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(57) Abstract: The invention pertains to a computer-implemented method for optimizing an assignment of frequencies (f) to cells (C)
of a mobile communications network (1). The cells (C) are distributed for communication within the mobile communications network
(1). A set of unplanned cells (2) in the mobile communications network (1) is specified. For each unplanned cell (2) a set of frequencies
(f) to be potentially assigned to this unplanned cell (2) is specified. Frequency interference probabilities (p) of selected cell pairs are
calculated, wherein each cell pair defines a relation of an unplanned cell (2) to another cell (c) within the mobile communications
network (1). Then, terms of a stress function are formulated, each term connecting a calculated frequency interference probability (p) of
arespective cell pair with a frequency relationbetween the cells (2, ¢) of the respective cell pair. An optimized assignment of frequencies
(f) is determined by using a quantum concept processor (7), thereby selecting for each unplanned cell (2) a sub-set of frequencies (f)
from the respective set of frequencies, such that the stress function is minimized.
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Description

Method for optimizing an assignment of frequencies to cells

in a mobile communications network

The invention pertains to a computer-implemented method for
optimizing an assignment of frequencies to cells of a mobile
communications network, the cells being distributed for
communication within the mobile communications network. The
invention also pertains to a quantum concept processor
configured for performing such a method as well as a computer

program implemented to perform such a method.

Communication demands regarding traffic in mobile
communications networks continuously increase. More and more
devices and applications push mobile communications to new
peaks. Moreover, the increasing demand of digitized and
decentralized mobile working as well as increasing streaming
demands are other big contributors to this trend. These
increasing amounts of data being transported through mobile
communications networks accompanied by a requirement for
increased network capacity impose a significant challenge to

Service Providers.

Mobile communications networks, in particular mobile phone
networks, e.g. 2G-networks like GSM or TETRA, comprise a
topology of distributed “cells” for transmitting, receiving
and forwarding mobile communication traffic and control data
within the network via radio frequency communication. Each
cell acts as a mobile communication node covering a certain
area for mobile communications networking, thereby using one
or more communication frequencies. Mobile communication

participants, like mobile phones and other cellular or radio
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communication devices, connect to a respective cell for
mobile communication with other participants in the

communications network.

Depending on the location and characteristics of the
surroundings of the cells (e.g. urban areas vs. rural areas)
and depending on the number and density of participating
devices, the cells differ in collections of frequencies
assigned to them to reliably handle the amount and volume of
communication traffic. The frequencies are used for data or
conversation transmissions, control channels and more. To
avold congestion in mobile communications networks and
degradation of user experience, mobile phone providers,
hence, are interested to make the best possible use of a

provided frequency spectrum.

The capacity of a mobile communications network can be
enhanced by assigning frequencies from the frequency spectrum
of the mobile network operator to cells in a dense way.
However, this may have the disadvantage that frequencies of
neighbouring cells violate a necessary distance regquirement.
For example, if frequencies of neighbouring or otherwise
related cells are equal or adjacent in the frequency
spectrum, they interfere with each other. This leads to
signal interference, degradation of communication quality or

communication failure.

One possibility to solve the problem of frequency assignment
in cellular communication networks comprises a two-step
approach. In a first step, a preliminary assignment is made
with regard to the conditions to be fulfilled (hard
constraints) such as conditions for neighboring cells. The

second step consists of an iterative brute force local
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optimization at unsaturated cells. For each such cell a ring
of direct neighbouring cells is re-planned. If no
satisfactory solution is found, the procedure can be repeated
with a wider ring, which is the union of all cells from the
neighboring rings of directly adjacent cells, from the first
step of ring generation. This ring-based cell collection
procedure can be performed recursively. However, such
conventional approaches have the disadvantage that local
optimization at unsaturated cells can deteriorate the
interference at other cells within the network or even lead
to the fact that a required number of frequencies is not or
only insufficiently allocated to certain cells. Moreover,
such conventional approaches have the disadvantage that
optimization techniques applied so far quickly reach their

limits.

The problem of the present disclosure, therefore, lies in
providing enhanced techniques that allow for an optimized
assignment of demanded frequencies to cells of a mobile
communications network, thereby avoiding intra-cellular and
inter-cellular interference and enhancing an optimized

frequency usage within a network.

This problem is solved by a method according to claim 1.
Further implementations are described in the dependent claims

and in the following description.

The method is a computer-implemented procedure for optimizing
an assignment of frequencies to cells of a mobile
communications network, the cells being distributed for

communication within the mobile communications network.
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In the following we will refer to “unplanned cells” as mobile
network cells defined by the coverage areas of antennae,

which must get one or more frequencies assigned to them.

The method comprises the following steps:

- Specifying a set of unplanned cells in the mobile

communications network,

- Specifying for each unplanned cell a set of frequencies to

be potentially assigned to this unplanned cell,

- Calculating frequency interference probabilities of
selected cell pairs, wherein each cell pair defines a
relation of an unplanned cell to another cell within the

mobile communications network,

- Formulating terms of a stress function, each term
connecting a calculated frequency interference probability
of a respective cell pair with a frequency relation

between the cells of the respective cell pair,

- Determining, by using a quantum concept processor, an
optimized assignment of frequencies by selecting for each
unplanned cell a sub-set of frequencies from the
respective set of frequencies, such that the stress

function is minimized.

This method reliably tackles the problem of assigning
frequencies to unplanned (or to be planned) cells in a
communications network such that for most of (or ideally all)
unplanned cells a required sub-set of selected frequencies

can be assigned according to the cell’s frequency demand. The
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assignment fulfils certain neighbourhood conditions between
adjacent cells. Optionally, an overall frequency interference
between the cells in the mobile communication network is

minimized.

By applying the method, for every given unplanned cell, an
optimal assignment of a sub-set of frequencies from the set
of frequencies potentially to be assigned to this cell can be
selected. The selection is automatically chosen such that
intra-cellular and inter-cellular frequency interferences can
be minimized and nevertheless a dense frequency usage over
the whole frequency spectrum available within a network can

be enhanced.

Fach sub-set of frequencies reflects a certain demanded
number of frequencies per cell or certain demanded
frequencies of the frequency spectrum per cell. In other
words this means that for a certain demand number of
frequencies per cell a subset of the cell’s frequency
spectrum of that size (=cardinality) has to be determined.
Frequencies here are defined as discrete frequency bands or
channels, e.g. of a GSM network. Cells here are defined e.g.
as a certain regional coverage of mobile communication by one
or more antennae for radio communication. Depending on the
transmission power characteristics and installation of an
antenna as well as the topology of its surroundings, the

areal coverage of the cell spanned by the antenna can vary.

An exemplary mobile communications GSM network comprises
thousands of GSM cells and tens or hundreds of frequency
bands or channels, wherein a small number of channels

(approx. < 10, e.g. 2 to 6) 1s to be used per cell.



10

15

20

25

30

WO 2023/198523 PCT/EP2023/058816

Frequency relations in this context describe frequency-
dependent expressions defining a (potential) relation of one
or more frequencies of one cell to one or more frequencies of
the other cell of each respectively defined cell pair. For
example, the frequency relations describe certain
combinations of selected frequencies for both cells of a cell
pair that may lead to an interference between the cells of
the cell pair with the respectively calculated frequency

interference probability.

The cell pairs in this context describe relations of each
cell from the set of unplanned cells to another cell within
the mobile communications network. The other cell can be a
cell from the set of unplanned cells to which frequencies are
to be assigned. Alternatively, the other cell can be a cell
within the mobile communications network that is not within
the selected set of unplanned cells. This may be e.g. a
formerly planned cell with pre-assigned frequencies or a cell
with fixed frequencies, which may stem for example from

previous assignments.

For example, a frequency assignment FA can be described as a
mapping from the set of cells to the power set (set of sub-
sets) of the frequencies. A cell-pairwise interference
probability can then be defined as real valued function on FA
X FA assigning to each cell pair of “frequency assigned
cells” a probability for disturbance. For the frequency
assignment in total an interference probability can be
defined (e.g. as the sum of pairwise interference
probabilities for all non-diagonal pairs of FA x FA). This is
not a probability itself (e.g. value can be > 1) but it can
be taken as a degree of disturbance in the whole network. The

method can be implemented to search in the set of all
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possible frequency assignments FA one with minimum
interference probability. Further constraints can optionally
be taken into consideration, which is explained further

below.

By calculating frequency interference probabilities of
selected cell pairs and formulating terms of a stress
function, each term thereby connecting a calculated fregquency
interference probability of a respective cell pair with a
frequency relation between the cells of the respective cell
palr, a stress function (cost function) of the above-
explained optimization problem can be constructed. Such
stress function penalizes frequency relations that lead to
significant interference between cells. The stress function
and, hence, the underlying optimization problem can be

formulated as a quadratic unconstrained binary polynomial.

