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munication system servicing multiple network operators. In
one aspect, a small cell telecommunication system can
include management sub-system including a controller, mul-
tiple baseband processing units in communication with the
controller, a transport module, and multiple remote antenna
units. The controller can communicate with multiple core
networks. Each core network is operated by a separate
network operator for providing telecommunication services
to terminal devices. Each of the baseband processing units
can process data plane data and control plane data from at
least one respective core network. The transport module can
communicate signals between the baseband processing units
and the remote antenna units of the small cell network. The
management sub-system can provide a respective amount of
capacity via the small cell network for each core network
based on a respective subset of the baseband processing
units assigned to the core network.
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1
SMALL CELL NETWORK ARCHITECTURE
FOR SERVICING MULTIPLE NETWORK
OPERATORS

Matter enclosed in heavy brackets [ ] appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions
made by reissue; a claim printed with strikethrough
indicates that the claim was canceled, disclaimed, or held
invalid by a prior post-patent action or proceeding.

CROSS-REFERENCE TO RELATED
APPLICATIONS

This [application] Reissue Application is a reissue of
application Ser. No. 15/946,556, filed Apr. 5, 2018, which
issued as U.S. Pat. No. 10,499,388, and which is a continu-
ation of U.S. patent application Ser. No. 14,897,277 filed on
Dec. 10, 2015, and titled “SMALL CELL NETWORK
ARCHITECTURE FOR SERVICING MULTIPLE NET-
WORK OPERATORS”, which is a U.S National Stage
Application of PCT Application No. PCT/IB2013/055715
filed on Jul. 11, 2013, and titled “SMALL CELL NET-
WORK ARCHITECTURE FOR SERVICING MULTIPLE
NETWORK OPERATORS?”, the contents of both of which
are incorporated herein in their entirety.

TECHNICAL FIELD

This disclosure relates generally to telecommunication
systems and more particularly relates to a small cell network
architecture for servicing multiple network operators.

BACKGROUND

Small cell networks may be deployed in buildings or other
environments for extending the range of a cellular commu-
nication system or other telecommunication system. A small
cell network can include a cluster of access points (e.g.,
femtocell base stations, picocell base stations, etc.) that
utilize relatively few radio frequencies to provide service
from a telecommunications network operator. A small cell
network may also include a controller that communicates
with the access points over a local area network, such as an
Ethernet-based network.

Prior solutions for implementing small cell networks
present disadvantages. For example, providing services
from multiple network operators in a common building or
other structure via small cell networks may involve provid-
ing a parallel network architecture for each network opera-
tor. Providing a parallel network architecture may involve
adding network hardware such as a separate local controller
for handling traffic from each network operator using the
small cell network as well as additional cabling and access
points for transceiving signals from terminal devices ser-
viced by the small cell networks.

SUMMARY

Certain aspects and features of the present invention are
directed to a small cell network architecture for servicing
multiple network operators.

In one aspect, a management sub-system is provided for
managing a small cell network servicing multiple network
operators. The management sub-system can include a con-
troller and multiple baseband processing units in commu-
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nication with the controller. The controller can communicate
with multiple core networks. Each core network is operated
by a separate network operator for providing telecommuni-
cation services to terminal devices. The baseband processing
units can communicate with the controller. Each of the
baseband processing units can process data plane data and
control plane data from one or more of the core networks for
distribution via remote antenna units of the small-network.
The management sub-system can provide a respective
amount of capacity via the small cell network for each core
network based on a respective subset of the baseband
processing units assigned to the core network.

In another aspect, a small cell telecommunication system
for servicing multiple network operators is provided. The
small cell telecommunication system can include a manage-
ment sub-system and multiple remote antenna units. The
management sub-system can include a controller and mul-
tiple baseband processing units in communication with the
controller. The controller can communicate with multiple
core networks. Each core network is operated by a separate
network operator for providing telecommunication services
to terminal devices. Each of the baseband processing units
can process data plane data and control plane data from a
respective core network. The management sub-system can
provide a respective amount of capacity via the small cell
network for each core network based on a respective subset
of the baseband processing units assigned to the core net-
work. The transport module can communicate signals
between the baseband processing units and the remote
antenna units of the small cell network.

These illustrative aspects and features are mentioned not
to limit or define the invention, but to provide examples to
aid understanding of the concepts disclosed in this applica-
tion. Other aspects, advantages, and features of the present
invention will become apparent after review of the entire
application.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a block diagram depicting a small cell network
having a management sub-system for interfacing the small
cell network to other networks according to one aspect.

FIG. 2 is a block diagram depicting an example controller
configured for managing communications with baseband
units and a transport module according to one aspect.

FIG. 3 is a block diagram depicting example baseband
units configured for managing lower layer protocol func-
tions for data communicated via the small cell network
according to one aspect.

FIG. 4 is a block diagram depicting an example transport
module in communication with the baseband units according
to one aspect.

DETAILED DESCRIPTION

Certain aspects and features of the present invention are
directed to providing a small cell network with a single
controller and usable by multiple network operators. Such a
small cell network can be deployed in buildings or other
suitable environments.

The architecture for a small cell network that is usable by
multiple network operators can include a controller located
in the building or other structure serviced by small-network,
multiple baseband processing units, and a transport module.
The controller can provide an interface between the core
networks of multiple network operators and the small cell
network. The baseband processing units can perform pro-
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cessing at lower protocol layers (e.g., physical layer, media
access control, radio resource control, etc.) of signals and/or
data received from the core networks via the controller. The
transport module can provide a common interface between
the baseband processing units and remote antenna units or
suitable other RF front-end devices. The remote antenna
units or suitable other RF front-end devices can transmit
downlink signals to and receive uplink signals from terminal
devices. The controller, the baseband processing units, and
the transport module can provide a centralized architecture
for communicating signals from different network operators
across a common wideband small cell network.

