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2

Network Architecture

Sudeep Palat and Philippe Godin

2.1 Introduction

As mentioned in the preceding chapter, LTE has been designed to support only packet-
switched services, in contrast to the circnit-switched model of previous cellular systems. It
aims to provide seamless Internet Protocol (IP) connectivity between User Equipment (UE)
and the Packet Data Network (PDN), without any disruption to the end users’ applications
during mobility. While the term ‘LTE’ encompasses the evolution of the radio access through
the Evolved-UTRAN (E-UTRAN), it is accompanied by an evolution of the non-radio aspects
under the term ‘System Architecture Evolution” (SAE) which includes the Evolved Packet
Core (EPC) network. Together LTE and SAE comprise the Evolved Packet System (EPS).

EPS uses the concept of EPS bearers to route IP traffic from a gateway in the PDN to
the UE. A bearer is an IP packet flow with a defined Quality of Service (QoS) between the
gateway and the UE. The E-UTRAN and EPC together set up and release bearers as required
by applications.

In this chapter, we present the overall EPS network architecture, giving an overview of the
functions provided by the Core Network (CN) and E-UTRAN. The protocol stack across the
different interfaces is then explained, along with an overview of the functions provided by
the different protocol layers. Section 2.4 outlines the end-to-end bearer path including QoS
aspects and provides details of a typical procedure for establishing a bearer. The remainder of
the chapter presents the network interfaces in detail, with particular focus on the E-UTRAN
interfaces and the procedures used across these interfaces, including those for the support of
user mobility. The network elements and interfaces used solely to support broadcast services
are covered in Chapter 14.

LTE — The UMTS Long Term Evolution: from Theory to Practice  Stefania Sesia, Issam Toufik and Matthew Baker
© 2809 John Wiley & Sons, Litd
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2.2 Overall Architectural Overview

EPS provides the user with 1P connectivity to a PDN for accessing the Internet, as well as for
running services such as Voice over 1P (VolP). An EPS bearer is typically associated with a
QoS. Multiple bearers can be established for a user in order to provide difterent QoS streams
or connectivity to different PDNs. For example, a user might be engaged in a voice (VoIP) call
while at the same time performing web browsing or File Transfer Protocol (FTP) download.
A VoIP bearer would provide the necessary QoS for the voice call, while a best-efTort bearer
would be suitable for the web browsing or FTP scssion.

The network must also provide sufficient security and privacy for the user and protection
for the network against fraudulent use.

This is achieved by means of several EPS network elements which have ditferent roles.
Figure 2.1 shows the overall network architecture including the network elements and
the standardized interfaces. At a high level, the network is comprised of the CN (EPC)
and the access network (E-UTRAN). While the CN consists of many logical nodes, the
access network is made up of essentially just one node, the evolved NodeB (eNodeB),
which connects to the UEs. Each of these network elements is inter-connected by means of
interfaces which are standardized in order to allow multivendor interoperability. This gives
network operators the possibility to source different network elements from difterent vendors.
In fact, network operators may choose in their physical implementations 1o split or merge
these logical network elements depending on comimercial considerations. The functional split
between the EPC and E-UTRAN is shown in Figure 2.2. The EPC and E-UTRAN network
clements are described in more detail below.

2.2.1 The Core Network

The CN (called EPC in SAE) is responsible for the overall conutrol of the UE and
establishment of the bearers. The main logical nodes of the EPC are:

o PDN Gateway (P-GW):
e Serving Gateway (S-GW);
e Mobility Management Entity (MME).

IPR2022-00648
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Figure 2.2 Functional split betwecn E-UTRAN and EPC. Reproduced by permission of

© 3GPP.

In addition to these nodes, EPC also includes other logical nodes and functions such as
the Home Subscriber Scrver (HSS) and the Policy Control and Charging Rules Function
(PCRF). Since the EPS only provides a bearer path of a certain QoS, control of multimedia
applications such as VoIP is provided by the IP Multimedia Subsystem (IMS) which is

considered to be outside the EPS itsclf.