In this way, an optimized assignment of frequencies to
unplanned cells is determined by selecting for each unplanned
cell a sub-set of frequencies from the respective set of
frequencies, such that the stress function is minimized. The
minimum of the stress function preferably is a global

minimum, but can also be a local minimum.

The method, hence, has the technical effect and advantage of
an optimized coverage of cells with demanded numbers of
frequencies for optimal per cell frequency utilization
depending on the location and characteristics of the
surroundings of the cells and depending on the requested
demand, which is derived from the expected number and density
of communication participants. Additionally, a minimization
of interference can be reached in an optimal manner. Hence,

user experience can be enhanced and degradation of
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communication quality or communication failure can be
avoided. Moreover, costs for installation and maintenance of
cells can be lowered, since a number of required cells may be
reduced due to an optimized frequency assignment.
Furthermore, the method has the effect and advantage that a
solution of an optimized assignment of frequencies to
unplanned cells is determined/calculated very fast which
enables the possibility of a very quick re-planning/re-

assignment of frequencies to respective cells.

The underlying optimization problem may be very complex. This
is not only due to a potential impact of frequencies of one
cell to frequencies of other cells. The problem is also very
complex because there are many practical constraints that
have to be taken into account. As more constraints are
implemented, such problems become more complex and difficult
to solve. This is problematic or difficult, if solutions are
needed fast, for example if a frequency re-assignment to
certain cells is required as a reaction to an unexpected
network failure or during maintenance. But also under
consideration of further practical constraints like
neighbourhood relations between cells or a dense
agglomeration of cells in so called “sectors”, for example
several antennae on a roof top within urban areas or cities,
such calculations are difficult to solve. The herein
described method advantageously shows its strength compared
to conventional approaches more and more, the more complex
the underlying problem is. In other words, for a complex
optimization problem taking into consideration practical
constraints as explained above, the herein described method

has a significant strength over conventional techniques.
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One advantage of the herein described procedure is the
automatic solution of the optimization problem without manual
adjustments, like the number of rings in the conventional
approach as stated above. The runtime is shorter compared to
the state of the art procedures and the solution quality is
better, since more required fregquencies can be reliably
assigned to more cells in the network. The described
procedure is a hybrid approach between pre-processing steps
(formation of the set of unplanned cells and/or formation of
the respective set of frequencies to be potentially assigned
to each unplanned cell) and solution steps by quantum concept

processors.

The herein described method makes use of an approach inspired
by quantum computing. The calculation of optimized solutions
of the stress function for determining an optimized
assignment of frequencies to all cells of the set of
unplanned cells 1s performed by a so-called quantum concept
processor. As a gquantum concept processor in the context of
the present disclosure a processor i1s defined that solves a
so called “Ising model” or the equivalent quadratic
unconstrained binary problem. For example, this is a
processor configured to solve an optimization problem by
means of quantum annealing or quantum annealing emulation.
Such a processor is for example based on conventional
hardware technology, for example based on complementary
metal-oxide-semiconductor (CMOS) technology. An example of
such gquantum concept processor is Fujitsu’s digital annealer.
Alternatively, any other quantum processors can be used for
the herein described method, in future times also such
technologies that are based on real gquantum bit technologies.
Further examples of such quantum concept processors are the

quantum annealer of DWave (e.g. 5000Q), but also quantum gate
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computers (IBM, Rigetti, OpenSuperQ, IonQ or Honeywell) and
their future successors or alternative QC designs making use
of quantum optimization algorithms like Quantum Approximate
Optimization Algorithm (QAOA) or Variational Quantum
Eigensolver (VQE).

In other words, a quantum concept processor as defined herein
is a processor which realises the concept of minimization of
a so-called guadratic unconstrained binary optimization
(QUBO) function, either on a special processor based on
classic technology, a gquantum gate computer or on a guantum

annealer.

In at least one implementation, the method further comprises

the following steps:

- Specifying frequency variables, wherein each frequency
variable is associated with one cell within the mobile

communications network and one frequency for this cell,

- Formulating the frequency relations in the terms of the
stress function as combinations of selected frequency

variables, and

- Calculating the terms of the stress function, by using the
quantum concept processor, to set the frequency variables,

such that the stress function is minimized.

The frequency for the cell which a respective frequency

variable is associated with is e.g. one frequency from the
set of frequencies to be potentially assigned to this cell,
if the cell is a still unplanned cell. Alternatively, such

frequency is e.g. one frequency that has already been
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assigned to the cell, if the cell is planned already. In the
latter case, the value of the frequency variable is a priori
known, depending on whether the frequency is assigned to the
cell (value one) or not (value 0). Such fixed variables do
not have to be optimized by the quantum concept processor but
may lead to restrictions for unplanned cells and thus be part
of some linear terms of the stress function. The actual
number of frequency variables to be optimized are only those
coming from unplanned cells. For example, for n cells with m
frequencies per cell, at least n x m frequency variables may

be specified.

In this way, for each unplanned cell an optimal assignment of
frequencies can be calculated individually by respectively
setting the frequency variables, such that the stress
function is minimized. This offers an elegant implementation
of a very flexible and variable frequency assignment. Hence,
different sub-sets of frequencies for different cells can be
selected in order to avoid disturbing interference between
the cells or a critical increase of interference in the
network. Moreover, a dense frequency usage can be achieved
over distributed cells throughout the network in an optimized

manner.

The formulation of the frequency relations in the terms of
the stress function as combinations of selected frequency
variables allows for the calculation of an optimized solution
(minimum) of the stress function for all unplanned cells in a
flexible manner taking into consideration various frequency
scenarios that may lead to different disturbing interference
behaviours between the cells. In this way, an optimized
selection of different sub-sets of frequencies for all

unplanned cells can be achieved to minimize the cost function
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of the above-explained optimization problem. Hence, an impact
of selected frequencies of one cell to other (potentially
assigned) frequencies of other cells can be mitigated. This
allows for a very high degree of freedom in the frequency
assignment, which nevertheless is very complex to solve. An
optimized selection of respective sub-sets of frequencies for
all unplanned cells is performed by the quantum concept

processor, as explained above.

In at least one implementation of the method, in the terms of
the stress function only calculated frequency interference
probabilities are considered that are below a predetermined
threshold. Hence, the optimization only considers
interference probabilities that do not exceed a certain
limit. This prevents certain frequencies to be assigned to
certain cells which may lead to intolerable interference
between these cells. For example, interference probabilities
exceeding the threshold are avoided by penalty terms which
are forced to zero for an optimum solution by a large

prefactor.

In at least one implementation, the method is performed under
consideration of a frequency demand condition such that each
sub-set of frequencies assigned to an unplanned cell has a
specified number of frequencies. One frequency 1is defined as
control channel frequency and the other frequencies are
defined as traffic channel frequencies. In different
implementations, the control channel frequency can be exactly
one or at least one frequency of each cell. The number of
frequencies to be assigned to a respective cell is e.qg.
preselected or predetermined, for example under consideration
of the topology of the mobile communications network,

location and/or cellular characteristics of each cell
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(depending on power transmission performance and/or topology
of surroundings of the cell) as well as the number and
density of participants that want to dial into the cell for

mobile communication.

According to the frequency demand condition, each cell must
be assigned one control channel frequency. One control
channel frequency is necessary for each cell and serves the
purpose of providing a control channel for the cell via which
signalling and control information is exchanged between the
cell and other cells or the cell and different network
elements, terminals or participants. 1In the case that the
mobile communications network is implemented according to the
GSM standard, such control channel frequency e.g. is a so-
called broadcast channel (BCCH) frequency according to the
GSM standard. Further according to the frequency demand
condition, the other frequencies assigned to the cell are
defined as traffic channel frequencies. This serves the
purpose of providing one or more traffic channels for the
cell over which communication traffic, like data or voice, 1is
transmitted and exchanged between the cell and other cells or
the cell and different network elements, terminals or
participants. In the case that the mobile communications
network 1s implemented according to the GSM standard, such
traffic channel frequencies e.g. are so called transmission

channel (TCH) frequencies according to the GSM standard.

In terms of communication control between the cells in the
mobile communications network, the control channels have a
more fundamental role than the traffic channels. In certain
implementations, control channels are configured to also
transmit communication traffic besides signalling and control

information. In other implementations, control channels are
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configured to only transmit signalling and control

information.

In at least one implementation, the method is performed under
consideration of a frequency combiner distance condition that
for each unplanned cell forbidden frequency relations are
defined such that the frequencies of the sub-set of
frequencies assigned to this cell have frequency relations
with a certain channel distance. For example, the channel
distance 1s equal to or greater than two. The frequency
combiner distance condition, hence, has the effect that an
intra-cell frequency interference can be minimised or
completely avoided, since the frequencies used by each cell

have to meet a certain channel distance to each other.