In accordance with some aspects, a small cell telecom-
munication system for servicing multiple network operators
is provided. The small cell telecommunication system can
include a controller, multiple baseband processing units in
communication with the controller, a transport module, and
multiple remote antenna units. The controller can commu-
nicate with multiple core networks. Each core network can
be operated by a separate network operator for providing
telecommunication services to terminal devices. Each of the
baseband processing units can process data plane and con-
trol plane data. Each of the baseband processing units can
perform physical layer processing, media access control,
and/or radio resource control for a respective core network.
The transport module can communicate signals between the
baseband processing units and the remote antenna units of
the small cell network.

As used herein, the term “small cell network” can refer to
telecommunication system including one or more low-pow-
ered RF transceiver systems, devices, access point or other
RF front-end device that can operate in licensed and/or
unlicensed frequency spectra over short ranges. For
example, an RF front-end device may have a have a range
of 10 meters to 1-2 kilometers. A small cell network may be
installed in a building or other suitable deployment envi-
ronment.

As used herein, the term “network operator” can refer to
an entity that is a provider of wireless communications
services. A network operator may own, operate, control, or
otherwise manage one or more elements or a telecommuni-
cation network infrastructure. Non-limiting examples of
infrastructure elements of a telecommunication network
include wireless network infrastructure, back haul infra-
structure, provisioning and repair systems, and the like.

As used herein, the term “core network™ can refer to a
device, group of devices, and/or one or more sub-systems in
a telecommunication network that can provide services to
users of the telecommunications network. Examples of
services provided by a core network include frequency
spectrum allocation, call aggregation, authentication of ter-
minal devices or users, call switching, service invocation,
gateways to other networks, etc.

As used herein, the term “terminal device” can refer to an
electronic device used to communicate voice and/or data via
a telecommunications system, such as (but not limited to) a
small cell network or other cellular network. Other termi-
nology used to refer to terminal devices and non-limiting
examples of such devices can include mobile stations,
mobile devices, access terminals, subscriber stations, termi-
nal mobile terminals, remote stations, user terminals, termi-
nals, subscriber units, cellular phones, smart phones, per-
sonal digital assistants (“PDAs”), laptop computers,
netbooks, e-readers, wireless modems, etc.

As used herein, the term “data plane” can refer to a plane
in a telecommunications architecture that is used for com-
municating network user traffic, such as voice and other data
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4

to be displayed or used by users of terminal devices.
Non-limiting examples and alternative terms for referring to
the data plane include a user plane, a forwarding plane, a
carrier plane, a bearer plane, etc.

As used herein, the term “control plane” can refer to a
plane in a telecommunications architecture that is used for
communicating signaling traffic such as control packets for
establishing end-to-end communication channels between a
core network and a terminal device.

Detailed descriptions of certain aspects are discussed
below. These illustrative examples are given to introduce the
reader to the general subject matter discussed here and are
not intended to limit the scope of the disclosed concepts. The
following sections describe various additional aspects and
examples with reference to the drawings in which like
numerals indicate like elements, and directional descriptions
are used to describe the illustrative embodiments but, like
the illustrative embodiments, should not be used to limit the
present invention.

FIG. 1 is a block diagram depicting a small cell network
100 having a management sub-system 101 for interfacing
the small cell network 100 to other networks. The small cell
network 100 can include the management sub-system 101
and remote antenna units 108a-c respectively servicing cells
109a-c. The management sub-system 101 can include a
controller 102, baseband units 104a-c, and a transport mod-
ule 106.

In some aspects, the controller 102, the baseband units
104a-c, and the transport module 106 can be co-located in a
room or other area used for housing head-end equipment
that manages the small cell network 100. For example, the
components of the management sub-system 101 can be
installed in a rack that includes a sub-rack for the controller
102, a sub-rack for the baseband units 104a-c, and the
transport module 106.

The controller 102 can provide a standard interface for
communicating with different core networks 114a, 114b
used by different network operators. In some aspects, the
core networks 114a, 114b can be managed by the different
network operators. The controller 102 can manage the
baseband units 104a-c and the transport module 106.

The controller 102 can also manage the backhaul links to
core networks 114a, 114b of the network operators using the
small cell network 100. Backhaul links can include com-
munication links between a core network or backbone
network and the small cell network 100. The backhaul links
to the core networks 114a, 114b can include the gateway
units 112a, 112b and/or other suitable small cell gateway
devices. The links to the core networks 114a, 114 can be
established via any suitable architecture, such as (but not
limited to) S1, Iuh, 3GPP interfaces, and the like. The
gateway units 112a, 112b can respectively manage commu-
nication between core networks 114a, 114b and the different
small cells 109a-c. In additional or alternative aspects, the
gateway units 112a, 112b can be omitted and the controller
102 can communicate directly with the core networks 114a,
114b.