The logical CN nodcs (specified in [1]) are shown in Figure 2.1 and discussed in more

detail in the following.

o PCREF. It is responsible for policy controt decision-making, as well as for controlling

the flow-bascd charging functionalitics in the Policy Control Enforcement Function
(PCEF) which resides in the P-GW. The PCRF provides the QoS authorization (QoS
class identifier and bitrates) that decides how a certain data flow will be treated in the
PCEF and ensures that this is in accordance with the user’s subscription profile.

Home Location Register (HLR). The HLR contains users’ SAE subscription data
such as the EPS-subscribed QoS profile and any access restrictions for roaming (see
Section 2.2.3). It also holds information about the PDINs to which the user can connect.
This could be in the form of an Access Point Name (APN) (which is a label according
to DNS'! naming conventions describing the access point to the PDN), or a PBN
Address (indicating subscribed IP address(es)). In addition the HLR holds dynamic
information such as the identity of the MME to which the user is currently attached

' Domain Name System.

IPR2022-00648
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26 LTE - THE UMTS LONG TERM EVOLUTION

or registered. The HLR may also integrate the Authentication Centre (AuC) which
generates the vectors for authentication and security keys.

e P-GW. The P-GW is responsible for IP address allocation for the UE, as well as QoS
enforcement and flow-based charging according to rules {rom the PCRF. The P-GW is
responsible for the filtering of downlink user IP packets into the different QoS based
bearers. This is performed based on Traffic Flow Templates (TFTs) (see Section 2.4).
The P-GW performs QoS enforcement for Guaranteed Bit Rate (GBR) bearers. It also
serves as the mobility anchor for inter-working with non-3GPP tcchnologies such
as CDMA2000 and WiMAX networks (sece Scction 2.2.4 and Chapter 13 for more
information about mobility).

o S-GW. All user IP packets are transferred through the S-GW, which serves as the lacal
mobility anchor for the data bearers when the UE moves between eNodeBs. 1t also
retains the information about the bearers when the UE is in idle state (known as ECM-
IDLE, see Section 2.2.1.1) and temporarily buffers downlink data while the MME
initiates paging of the UE to re-cstablish the bearers. In addition, the S-GW performs
some administrative functions in the visited network such as collecting information
for charging (e.g. the volume of data sent to or received from the user), and legal
interception. It also serves as the mobility anchor for inter-working with other 3GPP
technologies such as GPRS and UMTS (see Section 2.2.4 and Chapter 13 for more
information about mobility).

¢ MME. The MME is the control node which processes the signalling between the UE
and the CN. The protocols running between the UE and the CN are known as the
Nen-Access Stratum (NAS) protocols.

The main functions supported by the MME are classified as:

Functions related to bearer management. This includes the establishment, mainte-
nance and release of the bearers, and is handled by the session management layer in
the NAS protocol.

Functions related to connection management. This includes the establishment of the
connection and security between the network and UE, and is handled by the connection
or mobility management layer in the NAS protocol layer.

NAS control procedures are specified in [1] and are discussed in more detail in the
following section.

2.2.1.1 Non-Access Stratum (NAS) Procedures

The NAS procedures, cspecially the connection management procedures, are fundamentally
similar to UMTS. The main change from UMTS is that EPS allows concatenation of some
procedures to allow faster establishment of the connection and the bearers.

The MME creates a UE context when a UE is turned on and attaches to the network. 1t
assigns a unique short temporary identity termed the SAE-Temporary Mobile Subscriber
Identity (S-TMSI) to the UE which identifies the UE context in the MME. This UE
context holds user subscription information downloaded from the HSS. The local storage
of subscription data in the MME allows faster execution of procedures such as bearer

IPR2022-00648
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NETWORK ARCHITECTURE 27

establishment since it removes the need to consult the HSS every time. In addition, the UE
context also holds dynamic information such as the list of bearers that are established and the
terminal capabilities.

To reduce the overhead in the E-UTRAN and processing in the UE, all UE-related
information in the access network can be released during long periods of data inactivity.
This state is called EPS Connection Management IDLE (ECM-IDLE). The MME retains the
UE context and the information about the established bearers during these idle periods.

To allow the network to contact an ECM-IDLE UE, the UE updates the network as to
its new location whenever it moves out of its current Tracking Area (TA); this procedure
is called a “Tracking Area Update’. The MME is responsible for keeping track of the user
location while the UE is in ECM-IDLE.

