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(57) ABSTRACT

An example method is provided in one example embodi-
ment and includes receiving feedback information from at
least one controlled cell indicative of interference received
at one or more user equipment devices served by the at least
one cell. The at least one controlled cell is controlled by an
operator associated with the at least one controlled cell. The
method further includes selecting one or more user equip-
ment devices that is determined to have received interfer-
ence from at least one non-controlled cell that is greater than
a predetermined threshold. The at least one non-controlled
cell is not controlled by the operator associated with the at
least one controlled cell. The method still further includes
determining a power level for a subset of common resources
from among a set of common resources shared among the at
least one controlled cell based upon the received feedback
information.
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1
SERVING NOISE/MACRO INTERFERENCE
LIMITED USER EQUIPMENT FOR
DOWNLINK INTER-CELL INTERFERENCE
COORDINATION

TECHNICAL FIELD

This disclosure relates in general to the field of commu-
nications and, more particularly, to serving noise/macro
interference limited user equipment for downlink inter-cell
interference coordination (ICIC).

BACKGROUND

Long Term Evolution (LTE) networks often employ frac-
tional frequency reuse (FFR) schemes in order to optimally
allocate frequencies within a cellular network. FFR parti-
tions a cell’s (e.g. an LTE eNodeB) bandwidth among user
equipment within the network such that cell-edge users of
adjacent cells do not interfere with each other and interfer-
ence received by cell interior users is reduced. The use of
FFR in a cellular network is a tradeoff between improvement
in rate and coverage for cell edge users, and sum network
throughput and spectral efficiency for the network.

BRIEF DESCRIPTION OF THE DRAWINGS

To provide a more complete understanding of the present
disclosure and features and advantages thereof, reference is
made to the following description, taken in conjunction with
the accompanying figures, wherein like reference numerals
represent like parts, in which:

FIG. 1 is a simplified block diagram of a communication
system for resource allocation in a fractional frequency
reuse (FFR) cellular network in accordance with one
embodiment of the present disclosure;

FIGS. 2A-2B illustrate an example of bandwidth alloca-
tion using fractional frequency reuse for a number of cells;

FIG. 3 is a simplified diagram of an example of resource
block power allocation 300 for the communication system of
FIG. 1 in accordance with one embodiment;

FIG. 4 is a simplified flow diagram illustrating example
operations associated with the server in one example
embodiment of the communication system;

FIG. 5 illustrates an embodiment of a small cell of the
communication system of FIG. 1; and

FIG. 6 illustrates an embodiment of a server of the
communication system of FIG. 1.

DETAILED DESCRIPTION OF EXAMPLE
EMBODIMENTS

Overview

A method according to one embodiment includes receiv-
ing feedback information from at least one controlled cell
indicative of interference received at one or more user
equipment devices served by the at least one cell. The at
least one controlled cell is controlled by an operator asso-
ciated with the at least one controlled cell. The method
further includes selecting one or more user equipment
devices that is determined to have received interference
from at least one non-controlled cell that is greater than a
predetermined threshold. The at least one non-controlled
cell is not controlled by the operator associated with the at
least one controlled cell. The method still further includes
determining a power level for a subset of common resources

10

15

20

25

30

35

40

45

50

55

60

65

2

from among a set of common resources shared among the at
least one controlled cell based upon the received feedback
information.

In a particular embodiment, the method further includes
sending an indication of the determined power level to the
at least one controlled cell. In still another particular
embodiment, the method further includes determining the
subset of common resources based upon the feedback infor-
mation. In another particular embodiment, the method fur-
ther includes sending an indication of the subset of common
resources to the at least one controlled cell.

In another particular embodiment, the power level is
determined based upon performance criteria for user equip-
ment devices determined to have received interference from
the at least one non-controlled cell that is greater than the
predetermined threshold. In another particular embodiment,
the subset of common resources is determined based upon
performance criteria for user equipment devices determined
to have received interference from the at least one non-
controlled cell that is greater than the predetermined thresh-
old. In still another particular embodiment, the amount of
interference at a user equipment device is determined based
upon Reference Signal Received Power (RSRP) reports
received from the at least one controlled cell.

In another particular embodiment, determining the power
level for the subset of common resources includes deter-
mining a candidate power level for each of a plurality of
signal-to-interference-plus-noise ratio (SINR) threshold val-
ues, and selecting an optimal SINR threshold value and
corresponding power level from among the plurality of
SINR threshold values and corresponding power levels
using a predetermined selection criterion. In still another
embodiment, the predetermined selection criterion maxi-
mizing a sum of log rates of user equipment devices for
which non-controlled cell interference is not the dominant
interferer. In another particular embodiment, the predeter-
mined selection criterion includes maximizing a sum of log
rates for all user equipment devices of the one or more user
equipment devices.

In a particular embodiment, the at least one controlled cell
includes a small cell. In another particular embodiment, the
at least one non-controlled cell includes a macro cell.

One or more non-transitory tangible media according to
one embodiment includes code for execution and when
executed by a processor operable to perform operations
including receiving feedback information from at least one
controlled cell indicative of interference received at one or
more user equipment devices served by the at least one cell.
The at least one controlled cell is controlled by an operator
associated with the at least one controlled cell. The method
further includes selecting one or more user equipment
devices that is determined to have received interference
from at least one non-controlled cell that is greater than a
predetermined threshold. The at least one non-controlled
cell is not controlled by the operator associated with the at
least one controlled cell. The method still further includes
determining a power level for a subset of common resources
from among a set of common resources shared among the at
least one controlled cell based upon the received feedback
information.