The baseband units 104a-c can manage lower layer pro-
tocol functions for data communicated via the small cell
network 100 using any suitable telecommunication standard.
In some aspects, the baseband units 104a-c may perform
processing for networking layers 1-3. Layer 1 processing
can include physical (“PHY”) layer processing. Layer 2
processing can include media access control (“MAC”) layer
processing, radio link control (“RLC”) processing, and/or
packet data convergence protocol (“PDCP”) processing.
Layer 3 processing can include radio resource control
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(“RRC”) layer processing. In additional or alternative
aspects, the controller 102 can perform layer 2 processing
and layer 3 processing. Non-limiting examples of suitable
telecommunication standards include 3G and 4G standards.
A baseband unit for a given network operator can commu-
nicate with one of the core networks 114a, 114b via the
controller 102. In some aspects, each of the baseband units
104a-c can manage lower layer protocol functions for a
respective network operator. In other aspects, the processing
resources of two or more of the baseband units 104a-c can
be combined for managing lower layer protocol functions
for a given network operator.

In some aspects, multiple baseband units 104a-c can be
implemented on a common chip, interface card, circuit
board, or other hardware device having multiple central
processing unit (“CPU”) cores and/or multiple digital signal
processor (“DSP”) cores and related hardware accelerators.
For example, multiple baseband units may be implemented
on a multi-core system on chip (“SoC”) circuit board. In
other aspects, the baseband units 104a-c can be implemented
using separate circuit boards, interface cards, or other hard-
ware devices.

The management sub-system 101 can provide scalable
capacity for the small-cell network 100. The capacity of the
small cell network 100 can be modified by increasing or
decreasing the number of baseband units included in the
management sub-system 101. The number of baseband units
used to perform processing for a given network operator can
be determined based on the number of cells 109a-c used by
the network operator and the number of terminal devices
serviced by the network operator via the small cell network
100. For example, a number of terminal devices that can
communicate via the small cell network 100 using telecom-
munication services provided by a given network operator
can be determined based on the number of baseband pro-
cessing units used to perform baseband processing for the
network operator. The number of supported terminal devices
can be increased by additional baseband processing unit(s)
to the management sub-system 101 and interfacing the
additional baseband processing unit(s) with the controller
102 and the transport module 106. Modifying the number of
baseband units that perform processing for each network
operator can modify the capacity provided by the small cell
network 100 for the network operator.

The baseband units 104a-c can communicate with the
remote antenna units 108a-c via the transport module 106. In
some aspects, the transport module 106 can communicate
with remote antenna units 108a-c via a direct link. In
additional or alternative aspects, the transport module 106
can communicate with remote antenna units 108a-c via an
extension unit 110. For example, as depicted in FIG. 1, the
transport module may communicate with the remote antenna
units 108a, 108b via the extension unit 110 and communi-
cate with the remote antenna unit 108c via a direct link. The
transport module 106 can communicate with remote antenna
units 108a-c and/or the extension unit 110 via any suitable
communication medium (such as, but not limited to, fiber
optic cable, copper cable, etc.) and any suitable communi-
cation protocol (such as, but not limited to, Ethernet).

The remote antenna units 108a-c can service the cells
109a-c. In some aspects, one or more of the remote antenna
units 108a-c can include multiple antennas for receiving
multiple-input/multiple-output (“MIMO”) signals. The cells
109a-c can have any suitable geographic range. Non-limit-
ing examples of the cells 109a-c include femtocells, pico-
cells, microcells, etc. The remote antenna units can perform
wideband RF communication with terminal devices in the
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cells 109a-c. Each of the remote antenna units 108a-c can
include an optical/electrical digital transport module, an
analog-to-digital converter, a digital-to-analog converter,
one or more filters, an up-conversion module, a down-
conversion module, a power amplifier, and a low noise
amplifier.

In additional or alternative aspects, the controller 102 can
provide an interface to an enterprise local area network
(“LAN”) 116. The LAN 116 may facilitate data communi-
cation among computing devices in a building or other area
serviced by the small cell network 100. The controller 102
can provide an interface via which data traffic can be
communicated between terminal devices accessing the small
cell network 100 and devices the LAN 116. For example, the
controller 102 can communicate a document from a terminal
device accessing the small cell network 100 to a printer
connected to the LAN 116.

In additional or alternative aspects, the controller 102 can
provide an interface to the Internet 118 or other suitable data
networks external to the building or other area serviced by
the small cell network 100. The controller 102 can allow
data traffic to be routed to networks other than the core
networks 114a, 114b.

FIG. 2 is a block diagram depicting an example controller
102 configured for managing communications with base-
band units 104a-c and a transport module 106.

The controller 102 can monitor, allocate, and otherwise
manage radio resources for the baseband units 104a-c. Each
radio resource can include a unit of capacity for the small
cell network 100 that can be scheduled and allocated to one
or more of the remote antenna units 108a-c. A radio resource
can be identified based on carrier frequencies assigned to the
cell, a MIMO stream, and/or a cell identity for a given small
cell. The controller 102 can allocate radio resources via any
suitable process, such as (but not limited to) a self-organiz-
ing network (“SON”) algorithm, a pre-determined scheme,
etc. Radio resource management can be implemented via
any suitable network protocol layer above the PHY, MAC,
and RRC layers.

The controller 102 can include, among other components,
processor 202 and a memory 204.

Non-limiting examples of the processor 202 include a
microprocessor, an application-specific integrated circuit
(“ASIC”), a state machine, or other suitable processing
device. The processor 202 can include any number of
processing devices, including one. The processor 202 can
execute computer-executable program instructions and/or
accesses information respectively stored in the memory 204.