When there is a need to deliver downlink data to an ECM-IDLE UE, the MME sends a
paging message to all the eNodeBs in its current TA, and the eNodeBs page the UE over the
radio interface. On receipt of a paging message, the UE performs a service request procedure
which results in moving the UE to ECM-CONNECTED state. UE-related information is
thereby created in the E-UTRAN, and the bearers are re-established. The MME is responsible
for the re-establishment of the radio bearers and updating the UE context in the eNodeB. This
transition between the UE states is called an idle-to-active transition. To speed up the idle-to-
active transition and bearer establishment, EPS supports concatenation of the NAS and AS
procedures for bearer activation (see also Section 2.4.1). Some inter-relationship between
the NAS and AS protocols is intentionally used to allow procedures to run simultaneously
rather than sequentially, as in UMTS. For example, the bearer establishment procedure can
be executed by the network without waiting for the completion of the security procedure.

Security functions are the responsibility of the MME for both signalling and user data.
When a UE attaches with the network, a mutual authentication of the UE and the network is
performed between the UE and the MME/HSS. This authentication function also establishes
the security keys which are used for encryption of the bearers, as explained in Section 3.2.3.1.
The security architecture for SAE is specified in [2].

2.2.2 The Access Network

The Access Network of LTE, E-UTRAN, simply consists of a network of eNodeBs, as
illustrated in Figure 2.3. For normal user traffic (as opposed to broadcast), there is no
centralized controller in E-UTRAN; hence the E-UTRAN architecture is said to be flat.

The eNodeBs are normally inter-connected with each other by means of an interface
known as X2, and to the EPC by means of the S/ interface — more specifically, to the MME
by means of the S1-MME interface and to the S-GW by means of the S1-U interface.

The protocols which run between the eNodeBs and the UE are known as the Access
Stratum (AS) protocols.

The E-UTRAN is responsible for all radio-related functions, which can be summarized
briefly as:

o Radio Resource Management. This covers all functions related to the radio bearers,
such as radio bearer control, radio admission control, radio mobility control, schedul-
ing and dynamic allocation of resources to UEs in both uplink and downlink (see
Chapter 13).
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Figure 2.3 Ovcrall E-UTRAN architecture. Reproduced by permission of © 3GPP.

o Header Compression. This helps to cnsure efficient use of the radio interface by
compressing the [P packet headers which could otherwise represent a significant
overhead, especially for small packets such as VoIP (sce Section 4.2.2).

o Security. All data sent over the radio interface is encrypted (see Sections 3.2.3.1 and
4.2.3).

e Connectivity to the EPC. This consists of the signalling towards the MME and the
bearer path towards the S-GW.

On the network side, all of these functions reside in the eNodeBs, each of which can
be responsible for managing multiple cells. Unlike some of the previous second- and third-
generation technologies, 1.TE integrates the radio controller function into the eNodeB. This
allows tight interaction between the different protocol layers of the radio access network, thus
reducing latency and improving efficiency. Such distributed control eliminates the need for
a high-availability, processing-intensive controller, which in turn has the potential to reduce
costs and avoid ‘single points of failure’. Furthermore, as LTE does not support soft handover
there is no need for a centralized data-combining function in the network.

One consequence of the lack of a centralized controller node is that, as the UE moves, the
network must transfer all information related to a UE, i.e. the UE context, together with any
buffercd data, from onc eNodeB to another. As discussed in Section 2.3.1.1, mechanisms arc
therefore needed to avoid data loss during handover. The operation of the X2 interface for
this purpose is explained in more detail in Section 2.6.

An important feature of the Sl interface linking the Access Network to the CN is known
as S/-flex. This is a concept whereby multiple CN nodes (MME/S-GWs) can serve a common
geographical area, being connected by a mesh network to the set of eNodeBs in that area (sce
Section 2.5). An eNodeB may thus be served by multiple MME/S-GWs, as is the case for
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Figure 2.4 Roaming architecture for 3GPP accesses with P-GW in home network.

eNodeB#2 in Figure 2.3. The set of MME/S-GW nodes which serves a common area is called
an MME/S-GW pool, and the area covered by such a pool of MME/S-GWs is called a pool
area. This concept allows UEs in the cell(s) controlled by one eNodeB Lo be shared between
multiple CN nodes, thereby providing a possibility for load sharing and also eliminating
single points of failure for the CN nodcs. The UE context normally remains with thc same
MME as long as the UE is located within the pool area.