An apparatus according to one embodiment includes a
memory element configured to store data, a processor oper-
able to execute instructions associated with the data, and at
least one module being configured to receive feedback
information from at least one controlled cell indicative of
interference received at one or more user equipment devices
served by the at least one cell. The at least one controlled cell
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is controlled by an operator associated with the at least one
controlled cell. The at least one module is further configured
to select one or more user equipment devices that is deter-
mined to have received interference from at least one
non-controlled cell that is greater than a predetermined
threshold. The at least one non-controlled cell is not con-
trolled by the operator associated with the at least one
controlled cell. The at least one module is further configured
to determine a power level for a subset of common resources
from among a set of common resources shared among the at
least one controlled cell based upon the received feedback
information.

Example Embodiments

Referring now to FIG. 1, FIG. 1 is a simplified block
diagram of a communication system 10 for resource allo-
cation in a fractional frequency reuse (FFR) cellular network
in accordance with one embodiment of the present disclo-
sure. Communication system 10 of FIG. 1 includes a first
small cell (Small Cell 1) 12a having a first coverage area
144, a second small cell (Small Cell 2) 125 having a second
coverage area 145, and a third small cell (Small Cell 3) 12¢
having a third coverage area 14¢. In accordance with one or
more embodiments, first small cell 124, second small cell
1254, and third small cell 12¢ are each a Long Term Evolution
(LTE) evolved small cell. Small cells are low-powered radio
access nodes having coverage areas that are typically
smaller than that of a macro cell. A macro cell is acell in a
mobile network that typically provides radio coverage that is
larger than a small cell and are often served by a high power
cellular base station (e.g., a cellular tower). The antennas for
macro cells are typically mounted on ground-based masts,
rooftops and other existing structures. Small cells are typi-
cally centrally managed by mobile network operators. In
some embodiments, one or more of first small cell 12a,
second small cell 125, and third small cell 12¢ may be a
femtocell, picocell, microcell or any suitable radio access
node or base station. First coverage area 14a, second cov-
erage area 145, and third coverage area 14¢ are representa-
tive of a geographic area for which first small cell 12a,
second small cell 125, and third small cell 12¢, respectively,
can effectively provide service to a user equipment device
therein. In one or more embodiments, first small cell 12a,
second small cell 125, and third small cell 12¢ allocate
resources within their respective coverage areas 14a-1cb
using a frequency domain inter-cell interference coordina-
tion (ICIC) framework in which interference is managed
through Fractional Frequency Reuse (FFR). In particular
embodiments, it is assumed that that all cells that participate
in the ICIC scheme have the same fraction of resources in
reuse one portion of the spectrum and the FFR portion of the
spectrum.

First small cell 12a includes a first user equipment (UE)
device 16a and a second user equipment (UE) device 165
located within first coverage area 14a and served by first
small cell 12a. Second small cell 125 includes a third user
equipment (UE) device 16¢ and a fourth user equipment
(UE) device 16d located within second coverage area 145
and served by second small cell 126. Third small cell 12¢
includes a fifth user equipment (UE) device 16e and a sixth
user equipment (UE) device 16/ located within third cover-
age area 14¢ and served by third small cell 12¢. In one or
more embodiments, first small cell 124, second small cell
125, and third small cell 12¢ allocate resources within their
respective coverage areas 14a-14c¢ using fractional fre-
quency reuse (FFR) as will be further described herein.

In at least one embodiment, each of first UE 164, second
UE 165, third UE 16c¢, fourth UE 164, fifth UE 16e, and sixth
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UE 16f1s a mobile device having the ability to communicate
with and handover between one or more of first small cell
124, second small cell 125, and third small cell 12¢ using
one or more mobile wireless connections. In accordance
with various embodiments, one or more of UEs 16a-16f may
include a computer (e.g., notebook computer, laptop, tablet
computer or device), a tablet, a cell phone, a personal digital
assistant (PDA), a smartphone, or any other suitable device
having the capability to communicate using wireless access
technologies with one or more of first small cell 12a, second
small cell 125, and third small cell 12¢.

Communication system 10 further includes a server 18 in
communication with each of first small cell 12a, second
small cell 125, and third small cell 12¢. In one or more
embodiments, server 18 is located in an evolved packet core
(EPC) network which may include one or more of a serving
GPRS support node (SGSN)/mobile management entity
(MME), a home subscriber server (HSS), a serving gateway
(SGW), a packet data network (PDN) gateway (PGW), a
policy and charging rules function (PCRF), and one or more
packet networks. In a particular embodiment, server 18 is a
small cell centralized operations, administration, and main-
tenance (OAM)/radio resource manager (RRM) server. In
one or more embodiments, server 18 is controlled by a
mobile network operator associated with first small cell 12a,
second small cell 125, and third small cell 12¢.

In the particular embodiment illustrated in FIG. 1, com-
munication system 10 further includes a macro cell 20. In
particular embodiments, macro cell 20 may include an LTE
eNodeB or any other mobile base station. Typically, macro
cells operate with higher transmission power than that of
small cells. Thus, a macro cell may sometimes cause inter-
ference to UEs connected to a small cell. In one or more
embodiments, macro cell 20 may be located proximate to
one or more of UEs 16a-16fsuch that one or more of UEs
164a-16f may receive signal interference from macro cell 20.
In one or more embodiments, macro cell 20 may be asso-
ciated with a different mobile network operator than that
associated with first small cell 12a, second small cell 125,
and third small cell 12¢ such that the mobile network
operator associated with small cells 12a-12¢ has no control
over the characteristics (e.g., transmission power) of signals
transmitted by macro cell 20. In the particular embodiment
illustrated in FIG. 1, macro cell 20 is a non-controlled cell
that causes signal interference with one or more of UEs
16a-16f. Although various embodiments are described
herein with reference to a macro cell 20 interfering with UEs
associated with small cells 12a-12¢, it should be understood
that the principles describe herein are applicable to any other
source of interference such as another small cell not under
control of the mobile network operator associated with small
cells 12a-12c¢.