The memory 204 can store instructions that, when
executed by the processor 202, cause the processor 202 to
perform operations described herein. The memory 204 may
be a computer-readable medium such as (but not limited to)
an electronic, optical, magnetic, or other storage device
capable of providing a processor with computer-readable
instructions. Non-limiting examples of such optical, mag-
netic, or other storage devices include read-only (“ROM”)
device(s), random-access memory (“RAM”) device(s), mag-
netic disk(s), magnetic tape(s) or other magnetic storage,
memory chip(s), an ASIC, configured processor(s), optical
storage device(s), or any other medium from which a
computer processor can read instructions. The instructions
may comprise processor-specific instructions generated by a
compiler and/or an interpreter from code written in any
suitable computer-programming language. Non-limiting
examples of suitable computer-programming languages
include C, C++, C#, Visual Basic, Java, Python, Perl,
JavaScript, ActionScript, and the like.
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The memory 204 can store one or more modules for
managing the small cell network 100. The modules include
a radio resource management (“RRM”) module 206, an
Internet protocol (“IP”) traffic module 208, a caching mod-
ule 209, a SON module 210, a Wi-Fi module 211, an
application module 212, and a transport module 213. The
RRM module 206, the IP traffic module 208, the caching
module 209, the SON module 210, the Wi-Fi module 211,
the application module 212, and/or the transport module 213
are configured to manage resources, data traffic, security,
and other aspects of the small cell network 100 for multiple
network operators. Each of the modules can include pro-
gram code executable by the processor 202 for performing
one or more functions of the controller 102.

Although depicted as separate logical modules for pur-
poses of convenience, other implementations are possible.
For example, one or more of the RRM module 206, the IP
traffic module 208, the caching module 209, the SON
module 210, the Wi-Fi module 211, the application module
212, and/or the transport module 213 can be combined in a
common module.

The RRM module 206 can manage radio resources, route
capacity among different cells, and/or manage intra-cell
handover between multiple remote antenna units servicing
the same cell. Managing radio resources can include opti-
mizing the performance of the small cell network 100.
Optimizing the performance of the small cell network 100
can include minimizing or otherwise reducing interference
among different small cells 109a-c, different baseband units
104a-c, different network operators using the small cell
network 100, etc. Managing handover can involve managing
handover between different small cells and/or between small
cells and macrocells. Managing handover between different
small cells may involve using Iuh and/or X2 protocols.
Managing handover between small cells and macrocells may
involve using Iuh and/or S1 protocols.

The controller 102 can also manage radio resources used
by multiple network operators. In some aspects, the con-
troller 102 may assign a respective profile to each network
operator using the small cell network 100. The profile
assigned to each network operator can allow for manage-
ment of radio resources specific to a network operator using
the small cell network 100.

In some aspects, the controller 102 can optimize radio
resource usage among the different network operators using
the small cell network 100. For example, the controller 102
may provide frequency pooling for the different network
operators. The frequency pooling can be implemented via
hardware, software, or any suitable combination thereof in
the controller 102. Frequency pooling can involve negoti-
ating radio resources among different network operators.

In some aspects, the controller 102 can allocate capacity
among the cells 109a-c such that different remote antenna
units 108a-c can service different numbers of terminal
devices in the cells 109a-c. The controller 102 can modify
the allocation of capacity among the cells 109a-c based on
a schedule and/or the load experienced by each network
operator using the small cell network 100. In one non-
limiting example, the number of terminal devices serviced
by a first network operator may be lower than the number of
terminal devices serviced by a second network operator
during a given time period. The controller 102 can provide
more capacity to cells servicing the number of terminal
devices serviced by the second network operator the time
period. In another non-limiting example, a network operator
experiencing excess traffic in one or more cells may request
additional capacity from the controller 102. The controller
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102 can provide the additional capacity in accordance with
a specified policy for allocating capacity among the network
operators.

Capacity units (i.e., number of carriers, MIMO streams,
and cell identifiers) can be allocated among the network
operators using the small cell network 100 based on traffic
loads generated by subscribers to the various network opera-
tors in a given environment. Capacity units can also be
distributed based on the uplink power levels provided by the
macro layers of the different network operators.

The controller 102 can provide one or more functions for
RRM, IP traffic management, caching, and SON for multiple
mobile network operators (“MNOs™) or other network
operators. Each network operator can be associated with a
respective profile that is independent of profiles associated
with other network operators. Each network operator can
customize RRM functions, local IP access, caching policies,
SON schemes, etc. in a manner specific to the network
operator. The controller 102 can perform RRM functions,
local IP access, caching policies, SON schemes, etc. in
accordance with the various profiles for the multiple net-
work operators.

In some aspects, the controller 102 can provide a man-
agement interface. An administrator of the small cell net-
work 100 can access the management interface to specify
that one or more network operators use a default system
configuration (i.e. a system configuration (common to all the
network operators). The administrator of the small cell
network 100 can also access the management interface to
specify that one or more network operators use system
configurations specified by customized operator profiles.

In some aspects, different Operations, Administration, and
Management (“OA&M”) profiles can be defined via the
controller 102. An OA&M profile can specify a given
network operator’s access to the OA&M parameters of the
small cell network 100.

The IP traffic module 208 can manage IP traffic between
the small cell network 100 and other data networks. The IP
traffic module 208 can manage local IP traffic access
(“LIPA”). LIPA can provide access to a residential, corpo-
rate, or other LAN interconnected to the small cell network
100, such as the enterprise LAN 116. LIPA can provide
access to a subnet within a home or an office for shared
resources such as printers, file servers, media servers, dis-
plays, etc. for a terminal device using the small cell network
100. The IP traffic module 208 can also manage selective IP
traffic offload (“SIPTO”) to the Internet 118. SIPTO can
include selectively forwarding different types of traffic via
alternative routes to or from the terminal device. For
example, specific traffic can be identified by the controller
102 using a network operator policy and/or subscription
policy. The identified traffic may be transferred to/from a
local base station directly to the Internet 118 or another data
network, thereby bypassing the core networks 114a, 114b.