In at least one implementation, the method is performed under
consideration of a cell neighbourhood condition such that for
those cells which have a determined (handover) neighbourhood
relation forbidden frequency relations between these cells
are defined. The neighbourhood relation, in particular,
relates to neighbouring cells (for example selected cell
pairs or a plurality of cells) that provide an overlap in
their area coverage. This is important in view of a so-called
handover between neighbouring cells. If a participant during
ongoing usage of the mobile communication network moves away
from the antenna (centre) of one cell, its transmission level
decreases. As soon as the participant reaches the area of the
next neighbouring cell, the participant must be handed over
from the first cell to the second cell in order to continue
usage of the mobile communication network. If in such a
scenario certain frequency relations were used, the inter-
cell frequency interference between such neighbouring cells

would increase beyond a critical limit. In such case,
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necessary calculations for a handover may be disturbed by
interference and can be erroneous or fail, there being a risk
that the handover fails and the participant is confronted
with an aborted communication in the mobile communication
network. The cell neighbourhood condition hence defines
forbidden frequency relations between neighbouring cells in
order to avoid critical frequency interference between these
cells and, in particular, prevent potential drawbacks of

handover failure.

In at least one implementation, the method is performed under
consideration of a cell sector condition that for those cells
which have a determined sector relation forbidden frequency
relations between these cells are defined. The cell sector
relation, for example, relates to cells within a
predetermined dense installation area or location, where
multiple antennae of different cells are installed close to
each other, e.g. on a roof top, in a street or in a dense
urban area, etc. Here, inter-cell interference may be
significant due to the dense installation and overlap of the
different cells. In a sector, therefore, forbidden frequency
relations between cells are very important to prevent
communication failure. The cell sector condition may be more
restricting than the cell neighbourhood condition, which
means that the cell sector condition defines stricter rules
for forbidden frequency relations than the cell neighbourhood

condition.

In at least one implementation, the method is performed under
consideration of a frequency interference probability
condition such that forbidden frequency relations between the
cells of those cell pairs in the mobile communications

network are defined whose frequency interference
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probabilities are above a predetermined threshold. In this
way, an inter-cell frequency interference can be kept in
tolerable limits over the whole network to prevent adverse
effects leading in the worst case to communication failure.
Even if an overall assignment of frequencies results in an
increased interference probability between some cells or in
certain regions of the network after all unplanned cells have
been planned and assigned their sub-sets of frequencies, the
local and global interference probability can nevertheless be

kept in tolerable limits.

In at least one implementation of the method, the frequency
relations of the kinds explained above distinguish between
co-channel frequency relations and adjacent channel frequency
relations. The co-channel frequency relations consider
frequencies of a same channel. The adjacent channel frequency
relations consider frequencies of adjacent channels. Adjacent
channels mean directly neighbouring frequency channels. For
example, channels £3 and f4 are adjacent channels, whereas

channels f3 and f5 are not adjacent channels.

In this implementation, co-channel and adjacent channel
frequencies are considered to contribute to interference
within one cell or between respective cell pairs. Generally,
co-channel frequencies have high impact on interference,
since the frequencies use the same channel. If frequencies of
adjacent channels are used, the impact on interference is not
so high, compared to co-channel frequencies. However, also
between frequencies of adjacent channels, interference can be
problematic, since such frequencies have a small frequency
distance (frequency band distance is small). If, for example,
two or more of the frequencies assigned to one cell were co-

channel or adjacent channel frequencies, high interference
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would pose a problem and heavily affect communication quality
of this cell or result in communication failure. Analogously,
if two cells with a certain relation, e.g. a neighbourhood or
sector relation as explained above, used two or more co-
channel or adjacent channel frequencies, interference may
significantly increase regarding these cells, which may also
affect communication quality or lead to communication
failure. Further, if two cells used two or more co-channel or
adjacent channel frequencies and the calculated frequency
interference probability of at least one of these cells
towards the other one is above a predetermined threshold for
one or more of these frequencies, interference may also
increase beyond a tolerable limit and communication quality

may decrease.

Hence, an assignment of co-channel or adjacent channel
frequencies within a cell or to cell pairs with a certain
cell relation or with a certain frequency probability lying
above a tolerable limit is to be avoided. Otherwise, an
assignment of co-channel or adjacent channel frequencies may
be admitted to cell pairs, i1if their interference lies within

tolerable limits.

The differentiation between co-channel frequency relations
and adjacent channel frequency relations allows the
definition of different degrees of freedom in the frequency
assignment regarding different intra-cell and inter-cell
frequency scenarios depending on what degree of interference
may be tolerable or not. For example, for different ones of
the frequency combiner distance condition, cell neighbourhood
condition, cell sector condition or frequency interference
probability condition, as explained above, different

forbidden frequency relations can be defined, each comprising
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different combinations of co-channel and adjacent channel

frequency relations.

In at least one implementation of the method, the frequency
relations distinguish between control channel frequencies and
traffic channel frequencies. Control channel frequencies and
traffic channel frequencies may be defined as explained
above. Depending on the intra-cell or inter-cell frequency
assignment and depending on the relations between respective
cell pairs, control channel frequencies and traffic channel
frequencies each may have different significance regarding a
negative impact caused by frequency interference. For
example, in the case that the control channels have a more
fundamental role than the traffic channels, the respective
frequency relations can be defined such that an optimized
frequency assignment keeps interference impact regarding
control channel frequencies in a limit smaller than the
tolerable interference limit regarding traffic channel

frequencies.

Hence, the differentiation between control channel
frequencies and traffic channel frequencies in the respective
frequency relations allows the definition of different
degrees of freedom in the frequency assignment regarding
different intra-cell and inter-cell frequency scenarios
depending on the different significance of control channels
and traffic channels and what degree of interference may be
tolerable for both or not. For example, for different ones of
the frequency combiner distance condition, cell neighbourhood
condition, cell sector condition or frequency interference
probability condition, as explained above, different

forbidden frequency relations can be defined, each comprising
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different combinations of control channel frequencies and

traffic channel frequencies.

In at least one implementation considering at least one of
the frequency demand condition, frequency combiner distance
condition, cell neighbourhood condition, cell sector
condition or frequency interference probability condition, as
explained above, the method further comprises the following

steps:

- Specifying frequency variables, wherein each frequency
variable is associated with one cell within the mobile

communications network and one frequency for this cell,

- Formulating the frequency relations of the respective

condition as terms of selected frequency variables,

- Calculating the frequency relations of the respective
condition, by using the guantum concept processor, to set
the frequency variables, such that the respective

frequency relations become zero.

In this way, the respective condition can be flexibly
modelled and optimized by using the gquantum concept processor
to respectively set the frequency variables, such that the
respective condition is fulfilled if possible. This offers an
elegant implementation of the respective condition as a

(hard) constraint to the optimization problem formulated in
the stress function. By considering such constraints in the
formulation or calculation of the stress function, solutions
of the optimization problem can be penalized that contravene
the above conditions. This enables finding suitable optimized

solutions considering practical constraints of the actual
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network conditions of the communications network. The
frequency variables used in formulating the frequency
relations of the respective condition can be partially or
fully those frequency variables used in formulating the terms

of the stress function as explained above.

In at least one implementation of the method, the calculated
frequency interference probabilities of respective cell pairs
distinguish between co-channel frequency interference
probabilities and adjacent channel frequency interference
probabilities. The co-channel frequency interference
probabilities are calculated for frequencies of a same
channel between the cells of respective cell pairs and the
adjacent channel frequency interference probabilities being
calculated for frequencies of adjacent channels between the
cells of respective cell pairs. In this way, different
interference probabilities can be calculated and considered
depending on the different interference characteristics of
co-channel or adjacent channel frequencies, as explained
above in the context of co-channel or adjacent channel

frequency relations.

In at least one implementation of the method, the stress
function is formulated as a quadratic unconstrained binary
optimization (QUBO) function. This QUBO function serves as
“input” for the guantum concept processor that solves this
optimization problem for an optimized assignment of
frequencies according to the above-explained method.
Generally speaking, QUBOs are quadratic order polynomials in
binary variables which are represented in a quantum concept
processor as bits or quantum bits (Q-bits hereinafter). In
the context of the optimization problem of the present

disclosure, the QUBO function represents the sum of potential
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contributions of the calculated frequency interference
probabilities of respective cell pairs as a function of
different Q-bits. Each Q-bit represents the selection of one
frequency of one cell and can attain the value “0” or the
value “1” (or both with a certain probability). In order to
solve the optimization problem, the quantum concept processor
runs through different settings of the different Q-bits in
order to find such solution(s) that minimize the optimization
problem. In this way, a QUBO representation of the
optimization problem has elegant properties regarding the
here applied quantum concept computing. For example, the
above explained frequency variables are formulated in the

form of such Q-bits.