2.2.3 Roaming Architecture

A network run by one operator in one country is known as a Public Land Mobile Network
(PLMN). Roaming, where users are allowed to connect to PLMNs other than those (o which
they arc directly subscribed, is a powerful feature for mobile networks, and LTE/SAE is
no exception. A roaming user is connectled (o the E-UTRAN, MME and S-GW of the visited
LTE nctwork. However, LTE/SAE allows the P-GW of cither the visited or the home network
to be used, as shown in Figure 2.4. Using the home network’s P-GW allows the user o access
the home operator’s services even while in a visited network. A P-GW in the visited network
allows a ‘local breakout’ to the Internet in the visited network.

IPR2022-00648
Apple EX1017 Page 17



30 LTE — THE UMTS LONG TERM EVOLUTION

%Sa

S1.MME
Fd

S&is8

Figure 2.5 Architecture for 3G UMTS interworking.

2.2.4 Inter-Working with other Networks

EPS also supports inter-working and mobility (handover) with networks using other Radio
Access Technologies (RATS), notably GSM, UMTS, COMA2000 and WiMAX. The archi-
tecture for inter-working with 2G and 3G GPRS/UMTS nctworks is shown in Figure 2.5.
The S-GW acts as the mobility anchor for inter-working with other 3GPP technologies
such as GSM and UMTS, while the P-GW serves as an anchor allowing scamless mobitity
to non-3GPP networks such as CDMA2000 or WiMAX. The P-GW may also support a
Proxy Mobile Internet Protocol (PMIP) based interfacc. More details of the radio interface
procedures for inter-working are specified in [3] and are also covered in Sections 2.5.6.2 and
3.2.4.

2.3 Protocol Architecture

We outline here the radio protocol architecture of E-UTRAN.

2.3.1 User Plane

An IP packet for a UE is encapsulated in an EPC-specific protocol and tunnelled between the
P-GW and the eNodeB for transmission to the UE. Different tunnelling protocols are used
across different interfaces. A 3GPP-specific tunnelling protocol called the GPRS Tunnelling
Protocol (GTP) [4] is used over the core network interfaces, S1 and S5/88.2

The E-UTRAN user plane protocol stack is shown greyed in Figure 2.6, consisting
of the PDCP (Packet Data Convergence Protocol), RLC (Radio Link Control) and MAC

2SAE also provides an option 1o use PMIP on S5/88. More details on the MIP-based S5/S8 interface can be
found in [3).
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Figure 2.6 The E-UTRAN user planc protocol stack. Reproduced by permission of © 3GPP.
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Figure 2.7 Control-plane protocol stack. Reproduced by permission of © 3GPP.

(Medium Access Control) sublayers which are terminated in the eNodeB on the network
side. The respective roles of each of these layers are explained in detail in Chapter 4.

2.3.1.1 Data Handling During Handover

In the absence of any centralized controller node, data buffering during handover due to user

mobility in the E-UTRAN must be performed in the eNodeB itself. Data protection during

handover is a responsibility of the PDCP laycr and is explained in detail in Section 4.2.4.
The RLC and MAC layers both start afresh in a new cell after handover.

2.3.2 Control Plane

The protocol stack for the control plane between the UE and MME is shown in Figure 2.7.
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The greyed region of the stack indicates the access stratum protocols. The lower layers
perform the same functions as for the user plane with the exception that there is no header
compression function for control plane.

The RRC protocol is known as ‘Layer 3” in the access stratum protocol stack. It is the
main controlling function in the access stratum, being responsible for establishing the radio
bearers and configuring all the lower layers using RRC signalling between the eNodeB and
the UE. These functions are detailed in Section 3.2.

2.4 Quality of Service and EPS Bearers

In a typical case, multiple applications may be running in a UE at any time. each one having
different QoS requirements. For example, a UE can be engaged in a VoIP call while at
the same time browsing a web page or downloading an FTP file. VoIP has more stringent
requirements for QoS in terms of delay and delay jitter than web browsing and FTP, while the
latter requires a much lower packet loss rate. In order to support multiple QoS requirements,
different bearers are set up within EPS, each being associated with a QoS.