The caching module 209 can manage local storage of
frequently requested contents.

The SON module 210 can include one or more SON
algorithms for automatically managing the small cell net-
work 100. SON algorithms can include algorithms for
automatically configuring the small cell network 100 (e.g.,
automatically configuring and integrating new remote
antenna units), automatically optimizing the small cell net-
work 100, and automatically healing the small cell network
100 (e.g., reducing the impacts from the failure of one or
more components of the small cell network 100).

In some aspects, SON features (e.g., coverage and capac-
ity optimizations, mobility load balancing, mobility robust-
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ness optimization, etc.) can be customized for each network
operator. For example, specific intra-cell handover for the
small call network 100 and interference management param-
eters can be used for each network operator. A non-limiting
example of using customized intra-cell handover and inter-
ference management parameters includes using different
biasing on pilot tones and different power measurements
performed by terminal devices for each network operator.

Interference management parameters and inter-cell han-
dover between small cell and macrocells can be adjusted
depending on the macro layer radio conditions near the
small cell layer (i.e., conditions with respect to macrocells
from other telecommunication systems in the vicinity of the
small cell network 100). For example, each network opera-
tor may experience specific macro-to-small-cell interference
or interactions. The controller 102 can communicate with
the different core networks 114a, 114b obtain instructions,
specifications, or other data for implementing SON func-
tions specified by centralized SON servers of each network
operator. Centralized SON servers of each network operator
may implement specific policies for managing interference
and/or interactions between the small cells 109a-c and
macrocells from other telecommunication systems in the
vicinity of the small cell network 100.

In some aspects, different SON layers can respectively be
implemented by the controller 102 and the core networks
114a, 114b. For example, a SON local layer implemented by
the SON module 210 of the controller 102 can control
interference within the small cell network 100. A respective
SON centralized layer executed on each of the core net-
works 114a, 114b can manage interference between the
small cell network 100 and macrocells from other telecom-
munication systems in the vicinity of the small cell network
100. Each SON centralized layer can be specific to a
respective network operator.

In some aspects, a network operator may manage SON
functions in a centralized SON server of a core network for
the operator. The controller 102 can execute the SON
module 210 to provide standard measurement feedback to a
centralized SON server of the core network. The controller
102 can execute the SON module 210 to apply configuration
changes to the small cell network 100 based on instructions
received from the centralized SON server.

The Wi-Fi module 211 can perform Wi-Fi control func-
tions for a wireless LAN. For example, IP traffic generated
from a wireless local area network (“WLAN”) controller can
be routed to the remote units via the control link 218 to the
transport module 106. The Wi-Fi module 211 can route IP
data (e.g., Internet traffic) from the controller 102 to one or
more remote antenna units 108a-c. IP data can be routed
from the controller 102 to the remote antenna units 108a-c
via the control link 218 to the transport module 106. The
transport module 106 can communicate IP data from the
controller 102 to the remote antenna units 108a-c. In some
aspects, one or more of the remote antenna units 108a-c can
provide Wi-Fi or other wireless data access points.

In some aspects, the Wi-Fi module 211 can implement
load balancing between data services provided by the small
cell network 100 and a Wi-Fi or other wireless data network
servicing an area in which the small cell network 100 is
deployed. For example, each network operator can imple-
ment one or more policies to offload at least some data
communication to a local Wi-Fi network. The Wi-Fi module
211 can implement load balancing of data communication
between the small-cell network 100 and the local Wi-Fi
network or other wireless data network. The load balancing
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can be performed transparently to users of terminal devices
serviced by the network operators using the small cell
network 100.

The application module 212 can execute one or more
server applications for the small-cell network 100 or another
data network in communication with the controller 102. For
example, the application module 212 can execute enterprise-
specific applications for a system using the enterprise LAN
116.

The transport module 213 can manage backhaul links to
core networks 114a, 114b of the network operators using the
small cell network 100. The backhaul links can include
communication links between a core network or backbone
network and the small cell network 100. The backhaul links
can be implemented using one or more protocols suitable for
communicating transport plane data. Non-limiting examples
of suitable protocols include general packet radio service
(“GPRS”) tunneling protocol user plane (“GTP-U”), User
Datagram Protocol (“UDP”), Stream Control Transmission
Protocol (“SCTP”), IP, Internet Protocol Security (“IPsec”),
Ethernet, etc.

In additional or alternative aspects, the controller 102 can
include one or more modules performing additional func-
tions for managing a small cell network 100. Non-limiting
examples of such functions include providing an application
local server, implementing synchronization network proto-
cols (e.g. PTP IEEE 1588v2), implement security protocols
(e.g. IPsec), implementing OA&M, joint backhaul optimi-
zation, and the like.

In additional or alternative aspects, the controller 102 can
perform interference management. One non-limiting
example of interference management includes managing
interference between different small cells. Inter-cell inter-
ference coordination can be performed based on a fractional
frequency reuse by each small cell. Another non-limiting
example of interference management includes managing
interference between macrocells and small cells, such as
controlling power control parameters associated with the
downlink transmitters and/or the uplink receivers for small
cells 109a-c. Small cell downlink transmitter power control
can be implemented via coarse power control and/or fine
power control. Coarse power control can be performed
based on periodic downlink sniffing. Fine power control can
be performed based on channel quality indicator statistics
from terminal devices in a small cell.