In at least one implementation of the method, the stress
function and one or more of the above explained conditions
are combined into a global QUBO function. In the global QUBO
function, hence, one or more of the above-explained
constraints and the optimization target can be considered. In
this regard, one or more of the above-explained constraints
can be weighted within the QUBO function as soft constraints.
In this regard, soft constraints are constraints that are
desired but do not have to be met i1if the cost function
attains a substantially better value. This has the advantage
that the QURO function can be somewhat fine-tuned depending
on the focus of the optimization problem either on the
optimization of the frequency assignment to the cells
throughout the network with respect to interference
probabilities or on the fulfilment of one or more of the

mentioned (soft) constraints.

In at least one implementation, the method further comprises

the following steps:
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- Specifying a subset of unplanned cells from the set of

unplanned cells,

- Performing the method for the subset of unplanned cells,

- Updating the cells in the subset to planned cells with

their determined optimized assignment of frequencies, and

- Iteratively performing the method for the remaining
unplanned cells of the set of unplanned cells until all
unplanned cells of the set of unplanned cells are

processed.

In this way, a kind of decomposition strategy can be
followed. This has the advantage of or is even necessary for
processing the explained method despite limited hardware
performance of the gquantum concept processor for solving the
optimization problem. Let’s assume a high number of required
frequency variables to formulate the optimization problem
and/or one or more of the additional conditions/constraints,
as explained above. Nowadays, the possibilities of current
quantum concept processors are still limited. Hence, the very
complex optimization problem has to be decomposed into
several partial solutions that can be iteratively processed
to find an optimal solution. In each iteration one partial

solution is found by the gquantum concept processor.

For example, the hardware limitations manifest themselves
under consideration of a QUBO formulation of the optimization
problem, as explained above, where the number of required bit
variables (Q-bits) to formulate the optimization problem

depends e.g. on the number of cells and the number of
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frequencies (potentially assigned or already planned) to each
cell. Hence, for n unplanned cells with m frequencies per
cell, at least n x m Q-bits must be specified. Q-Bits for
already planned cells can be set constant. In case that for
each frequency additionally a control channel and traffic
channel characteristic is to be distinguished in the
respective frequency relations, the number of required Q-bits
further increases to 2 x n Xx m, since n x m QO-bits for a
control channel frequency assignment and n x m Q-bits for a

traffic channel frequency assignment must be specified.

For example, considering a GSM communications network that
may comprise thousands of GSM cells to be planned and tens or
hundreds of frequency bands or channels, the number of
required Q-bits may quickly reach a dimension of hundreds of
thousands. Taking further into account that a typical quantum
concept processor nowadays can solve optimization problems in
the order of 10.000 bit variables (Q-bits), the overall
optimization problem has to be solved iteratively with the
help of a problem decomposition by the above-explained

measures.

According to an exemplary strategy for specifying/building
the subset of unplanned frequencies, the following steps are
performed. In a first step candidates of unplanned cells are
sorted/prioritized in a descending order according to the
number of certain constraints or cell relations with regard
to already planned cells. For example, first those one or
more unplanned cells are considered, which have the most cell
relations to already planned cells or whose frequency
assignment procedure is influenced the most by constraints of
already planned cells in terms of potential frequency

interference. This has the advantage that initially those one
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or more unplanned cells are considered whose planning
(frequency assignment) is most restricted by the interference
characteristics to already planned cells in the network.
These unplanned cells are then included first in the subset

of unplanned cells.

In a second step, further candidates of unplanned cells are
selected according to certain constraints or cell relations
with regard to cells that are already included in the subset
of unplanned cells. This has the advantage that in the second
step those further unplanned cells are considered whose
planning (frequency assignment) might have the most impact
regarding the interference characteristics to cells which are
already in the subset of unplanned cells. These unplanned
cells are then included in the subset of unplanned cells,

too.

The first and/or the second steps are iteratively performed
until an upper limit of frequency variables (Q-bits) is
reached that can be calculated at a time by the gquantum
concept processor. Then, the method according to the above-
explained implementations is performed for the built subset
of unplanned cells. After the frequency assignment has been
calculated for the subset of cells, these are updated to
planned cells with their determined optimized assignment of
frequencies. Subsequently, the method is iteratively
performed for the remaining unplanned cells of the set of

unplanned cells until all unplanned cells are processed.

The above-mentioned problem is also solved by a guantum
concept processor as claimed in the enclosed claims. The
quantum concept processor 1s configured for performing one or

more steps of a method as described above. According to an
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exemplary implementation, the quantum concept processor is a
digital annealing processing unit. This unit can be specially
configured to perform guantum annealing or a quantum
annealing emulation as explained above. The quantum concept

processor can be of any type explained above.

Moreover, the above-mentioned problem is also solved by a
computer program comprising instructions that, when the
program is executed by one or more processors, cause each of
the one or more processors to perform one or more steps of a
method as described above. At least one of these processors
is e.g. a gquantum concept processor as explained above. Other
processors can be configured for processing, by executing the
computer program, preparatory or iterative steps of or for a
method as explained above. The computer program can be stored

on a computer-readable storage medium.

Moreover, the above-mentioned problem is also solved by a
workplace for a network planner, configured for verifying an
optimized assignment of frequencies determined by a method as
described above. Such a workplace, for example, has
verification means that are configured for an (automated or
semi-automated) verification of an optimized assignment of
frequencies determined by a method as described above. This
serves a network planner to verify optimization results found
by a method as described above. The verification means can be
implemented in software and/or hardware. For example, the
workplace can communicate or be connected to a system
comprising a quantum concept processor that performs the
method as described above. The results can then be taken over

into the workplace.
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Moreover, the above-mentioned problem is also solved by an
interface arrangement comprising one or more interfaces to
cells of a mobile communications network, the cells being
distributed for communication within the mobile
communications network, wherein the interface arrangement is
configured to automatically deploy an optimized assignment of
frequencies determined by a method as described above to the
cells of the mobile communications network. In this way, an
optimized assignment of frequencies determined by a method as
described above can be (automatically or semi-automatically)
be deployed to a plurality of cells of a respective mobile
communications network. For example, the interface
arrangement can communicate or be connected to a workplace as
describe above or to a system comprising a quantum concept
processor that performs the method as described above. The
results can then be taken over into the interface

arrangement.

Moreover, as preparatory measure for one or more of the
above-explained steps of the computer-implemented procedure,
an interface can be implemented or used for reading out
parameters from the communications network before a
respective optimization and for inputting such parameters
into the explained computer-implemented optimization
procedure. In this way a closed loop continuous optimization
is possible. The parameters for example comprise a network
configuration, adjacency information or relations of
respective cells of the network, available frequencies in the
network and frequency demands of respective cells to be

expected.

Any aspects, features, effects and measures described alone

or in combination with each other in the context of the
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method explained above can be applied to or find analogous
representation in aspects, features, effects and measures
described alone or in combination with each other in the
context of the quantum concept processor, the computer
program, workplace and interfaces explained above, and vice

versa.

The invention is further described below under consideration

of several implementations with the aid of multiple drawings.

Figure 1 shows an exemplary configuration of a
communications network with a plurality of

cells;

Figure 2 shows an exemplary frequency assignment to one

cell of the network according to figure 1;

Figure 3a shows an exemplary schematic illustration of a
cell neighbourhood condition between an
exemplary pair of cells of the network

according to figure 1;

Figure 3b shows an exemplary schematic illustration of a
cell sector condition between exemplary cells

of the network according to figure 1;

Figure 4 shows an exemplary schematic illustration of a
frequency interference probability condition
between an exemplary pair of cells of the

network according to figure 1;

Figures 5 to 11 show exemplary mathematical formulations

of partial optimization problems;
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Figure 12 shows an exemplary schematic illustration of a

frequency assignment algorithm.

Figure 1 shows an exemplary configuration of a part of a
communications network 1 with a plurality of cells. For
example, the communications network 1 is a GSM network and
comprises approximately 50.000 GSM cells. Exemplary
illustrated in Figure 1 are cells ¢l to cb. Each of the cells
cl to ¢5 has an antenna al to ab, respectively. Hence each
cell ¢l to ¢b spans a region of coverage of mobile radio
communication by the respective antenna al to ab. Depending
on the transmission power characteristics and installation of
an antenna al to ab as well as the topology of its
surroundings, the areal coverage of the cells ¢l to c¢b

spanned by the antennas al to ab can vary.

In the exemplary configuration of Figure 1, each of the cells
c2 to c¢b provide a communication node for participants 3
(mobile phones and other cellular or radio communication
devices) that may connect to a respective cell through radio
communication over certain frequencies. Each cell c¢c2 to c¢b
covers a certain area for mobile communications networking.
Frequencies are discrete frequency bands or channels. For
example, the communications network 1 comprises 100 frequency
channels, wherein approximately three to five channels are
used per cell. If hopping is used, the channels to be used
per cell may be 1 to 12, for example. In the exemplary
configuration of Figure 1, cells c¢2 to c¢b5 each uses certain
frequencies assigned to the respective cell. The frequencies
are assigned to the cells c2 to ¢b5 such that an interference

(signal disturbance) between the cells c¢c2 to c¢cb5 (see arrows
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between cells c¢2 to ¢b in Figure 1) can be avoided or at

least kept as low as possible.