A particular UE may be located at a cell edge of a
coverage area of its serving cell and experience a low
signal-to-interference-plus-noise ratio (SINR)/signal-to-
noise ratio due to noise at the UE and/or interference from
a macro cell or a non-operator controlled small cell (e.g. a
small cell controlled by a mobile network operator different
from that of the serving cell). In existing systems, resources
for power boosting are typically coordinated to be orthogo-
nal in frequency among neighboring cells or not coordinated
at all. In addition, in existing systems no distinction is made
among low SINR users (e.g., based on Reference Signal
Received Power (RSRP) on reuse one resource blocks (RBs)
with uniform power distribution) on whether the SINR is
low due to another small cell within control of the same
mobile network operator, a macro cell or other small cell not
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controlled by the mobile network operator, or noise limited
UEs. Accordingly, existing approaches may lead to a sig-
nificant waste of spectral resources.

For cell edge UEs, orthogonal or quasi-orthogonal
resources are often used between neighboring cells. How-
ever, for UEs that are limited by interference caused by
macro cell 20, there is no need for small cells 12a-12¢ to use
orthogonal resources among themselves. Because the inter-
ference at the UEs is dominated by that caused by macro cell
20, small cells 12a-12¢ may use common resources and the
transmission power of the common resources may be
increased to mitigate the effects of the macro interference. In
one or more embodiments, server 18 provides each of first
small cell 12a, second small cell 125, and third small cell
12¢ with a cell identifier (such a physical cell identity
(PCI)/Evolved Cell Global Identifier (ECGI)) to unsure that
UE measurement reports from macro cells can be distin-
guished from those from small cells 12a-12¢. In at least one
embodiment, server 18 is configured to receive feedback
from each of first small cell 12a, second small cell 125, and
third small cell 12¢ related to interference experienced by
the UEs served by each small cell that is induced from one
or more cells not under control of the mobile operator
associated with small cells 124-12¢. In one or more embodi-
ments, server 18 is configured to use the feedback received
from each of small cells 12a-12¢ to employ a coordination
scheme between small cells 12a-12¢ such that cell edge UEs
can be served at an acceptable SINR through power boosting
and use of minimal resources.

In accordance with various embodiments, a common set
of resources is allocated within the frequency spectrum to
share among small cells 12a-12¢. Based upon the feedback
received from each of first small cell 12a, second small cell
125, and third small cell 12¢, server 18 determines which of
UEs 16a-16f are macro interference dominated, selects a
particular subset of resource blocks within the common set
of resources to be boosted in power level, and determines the
particular transmission power level to which the selected
subset of resource blocks are to be boosted. Server 18 is
further configured to send power boosting information to
each of first small cell 12a, second small cell 125, and third
small cell 12¢ including an indication of the predetermined
subset of resource blocks within the common set of
resources to be power boosted and the determined particular
power level to which the subset of resource blocks is to be
boosted (i.e., increased). Upon receiving the power boosting
information, small cells 12a-12c¢ use the indicated subset of
resource blocks and indicated transmission power level for
downlink signal transmission for UEs 16a-16fserved by the
particular small cells 12a-12c.

In one or more embodiments, the determined power level
to which the subset of resource blocks is to be boosted (e.g.,
amount of power boosting) and chosen subset of resource
blocks (e.g., amount of spectrum for power boosting) is
based upon desired performance criterion for UEs which
receive strong interference from non-controlled cells (e.g.
macro-cells associated with another mobile network opera-
tor) as well as on desired performance of other UEs within
the network of communication system 10. In particular
embodiments, the amount of interference experienced at a
particular UE is computed on the basis of RSRP reports from
controlled small cells (e.g., small cells controlled by the
mobile operator) and side information including cell iden-
tities of controlled small cells.

Before detailing some of the operational aspects of FIG.
1, it is important to understand different scenarios involving
location of user equipment in a mobile network. The fol-
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lowing foundation is offered earnestly for teaching purposes
only and, therefore should not be construed in any way to
limit the broad teachings of the present disclosure. The basic
idea of FFR is to partition the cell’s bandwidth so that (i)
cell-edge users of adjacent cells do not interfere with each
other and (ii) interference received by (and created by) cell
interior users is reduced, while (iii) using more total spec-
trum than classical frequency reuse. The use of FFR in
cellular network is a tradeoff between improvement in rate
and coverage for cell edge users, and sum network through-
put and spectral efficiency. FFR is a compromise between
hard and soft frequency reuse. Hard frequency reuse splits
the system bandwidth into a number of distinct sub bands
according to a chosen reuse factor and allows neighbor cells
to transmit on different sub bands. FFR splits the given
bandwidth into an inner and outer portions. FFR allocates an
inner portion to the UEs located near to the eNodeB in terms
of path loss with reduced power applying frequency reuse
factor of one, i.e. the inner portion is completely reused by
all eNodeBs. For the UEs close to the cell edge, a fraction
of the outer portion of the bandwidth is dedicated with a
frequency reuse factor greater than one. With soft frequency
reuse the overall bandwidth is shared by all eNodeBs (i.e.,
a reuse factor of one is applied) but for the transmission on
each sub-carrier, the eNBs are restricted to a particular
power bound.