The controller 102 can communicate with the baseband
units via the communication links 214a-c. The communica-
tion links 214a-c can include any suitable communication
medium, such as (but not limited to) copper cable, fiber optic
cable, and the like. For example, the controller 102 can
communicate via communication links 214a-c implemented
using Ethernet cables providing an internet protocol (“IP”)
interface. The communication links 214a-c may allow for
data communication at any suitable speed. For example, the
controller 102 may communicate with the baseband units
104a-c at speeds of 100 Mbps, 1 Gbps, etc.

The controller 102 can provide control signals to the
transport module 106 via the control link 218. The control
link 218 can include any suitable communication medium,
such as (but not limited to) an Ethernet connection or other
suitable connection providing a connection speed of 1 Gbps
or other suitable connection speed. The controller 102 can
select the signals that are to be communicated with a specific
one of the remote antenna units 108a-c. The controller 102
can provide control signals identifying the specific remote
antenna units via the control link 218. The control link 218
allows the controller 102 to manage the routing of sectors



US RE50,092 E

11

across the cells 109a-c of the small cell network 100. The
baseband units 104a-c can communicate complex digital
signals with the transport module 106 via the communica-
tion links 214a-c.

In some aspects, the baseband units 104a-c can commu-
nicate with one another via high-speed digital interfaces
220a-c. A non-limiting example of a high-speed digital
interface is a hyperlink interface. In other aspects, the
high-speed digital interfaces 220a-c can be omitted. The
high-speed digital interfaces 220a-c can allow two or more
of the baseband units 104a-c to share processing resources,
as described in greater detail with respect to FIG. 3 below.

FIG. 3 is a block diagram depicting example baseband
units 104a-c configured for managing lower layer protocol
functions for data communicated via the small cell network
100. Each of the baseband units 104a-c can respectively
include processors 30la-c, RRC modules 302a-c, PHY
modules 308a-c, 310a-c, and 1/Q modules 312a-c, 314a-c.

The baseband units 104a-c can manage lower layer pro-
tocol functions for data communicated via the small cell
network 100 using any suitable telecommunication standard.
Non-limiting examples of suitable telecommunication stan-
dards include 3G and 4G standards.

One or more of the baseband units 104a-c can process
data communicated using a given network operator. A
baseband unit for a given network operator can communi-
cate with one of the core networks 114a, 114b via the
controller 102. Each of the baseband units 104a-c can
communicate with the remote antenna units 108a-c via the
transport module 106.

In some aspects, each of the baseband units 104a-c can
perform processing related to a respective one of the cells
109a-c. In some aspects, each of the baseband units 104a-c
can manage communication for a separate network operator.
In other aspects, groups of the baseband units 104a-c can
collectively manage communication for a given network
operatotr.

The baseband units 104a-c may perform physical layer
processing via the PHY modules 308a-c, 310a-c. The base-
band units 104a-c may perform MAC layer processing via
the MAC modules 304a-c, 306a-c. The baseband units
104a-c may perform RRC processing via the RRC modules
302a-c. The processors 301a-c can coordinate the operations
of the various other modules of the baseband units 104a-c.

In some aspects, the baseband units 104a-c can implement
pooling of baseband processing resources. The processors
301a-c of the baseband units 104a-c of the baseband units
104a-c can be interconnected via the high-speed digital
interfaces 220a-c. Baseband processing tasks can be distrib-
uted among the baseband units 104a-c based on capacity
requirements for a given network operator. In some aspects,
the baseband units 104a-c may not be linked to specific
network operators. The baseband units 104a-c can be shared
as capacity units able to deliver multi-radio access technol-
ogy, multi-network operator services, multiple telecommu-
nication technologies (e.g., 3G, 4G), etc. The controller 102
can manage the pooling of baseband processing resources
among the baseband units 104a-c based on sharing policies
for the network operators.

In some aspects, each network operator may use multiple
technologies for providing wireless communication in the
cells 109a-c. For example, a network operator may provide
both long-term evolution (“LTE”) and Universal Mobile
Telecommunications System (“UMTS”) communication
services for terminal devices via the small cell network 100.
A baseband unit 104a managing communications for a first
network operator can include PHY modules 308a, 310a for
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respectively processing LTE and UMTS communications. A
MAC module 304a can provide MAC layer processing of
LTE communications and a MAC module 306a can provide
MAC layer processing of UMTS communications. A base-
band unit 104b managing communications for a second
network operator can include PHY modules 308b, 310b for
respectively processing LTE and UMTS communications. A
MAC module 304b can provide MAC layer processing of
LTE communications and a MAC module 306b can provide
MAC layer processing of UMTS communications. A base-
band unit 104b managing communications for a second
network operator can include PHY modules 308c, 310c for
respectively processing LTE and UMTS communications. A
MAC module 304b can provide MAC layer processing of
LTE communications and a MAC module 306b can provide
MAC layer processing of UMTS communications.

In additional or alternative aspects, one or more of the
baseband units 104a-c may be configured to process MIMO
data streams. For example, a network operator may imple-
ment LTE using MIMO. The baseband unit can include
multiple PHY modules respectively performing PHY layer
processing for each MIMO stream, thereby providing par-
allel processing chains.

Each of the I/Q modules 312a-c, 314a-c can convert a data
stream received from a respective one of the PHY modules
308a-c, 310a-c into a complex digital signal including an |
and a Q component. The complex digital signals can be
provided to the transport module 106 via suitable 1/Q
interfaces provided by the communication links 216a-f. The
communication links 216a-f can include any communication
medium suitable for providing a digital interface for com-
municating I/Q samples. The digital interface can be a serial
digital interface or a parallel digital interface.

