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delivered by the IP-backhaul link and notify the relay-radio to
route signals between the femto-cell user equipment and core
network through the macro-cell base-station if the QoS fall
below a predetermined threshold.
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FEMTO-RELAY SYSTEMS AND METHODS
OF MANAGING SAME

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims the benefit of U.S. Provi-
sional Application Ser. No. 61/386,729, filed 27 Sep. 2010,
U.S. Provisional Application Ser. No. 61/386,755, filed 27
Sep. 2010, U.S. Provisional Application Ser. No. 61/386,769,
filed 27 Sep. 2010, and U.S. Provisional Application Ser. No.
61/386,787, filed 27 Sep. 2010, all of which are incorporated
herein by reference in their entirety as if fully set forth below.

TECHNICAL FIELD OF THE INVENTION

[0002] The various embodiments of the present application
relate generally to transceiver communication systems and
methods. More particularly, the various embodiments of the
present invention are directed to cellular communication sys-
tems and methods employing femto-relay systems.

BACKGROUND OF THE INVENTION

[0003] Over the last decade, smartphones have revolution-
ized the cellular phone industry. Text, image, and voice data,
among other applications employed by smartphones and
other devices have greatly increased the amount of traffic
moving through cellular networks. Unfortunately, there is
only a limited spectrum that can be used by cellular providers
to serve their customers. Thus, spectrum bands are so packed
today that their ownership has become an extremely expen-
sive luxury that very few operators can afford. To improve
network capacity, providers employed better modulation and
coding techniques as well as advanced spectrum slicing tech-
niques, which have led to a 25-fold gain in network capacity.
The largest gains, a stunning 1600-fold, however, have come
from spectrum reuse, originated by a reduction in the cell
sizes and transmit distances.

[0004] Wireless service providers take advantage of spec-
trum reuse by deploying an increased number of base-stations
with different coverage area extensions. Depending on their
extension, cells can be classified—{from largest to smallest by
coverage area—into macro-cells, micro-cells, pico-cells, and
femto-cells, representatively shown in FIG. 1. The first three
types of cells fall into the category of operator deployed
infrastructure. Distributed antennas—spatially separated
antennas distributed over the macro-cell and connected to a
macro-cell base station via a dedicated backhaul link- and
relays-infrastructure devices with a wireless backhaul to the
base station that forward calls and data to mobile devices—
are also part of this technology group. The installation of the
infrastructure in any of these cases must be carefully planned
in order to optimize the performance of the network. This
requires previous knowledge from the wireless service pro-
vider regarding the locations in which the network perfor-
mance is experiencing coverage or throughput problems.
Acquiring this knowledge, either reactively (performing
measurements in response to user complaints) or proactively
(performing measurements before receiving user complaints)
represents increased costs for wireless service providers. In
general, deploying base-stations and relays are expensive
options for the wireless service provider, as their deployment
involves planning, site, equipment, installation, energy, and
maintenance costs.
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[0005] Femto-cells are a new, promising technology that
follow a different approach from the three cell types
described above. Given that recent studies show that a great
amount of voice and data services are provided or originated
indoors, e.g. homes and buildings, it has become even more
important to provide high throughput and coverage in those
environments. Femto-cells aim at improving coverage and
data rates in small indoor environments for a small number of
users. Therefore, Femto-cell Access Points (“FAPs”) are
acquired, owned, and installed by the final user. FAPs operate
in the licensed spectrum, and the connection to the operator or
service provider’s core network is achieved via an IP-back-
haul link, instead of through the provider’s wireless access
infrastructure. FIG. 2 shows the general scheme of a conven-
tional femto-cell system.