Broadly, bearers can be classified into two categorics based on the nature of the QoS they
provide:

o Minimum Guaranteed Bit Rate (GBR) bearers which can be uscd for applications
such as VoIP. These have an associated GBR value for which dedicated transmission
resources are permanently allocated (e.g. by an admission control function in the
eNodeB) at bearer establishment/modification. Bit rates higher than the GBR may be
allowed for a GBR bearer if resources are available. In such cases, a Maximum Bit
Rate (MBR) parameter, which can also be associated with a GBR bearer, sets an upper
limit on the bit rate which can be expccted from a GBR bearer.

e Non-GBR bearers which do not guarantee any particular bit rate. These can be usced
for applications such as web browsing or FTP transfer. For these bearers, no bandwidth
resources are allocated permanently to the bearer.

In the access network, it is the responsibility of the eNodeB to ensure the necessary QoS
for a bearer over the radio interface. Each bearer has an associated QoS Class Identificr (QCI),
and an Allocation and Retention Priority (ARP).

Each QCI is characterized by priority, packet delay budget and acceptable packet loss
rate. The QCI label for a bearer determines how it is handled in the eNodeB. Only a dozen
such QCls have been standardized so that vendors can ali have the same understanding
of the underlying service characteristics and thus provide the corresponding treatment,
including queue management, conditioning and policing strategy. This ensures that an LTE
operator can expect uniform traffic handling behaviour throughout the network regardiess
of the manufacturers of the eNodeB equipment. The set of standardized QCls and their
characteristics (from which the PCRF in an EPS can select) is provided in Table 2.1
(from Section 6.1.7, in [5]). The QCI table specifies values for the priority handling,
acceptable delay budget and packet error loss rate for cach QCI label.

The priority and packet delay budget (and to some extent the acceplable packet loss rate)
from the QCI label determinc the RLLC mode configuration (see Section 4.3.1), and how the
scheduler in the MAC (Section 4.4.2.1) handles packets sent over the bearer (e.g. in terms of
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Table 2.1 Standardized QoS Class Identifiers (QClIs) for LTE.

Resource Packet delay  Packet error
QCI  type Priority  budget (ms) loss rate Example services

1 GBR 2 100 . 1972 Conversational voice

2 GBR 4 150 103 Conversational video (live
streaming)

3 GBR 5 300 10-6 Non-conversational video
(buffered streaming)

4 GBR 3 50 10—3 Real time gaming

5  Non-GBR 1 100 1076 IMS signalling

6 Non-GBR 7 100 1073 Voice, video (live streaming),
interactive gaming

7 Non-GBR 6 300 10—6 Video (buffered streaming)

8  Non-GBR ] 300 1076 TCP-based (e.g. WWW, e-mail)
chat, FTP, p2p file sharing,
progressive video, etc.

9  Non-GBR 9 300 10-6

scheduling policy, queue management policy and rate shaping policy). For example, a packet
with a higher priority can be expected to be scheduled before a packet with lower priority. For
bearers with a low acceptable loss rate, an Acknowledged Mode (AM) can be used within the
RLC protocotl layer to ensure that packets are delivered successfully across the radio interface
(see Section 4.3.1.3).

The ARP of a bearer is used for call admission control — i.e. to decide whether or
not the requested bearer should be established in case of radio congestion. It also governs
the prioritization of the bearer for pre-emption with respect to a new bearer establishment
request. Once successfully established, a bearer’s ARP does not have any impact on the
bearer-level packet forwarding treatment (e.g. for scheduling and rate control). Such packet
forwarding treatment should be solely determined by the other bearer level QoS parameters
such as QCI, GBR and MBR.

An EPS bearer has to cross multiple interfaces as shown in Figure 2.8 — the S5/S8 interface
from the P-GW to the S-GW, the S1 interface from the S-GW to the eNodeB, and the radio
interface (also known as the LTE-Uu interface) from the eNodeB to the UE. Across each
interface, the EPS bearer is mapped onto a lower layer bearer, each with its own bearer
identity. Each node must keep track of the binding between the bearer IDs across its different
interfaces.