FIG. 4 is a block diagram depicting an example transport
module 106 in communication with the baseband units
104a-c. The mixers 402a-f can combine the I and Q com-
ponents of the complex digital signals received via the
communication links 216a-f and output digital signals. A
combining module 404 (such as, but not limited to, a
summer) can combine the digital signals outputted from the
mixers 402a-f. The combining module 404 can provide the
combined digital signal to the backplane 406 for routing to
one or more of the remote antenna units 108a-c. The
backplane 406 can include optical-to-electrical conversions
devices for routing signals to the remote antenna units
108a-c.

The foregoing description of aspects and features of the
invention, including illustrated examples, has been pre-
sented only for the purpose of illustration and description
and is not intended to be exhaustive or to limit the invention
to the precise forms disclosed. Numerous modifications,
adaptations, and uses thereof will be apparent to those
skilled in the art without departing from the scope of this
invention. Aspects and features from each example dis-
closed can be combined with any other example. The
illustrative examples described above are given to introduce
the reader to the general subject matter discussed here and
are not intended to limit the scope of the disclosed concepts.

What is claimed is:

1. A management sub-system for managing a small cell
network servicing a plurality of network operators, the
[system] management sub-system comprising:

[2] controller circuitry in communication with a plurality
of core networks, wherein each of the plurality of core
networks is operated by a separate network operator
providing telecommunication services to terminal
devices; and
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aplurality of baseband processing units in communication
with the controller circuitry, wherein each of the plu-
rality of baseband processing units is configured to
process data from at least one respective core network
of the plurality of core networks for distribution via a
plurality of remote antenna units of the small cell
network;
wherein the plurality of remote antenna units are remotely
located from the plurality of baseband processing units;

wherein at least one of the plurality of remote antenna
units is remotely located from at least one other remote
antenna unit;

wherein the management sub-system is configured for

providing a respective amount of capacity via the small
cell network for each core network of the plurality of
core networks based on a respective subset of the
plurality of baseband processing units assigned to the
core network; and

wherein the controller circuitry is configured to provide,

independently for each network operator, (a) small cell
and macro cell handover management and (b) small
cell and macro cell interference management.

2. The management sub-system of claim 1, wherein the
controller circuitry is configured to allocate radio resources
provided by the small cell network among the plurality of
network operators.

3. The management sub-system of claim 2, wherein the
controller circuitry is configured to allocate the radio
resources by:

determining, for each of the plurality of network opera-

tors, a respective number of terminal devices commu-
nicating with a respective core network of the network
operator via the small cell network; and

allocating a respective portion of the radio resources to

each network operator based on the respective number
of terminal devices.

4. The management sub-system of claim 1, wherein the
controller circuitry is further configured to minimize inter-
ference between signals communicated from the plurality of
core networks to the plurality of remote antenna units.

5. The management sub-system of claim 1, wherein the
controller circuitry is further configured to communicate
signals between at least one data network other than the
plurality of core networks and at least one of the terminal
devices.

6. The management sub-system of claim 1, wherein the
controller circuitry is further configured to automatically
[integrate] configure additional remote antenna units into the
small cell network.

7. The management sub-system of claim 1, wherein the
controller circuitry is further configured to automatically
[reduce impacts from the] perform self-healing in response
to a failure of at least one component of the small cell
network.

8. The management sub-system of claim 1, wherein each
of the plurality of baseband processing units is further
configured to provide media access control for the respective
core network.

9. The management sub-system of claim 1, wherein each
of the plurality of baseband processing units is further
configured to provide radio resource control for the respec-
tive core network.

10. The management sub-system of claim 1, further
comprising a combiner and backplane system in communi-
cation with the plurality of baseband processing units and
the controller circuitry, wherein the combiner and backplane
system is configured to communicate signals between the
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plurality of baseband processing units and the plurality of
remote antenna units of the small cell network; and
wherein the controller circuitry is further configured to
coordinate communication of signals from different
core networks by the combiner and backplane system
to a common cell serviced by at least one of the
plurality of remote antenna units.

11. A small cell network for servicing a plurality of
network operators, the small cell network comprising:

a management sub-system comprising:

[a] controller circuitry in communication with a plu-
rality of core networks, wherein each of the plurality
of core networks is operated by a separate network
operator providing telecommunication services to
terminal devices,

wherein the controller circuitry is configured to pro-
vide, independently for each network operator, (a)
small cell and macro cell handover management and
(b) small cell and macro cell interference manage-
ment,

a plurality of baseband processing units in communi-
cation with the controller circuitry, wherein each of
the plurality of baseband processing units is config-
ured to process data from at least one respective core
network of the plurality of core networks for distri-
bution via a plurality of remote antenna units of the
small cell network, wherein the management sub-
system is configured for providing a respective
amount of capacity via the small cell network for
each core network of the plurality of core networks
based on a respective subset of the plurality of
baseband processing units assigned to the core net-
work, and

a combiner and backplane system in communication
with the plurality of baseband processing units,
wherein the combiner and backplane system is con-
figured to communicate signals between the plurality
of baseband processing units and a plurality of
remote antenna units;

the plurality of remote antenna units;

wherein the plurality of remote antenna units are remotely

located from the plurality of baseband processing units;

and

wherein at least one of the plurality of remote antenna

units is remotely located from at least one other remote

antenna unit.

12. The small cell network of claim 11, wherein the
controller circuitry is configured to allocate radio resources
provided by the small cell network among the plurality of
network operators.

13. The small cell network of claim 12, wherein the
controller circuitry is configured to allocate the radio
resources by:

determining, for each of the plurality of network opera-

tors, a respective number of terminal devices commu-

nicating with a respective core network of the network
operator via the plurality of remote antenna unit; and

allocating a respective portion of the radio resources to
each network operator based on the respective number
of terminal devices.