There are two common FFR models: strict FFR and Soft
Frequency Reuse (SFR). Strict FFR is a modification of the
traditional frequency reuse in which exterior frequency
subbands are not shared with the inner frequency bands. Soft
Frequency Reuse (SFR) employs the same cell-edge band-
width partitioning strategy as Strict FFR, but the interior
UEs are allowed to share subbands with edge UEs in other
cells. Accordingly, shared subbands by interior UEs users
are transmitted at lower power levels than for the cell edge
UEs. SFR is more bandwidth efficient than strict FFR, but
results in more interference to both cell-interior and edge
UEs.

FIGS. 2A-2B illustrate an example of bandwidth alloca-
tion using fractional frequency reuse for a number of cells.
In the example of FIGS. 2A-2B, seven cells are arranged in
a hexagonal configuration 200 with Cell 1 in the center and
surround by Cells 2-7 numbered in a clockwise pattern in
which strict FFR for reuse 3 is employed at cell edge UEs.
In the example illustrated in FIGS. 2A-2B a power alloca-
tion scheme 250 is shown in which the inner portion of each
of cells 1-8 is allocated a first frequency portion of the total
frequency bandwidth at a particular power level P,. The
edges of cell 1 are allocated a second portion of the total
bandwidth at a power level P,, the edges of cells 2, 4, and
6 are allocated a third portion of the total bandwidth at a
power level P;, and the edges of cells 3, 5, and 7 area
allocated a fourth portion of the total bandwidth at a power
level P,,.

Referring now to FIG. 3, FIG. 3 is a simplified diagram
of an example of resource block power allocation 300 for
communication system 10 of FIG. 1 in accordance with one
embodiment. To overcome the effect of multipath fading
problem present in Universal Mobile Telecommunications
System (UMTS), LTE uses Orthogonal Frequency Division
Multiplexing (OFDM) for downlink from the base station to
the UE to transmit the data over many narrow band carriers
of 180 KHz each instead of spreading one signal over the
complete 5 MHz career bandwidth. Accordingly, OFDM
uses a large number of narrow sub-carriers for multi-carrier
transmission to carry data. Orthogonal frequency-division
multiplexing (OFDM), is a frequency-division multiplexing
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(FDM) scheme used as a digital multi-carrier modulation
method and meets the LTE requirement for spectrum flex-
ibility and enables cost-efficient solutions for very wide
carriers with high peak rates. The basic LTE downlink
physical resource can be seen as a time-frequency grid in
which the OFDM symbols are grouped into resource blocks.
In LTE, the resource blocks have a total size of 180 kHz in
the frequency domain and 0.5 ms in the time domain. A
resource element (RE) is the smallest defined unit which
consists of one OFDM sub-carrier during one OFDM sym-
bol interval. Each resource block (RB) consists of 12-7=84
resource elements in case of normal cyclic prefix (72 for
extended CP). Each UE is allocated a number of the resource
blocks in the time frequency grid. The more resource blocks
a UE is allocated, and the higher the modulation used in the
resource elements, the higher the bit-rate. Which resource
blocks and how many the UE is allocated at a given point in
time depends upon frequency and time scheduling mecha-
nisms.

FIG. 3 illustrates frequency domain power variation
across multiple cells to mitigate interference between the
cells. In the reuse portion there are a number of resource
blocks (RBs) in which all the cells on the downlink use the
same amount of transmit power per RB. As described above,
a RB is an allocated portion of time and frequency spectrum
used for downlink transmission from the cell to one or more
UEs. If there was no interference, management in every cell
would transmit at the same power across all the resources,
and the interference a UE would experience on the downlink
would be same across frequency from all of the cells if they
were all fully loaded.

In the embodiment of FIG. 3, three different power levels
(P,, P,, and P;) for resource blocks (RBs) are illustrated in
which P;>=P,>P,. In the illustrated embodiment, P, is the
power level of a first subset of resource blocks (RBs) in the
reuse one portion of the spectrum that are not chosen to be
boosted in power level by server 18, and P; is the power
level of second a subset of resource blocks within the reuse
one portion of the spectrum that are chosen to be at boosted
power level by server 18. In the FFR portion of the spec-
trum, a given cell transmits at a higher power on the P,
portion of the FFR, and lowers its power per RB on the rest
of the RBs in that part of the frequency, which is P,. If a
given cell increases its power P, in the FFR portion of the
spectrum, then a neighboring cell will reduce its power in
the same portion but will have a higher power of transmis-
sion on P,. Accordingly in the FFR portion, one cell may
increase its power on one part of the FFR spectrum and
neighboring cells may reduce their power on the same part
of the FFR spectrum. In accordance with one or more
embodiments, a small cell boosts the Energy Per Resource
Element (EPRE) on a fraction of RBs in the frequency
domain. In particular embodiments, the power per RB,
P,>P, /N, where P, , is total available transmit power for
the Physical Downlink Shared Channel (PDSCH), and N5
is the total number of RBs for the small cell.

