the matrix are 9, —1 and + 1.

Hence the elements of the matrix are *characteristic™ rather
than minimum separalions, Where E ~ Ey, .o 3 0, another
charucteristic figure, e.g. *10", may be used to indicate the
poteattial interference can only be eliminated when a channet
which is not hable 10 cauvse any interference is selected.
Hence in television the sigmficance of the tlements in the
channe! separation matrin is shown in table 3.

Table 3
———
chunne| permitted type of interference
separation Trom tramsmiller jto [

0 all types, including co-channel interference

9 sll lypes txcept co-channe| interference
-1 lower and upper adjacent chaanel interference only
+1 upper adjsceni channel interference only

L3 no interference at all

Because of the asymmetrical interference effects, it is not
advisable 10 symmetrize the channel separation matrix before
slarting the assignment procedure, as this would endanger
interference minimization. 1L 1s, however, anpropriate 10 give
further study 1o some of the consequences of the asymmeltry
in interference eMects. IM the channe) assignment procedure is
started with the lowest channel {as in this example), neilther
second channel nor upper adjacent channel interference can
be caused by, bul only fo, transmitlers 1o which a channel has
already been assigned. On the other hand, lower adjacent
channel interference can only be caused by, but not ro, such
transmitters, Thus, clements “9™ and “+1” in columns
perlaining to such transmilters are of no concern; in Lthese
particular circumstances, their significance is identical to
=~ 1" or“10", respectively. Whether or not a second channel
of an upper adjacent channel may be assigned to a particular
transmitier can best be deduced [rom the clements in the
televant columnn of the matrix, where il intersccls with lines
representing transmitllers to which a channel has already been
assigned. These elements should be “9" or“0™ in the case of &
second channel assignment, or“+ 1" *—1",“9"or*Q0", i.c.any
value except “107, in the case of an upper adjacent channel
assignment, provided that in the latter case the symmeitricat
element in the corresponding celumn is “~—17,*9" or “0™. To
facilitate checking of this condition il is expedicnt, immedia-
tely a channel has been assigned 10 a transmitler, 1o *symme-
trize”™ the corresponding line and column by replacing *+1™
by *107 in Lhe line il the aforementioned condilion is not met.

Figure 13— The optimization
procedure according 10 the
method  wsing elememis of
graph theory
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If this is done alter each individual assignment, channel selec-
tion becomes Mairly easy and columns corresponding to trans-
mitters to which a channel has already been assigned may be
deleted.

This assignment of channel | is now as easy as in the case of
VHF sound broadcasting. Channel 2 may then be assigned to
transmillers coupled, except by *107, with transmitiers in the
lower adjacent channel, and not coupled with transmitlers 1o
which the same channel has already been assigned. The per-
mitied type of transmitier coupling can be identified from the
element found at the point where the column of the transmit-
terto which a channel is 1o be assigned intersects with the line
of Lhe transmitter to which a channel has previously been
assigned.

Channel 3 may be assigned (o transmitters coupled, except by
“107, of not coupled with transenitiers in channel 2, coupled or
nol with transmitlers in channel ] and not coupled with trans-
mitters 10 which the same channel has already been assigned,
Assignment of channels 4 through 9 is carried oul in the same
way,

Channei 10 is liable 1o cause second channel interference o
transmitlers in channel 1. Therefore the possibility of second
channci interference has to be checked in addition to Lhe
checks carried oul for channels 2 through 9. The characteristic
channet separation, i.¢. the elements in the column with the
new assignment and the lines of channe! | transmitters, should
be “97 or “0", Once the last assignment is made of channel I
to a transmilter, those lines which refer lo channel | transmit-
tets may be deleted from the matrix, since no lurther cases of
interference can occur, Assignments involving channels 1 and
above will require checks ¢orresponding 1o those for channel
10. ‘

4.4.3 Supplementary information

The procedure described for VHF sound and 1elevision broad-
casting has to be repeated, 1aking due account of the various
types of interference involved, uniil & channel has been
assigned Lo all transmitters. The objective which is to elimin-
ate all potential inlerference, can however only be reached, il
the number of available channels is large enough. Otherwise
the interference has to be minimized, ¢ g. by gradually increas-
ing, in an iterative process, the value of the reference usable
field strength E,,,, which was used 1o determine the threshold.
An increase in the reference usable field strengih will lzad o
an increase in threshold and thus resuls in less potential inter-
ference and less coupling. As 8 consequence, more [requent
use of individual channels will be possible and the number of
channels required for eliminating the reduced amount of
potential interference will be reduced. Figure 13 shows the
vv':mi: channe) assignment procedure in the form of a Aow
chart,

Because of the symmetry in the interference effects in VHF
sound broadcasting, no additional steps need 10 be taken when
the assignment procedure is started with the highest channel
of the available spectrum. This is not the case when a plan for
Ielevision is to be established. However, Lhe detailed explana-
tions given above will make it easy to develop the conditions
to be me1 when the assignment procedure is started with the
highest channel.