In contrast to the cells ¢c2 to c¢b, the cell ¢l of Figure 1
does not have frequencies already assigned to this cell. This
means that cell ¢l is an unplanned cell 2, whereas the other
cells ¢c2 to c¢b5 are each planned cells 6. Cell cl, however, is
to be assigned certain frequencies, such that also between
cell ¢l and other cells c¢2 to ¢cb an interference (signal
disturbance) can be avoided or at least kept as low as

possible and, hence, cell cl also becomes a planned cell.

In this regard, a frequency assignment procedure is performed
according to which an automated, computer-implemented
frequency assignment to unplanned cells 2 within the
communications network 1 is executed. An optimization target
of such a frequency assignment lies in minimization of
frequency interference as best as possible between respective
cells of the communications network 1, thereby still
allocating a required number of frequency channels to as many

unplanned cells as possible.

The number of frequency channels required for each cell
depends on the number of mobile communication participants 3
that aim to dial into the network 1 and use the
communications topology of the communications network 1. As
illustrated in the exemplary configuration according to
Figure 1, the cells ¢l and c¢b are associated with the
smallest number of participants 3. For example, cells cl and
cb are located in a rural region without a dense
communication demand. Cell c4 requires more participants 3
than cells ¢l and cb. Cell c4, for example, is located in a

town where a small demand for communications is present. In
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contrast, cells c¢2 and c¢3 each have the highest number of
participants 3 that wish to use the communications network 1.
Cells c¢2 and c¢3 are, for example, installed in cities with
dense urban infrastructure. In the exemplary configuration of
Figure 1, therefore, cells cl and c¢b5 require the smallest
number of frequency channels, whereas cells c2 and c3 require

the highest number of frequency channels.

Regarding cell c¢l, frequencies are to be assigned to this
unplanned cell 2 such that cell ¢l causes as little frequency
interference as possible to the other cells within
communications network 1, but still gets the required number
of channels in order to provide a mobile communication node
for the participants 3, requesting communication within cell
cl. In other words, the optimization problem to be solved
regarding cell cl lies in determining an optimized frequency
assignment to cell ¢l (and potentially to other cells c2 to
chb, if a frequency re-assignment is considered for these
cells) in the communications network 1. This means that, for
the respective cell cl (and potentially other cells), a sub-
set of frequencies from a respective set of potential
frequencies is selected, such that a mathematically
formulated quadratic stress function (core optimization
problem) is minimized. This serves the purpose, and has the
technical effect, of choosing respective sub-sets of
frequencies that meet the required frequency demands of each
unplanned cell 2 in the network 1, depending on the number of
participants 3 per cell, combined with the effect that an
intra-cellular and/or an inter-cellular frequency
interference can be minimized and nevertheless dense
frequency usage over the whole frequency spectrum available
within the network 1 can be enhanced. This has the effect

that user experience can be enhanced and degradation of



10

15

20

25

30

WO 2023/198523 PCT/EP2023/058816

communication quality or communication failure can be
avoided, thereby still enabling the participation in and
usage of the communications network 1 by as many participants
as possible. The sub-set of frequencies assigned to each
unplanned cell can be selected out of a predetermined set of
frequencies that can potentially be assigned to an unplanned
cell 2, in Figure 1 exemplarily cell ¢l (and potentially

other cells).

In order to achieve the above advantageous effects, a
computer—-implemented algorithmic method for optimizing the
frequency assignment to unplanned cells 2 within the
communications network 1 is implemented. This is further
explained below. In addition to such a core optimization
problem, additional partial optimization problems are taken
into account which represent conditions (constraints) to be
met in the optimization process. These constraints consider
that there are certain intra-cell and inter-cell frequency
relations and certain cell relations that influence the
assignment of frequencies to each cell in terms of an
optimized minimization of frequency interference and a
fulfilment of the required frequency demand per unplanned
cell 2. Such conditions and constraints are explained in the

following.

Figure 2 shows an exemplary configuration of the cell c3 to
which predetermined frequencies are assigned. Cell c3,
thereby, meets certain conditions which are also applicable
to and must be met by the other cells within the
communications network 1, in particular with regard to

unplanned cells 2 to which frequencies are to be assigned.
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Figure 2 illustrates a differentiation between two basic
types of frequencies to be used within the cells of the
communications network 1. These two types of frequencies
distinguish so-called broadcast channel, BCCH, frequencies
and traffic channel, TCH, frequencies. In the exemplary
configuration as here described, one BCCH frequency must be
assigned to each cell. The BCCH frequency is necessary for
each cell and serves the purpose of providing a control
channel for the cell via which signalling and control
information is exchanged between the cell and other cells or
the cell and different network elements, terminals or
participants. The TCH frequencies serve the purpose of
providing one or more traffic channels for each cell over
which communication traffic, like data or voice, 1is
transmitted and exchanged between the cell and other cells or
the cell and different network elements, terminals or
participants. The BCCH frequencies can be configured to also
transmit a part of the communication traffic in the
communications network besides the signalling and control
information. Alternatively, the BCCH fregquencies are
configured to only transmit signalling and control
information. For example, a signal transmission of different
participants 3 in the network 1 (see Figure 1) 1is configured
as time-multiplexing transmission, wherein each participant
using a respective frequency of a respective cell is assigned
a time slot (e.g. in the range of milliseconds) in which

signalling assigned to this participant is transmitted.

As exemplarily illustrated for cell c¢3 in Figure 2, each cell
within the communications network 1 has to meet a certain
frequency demand of the respective cell. As explained above,
such a frequency demand depends on the number of participants

3 dialling into the communications network 1 and may also
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depend on the topology of the mobile communications network
1, location and/or cellular characteristics of each cell
(depending on power transmission, performance and/or topology
of surroundings of the cell). The frequency demand defines a
number of frequencies to be assigned to a respective cell.
This number can be preselected or predetermined depending on
the above-explained parameters. As exemplarily illustrated in
Figure 2, cell c¢3 has a frequency demand of four, which means
that four frequencies are to be assigned to cell c¢3. As
explained, one frequency is a BCCH frequency. In the example
of Figure 2, frequency fl8 is assigned as BCCH frequency of
cell c¢3. Moreover, the rest of the assigned frequencies,
which means the other three frequencies here, are assigned as
TCH frequencies. In the example of Figure 2, frequencies f1l,

£f3 and f99 are assigned as TCH frequencies to cell c3.

As further illustrated in Figure 2, certain frequency
variables xcf are defined which, depending on the
characteristics of a frequency being a BCCH frequency or a
TCH frequency, are associated with one cell ¢ within the
mobile communications network 1 and one frequency f for this
cell c¢. A frequency variable xXcf here attains the value “0”
if the respective frequency f is not assigned to the
respective cell ¢, and attains the value “1” if the
respective frequency f is assigned to the respective cell c.
As exemplarily illustrated in Figure 2, the frequency

BCCH_l
— 41y

variable Xgfsg since frequency fl8 1s assigned to cell c3

as BCCH frequency. The other three frequency variables are

also set to xmh =1, xiH =1 and xI{, =1, since, as explained

before, the frequencies fl, £3 and f99 are assigned as TCH
frequencies to cell ¢3. All other frequency variables xc3r for
cell ¢3 are “0”.The formulation in terms of such frequency

variables serves the purpose of a mathematical formulation of
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the above-mentioned constraints and the above-mentioned core

optimization problem that is further explained below.

In addition to a frequency demand condition, cell c¢3 as
exemplarily illustrated in Figure 2, must also meet a so-
called frequency combiner distance condition. This means that
for each cell ¢, in particular for each unplanned cell 2,
forbidden frequency relations are defined such that the
frequencies f assigned to each cell have a certain channel
distance. In the configuration as exemplarily illustrated
with regard to Figure 2, such channel distance may have, for
example, the value 2 2. This means that each frequency f
assigned to a respective cell must have a frequency distance
of 2 2 to other frequencies f of the cell. This requirement
describes that so called co-channel frequencies and adjacent
channel frequencies are forbidden for each cell. Co-channel
frequencies relate to frequencies f of a same channel and
adjacent channel frequencies relate to frequencies f of
adjacent channels. This serves the purpose of avoiding intra-
cell interference between the frequencies assigned to each
cell. As exemplarily illustrated for cell ¢3 in Figure 2,
also the frequency combiner distance condition is fulfilled,
since all frequencies f1, £f3, f18 and f99 have a distance of

> 2,

Figure 3a exemplarily illustrates a further condition which
must be fulfilled as an additional constraint. Figure 3a
illustrates a so-called cell neighbourhood condition, which
means that for those cells ¢ which have a determined
neighbourhood relation 4, forbidden frequency relations
between these cells ¢ are defined. As exemplarily illustrated
in Figure 3a, cells ¢l and cN are considered to be in a

neighbourhood 4. Hence, such a neighbourhood relation 4 here
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describes neighbouring cells that provide an overlap in their
area coverade. For the cells ¢ within a neighbourhood 4,
certain combinations of frequencies are forbidden from being
assigned to the respective cell pair. As exemplarily
illustrated in Figure 3a, a BCCH frequency of cell cl must
not be a co-channel (co) or adjacent channel (adj) frequency
of the BCCH frequency of cell cN. Moreover, the BCCH
frequency of cell ¢l must not be a co-channel or adjacent
channel frequency of a TCH frequency of cell cN. Moreover, a
TCH frequency of cell ¢l must not be a co-channel or adjacent
channel frequency of the BCCH frequency of cell cN. Last but
not least, a TCH frequency of cell cl must not be a co-
channel frequency of a TCH frequency of cell cN.
Nevertheless, in the latter case, a TCH frequency of cell cl
can be an adjacent channel frequency to another TCH frequency
of cell ¢cN. In other words, TCH frequencies of neighbouring
cells must not be co-channel frequencies, but can be adjacent

channel frequencies.