[0006] From a user’s perspective, femto-cells provide the
benefits of 3G/4G data rates and high voice quality in indoor
environments, with both increased battery life, and possibly
lower call cost (as the wireless service providers may encour-
age femto-cell usage). From the wireless service provider’s
perspective, femto-cells also provide several benefits. Femto-
cells represent a low-cost alternative to improve the coverage
and throughput in indoor environments because the cost of
the FAP can be transferred to the final user. By improving the
user experience in indoor environments, wireless service pro-
viders are in a better position to compete with fixed providers
0ot VoIP and WiFi. Another important benefit of femto-cells is
that the traffic of the users that are served by the FAP is
offloaded from the macro-cell through the wired IP-backhaul
link, which reduces the traffic load within the operator’s infra-
structure and leaves more resources available to serve users
that are not in a femto-cell layer.

[0007] Whilebeing advantageous over many prior systems,
conventional femto-cells present many shortcomings, which
severely limit their performance capabilities. Two of the
major problems facing conventional femto-cells are (1) the
interference caused by random femto-cell deployments, and
(2) the incapability of guaranteeing acceptable Quality of
Service (“QoS”) through the [P-backhaul link.

[0008] Interference Caused by Conventional Femto-cells
Deployments
[0009] The characteristics of femto-cell deployments

(within the coverage area of a single macro-cell base-station)
lead to interference scenarios that can severely degrade the
throughput of the femto-cell layer and the macro-cell layer.
Because FAPs are acquired by the final user for an indoor
environment, the coverage area of the femto-cell does not
need to be large. In addition, the number of femto-cells within
the coverage area of a macro-cell base-station can be quite
large because each residence or building within the macro-
cell can potentially have one or more femto-cells. These
characteristics lead to a variety of interference cases, which
are briefly described below.

[0010] Femto-cell to Macro-cell Interference: There are
two primary classes of equipment within the macro-cell: (1)
femto-cell user equipments (“fUEs”), which are devices
within the femto-cell coverage area served by the femto-cell,
i.e. data is routed between the fUEs and the core network
through the IP-backhaul link; and (2) macro-cell user equip-
ments (“mUEs”), which are devices within the macro-cell
served by the base-station, i.e. data is routed between the core
stations and the mUE’s via the base-station. In the down-link
(“DL”), the transmission from the FAP to the fUEs causes
interference at the mUEs. In general, this interference
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increases, first, as the distance from the mUEs to the FAP
decreases and, second, as the distance from the fUEs to the
FAP increases. The second factor appears because the trans-
mission power of the FAP (and the interference that it causes)
increases as its distance to the fUEs increases. In the up-link
(“UL”), the transmission from the fUEs to the FAP causes
interference at the base station. This interference increases,
first, as the distance from the fUEs to the base station
decreases and, second, as the distance from the fUEs to the
FAP increases. This second factor appears because the trans-
mission power of the fUEs (and the interference they cause)
increases as their distance to the FAP increases.

[0011] Macro-cell to Femto-cell Interference: In the DL,
the transmission from the macro-cell base-station to the
mUEs causes interference at the fUEs. In general, this inter-
ference increases as the distance from the fUEs to the base-
station decreases. In the UL, the transmission from the mUEs
to the base-station causes interference at the FAP. This inter-
ference increases, first, as the distance from the mUEs to the
FAP decreases and, second, as the distance from the mUEs to
the base-station increases. The second factor appears because
the transmission power of mUEs increases as their distance to
the base-station increases.

[0012] Femto-cell to Femto-cell Interference: Femto-cells
also can interfere with other femto-cells, especially when the
two femto-cells are geographically located close to each
other. For example, consider two FAPs close to each other
(e.g., in the same residential building), FAP1 and FAP2, serv-
ing fUE1 and fUE2, respectively. In the DL, the transmission
from FAP1 to fUE1 causes interference at f{UE2. In the same
way, the transmission from FAP2 to f{UE2 causes interference
at fUE1. This interference increases as the distance between
fUE2 and fUE1 decreases. Also, the interference increases as
the distance from FAP1 to fUE1 increases (in the first case),
and the distance from FAP2 to fUE2 increases (in the second
case). This type of interference can severely degrade the
performance of femto-cells in high density femto-cell
deployments, such as residential buildings.