An S5/S8 bearer transports the packets of an EPS bearer between a P-GW and a S-GW.
The S-GW stores a one-to-one mapping between an S1 bearer and an S5/S8 bearer. The
bearer is identified by the GTP tunnel ID across both interfaces.

An St bearer transports the packets of an EPS bearer between a S-GW and an eNodeB.
A radio bearer [6] transports the packets of an EPS bearer between a UE and an eNodeB.
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Figure 2.8 LTE/SAE bearers across the different interfaces. Reproduced by permission of
© 3GPP.

An eNodeB stores a one-to-one mapping between a radio bearer ID and an S1 bearer Lo
create the mapping between the two.

IP packets mappcd to the same EPS bearcr receive the same bearer-level packet forwarding
treatment (e.g. scheduling policy, queue management policy, rate shaping policy, RLC
configuration). Providing different bearer-level QoS thus requires that a separate EPS bearer
is established for each QoS flow, and user [P packets must be filtered into the difterent EPS
bearers.

Packet filtering into different bearers is based on Traftic Flow Templates (TFTs). The
TFTs use IP header information such as source and destination IP addresses and Transmission
Control Protocol (TCP) port numbers to filter packets such as VoIP from web browsing tratfic
so that ecach can be sent down the respective bearers with appropriate QoS. An UpLink TFT
(UL TFT) associated with each bearer in the UE filters IP packets to EPS bearers in the uplink
direction. A DownLink TFT (DL TFT) in the P-GW is a similar set of downlink packet filters.

As part of the procedure by which a UE attaches to the network. the UE is assigned an IP
address by the P-GW and at least one bearer is established. This is called the default bearer,
and it remains established throughout the Jifetime of the PDN connection in order to provide
the UE with always-on IP connectivity to that PDN. The initial bearer-level QoS parameter
values of the default bearer are assigned by the MME, based on subscription data retrieved
from the HSS. The PCEF may change these values in interaction with the PCRF or according
10 local configuration. Additional bearers called dedicated bearers can also be established at
any time during or after completion of the attach procedure. A dedicated bearer can be either
a GBR or a non-GBR bearer, (the default bearer always has to be a non-GBR bearer since it
is permanently established). The distinction between default and dedicated bearers should be
transparent to the access network (e.g. E-UTRAN). Each bearer has an assoctated QoS, and if
more than one bearer is established for a given UE, then each bearer must also be associated
with appropriate TFTs. These dedicated bearers could be established by the network, based
for example on a trigger from the IMS domain, or they could be requested by the UE. The
dedicated bearers for a UE may be provided by one or more P-GWs.
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Figure 2.9 An example message flow for a LTE/SAE bearer establishment. Reproduced by
permission of © 3GPP.

The bearer-levei QoS parameter values for dedicated bearers are received by the P-GW
from the PCRF and forwarded to the S-GW. The MME only transparently forwards those
values received from the S-GW over the S11 reference point to the E-UTRAN.

2.4.1 Bearer Establishment Procedure

This section describes an example ot the end-to-end bearer establishment procedure across
the network nodes using the functionality described in the above sections.

A typical bearer establishment flow is shown in Figure 2.9. Each of the messages is
described below.

When a bearer is established, the bearers across each of the interfaces discussed above are
established.

The PCRF sends a ‘PCC? Decision Provision’ message indicating the required QoS for
the bearer to the P-GW. The P-GW uses this QoS policy to assign the bearer-level QoS
parameters. The P-GW then sends a ‘Create Dedicated Bearer Request’ message including
the QoS and UL TFT to be used in the UE to the S-GW.

3policy Control and Charging.
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The S-GW forwards the Create Dedicated Bearer Request message (including bearer QoS,
UL TFT and Si-bearer ID) to the MME (message 3 in Figure 2.9).

The MME then builds a set of session management configuration information including
the UL TFT and the EPS bearer identity, and includes it in the ‘Bearer Setup Request’
message which it sends to the eNodeB (message 4 in Figure 2.9). The scssion management
configuration is NAS information and is therefore sent transparently by the eNodeB to
the UE.