The above explanations are based on the tacit assumption that
the co-channe! protection ratio used to determine the interfer-
ence polential corresponds 1o a frequency offsel belween car-
riers which is equal to (smail) integral multiples of 1/3 the line
frequency but which is not an integral multiple of the line fre-
quency itsell, In actual practice, these condilions can be mel

for three assighments of the same channel, whereas the fourth
and any further assignment of the channel would involve non-
olfset operation. Fortunately, the distance separation belwesn
co-channel transmitters for which non-ofTset operation is un-
avoidable is usually considerably larger and, as a result, the
inlerference polential is 50 much smaller Lhan in cases where
ofTset operation is practicable that the difference in RF protec-
tion ratio is compensated for or even exceeded, It seems,
therefore, thal no effort needs to be made (o Lake non-offset
interference into account lrom the outset. In desperale cases
il may be sulficient to make Tull use of appropriate integer
multiples of 1712 the line frequency.

In some circumsiances, the problem may be to lind only
appropriaie channels for transmitters situated within a limited
area, given Lhat channel assignments for the remaining trans-
mitters already exist and are to be preserved. The sotution 1o
this problem may be quite different from that described above.
In such circumstances it is unlikely that channels can be
assigned successively in their numerical order of sequence,
However, it is still important that they should be assigned
according 1o decreasing degree of coupting. Thus, loflowing
this order of priority, the “best™ channel is selected 1o satisly
the “worsl” requirement. [*] If more than one channel could
be used, the best channel can be found by gradually reducing,
in an iterative process, the reference usable field sirength: if
no channel can be found, it will be necessary gradually to
increase Lthe reference usable field strengilh of that transmitter.
This procedure is 10 be followed for one transmitler after
another until 8 channel has been assigned to cach one,

5. Conclusions

Sections 2, J and 4 describe three methods lor assigning appro-
priale frequency channels to transmitters lor sound or televi-
sion broadcasting. The channels are selected for assignment in
such a way that interference will either not exceed a predeter-
mined limil or be kept to the minimum practicable. In this
way an attempt is made to maximize the use of the available
frequency spectrum,

The minimum separation distance method developed in the
United States provides a “go/no go™ answer 1o the question
whether a particular channel may be assigned to s transmitter.
The method is therefore particularly useful when channels sre
to be assigned Lo transmitlers added 10 an existing network,
When establishing a completely new plan, use ol the method
would nol necessarily lead 10 maximum spectrum utilization
efficiency. Practical application of this method is reporied
from both the United Siates and the latest Regional Adminis-
trative MF Broadcasting Conference for Region2? (First Ses-
sion, Buenos Aires 1980; Second Session, Rio de Janeiro 1981),
The lattice planning method developed in Europe is most suit-
abie for the establishment of completely new plans providing
coverage to large areas. Its usefulness is fairly limiled, when
channels are Lo be selected for assignment 1o transmitiers sup-
plementing exisling networks. The method is particulariy
attractive because it provides, in the environment of the trans-
milter, a choice between several appropriate channels from
which, depending on the circumslances, the best one can be
selecied. The method can be applied manually and it permits
uninterrupted supervision of the planning process and the pro-
gress made. b also permits simuttaneous planning in different

parts of the planning area and requires very little mutusl
respect. Adjustment of the various pieces of the plan 1o one
other will normally not be too diflicult. The method has been
used successfully at a number of regional conferences for the
planning ol sound and television broadcasting. [is major draw-
back is that it is bused on complete regularity with respect to
both propagation conditions and the characteristic data of the
transmitters involved. Hence any major departure from this
regularity may call in question the resulting spectrum utiliza-
tion efMiciency.

The methed using elements of graph theory was developed
fairly recently and has been supplemented by various authors.
It is suitable for establishing completely new plans s well as
for selecting the mosl appropriate channeis for transmitters
added to existing networks. It has the advantage of taking inio
sccount acutal propagation conditions and the real character.
istic data of atl the transmitters involved. It can be used far
more efliciently with the help of compulers. Its manual appli.
cation may prove [aborious, tedious and time-consuming.
Simultancous planning in different parts of the whole plan-
ning area is not possible and unsurmountable difficutties
would arise in trying to fit together the various pieces of the
plan. Since the method is fairly new, it has never been applied
in practice {or the establishment of completely new plans, but
it was applied successfully al the Regional Adminisirative
Conference for the planning of VHF sound broadeasting
(Region 1 and parts of Region3)} {Geneva, 1984) 1o improve
channel assignments in a limited area involving about 100
transmitters.

Itis therefore conceivable that the combined use of the lattice
planning method and the methed using elements of graph
theory could be the best way of solving the problems of future
conferences. Particularly when it is used simultaneously in dif-
ferent parts of an extended planning area, the laltice planning
method might provide sound basic pieces of a plan which
could subsequently be refined and improved and, finally,
fitted together by applying the method using elements of
graph theory,

.

(Original language: English)
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