Referring again to FIG. 1, in one embodiment server 18
provides each of small cells 12a-12¢ with a cell identifier
such as a PCI/ECGI. Each of first small cell 124, second
small cell 125, and third small cell 12¢ receives interference
statistics from the UEs served by the particular small cell.
Then each of first small cell 124, second small cell 125, and
third small cell 12¢ sends feedback information indicative of
non-small cell interference (e.g., macro cell interference)
received at UEs served by the particular small cell to server
18.
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In a particular embodiment, the UE interference feedback
information includes: (1) the number of UEs which have
interference+noise level to be within a fixed threshold A of
power received from the serving cell based on RSRP; (2) a
maximum ratio of RSRP from the interfering macro/non-
controlled cell to serving cell RSRP; (3) a maximum ratio of
residual interference estimated at the UE after subtracting
estimated interference from controlled cells with respect to
serving cell RSRP; and (4) a maximum hand-in threshold of
minimum ratio of target cell RSRP and source cell RSRP for
all non-controlled source cells. Based upon this feedback
information, server 18 determines a power level P to boost
the transmission power of the subset of resource blocks from
the set of common resource blocks and determines the
particular subset of resource blocks of the set of common
resource blocks that are to be boosted to the power level P;.
Server 18 then sends power boosting information to each of
first small cell 12a, second small cell 125, and third small
cell 12¢ including an indication of the power level P, and an
indication of the subset of resource blocks from the set of
common resource blocks to be allocated power level P;.
Upon receiving the power boosting information, first small
cell 12a, second small cell 125, and third small cell 12¢ use
the indicated subset of resource blocks and indicated power
level P, for downlink transmissions to the UEs.

Referring now to FIG. 4, FIG. 4 is a simplified flow
diagram 400 illustrating example operations associated with
server 18 in one example embodiment of communication
system 10. In 402, server 18 receives UE interference
feedback information from each of cells 12a-12¢ indicative
of interference received at UEs served by the particular
small cell 12a-12¢ from one or more cells not controlled by
an operator associated with small cells 12¢-12¢. In a par-
ticular embodiment, the UE interference feedback informa-
tion includes: (1) the number of UEs which have interfer-
ence+noise level to be within a fixed threshold A of power
received from the serving cell based on RSRP; (2) a maxi-
mum ratio of RSRP from the interfering macro/non-con-
trolled cell to serving cell RSRP; (3) a maximum ratio of
residual interference estimated at the UE after subtracting
estimated interference from controlled cells with respect to
serving cell RSRP; and (4) a maximum hand-in threshold of
minimum ratio of target cell RSRP and source cell RSRP for
all non-controlled source cells.

In 404, server 18 selects the UEs from among the UEs
(e.g., UEs 16a-16f) served by small cells 12¢-12¢ that are
considered to have dominant macro cell interference based
upon the received UE interference feedback information. In
a particular embodiment, a UE is considered to have domi-
nant macro cell interference if the following conditions are
satisfied: (1) RSRP from the macro cell is at least a first
predetermined threshold A, (e.g., A;=5 dB) higher than
RSRP from the strongest neighboring small cell; and (2)
RSRP from the macro cell is higher than the serving cell
RSRP minus a second predetermined threshold A, (e.g.,
A,=3 dB).

In 406, server 18 determines the power level P; of the
subset of common resource blocks shared among small cells
12a-12¢ based on the received UE interference feedback
information. In one or more embodiments, power level P, is
determined based upon a determined SINR threshold of
macro cell interfered UEs that provides for an optimized
performance of macro cell interference limited UEs as well
as other UEs within communication system 10. An example
equation to determine SINR of a macro cell interfered UEs
is as follows: SINR=P,*serving_cell_gain/(macro interfer+
sum_of_ P3* neigh_small_cell_gain) in which serving_cell_
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gain is equal to the serving cell gain, macro interfer is equal
to the macro cell interference, and neigh_small_cell_gain is
equal to the neighboring small cell interference gain.

It should be noted that increasing P; increases SINR as
long as the macro cell interference is higher than small cell
interference in the denominator of the equation. However,
increasing P; reduces SINRs for other UEs which do not
experience high macro cell interference, but may have
moderate macro cell interference relative to small cell
interference. Increasing P, reduces the average power used
to serve other UEs for which macro cell interference is not
the only dominant interferer, e.g., UEs which experience
both small cell and macro cell interference. This leads to
lower signal-to-noise ratio (SNR).

In some embodiments, the value of P; can be chosen to
guarantee a minimum SINR threshold on a RB to a certain
percentage (e.g., 95%) of UEs with dominant macro cell
interference. In particular embodiments, the minimum SINR
may be based on a current distribution of UE SINRs, or on
the basis of a threshold ratio of RSRP chosen for hand-in of
a UE to a serving small cell.

In 408, server 18 determines the subset of resources (e.g.,
RBs) from among a set of common resources for the
dominant macro cell interference UEs to be allocated the
power level P;. In some embodiments, for a given SINR
threshold the number of RBs with power level P, are chosen
to support a predetermined number of voice calls for UEs
with dominant macro cell interference. In a particular
embodiment, the number of RBs with power level P, are
chosen based upon a minimum of voice calls to be supported
for UEs with strong macro cell interference constrained by
the maximum actual number of such UEs in all cells.
Alternately, the number of RBs with power level P, are
chosen based upon the maximum throughput that is sus-
tained summed across macro cell interference dominated
UEs in a cell. In various embodiments, the minimum SINR
threshold can be chosen statistically, or can be chosen based
on a one-dimensional search for a threshold to optimize
performance of other UEs, e.g., a median throughput or
predetermined (e.g., 10th) percentile throughput.

In particular embodiments, the FFR scheme on resources
other than those used to serve UEs with dominant macro cell
interference is fixed such that only the power levels vary due
to the fact that a varying SINR threshold changes the power
level P;, which in turn changes power levels on other FFR
resources.