[0013] Inamacro-celllayer,an mUE can choose to connect
to the base-station that provides the “strongest” signal. In a
network of femto-cells, however, mUEs usually will not be
allowed to connect to the femto-cell (because the FAP and
internet connection are paid for by the users of fUEs). This
restriction further increases the severity of interference-re-
lated problems with femto-cells.

[0014] QoS Impairments in Conventional Femto-cells
[0015] In addition to the interference problems discussed
above, conventional femto-cells also present many problems
to users relating to the QoS they are capable of providing. In
a typical femto-cell deployment, a wired link connects the
FAP to the core network of the wireless service provider. In
most cases, this wired link will be an internet connection
provided by an Internet Service Provider (“ISP”). The perfor-
mance of the internet connection is sensitive to network con-
gestion, which can lead to packet loss, delay, and jitter. There-
fore, the femto-cell data also will experience similar
problems.

[0016] Congestion can occur at different levels of the net-
work. At the Local Area Network (“LLAN”) level (within the
home or enterprise), congestion can occur due to multiple
active devices sharing the network (e.g. laptops, desktops,
game consoles, servers). At the ISP network level, congestion
can occur due to a plurality of active clients sharing the ISP’s
network. At the “internet level,” which includes all the net-
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work devices that are not under the control of the ISP, con-
gestion can occur due to a plurality of active users sending/
receiving traffic across the network.

[0017] Conventional femto-cells employ many different
techniques in an attempt to reduce congestion and improve
QoS. For example, within the LAN, the final user could
prioritize the data sent/received by the femto-cell to reduce
the impact of congestion. If the ISP is aware of the QoS
requirements of f{UEs’ data, the ISP could also prioritize data
to reduce the impact of ISP network congestion in the QoS.
Unfortunately, even if the ISP is able to perform the prioriti-
zation, congestion still can occur at the “internet level.” Thus,
QoS problems persist. If, due to congestion problems, the
QoS requirements of the fUEs’ data are not satisfied, the final
user perception will be that the femto-cell is not fulfilling its
main purpose: high quality voice and data communications in
indoor environments.

[0018] In addition to the above-mentioned shortcomings,
providing synchronization and timing is another major prob-
lem with conventional femto-cells. Synchronization is
needed to perform successful handovers, minimize multi-
access interference, and ensure tolerable carrier offset.
Obtaining accurate synchronization over the IP backhaul,
however, can be very difficult. Further, the risk of call drops
while a handover is performed (i.e., switched across from
macro-cell to femto-cell or vice versa) is quite high.

[0019] Therefore, there is a desire for systems and methods
that increase the capacity of a cellular network to serve a
plurality of cellular devices while delivering high QoS data
transfer with minimal interference. Various embodiments of
the present invention provide such systems and methods.

BRIEF SUMMARY OF THE INVENTION

[0020] The present invention relates to femto-relay and
multi-femto-relay systems and methods of managing femto-
relay and multi-femto-relay systems. An exemplary embodi-
ment of the present invention provides a femto-relay system
comprising a relay-radio, a femto-radio, and an IP-backhaul
QoS monitoring module. The relay-radio is in communica-
tion with a macro-cell base-station. The femto-radio is in
communication with the relay-radio and is configured to
route signals to and from at least one fUE via a first commu-
nication path comprising an IP-backhaul link. The IP-back-
haul QoS monitoring module is configured to monitor a QoS
being delivered by the IP-backhaul link and notify the relay-
radio to route signals to and from the at least one fUE via a
second communication path comprising the macro-cell base-
station if the quality of service falls below a predetermined
threshold.