14. The small cell network of claim 11, wherein the
controller circuitry is further configured to minimize inter-
ference between signals communicated from the plurality of
core networks to the plurality of remote antenna units.

15. The small cell network of claim 11, wherein the
controller circuitry is in communication with the combiner
and backplane system via a control link bypassing the
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plurality of baseband processing units, wherein the control-
ler circuitry is further configured to:
generate control signals for coordinating communication
of signals by the combiner and backplane system from
different core networks to a common cell serviced by at
least one of the plurality of remote antenna units; and

provide the control signals to the combiner and backplane
system via the control link.

16. The small cell network of claim 11, wherein the
controller circuitry is further configured to communicate
signals between at least one data network other than the
plurality of core networks and at least one of the terminal
devices.

17. The small cell network of claim 11, wherein the
controller circuitry is further configured to automatically
[integrate] configure additional remote antenna units.

18. The small cell network of claim 11, wherein the
controller circuitry is further configured to automatically
[reduce impacts from the] perform self-healing in response
to a failure of at least one component of the small cell
network.

19. The small cell network of claim 11, wherein each of
the plurality of baseband processing units is further config-
ured to provide media access control for the respective core
network.

20. The small cell network of claim 11, wherein each of
the plurality of baseband processing units is further config-
ured to provide radio resource control for the respective core
network.

21. A management sub-system for managing a small cell
network servicing a plurality of network operators, the
management sub-system comprising:

controller circuitry in communication with a plurality of

core networks, wherein each of the plurality of core
networks is operated by a separate network operator
providing telecommunication services to terminal
devices; and

a plurality of baseband processing units in communica-

tion with the controller circuitry, wherein each of the
plurality of baseband processing units is configured to
process data from at least one respective core network
of the plurality of core networks for distribution via a
plurality of remote antenna units of the small cell
network;

wherein the plurality of vemote antenna units are remotely

located from the plurality of baseband processing
units;

wherein at least one of the plurality of remote antenna

units is vemotely located from at least one other remote
antenna unit;

wherein the management sub-system is configured to

provide a respective amount of capacity via the small
cell network for each core network of the plurality of
core networks based on a respective subset of the
plurality of baseband processing units assigned to the
core networks;

wherein the controller circuitry comprises a self-organiz-

ing network (SON) module configured to communicate
with a respective centralized SON server for each core
network of the plurality of core networks;

wherein the controller circuitry is configured to provide

standard management feedback to the respective cen-
tralized SON server for each core network of the
plurality of core networks; and

wherein the controller circuitry is configured to apply

respective configuration changes to the small cell net-
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work based on instructions received from the respective
centralized SON server for each core network of the
plurality of core networks.

22. The management sub-system of claim 21, wherein the
controller circuitry is configured to provide a standard
interface for communicating with the core networks.

23. The management sub-system of claim 21, wherein the
management sub-system is configured to communicate with
the plurality of remote antenna units of the small cell
network using an Ethernet communication protocol.

24. A small cell network to provide respective cell service
for a plurality of network operators, the small cell network
comprising:

a plurality of baseband processing units in communica-
tion with a plurality of core networks, wherein each of
the plurality of core networks is operated by a separate
network operator providing telecommunication ser-
vices to terminal devices;

controller circuitry in communication with the plurality of
baseband processing units; and

a plurality of remote antenna unmits communicatively
coupled to the plurality of baseband processing units
using an Ethernet communication protocol;

wherein the plurality of remote antenna units are remotely
located from the plurality of baseband processing
units;

wherein at least one of the plurality of remote antenna
units is vemotely located from at least one other remote
antenna unit;

wherein the controller circuitry is configured to provide a
respective amount of capacity via the small cell net-
work for each core network of the plurality of core
networks based on a respective subset of the plurality
of baseband processing units assigned to the core
network, the respective subset of the plurality of base-
band processing units assigned to each core network of
the plurality of core networks configured to process
data for the core network; and

wherein the small cell network is configured to provide a
standard interface to communicate with the controller
circuitry in connection with each network operator of
the plurality of network operators separately managing
the respective cell service provided therefor by the
small cell network.

25. The small cell network of claim 24, wherein the
controller circuitry is configured to receive requests from
one or more of the network operators and to respond to the
requests in accordance with a predetermined policy.

26. The small cell network of claim 25, wherein the
requests comprise rvequests for additional capacity and
wherein the controller circuitry is configured to provide the
additional capacity in accordance with a specified policy for
allocating capacity among the network operators.

27. The small cell network of claim 24, wherein each of
the remote antenna units is communicatively coupled to the
plurality of baseband processing units using a rvespective
dirvect link.

28. The small cell network of claim 24, wherein at least
one of the remote antenna units is communicatively coupled
to the plurality of baseband processing units using at least
one extension unit between said at least one of the remote
antenna units and the plurality of baseband processing
units.

29. The small cell network of claim 24, wherein the
controller circuitry is configured to provide, independently
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for each network operator, (a) small cell and macro cell
handover management and (b) small cell and macro cell
interference management.

30. The small cell network of claim 24, wherein the
controller circuitry is configured to apply respective con-
figuration changes to the small cell network based on
respective instructions received from each network operator.

31. The small cell network of claim 24, wherein the
controller circuitry is configured to provide standard mea-
surement feedback to each network operator of the plurality
of network operators.

32. The small cell network of claim 24, wherein the
controller circuitry is configured to execute at least one
server application for the small cell network.

#* #* #* #* #*
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