The cell neighbourhood condition serves the purpose of
ensuring a reliable handover of certain mobile communication
participants travelling between the area coverage of
neighbouring cells. If a participant moves away from the
antenna (centre) of one cell during ongoing usage of the
mobile communications network, for example cell cl in Figure
3a, 1its transmission level decreases. As soon as the
participant reaches the area of the next neighbouring cell,
here for example cell cN, the participant must be handed over
from cell ¢l to cell c¢cN. For this purpose, continuous signal
measurements are necessary to change between frequencies of
cells ¢l and cN. If interference between cells cl and cN was
high, such measurements would fail and, consequently a

handover might also fail, which leads to abort of
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communication. The frequency relations, as defined by the
cell neighbourhood condition explained above, ensure that the
frequency interference between neighbouring cells, in Figure
3a exemplary cl and cN, is kept in tolerable limits such that
the handover between neighbouring cells is reliably
guaranteed or a handover failure risk is kept below a

tolerable limit.

Figure 3b exemplarily illustrates a further condition, named
cell sector condition. Here, exemplarily, cells cl, c¢2 and c3
are located within a certain sector 5. The sector 5, for
example, defines a predetermined dense installation area or
location, where multiple antennae of different cells, cl to
c3 1in this example, are installed close to each other, for
example on a rooftop, in a street or in a dense urban area.
The cell sector condition may define more restricting
frequency relations than the cell neighbourhood condition as
explained with regard to Figure 3a above. This means that the
cell sector condition according to Figure 3b may define
stricter rules for forbidden frequency relations between
respective cells (cell pairs) than the cell neighbourhood

condition.

With regard to Figure 3b, as exemplarily illustrated, the
BCCH and TCH frequencies of one respective cell, here for
example cell cl, must not be a co-channel (co) or adjacent
channel (adj) frequency of the frequencies of the other
cells, here for example cells c¢c2 or c¢3. This means that all
frequencies of cell ¢l must have a frequency distance to all
other frequencies of cells ¢2 and ¢3 with a value of 2 2. The
cell sector condition, hence, serves the purpose of avoiding

inter-cell interference which may be significant due to the
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dense installation and overlap of different cells in the

sector 5.

Figure 4 exemplarily illustrates a further condition which is
to be met. This further condition is a so-called frequency
interference probability condition, which means that
forbidden frequency relations between the cells of those cell
pairs in the mobile communications network are defined whose
frequency interference probabilities p are above a
predetermined threshold t. In the exemplary illustration of
Figure 4, the cell pair of cells ¢l and cN is regarded.
Moreover, it is distinguished between a co-channel frequency

interference probability pi., and an adjacent channel

adj

c1eN- Moreover, 1t 1is

frequency interference probability p
distinguished between a threshold for the BCCH frequency tgcch

and a threshold for the TCH frequencies trecyg. In the case
that one or both of the co-channel frequency interference
probability and the adjacent channel frequency interference

probability is greater than or equal to one of the

thresholds, such that pgdwpiﬂN > tgcenw tren, certain frequency
relations are forbidden respectively. This means that the
BCCH frequency of cell ¢l must not be the BCCH frequency of
cell cN, either regarding the co-channel or the adjacent
channel frequency, depending on whether one or both of the
respective frequency interference probabilities is equal to
or greater than the respective threshold tgcey. Moreover, the
BCCH frequency of cell ¢l must not be a TCH frequency of cell
cN, either regarding co-channel or adjacent channel
frequencies, depending on whether one or both of the
respective frequency interference probabilities is equal to
or greater than the respective threshold tgecy. Analogously, a

TCH frequency of cell c¢l must not be the BCCH frequency of
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cell cN, either regarding co-channel or adjacent channel
frequencies, depending on whether one or both of the
respective frequency interference probabilities is equal to
or greater than the respective threshold tyeyg. Finally, a TCH
frequency of cell ¢l must not be a TCH frequency of cell cN,
regarding either of co-channel or adjacent channel
frequencies, depending on whether one or both of the
respective frequency interference probabilities is equal to
or greater than the respective threshold tycg. The analogous

restrictions apply for the interchanged roles of ¢l and cN

and the interference probabilities Fﬁﬁcvpign-

In this way, an inter-cell frequency interference must be
within tolerable limits between respective cell pairs, here
exemplarily between cell pair cl and cN, to prevent adverse
effects leading, in the worst case, to communication failure.

Even if an overall assignment of frequencies results in an

© or pam, between some

increased interference probability, p
cells or in certain regions or areas of the network after all
unplanned cells have been planned and assigned their
respective frequencies, the interference probability can
nevertheless be kept within tolerable limits, since it is
avoided that the respective frequency interference
probabilities are equal to or greater than predetermined

thresholds tgeey and trey for respective BCCH and TCH

frequencies.

Figures 5 to 9 show exemplary mathematical formulations of
the conditions/constraints as explained above. In this

regard, the following nomenclature is defined:

F={0,1,..,M}: set of all frequencies
c={0,1,..,N}: set of all cells
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_39_
SECcCxC: tuples of cells which have sector relations
NBCCxC: tuples of cells which have neighbourhood

relations.

VcEC and VEEFR\F(c): xor™ =xI" =0 as fixed bits.

The mathematical formulations of Figures 5 to 9 are
represented as so-called Hamiltonian functions, abbreviated
to Hamiltonians, and represent QUBO formulations of Q-Bits as

explained above.

The mathematical formulation of Figure 5 formulates the
frequency demand condition as explained above with regard to
Figure 2. The mathematical formulation in Figure 5 is

formulated as summed terms containing binary frequency

variables ngH and Xgm

for respective BCCH and TCH
frequencies that can attain the value “0” or the value “1”
(or both with a certain probability) and are represented in a
quantum concept processor as bits (or Q-bits as used
hereinafter). Hence, the binary frequency variables according
to Figure 5 are configured as explained above in view of
Figure 2. For each cell ¢ of the set of all cells C within
the network 1 and for each frequency f of the frequencies

F(c) to be potentially assigned to each cell ¢ a respective

Q-bit can be set. If the respective frequency shall be a BCCH

frequency, the Q-bit x%IH is respectively set. Otherwise, if

a respective frequency shall be a TCH frequency, the

respective Q-bit Xgm is respectively set. The respective Q-

bit x%IH, Xgm is set to the value “1” 1if a respective

frequency 1s set accordingly. The respective Q-bit X?IH, Xgm

is set to the wvalue “0”, if not.
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Considering the formulation of the Hamiltonian of Figure 5,
the Hamiltonian at an optimal solution must be equal to zero.
This is only fulfilled if the two terms El and E2 each become
zero. This is the case 1f for all cells ¢ out of the set C
exactly one frequency f out of potential frequencies F(c) 1is
assigned as BCCH frequency and the other frequencies f of the
number we of demanded frequencies are assigned as TCH
frequencies. The mathematical formulation according to Figure
5 enables all unplanned cells, and advantageously all cells
within the network 1, to meet the fregquency demand condition

as explained above in view of Figure 2.

The mathematical formulation in Figure 6 formulates the
frequency distance combiner condition, as also explained

above in view of Figure 2. This Hamiltonian sums terms of

frequency relations combining Q-bits XﬂIH, X&gﬂ

distinguishing different combinations of BCCH or TCH
frequencies respectively for co-channel (co) or adjacent
channel (adj) frequencies. Co-channel frequencies are
considered by combinations of Q-bits regarding the same
frequency f, whereas adjacent channel frequencies are
considered by respective combinations of Q-bits regarding
frequencies f and f+1. The mathematical formulation of Figure
6, therefore, considers for all unplanned cells ¢ out of the
set C and for all frequencies f out of potential frequencies
F(c) the condition, as explained above in view of Figure 2,
that each frequency f within a respective cell ¢ must have a

distance to other frequencies f 2 2.