[0021] In an exemplary embodiment of the present inven-
tion, the relay-radio is configured to route signals to and from
at least one mUE via the macro-cell base-station. In another
exemplary embodiment of the present invention, the femto-
relay system further comprises a joint femto-relay resource
management module configured to intelligently manage
radio resources between the femto-radio and the relay-radio
to reduce cross-tier interference relative to cross-tier interfer-
ence that would exist without the joint femto-relay resource
management module. In yet another exemplary embodiment
of the present invention, the relay-radio is in communication
with the macro-cell base-station via a communication path
that is an indirect link comprising at least one repeater unit. In
some embodiments of the present invention, the at least one
repeater unit is another femto-relay system. In still yet
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another exemplary embodiment of the present invention, the
femto-radio is further configured to route signals to and from
at least one mUE via the relay-radio and the macro-cell base-
station.

[0022] For afemto-relay system havinga limited amount of
resources to serve a plurality of mUEs and/or f{UEs, various
embodiments of the present invention provide methods of
allocating the limited resources to the user equipments. In an
exemplary embodiment of the present invention, a method
comprises allocating a first amount of resources to each fUE
being served by the femto-relay system, wherein the first
amount of resources is the amount of resources necessary to
satisfy a first predetermined QoS threshold for each fUE, and
allocating the remaining amount of resources to one or more
mUEs, wherein the remaining amount of resources satisfy a
second predetermined QoS threshold for the one or more
mUEs.

[0023] In an exemplary embodiment of the present inven-
tion the method further comprises determining whether a f{UE
previously being served by the femto-relay system is no
longer being served by the femto-relay system, and reper-
forming the steps of allocating a first amount of resources and
allocating the remaining resources, if an fUE previously
being served by the femto-relay system is no longer being
served by the femto-relay system. In yet another exemplary
embodiment of the present invention, the method further
comprises determining whether there are enough resources in
the limited amount of resources to assign a sufficient amount
of resources to each user equipment in the plurality of mUEs
and/or fUEs such that the respective first and/or second pre-
determined QoS thresholds are satisfied.

[0024] For afemto-relay system having a limited amount of
resources to serve a first number of mUEs and/or fUEs,
wherein each user equipment needs an individual amount of
resources to satisfy a QoS for the respective user equipment,
various embodiments of the present invention provide a
method of allocating the limited amount of resources to the
user equipments. In an exemplary embodiment of the present
invention, the method comprises: determining whether the
limited amount of resources is greater than or equal to the
individual amount of resources for each user equipment in the
first number of mUEs and/or fUEs added together; and if the
limited amount of resources is greater than or equal to the
individual amount of resources of each user equipment in the
first number of mUEs and/or fUEs added together, perform-
ing a first resource allocation sub-method comprising allo-
cating the individual amount of resources needed by each user
equipment in the first number of macro-cell and/or femto-cell
user equipments to each respective user equipment. If, on the
other hand, the limited amount of resources is less than the
individual amount of resources for each user equipment in the
first number of mUEs and/or fUEs added together, the method
comprises performing a second resource allocation sub-
method comprising: allocating the individual amount of
resources needed by each fUE in the first number of mUEs
and/or fUEs to each respective fUE; and using the remaining
amount of resources not allocated to fUEs to allocate the
individual amount of resources of one or more mUEs in the
first amount of mUEs and/or fUEs to the respective one or
more mUEs.

[0025] In another exemplary embodiment of the present
invention, the method of allocating the limited amount of
resources further comprises determining whether an mUE or
fUE previously being served by the femto-relay system is no
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longer being served by the femto-relay system, and if an mUE
or fUE previously being served by the femto-relay system is
no longer being served by the femto-relay system, performing
a third resource allocation sub-method. The third resource
allocation sub-method comprises determining whether the
limited amount of resources is greater than or equal to the
individual amount of resources for each user equipment cur-
rently being served by the femto-relay system added together,
and if'the limited amount of resources is greater than or equal
to the individual amount of resources for each user equipment
currently being served by the femto-relay system added
together, reperforming the first resource allocation sub-
method. In an exemplary embodiment of the present inven-
tion, if the limited amount of resources is greater than or equal
to the individual amount of resources for each user equipment
currently being served by the femto-relay system added
together, the method comprises reperforming the second
resource allocation sub-method discussed above. In some
embodiments of the present invention, if all mUEs and/or
fUEs previously being served by the femto-relay system are
still being served by the femto-relay system, the method
comprises reperforming the second resource allocation sub-
method discussed above.