The Bearer Sctup Request also provides the QoS of the bearer to the eNodeB: this
information is used by the ¢NodeB for call admission control and also to ensure the necessary
QoS by appropriate scheduling of the user’s TP packets. The eNodeB maps the EPS bearer
QoS to the radio bearer QoS. It then signals a *“RRC Connection Reconfiguration” message
(including the radio bearer QoS. session management configuration and EPS radio bearer
identity) to the UE to set up the radio bearer (message 5 in Figure 2.9). The RRC Connection
Reconfiguration message contains all the configuration paramelters for the radio interface.
This is mainly for the configuration of the Layer 2 (the PDCP, RLC and MAC parameters),
but also the Layer | parameters required for the UE to initialize the protocol stack.

Messages 6 to 10 are the corresponding response messages to confirm that the bearers
have been set up correctly.

2.5 The E-UTRAN Network Interfaces: S1 Interface

The provision of Self-Optimizing Networks (SONs) is one of the key objectives of LTE.
Indeed, self-optimization of the network is a high priority for network operators, as a tool
to derive the best performance from the network in a cost-effective manner, cspecially in
changing radio propagation environments. Therefore SON has been placed as a cornerstone
from the beginning around which all X2 and St procedures have been designed.

The ST interface connects the eNodeB Lo the EPC. It is split into two interfaces, one for
the control planc and the other for the user planc. The protocol structure for the ST and the
functionality provided over Sl are discussed in more detail below.

2.5.1 Protocol Structure Over S1

The protocol structure over St is based on a full IP transport stack with no dependency on
legacy SS74 network configuration as used in GSM or UMTS networks. This simplification
provides one expected areca of savings on operational expenditure when LTE networks are
deployed.

2.5.1.1 Control Plane

Figure 2.10 shows the protocol structure of the S1 control plane which is based on the well-
known Stream Control Transmission Protocol / IP (SCTP/IP) stack.

4Sig,nallinft,v System #7 (SS7) is a communications protocol definred by the Intemational Telecommunication
Union (ITU) Telecommunication Standardization Scctor (I'TU-T) with a main purpose of setting up and tearing down
telephone calls. Other uses include Short Message Service (SMS), number translation, prepaid billing mechanisms,
and many other services.
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Figure 2.10 S1-MME control plane protocol stack. Reproduced by permission of © 3GPP.

The SCTP protocol is well known for its advanced features inherited from TCP which
ensure the required reliable delivery of the signalling messages. In addition it makes it
possible to benefit from improved features such as the handling f multistreams te implement
transport network redundancy easily and avoid head-of-line blocking or multihoming (see
‘IETF RFC4960° [7D).

A further simplification in LTE (compared to the UMTS lu interface, for example) is
the direct mapping of S1-AP (S1 Application Protocol) on top of SCTP. This results in a
simplified protocol stack compared to UMTS with no intermediate connection managemnient
protocol. The individual connections are directly handled at the application layer. Multiplex-
ing takes place between S1-AP and SCTP whereby each stream of an SCTP association is
multiplexed with the signalling traffic of multiple individual connections.

One further area of flexibility brought with LTE lies in the lower layer protocols for which
full optionality has been left regarding the choice of the IP version and the choice of the data
link layer. For example, this enables the operator to start deployment using IP version 4 with
the data link tailored to the network deployment scenario.

2.5.1.2 User Plane

Figure 2.11 gives the protocol structure of the S1 user plane, which is based on the
GTP/UDP3/IP stack which is already well known from UMTS networks.

One of the advantages of using GTP-User plane (GTP-U) is its inherent facility to identify
tunnels and also to facilitate intra-3GPP mobility.

The IP version number and the data link layer have been left fully optional, as for the
control plane stack.

A transport bearer is identified by the GTP tunnel endpoints and the IP address (source
Tunnelling End ID (TEID), destination TEID, source IP address, destination IP address).

The S-GW sends downlink packets of a given bearer to the eNodeB IP address (received in
S1-AP)associated to that particular bearer. Similarly, the eNodeB sends upstream packets of
a given bearer to the EPC IP address (received in S1-AP) associated to that particular bearer.

5User Datagram Protocol.
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Figure 2.11 S1-U user plane protocol stack. Reproduced by permission of © 3GPP.