Considering the formulation of the Hamiltonian of Figure 6,
the Hamiltonian at an optimal solution must be zero. This is
only fulfilled if the respective frequency relations

(combinations of product terms) each attain the value “07.
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This means that at least one of the respective Q-bits of one
product term must attain the value “0”. Otherwise, if both Q-
bits of a respective product term attain the value “1”, the
condition of Figure 6 would not be fulfilled and the

frequency combiner distance condition could not be met.

The mathematical formulation of the Hamiltonian according to
Figure 7 represents the cell neighbourhood condition as
explained above in view of Figure 3a. In Figure 7, all cell
pairs ci, cz2 are regarded that have a neighbourhood relation
NB where at least one of the cells c¢l, c¢2 is unplanned. For
example, here also the neighbouring cells cl, cN as explained

to Figure 3a are comprised.

The Hamiltonian of Figure 7 is formulated as summed terms for
all co-channel (co) frequencies f between cell pairs ci, cC2
and all adjacent channel (adj) frequencies £, f+1 or £, f-1
between the cell pairs ci, ¢z considering respective
combinations of Q-bits as regards combinations of BCCH and/or
TCH frequencies. Hence, the Hamiltonian according to Figure 7
represents a mathematical formulation of the forbidden
frequency relations as explained with regard to Figure 3a.
Considering the formulation of the Hamiltonian of Figure 7,
the Hamiltonian at an optimal solution must be equal to zero.
Here, the same applies as explained with regard to Figure 6.
The Hamiltonian of Figure 7 is only equal to zero if all
product terms of combinations of respective Q-bits attain the
value “0”. If frequencies f are assigned in such a way that
at least one product term of respective combinations of Q-
bits attains the value “1”, the condition of Figure 7 would

not be fulfilled.
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Analogous explanations as to Figure 7 apply to the

mathematical formulations of Figures 8 and 9.

Figure 8 represents the cell sector condition as explained
above in view of Figure 3b. In Figure 8, all cell pairs ci,
c2 are regarded that have a sector relation SEC. The cells
Cci, Czin Figure 8 represent all cell pairs that have a sector
relation in the network for which at least one of the cells
Ci, Cz 1s unplanned. For example, here also the cell pairs cl1,
c2 and cl, c¢3 of sector 5 as explained to Figure 3b are
comprised. For all respective cell pairs ci, c2 the
Hamiltonian of Figure 8 is only equal to zero if all product
terms of combinations of respective Q-bits attain the wvalue
“0”. If frequencies f are assigned in such a way that at
least one product term of respective combinations of Q-bits
attains the wvalue “1”, the condition of Figure 8 would not be

fulfilled.

Figure 9 represents the frequency interference probability
condition as explained above in view of Figure 4. In Figure
9, all cell pairs ci, cz2 are regarded which have a respective

Ly adj . .
condition pgcppcﬁ; = tgecws trey. The cells ci, c2 1n Figure 9

represent all cell pairs that have such a probability
relation in the network for which at least one of the cells
C1, C2 1s unplanned. For example, here also the neighbouring
cells cl, cN as explained to Figure 4 are comprised. The
Hamiltonian of Figure 9 is only equal to zero if all product
terms of combinations of respective Q-bits attain the wvalue
“0”. If frequencies f are assigned in such a way that at
least one product term of respective combinations of Q-bits
attains the wvalue “1”, the condition of Figure 9 would not be

fulfilled.
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The mathematical formulation of the Hamiltonian according to
Figure 10 represents the core optimization problem, taking
into account the calculated frequency interference

adj .
probabillities pgdppméz, for co-channel (co) frequencies and

for adjacent channel (adj) frequencies that are potentially
simultaneously assigned between respective cell pairs ci, c2.
The cells ci, ¢z in Figure 10 represent all cell pairs ci, 2
that have such a probability relation in the network where at
least one of the cells ci, ¢z is unplanned. Hence, in the core
optimization problem of Figure 10, only frequency

interference probabilities are considered that have the

condition pgcbp?i; < tgeew, trey for respective BCCH and TCH

frequencies. The core optimization problem lies in minimizing
the Hamiltonian according to Figure 10 in order to find
optimized frequency assignments for all cell pairs ci, cC2
such that frequency interference between the cells is

minimized.

The Hamiltonian according to Figure 10 comprises summed
terms, each term multiplying a respective frequency

interference probability pgcbp?ig with a frequency relation

comprising different combinations of different Q-Bits that
are set as explained above. In other words, the Hamiltonian
of Figure 10 is formulated as a stress function which
penalizes frequency relations between respective cell pairs
that lead to frequency interference between the respective
cells with the calculated frequency interference probability.
If a respective combination of Q-Rits in the respective
frequency relations of the terms according to Figure 10 has

the value “1”, this frequency combination is multiplied with

the respective frequency interference probability pgcbp?i;

and, therefore, contributes with such probability to
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frequency interference. Thus, the mathematical formulation of
Figure 10 sums all contributions of a respective frequency

interference probability pgcpp?ig of all co-channel (co) and

adjacent channel (adj) frequencies of all combinations of
BCCH and TCH frequencies potentially simultaneously used

between respective cell pairs of the unplanned cells.

The Hamiltonian of Figure 10 is generally optimized for all
(partially) unplanned cell pairs in a network by a quantum
concept processor that runs through different settings of
values for the respective Q-bits, thereby calculating the
respective result of the Hamiltonian. The target of doing so
is to find the minimum of the Hamiltonian for respectively
set values of the Q-bits. As soon as a respective minimum of
the Hamiltonian of Figure 10 is found, the respective wvalues
of the Q-bits leading to this minimum are stored and finally
define an optimal frequency assignment with regard to cell
interference. Other frequencies that are not candidates for
co-channel or adjacent channel frequency interference between
cell pairs ci1, c2 of Figure 10 (which, therefore have a
frequency distance 2 2 to all other cells) can be assigned to
the respective cells without any further consideration in the
Hamiltonian of Figure 10. Those frequencies are assumed to
have a frequency (channel) distance sufficiently high so as
not to play a significant role and contribution to

interference between cells.

Figure 11 finally shows a global QUBO formulation of the
overall optimization problem in which the partial
optimization problems according to Figures 5 to 10 are
multiplied with respective weighting factors A and B and
summed to the global optimization problem. This global

optimization problem is finally processed by applying a
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computer-implemented algorithm within the gquantum concept
processor. In this regard, a minimization of the Hamiltonian
according to Figure 10 takes place, thereby considering
further optimization constraints as formulated in the

Hamiltonians according to Figures 5 to 9.

According to Figure 11, the core optimization problem of
Figure 10 is multiplied with the weighting factor A, whereas
a sum of the other optimization constraints according to
Figures 5 to 9 is multiplied with the weighting factor B.
With the aid of these weighting factors, A and B, different
welights and focus on different partial optimization problems
can be set. If, for example, the factor B is greater than the
factor A, the focus is more on the fulfilment of the
optimization constraints as explained with regard to Figures
5 to 9. The more the factor A is increased towards factor B,
the more weight is on the optimization of interference
according to the optimization problem formulated in Figure

10, explained above.

In certain implementations, certain constraints are allowed
to be violated. For example, the constraint of Figure 5
(frequency demand condition) may be violated for certain
cells. However, also in these scenarios, the result of the
algorithmic calculation of the method as explained above can
be invalid if there is one cell that is not assigned at least
one BCCH frequency. In such a case, the constraint of Figure
5 can be split into different constraints following the terms
El and E2 of Figure 5 separately. In this case, the term El
must be fulfilled for all cells to be planned, whereas the
term E2 may be violated for certain cells. For example, the
term El1 can be weighted with a factor B and the term E2 can

be weighted with a factor C, wherein A < C < B 1is defined. In
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this way, the term E2 defines a soft constraint, whereas the
term El1 defines a harder constraint. In such a way, certain
constraints can be flexibly modelled to real scenarios and

use cases of network planning.

Figure 12 shows an exemplary schematic illustration of an
algorithm performing the approach as explained above. Figure
12 shows the processing of the above-explained method steps
and procedure considering the frequency assignment to
unplanned cells 2, wherein these unplanned cells 2 are
processed in a decomposed manner. This has the advantage of,
or is even necessary for, processing the explained method
despite limited hardware performance of the guantum concept
processor 7 for solving the optimization problem as explained
above with regard to Figures 5 to 11. This optimization
problem (see in particular Figure 11) is very complex and has
to be decomposed into several partial solutions that can be
iteratively processed to find an optimal solution. In each
iteration one partial solution is found by the quantum

concept processor 7.

The process is started with certain planned cells 6 and
unplanned cells 2. If there are no planned cells 6, the
process is started with one randomly chosen unplanned cell 2.
However, if there is one or more already planned cells 6, to
decompose the optimization problem, the process is started
with a so-called planned cell criterion. This means that in a
first step candidates of unplanned cells 2 are
sorted/prioritized according to certain constraints or cell
relations with regard to already planned cells 6. For
example, first those unplanned cells 2 which have the most
cell relations to already planned cells 6 are considered

whose frequency assignment procedure is influenced the most
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by constraints of already planned cells 6 in terms of
potential frequency interference. These unplanned cells 2 are

then included first in a sub-set 8 of unplanned cells 2.