[0026] The present invention also provides multi-femto-
relay systems. In an exemplary embodiment of the present
invention, a multi-femto-relay comprises a relay-radio, a plu-
rality of femto-radios. The relay radio is in communication
with a macro-cell base-station and comprises a joint multi-
femto-relay resource management module. The joint multi-
femto-relay resource management module is configured to
intelligently manage resources between the relay-radio and
the plurality of femto-radios to reduce cross-tier interference
relative to cross-tier interference that would exist without the
joint multi-femto-relay resource management module. Each
femto-radio is in communication with the relay-radio and is
configured to route signals to and from at least one fUE via a
first communication path comprising an [P-backhaul link. At
least one femto-radio in the plurality of femto-radios com-
prises an [P-backhaul QoS monitoring module configured to
monitor the QoS being delivered by the IP-backhaul link and
route signals to and from the at least one fUE via a second
communication path comprising the macro-cell base-station,
if the quality of service falls below a predetermined threshold.
In some embodiments of the present invention, each femto-
radio in the plurality of femto-radios comprises an IP-back-
haul QoS monitoring module.

[0027] In an exemplary embodiment of the present inven-
tion, the relay-radio is configured to route signals to and from
at least one mUE via the macro-cell base-station. In another
exemplary embodiment of the present invention, at least one
femto-radio further comprises a local femto resource man-
agement module configured to manage resources assigned to
the femto-radio to reduce interference between the fUEs in
communication with the femto-radio. In yet another exem-
plary embodiment of the present invention, the joint multi-
femto-relay resource management module is configured to
intelligently manage radio resources between the femto-radio
and the relay-radio to reduce cross tier interference between
all user-equipments being served by the multi-femto-relay
system. In even still another exemplary embodiment of the
present invention, at least one femto-radio in the plurality of
femto-radios is further configured to route signals between a
core network and an mUE through the relay-radio and the
macro-cell base-station.
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[0028] In an exemplary embodiment of the present inven-
tion, the relay-radio is in communication with the macro-cell
base-station via a communication path that is one of a direct
link or an indirect link, wherein the indirect link comprises at
least one repeater unit. In another exemplary embodiment of
the present invention, each femto-radio is in communication
with the relay-radio via a communication path that is one of a
direct link or an indirect link, wherein the indirect link com-
prises at least one repeater unit. In yet another exemplary
embodiment of the present invention, the at least one repeater
unit is a second femto-radio.

[0029] For a multi-femto relay system comprising a plural-
ity of femto-radios and having a limited amount of resources
to serve a plurality of fUEs at each femto-radio, the present
invention provides methods of allocating the limited
resources to the fUEs at each femto-radio. In an exemplary
embodiment of the present invention, a method comprises
identifying a first subset of the fUEs experiencing channel
conditions at each available subcarrier above a predetermined
threshold, assigning orthogonal subcarriers and a first amount
of'energy to each fUE in the first subset of fUEs, wherein the
first amount of energy is the amount of energy necessary to
satisfy a first predetermined QoS of each fUE in the first
subset of fUEs, distributing the remaining energy to remain-
ing subcarriers not assigned to the first subset of fUEs,
increasing the energy assigned to the first subset fUEs to
account for interference from assigning energy to the remain-
ing subcarriers, and assigning the remaining subcarriers to a
second subset of {UEs.

[0030] In another exemplary embodiment of the present
invention, the method further comprises scheduling service to
each fUE in the plurality of fUEs not included in the first
subset or second subset of fUEs. In yet another exemplary
embodiment of the present invention, the method further
comprises determining whether any fUE previously being
served by a femto-radio of the multi-femto-relay system is no
longer being served by the femto-radio, and reperforming the
steps of identifying a first subset of the fUEs, assigning
orthogonal subcarriers, distributing remaining energy,
increasing the energy, and assigning the remaining subcarri-
ers, if any fUE previously being served by the femto-radio is
no longer being served by the femto-radio. In still yet another
exemplary embodiment of the present invention, the method
further comprises determining whether there are enough sub-
carriers available to a femto-radio in the multi-femto-relay
system to assign a subcarrier to each femto-cell user equip-
ment being served by the femto-radio.