In one or more embodiments, an iterative procedure is
used in which the power level P; and the subset of resources
to allocate to dominant macro cell interference UEs are
computed for a range of SINR threshold values and corre-
sponding candidate power levels, and an optimal SINR
threshold and corresponding power level P, and subset of
resources is chosen from among the range of SINR threshold
values based upon predetermined performance criteria.

In a particular embodiment of an iterative algorithm for
determining the power level P, and corresponding subset of
RBs, for each of a range of SINR thresholds (e.g.,
[o,1,...,10]:

(1) Compute power level P, required to meet the SINR

threshold for macro cell interfered UEs.

(2) Compute the number of resources required for macro

cell interfered UEs.

(3) Compute power levels P,, P, for other RBs based on

the FFR scheme and relative values between Py, P,.

(4) Compute UE throughputs for macro cell interfered

UEs served by P; RBs assuming equal division of
resources.
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(5) Compute UE throughput for UEs served by other RBs
assuming equal division of all remaining RBs (e.g.,
FFR high SINR, FFR low SINR, reuse one SINR).

After the values are computed for each of the SINR
thresholds within the range of SINR thresholds, a selection
of'a best SINR threshold and corresponding power level P,
is chosen based upon a predetermined criterion or predeter-
mined criteria. In particular embodiments, selection of a best
SINR threshold and corresponding power level P, is based
on a predetermined selection criterion such as maximizing a
sum of log rates of UEs for which macro cell interference is
not the dominant interferer while ensuring UEs with domi-
nant interference from the macro cell can sustain voice calls.
In other particular embodiments, selection of a best SINR
threshold and corresponding P3 is based on maximizing a
sum of log rates for all UEs.

In 410, server 18 sends power boosting information
including an indication of the determined power level P, and
the determined subset of resources to be used by macro cell
interference dominated UEs to each of small cells 12a4-12¢.
Upon receiving the power boosting information, each of
small cells 12a-12¢ allocate resources and power levels to
the UEs served by the particular small cell according to the
power boosting information. The procedure then ends.

In other embodiments, the described procedures may be
modified to include additional enhancements. In one
enhancement according to one embodiment, each small cell
can potentially have a different boosted power level per RB
(e.g., P5), as well as a different number of RBs for which
power boosting is performed. In particular embodiments,
some or all of the calculations described herein may be
performed locally at each of the small cells 12a-12¢, and
each of small cells 12a-12¢ may send the results to server 18.
Server 18 may then signal a maximum power level per RB,
P,™%*, that a small cell is allowed to have, and a maximum
number of RBs, N z"**, on which a small cell can employ
power boosting to each of small cells 12a-12¢. In another
embodiment, a particular small cell may be configured to
inform neighboring small cells about which RBs have power
boosting allocated through Relative Narrowband Transmit
Power (RNTP) messages to allow the neighboring small cell
to perform appropriate link adaptation.

Referring now to FIG. 5, FIG. 5 illustrates an embodiment
of a small cell 12 (such as one or more of small cells
12a-12¢) of communication system 10 of FIG. 1. Small cell
12 includes one or more processor(s) 502, a memory ele-
ment 504, a radio access module 506, and a resource
allocation module 508. Processor(s) 502 is configured to
execute various tasks of small cell 12 as described herein
and memory element 504 is configured to store data asso-
ciated with small cell 12. Radio access module 506 is
configured to wirelessly communication with one or more of
UEs 164-16f. In one or more embodiments, resource allo-
cation module 508 is configured to perform the operations
associated with determining allocation of network resources
to UEs 16a-16f"as described herein. In at least one embodi-
ment, resource allocation module 508 is configured to per-
form one or more of receiving interference measurements
from one or more of UEs 16a-16f, sending UE interference
feedback information to server 18, receiving power level
boosting information from server 18, and allocating
resources to one or more of UEs 16a-16f based upon the
power level boosting information.

Referring now to FIG. 6, FIG. 6 illustrates an embodiment
of server 18 of communication system 10 of FIG. 1. Server
18 includes one or more processor(s) 602, a memory ele-
ment 604, and a resource allocation module 606.
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Processor(s) 602 is configured to execute various tasks of
server 18 as described herein and memory element 604 is
configured to store data associated with server 18. Resource
allocation module 606 is configured to perform the opera-
tions associated with determining allocation of network
resources to small cells 12a-12¢ and/or UEs 164-16f as
described herein. In at least one embodiment, resource
allocation module 606 is configured to perform one or more
of receiving UE interference feedback information from one
or more small cells 12a-12¢, determine a power level of a
subset of common resource blocks based on the UE inter-
ference feedback information, determine the subset of
resources for dominant macro interference UEs to be allo-
cated the determined power level, and send an indication of
the power level and subset of resources to one or more of
small cells 12a-12c.

In regards to the internal structure associated with com-
munication system 10, each of UEs 16a-16f, small cells
12a-12¢, server 18, and macro cell 20 can include memory
elements for storing information to be used in achieving the
operations, as outlined herein. Additionally, each of these
devices may include a processor that can execute software or
an algorithm to perform the activities as discussed in this
Specification. These devices may further keep information
in any suitable memory element [random access memory
(RAM), read only memory (ROM), an erasable program-
mable read only memory (EPROM), an electrically erasable
programmable ROM (EEPROM), etc.], software, hardware,
or in any other suitable component, device, element, or
object where appropriate and based on particular needs. Any
of the memory items discussed herein should be construed
as being encompassed within the broad term ‘memory
element.” The information being tracked or sent to each of
UEs 16a-16f, small cells 12a-12¢, server 18, and macro cell
20 could be provided in any database, register, control list,
cache, or storage structure: all of which can be referenced at
any suitable timeframe. Any such storage options may be
included within the broad term ‘memory element’ as used
herein in this Specification. Similarly, any of the potential
processing elements, modules, and machines described in
this Specification should be construed as being encompassed
within the broad term ‘processor.” Each of the network
elements and mobile nodes can also include suitable inter-
faces for receiving, transmitting, and/or otherwise commu-
nicating data or information in a network environment.