In a second step, the process is continued with a so-called
outside in criterion. For this purpose further candidates of
unplanned cells 2 which are not already included in the sub-
set 8 of unplanned cells 2 are selected according to certain
constraints or cell relations with regard to the cells
already included in the sub-set 8 of unplanned cells 2. These
unplanned cells 2 are then also included in the sub-set 8.
This second step is repeated until an upper limit of the
frequency variables (Q-bits) is reached that can be
calculated at a time by the quantum concept processor 7. The
built sub-set 8 is then input to an algorithmic procedure
within the gquantum concept processor 7. For example, the
quantum concept processor 7 according to Figure 12 is
configured to solve the optimization problem by means of
quantum annealing emulation. The gquantum concept processor 7
applies the mathematical formulation of the overall
optimization problem according to Figure 11. The quantum
concept processor 7 then calculates for the sub-set 8 an
optimized solution of the global optimization problem

according to Figure 11.

After the algorithmic procedure is completed, the finally
calculated minimum of the global optimization problem
according to Figure 11 is then output from the gquantum
concept processor 7 for the respective sub-set 8. The cells
within sub-set 8 are updated to planned cells 6 with their
determined optimized assignment of frequencies. In the case
that there are any unplanned cells 2 left, the procedure is

iteratively performed for the remaining set of unplanned
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cells 2 until all cells are planned and processed. In this
case, the global solution for all cells within the
communications network is stored. The algorithm is then

finished.

Hence, by applying a computer-implemented algorithmic
procedure according to Figure 12, which bases on the
implementations and explanations above with regard to Figures
1 to 11, an optimized frequency assignment can be provided
for all cells ¢ within a communications network 1. The
process is a hybrid method between pre-processing steps
(formation of the respective sub-sets 8) and solution steps
by using a guantum concept processor 7. The procedure
according to Figure 12 considers highly conflicting unplanned
cells 2 early in the process to allow for a maximal degree of
freedom in the optimization. This further improves the

solution quality compared to state of the art approaches.

The formulation of the optimization problem as a QUBO
representation has elegant properties regarding the here
applied quantum concept computing within processor 7.
Nowadays, quantum concept computing still reaches significant
limits. However, with computer science developing more and
more towards quantum computing, the herein described approach
can be further enhanced and developed in future. For example,
when quantum computing is more and more applicable for
increasing sizes of underlying optimization problems, the
decomposition strategy as explained in view of Figure 12 can
be more and more reduced, which means that the optimization
problem can be more and more processed and computed as a
whole without decomposition steps and iterations of the
problem. Moreover, with quantum computing being more and more

applicable, a more and more increasing number of Q-bits,
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increasingly complex optimization problems and/or more and
more non-linear constraints can be taken into consideration

by the approach explained herein.

The here explained approach is primarily applicable to the
assignment of demanded numbers of frequencies to cells within
a mobile communications network. The solution can also be
used, however, for assignment problems like the planning of
line separated mobile phone networks, planning of code
separated mobile phone networks or an optimal assignment

during operation time, e.g. to react on workload spikes.

The embodiments illustrated and explained herein are merely

exemplary.
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Claims

1.

Computer-implemented method for optimizing an assignment

of frequencies (f) to cells (C) of a mobile communications

network (1), the cells (C) being distributed for

communication within the mobile communications network (1),

wherein the method comprises the following steps:

2.

Specifying a set of unplanned cells (2) in the mobile
communications network (1),

Specifying for each unplanned cell (2) a set of
frequencies (f) to be potentially assigned to this
unplanned cell (2),

Calculating frequency interference probabilities (p) of
selected cell pairs, wherein each cell pair defines a
relation of an unplanned cell (2) to another cell (c)
within the mobile communications network (1),

Formulating terms of a stress function, each term
connecting a calculated frequency interference probability
(p) of a respective cell pair with a frequency relation
between the cells (2, c¢) of the respective cell pair,
Determining, by using a gquantum concept processor (7), an
optimized assignment of frequencies (f) by selecting for
each unplanned cell (2) a sub-set of frequencies (f) from
the respective set of frequencies, such that the stress

function is minimized.

The method according to claim 1, further comprising the

following steps:

Specifying frequency variables (xcf), wherein each
frequency variable (X¢f) 1s associated with one cell (c)
within the mobile communications network (1) and one

frequency (f) for this cell (c),
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- Formulating the frequency relations in the terms of the

stress function as combinations of selected frequency
variables (xcf),

- Calculating the terms of the stress function, by using the
quantum concept processor (7), to set the frequency
variables (Xcf), such that the stress function is

minimized.

3. The method according to claims 1 or 2, wherein in the
terms of the stress function only calculated frequency
interference probabilities (p) are considered that are below

a predetermined threshold (t).

4. The method according to any one of claims 1 to 3, wherein
the method is performed under consideration of a frequency
demand condition that each sub-set of frequencies (f)
assigned to an unplanned cell (2) has a specified number (wc)
of frequencies (f), wherein one frequency (f) 1is defined as
control channel frequency (BCCH) and the other frequencies

(f) are defined as traffic channel frequencies (TCH).

5. The method according to any one of claims 1 to 4, wherein
the method is performed under consideration of a frequency
combiner distance condition that for each unplanned cell (2)
forbidden frequency relations are defined such that the
frequencies (f) of the sub-set of frequencies (f) assigned to
this cell (2) have frequency relations with a certain channel

distance.

6. The method according to any one of claims 1 to 5, wherein
the method is performed under consideration of a cell

neighbourhood condition that for those cells (c¢) which have a
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determined neighbourhood relation (4) forbidden frequency

relations between these cells (c) are defined.

7. The method according to any one of claims 1 to 6, wherein
the method is performed under consideration of a frequency
interference probability condition that forbidden frequency
relations between the cells (2, c¢) of those cell pairs are
defined whose frequency interference probabilities (p) are

above a predetermined threshold (t).

8. The method according to any one of claims 1 to 7, wherein
the frequency relations distinguish between co-channel
frequency relations and adjacent channel frequency relations,
the co-channel frequency relations being formulated for
frequencies (f) of a same channel (co) and the adjacent
channel frequency relations being formulated for frequencies

(f) of adjacent channels (adj).

9. The method according to any one of claims 1 to 8, wherein
the frequency relations distinguish between control channel

frequencies (BCCH) and traffic channel frequencies (TCH).

10. The method according to any one of claims 5 to 9, further

comprising the following steps:

- Specifying frequency variables (Xcf), wherein each
frequency variable (X¢f) 1s associated with one cell (c)
within the mobile communications network (1) and one
frequency (f) for this cell (c),

- Formulating the frequency relations of the respective
condition as terms of selected frequency variables (xct),

- Calculating the frequency relations of the respective

condition, by using the guantum concept processor (7), to
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set the frequency variables (xcr), such that the

respective frequency relations become zero.

11. The method according to any one of claims 1 to 10,
wherein the calculated frequency interference probabilities
(p) of respective cell pairs distinguish between co-channel
frequency interference probabilities (pe) and adjacent
channel frequency interference probabilities (Paq;j).,

the co-channel frequency interference probabilities (pco)
being calculated for frequencies (f) of a same channel (co)
between the cells (2, c¢) of respective cell pairs and the
adjacent channel frequency interference probabilities (padg;)
being calculated for frequencies (f) of adjacent channels

(adj) between the cells (2, c¢) of respective cell pairs.

12. The method according to any one of claims 1 to 11,

further comprising the following steps:

- Specifying a subset (8) of unplanned cells (2) from the
set of unplanned cells (2),

- Performing the method for the subset (8) of unplanned
cells (2),

- Updating the cells in the subset to planned cells (6) with
their determined optimized assignment of frequencies (f),
and

- Iteratively performing the method for the remaining
unplanned cells (2) of the set of unplanned cells (2)
until all unplanned cells (2) of the set of unplanned

cells (2) are processed.

13. A guantum concept processor (7), in particular a digital
annealing processing unit or a quantum annealing processing
unit, configured for performing one or more steps of a method

according to any one of claims 1 to 12.
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14. A computer program, the computer program comprising
instructions that, when the program is executed by one or
more processors, cause each of the one or more processors to
perform one or more steps of a method according to any one of

claims 1 to 12.

15. An interface arrangement comprising one or more
interfaces to cells (C) of a mobile communications network
(1), the cells (C) being distributed for communication within
the mobile communications network (1), wherein the interface
arrangement is configured to automatically deploy an
optimized assignment of frequencies (f) determined by a
method according to any one of claims 1 to 12 to the cells

(C) of the mobile communications network.
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