[0031] These and other aspects of the present invention are
described in the Detailed Description below and the accom-
panying figures. Other aspects and features of embodiments
of the present invention will become apparent to those of
ordinary skill in the art upon reviewing the following descrip-
tion of specific, exemplary embodiments of the present inven-
tion in concert with the figures. While features of the present
invention may be discussed relative to certain embodiments
and figures, all embodiments of the present invention can
include one or more of the features discussed herein. While
one or more embodiments may be discussed as having certain
advantageous features, one or more of such features may also
be used with the various embodiments of the invention dis-
cussed herein. In similar fashion, while exemplary embodi-
ments may be discussed below as system or method embodi-
ments, it is to be understood that such exemplary
embodiments can be implemented in various devices, sys-
tems, and methods of the present invention.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0032] The following Detailed Description of the Invention
is better understood when read in conjunction with the
appended drawings. For the purposes of illustration, there is
shown in the drawings exemplary embodiments of the present
invention, but the subject matter is not limited to the specific
elements and instrumentalities disclosed.

[0033] FIG. 1 illustrates conventional coverage areas for
cells with varying extensions.

[0034] FIG. 2 illustrates a conventional femto-cell archi-
tecture.
[0035] FIG. 3 provides a conceptual overview of a femto-

relay system, in accordance with an exemplary embodiment
of the present invention.

[0036] FIG. 4 illustrates operation of a femto-relay system
in a macro-cell, in accordance with an exemplary embodi-
ment of the present invention.

[0037] FIG. 5 illustrates the integration of a femto-relay
system in a cellular network, in accordance with an exem-
plary embodiment of the present invention.

[0038] FIG. 6 provides a block diagram hardware compo-
nents for a femto-relay system, in accordance with an exem-
plary embodiment of the present invention.

[0039] FIG. 7 illustrates a interference scenario in a macro-
cell comprising a femto-relay system, in accordance with an
exemplary embodiment of the present invention.

[0040] FIG. 8 provides a flow diagram for a method of
allocating resources in a femto-relay system, in accordance
with an exemplary embodiment of the present invention.
[0041] FIG. 9 provides pseudo-code for implementing a
FRUM step, in accordance with an exemplary embodiment of
the present invention.

[0042] FIG. 10 provides pseudo-code for implementing an
MRSO step, in accordance with an exemplary embodiment of
the present invention.

[0043] FIG. 11A illustrates a multi-femto-relay system
configured with a star topology, in accordance with an exem-
plary embodiment of the present invention.

[0044] FIG. 11B illustrates a multi-femto-relay system
configured with a ring topology, in accordance with an exem-
plary embodiment of the present invention.

[0045] FIG. 11C illustrates a multi-femto-relay system
configured with a bus topology, in accordance with an exem-
plary embodiment of the present invention.

[0046] FIG. 12A illustrates the communication links asso-
ciated with a relay-radio having an IP-Backhaul link, in
accordance with an exemplary embodiment of the present
invention.

[0047] FIG. 12B illustrates the communication links asso-
ciated with a relay-radio without an IP-backhaul link, in
accordance with an exemplary embodiment of the present
invention.

[0048] FIG. 13A illustrates the communication links asso-
ciated with a femto-radio having an IP-Backhaul link, in
accordance with an exemplary embodiment of the present
invention.

[0049] FIG. 13B illustrates the communication links asso-
ciated with a femto-radio without an IP-backhaul link, in
accordance with an exemplary embodiment of the present
invention.

[0050] FIG. 14A provides a conceptual view of a relay-
radio component, in accordance with an exemplary embodi-
ment of the present invention.