Note that in certain example implementations, the
resource allocation functions outlined herein may be imple-
mented by logic encoded in one or more tangible media,
which may be inclusive of non-transitory media (e.g.,
embedded logic provided in an application specific inte-
grated circuit [ASIC], digital signal processor [DSP] instruc-
tions, software [potentially inclusive of object code and
source code] to be executed by a processor, or other similar
machine, etc.). In some of these instances, memory elements
can store data used for the operations described herein. This
includes the memory elements being able to store software,
logic, code, or processor instructions that are executed to
carry out the activities described in this Specification. A
processor can execute any type of instructions associated
with the data to achieve the operations detailed herein in this
Specification. In one example, the processors could trans-
form an element or an article (e.g., data) from one state or
thing to another state or thing. In another example, the
activities outlined herein may be implemented with fixed
logic or programmable logic (e.g., software/computer
instructions executed by a processor) and the elements
identified herein could be some type of a programmable
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processor, programmable digital logic (e.g., a field program-
mable gate array [FPGA], an EPROM, an EEPROM) or an
ASIC that includes digital logic, software, code, electronic
instructions, or any suitable combination thereof.

Note that with the examples provided above, as well as
numerous other examples provided herein, interaction may
be described in terms of two, three, or four network ele-
ments. However, this has been done for purposes of clarity
and example only. In certain cases, it may be easier to
describe one or more of the functionalities of a given set of
flows by only referencing a limited number of network
elements. It should be appreciated that communication sys-
tem 10 (and its teachings) are readily scalable and further
can accommodate a large number of components, as well as
more complicated/sophisticated arrangements and configu-
rations. Accordingly, the examples provided should not limit
the scope or inhibit the broad teachings of communication
system 10 as potentially applied to a myriad of other
architectures.

It is also important to note that the previously described
activities illustrate only some of the possible signaling
scenarios and patterns that may be executed by, or within,
communication system 10. Some of these steps may be
deleted or removed where appropriate, or these steps may be
modified or changed considerably without departing from
the scope of the present disclosure. In addition, a number of
these operations have been described as being executed
concurrently with, or in parallel to, one or more additional
operations. However, the timing of these operations may be
altered considerably. The preceding operational flows have
been offered for purposes of example and discussion. Sub-
stantial flexibility is provided by communication system 10
in that any suitable arrangements, chronologies, configura-
tions, and timing mechanisms may be provided without
departing from the teachings of the present disclosure.

Although the present disclosure has been described in
detail with reference to particular arrangements and con-
figurations, these example configurations and arrangements
may be changed significantly without departing from the
scope of the present disclosure. For example, although the
present disclosure has been described with reference to
particular communication exchanges involving certain net-
work access, and signaling protocols, communication sys-
tem 10 may be applicable to other exchanges, routing
protocols, or routed protocols in which in order to provide
hand-in access to a network. Moreover, although commu-
nication system 10 have been illustrated with reference to
particular elements and operations that facilitate the com-
munication process, these elements and operations may be
replaced by any suitable architecture or process that
achieves the intended functionality of communication sys-
tem 10.

Numerous other changes, substitutions, variations, altera-
tions, and modifications may be ascertained to one skilled in
the art and it is intended that the present disclosure encom-
pass all such changes, substitutions, variations, alterations,
and modifications as falling within the scope of the
appended claims. In order to assist the United States Patent
and Trademark Office (USPTO) and, additionally, any read-
ers of any patent issued on this application in interpreting the
claims appended hereto, Applicant wishes to note that the
Applicant: (a) does not intend any of the appended claims to
invoke paragraph six (6) of 35 U.S.C. section 112 as it exists
on the date of the filing hereof unless the words “means for”
or “step for” are specifically used in the particular claims;
and (b) does not intend, by any statement in the specifica-
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tion, to limit this disclosure in any way that is not otherwise
reflected in the appended claims.

What is claimed is:

1. A method, comprising:

receiving feedback information from at least one con-

trolled cell indicative of interference received at one or
more user equipment devices served by the at least one
controlled cell, the at least one controlled cell being
controlled by an operator associated with the at least
one controlled cell;

selecting one or more user equipment devices that is

determined to have received interference, from at least
one non-controlled cell, that is greater than a predeter-
mined threshold, the at least one non-controlled cell not
being controlled by the operator associated with the at
least one controlled cell; and

determining a power level for a subset of common

resources, from among a set of common resources
shared among the at least one controlled cell, based
upon the received feedback information, wherein at
least one of: the power level and the subset of common
resources is determined based upon performance cri-
teria for user equipment devices determined to have
received interference from the at least one non-con-
trolled cell that is greater than the predetermined
threshold.

2. The method of claim 1, further comprising sending an
indication of the determined power level to the at least one
controlled cell.

3. The method of claim 1, further comprising determining
the subset of common resources based upon the feedback
information.

4. The method of claim 3, further comprising sending an
indication of the subset of common resources to the at least
one controlled cell.

5. The method of claim 1, wherein the power level is
determined based upon performance criteria for user equip-
ment devices determined to have received interference from
the at least one non-controlled cell that is greater than the
predetermined threshold.

6. The method of claim 1, wherein the amount of inter-
ference at a user equipment device is determined based upon
Reference Signal Received Power (RSRP) reports received
from the at least one controlled cell.

7. The method of claim 1, wherein the subset of common
resources is determined based upon performance criteria for
user equipment devices determined to have received inter-
ference from the at least one non-controlled cell that is
greater than the predetermined threshold.

8. The method of claim 1, wherein determining the power
level for the subset of common resources includes deter-
mining a candidate power level for each of a plurality of
signal-to-interference-plus-noise ratio (SINR) threshold val-
ues, and selecting an optimal SINR threshold value and
corresponding power level from among the plurality of
SINR threshold values and corresponding power levels
using a predetermined selection criterion.

9. The method of claim 8, wherein the predetermined
selection criterion includes maximizing a sum of log rates of
user equipment devices for which non-controlled cell inter-
ference is not the dominant interferer.

10. The method of claim 8, wherein the predetermined
selection criterion includes maximizing a sum of log rates
for all user equipment devices of the one or more user
equipment devices.

11. The method of claim 1, wherein the at least one
controlled cell includes a small cell.
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12. The method of claim 1, wherein the at least one
non-controlled cell includes a macro cell.

13. One or more non-transitory tangible media that
includes code for execution and when executed by a pro-
cessor is operable to perform operations comprising:

receiving feedback information from at least one con-

trolled cell indicative of interference received at one or
more user equipment devices served by the at least one
controlled cell, the at least one controlled cell being
controlled by an operator associated with the at least
one controlled cell;

selecting one or more user equipment devices that is

determined to have received interference, from at least
one non-controlled cell, that is greater than a predeter-
mined threshold, the at least one non-controlled cell not
being controlled by the operator associated with the at
least one controlled cell; and

determining a power level for a subset of common

resources, from among a set of common resources
shared among the at least one controlled cell, based
upon the received feedback information, wherein deter-
mining the power level for the subset of common
resources includes determining a candidate power level
for each of a plurality of signal-to-interference-plus-
noise ratio (SINR) threshold values, and selecting an
optimal SINR threshold value and corresponding
power level from among the plurality of SINR thresh-
old values and corresponding power levels using a
predetermined selection criterion.

14. The media of claim 13, wherein the operations further
comprise sending an indication of the determined power
level to the at least one controlled cell.

15. The media of claim 13, wherein the operations further
comprise determining the subset of common resources based
upon the feedback information.

16. The media of claim 15, wherein the operations further
comprise sending an indication of the subset of common
resources to the at least one controlled cell.

17. The media of claim 13, wherein the power level is
determined based upon performance criteria for user equip-
ment devices determined to have received interference from
the at least one non-controlled cell that is greater than the
predetermined threshold.

18. The media of claim 17, wherein the amount of
interference at a user equipment device is determined based
upon Reference Signal Received Power (RSRP) reports
received from the at least one controlled cell.

19. The media of claim 13, wherein the subset of common
resources is determined based upon performance criteria for
user equipment devices determined to have received inter-
ference from the at least one non-controlled cell that is
greater than the predetermined threshold.

20. The media of claim 13, wherein the predetermined
selection criterion includes maximizing a sum of log rates of
user equipment devices for which non-controlled cell inter-
ference is not the dominant interferer.

21. The media of claim 13, wherein the predetermined
selection criterion includes maximizing a sum of log rates
for all user equipment devices of the one or more user
equipment devices.

22. An apparatus, comprising:

a processor; and

a memory storing a program, which, when executed on

the processor, performs an operation, the operation
comprising:

receiving feedback information from at least one con-

trolled cell indicative of interference received at one or
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more user equipment devices served by the at least one
controlled cell, the at least one controlled cell being
controlled by an operator associated with the at least
one controlled cell;

selecting one or more user equipment devices that is

determined to have received interference, from at least
one non-controlled cell, that is greater than a predeter-
mined threshold, the at least one non-controlled cell not
being controlled by the operator associated with the at
least one controlled cell; and

determining a power level for a subset of common

resources, from among a set of common resources
shared among the at least one controlled cell, based
upon the received feedback information, wherein at
least one of: the power level and the subset of common
resources is determined based upon performance cri-
teria for user equipment devices determined to have
received interference from the at least one non-con-
trolled cell that is greater than the predetermined
threshold.

23. The apparatus of claim 22, wherein the at least one
module is further configured to send an indication of the
determined power level to the at least one controlled cell.

24. The apparatus of claim 22, wherein the at least one
module is further configured to determine the subset of
common resources based upon the feedback information.
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25. The apparatus of claim 24, wherein the at least one
module is further configured to send an indication of the
subset of common resources to the at least one controlled
cell.

26. The apparatus of claim 22, wherein the power level is
determined based upon performance criteria for user equip-
ment devices determined to have received interference from
the at least one non-controlled cell that is greater than the
predetermined threshold.

27. The apparatus of claim 22, wherein the subset of
common resources is determined based upon performance
criteria for user equipment devices determined to have
received interference from the at least one non-controlled
cell that is greater than the predetermined threshold.

28. The apparatus of claim 22, wherein determining the
power level for the subset of common resources includes
determining a candidate power level for each of a plurality
of signal-to-interference-plus-noise ratio (SINR) threshold
values, and selecting an optimal SINR threshold value and
corresponding power level from among the plurality of
SINR threshold values and corresponding power levels
using a predetermined selection criterion.
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