Vendor-specific traffic categories (e.g. real-time traffic) can be mapped onto Differentiated
Services (Diffserv) code points (e.g. expedited forwarding) by network O&M (Operation and
Maintenance) configuration to manage QoS differentiation between the bearers.

2.5.2 Initiation Over S1

The initialization of the SI-MME control plane interface starts with the identification of
the MMEs to which the eNodeB must conncct, followed by the setting up of the Transport
Network Layer (TNL).

With the support of the S1-flex function in LTE, an eNodcB must initiate an S| interface
towards cach MME node of the pool area 1o which it belongs. This list of MME nodes of the
pool together with an initial corresponding remote IP address can be directly configuredin the
cNodeB at deployment (although other means may also be used). The eNodeB then initiates
the TNL cstablishment with that IP address. Only one SCTP association is cstablished
between one eNodeB and one MME.

During the establishment of the SCTP association, the two nodes negotiate the maximum
number of strecams which will be used over that association. However, multiple pairs of
strcams (note that a strcam is unidirectional and therefore pairs must be used) are typically
used in order to avoid the head-of-line blocking issue mentioned above. Among these pairs
of streams, one particular pair must be reserved by the two nodes for the signalling of the
common procedures (i.e. those which arc not specific to one UE). The other streams are used
for the sole purpose of the dedicated procedures (i.e. those which are specific to one UE).

Once the TNL has becn established, some basic application-level configuration data for
the system operation is automatically exchanged betwecen the eNodeB and the MME through
an ‘S! SETUP’ procedure initiated by the eNodeB. This procedure constitutes one example
of a network self-configuration process provided in LTE to reduce the configuration cffort
for network operators compared to the more usual manual configuration procedures of carlier
systems.

An example of such basic application data which can be configured automatically via the
S1 SETUP procedure is the tracking arca identitics. These identities are very important for the
system operation because the tracking areas correspond to the zones in which UEs are paged,
and their mapping to eNodeBs must remain consistent between the E-UTRAN and the EPC.
Thus, once all the tracking arca identities which are to be broadcast over the radio interface
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have been configured within each and every eNodeB, they are sent automatically 1o all the
relevant MME nodcs of the pool area within the S1 SETUP REQUEST message of this
procedure. The same applies for the broadcast list of PLMNs which is used in the case of a
network being shared by several operators (cach having its own PLMN ID which needs to be
broadcast for the UEs to recognize it). This saves a significant amount of configuration cffort
in the core network, avoids the risk of human error. and ensures that the E-UTRAN and EPC
conligurations regarding tracking areas and PLMNs are aligned.
Once the S1 SETUP procedure has been completed, the S| interface is opcrational.

2.5.3 Centext Management Over S1

Within cach pool area, a UE is associated to one particular MME for all its communications
during its stay in this pool area. This creates a contextin this MME for the UE. This particular
MME is sclected by the NAS Node Selection Function (NNSF) in the first eNodeB from
which the UE entered the pool.

Whenever the UE becomes active (i.e. makes a transition from idle to active mode) under
the coverage of a particular eNodeB in the pool area, the MME provides the UE context
information to this eNodeB using the ‘INITIAL CONTEXT SETUP REQUEST’ message
(see Figure 2.12). This enables the eNodeB in turn to create a context and manage the UE for
the duration of its activity in active mode.

Even though the setup of bearers is otherwise relevant to a dedicated ‘Bearer Management”
procedure described below, the creation ot the eNodeB context by the INITIAL CONTEX'T
SETUP procedure also includes the creation of one or several bearers including the default
bearer.

At the next transition back to idle mode following a ‘UE CONTEXT RELEASE’ message
scnt from the MME, the eNodeB context is erased and only the MME context remains.

[ene | e ]

INITIAL CONTEXT SETUP REQUEST

INITIAL CONTEXT SETUP RESPONSE

Figure 2.12 [nitial context setup procedure. Reproduced by permission of © 3GPP.

2.5.4 Bearer Management Over S1

L.TE uses independent dedicated procedures respectively covering the setup, modification and
release of bearers. For each bearer requested to be set up, the transport layer address and the
tunncl endpoint are provided to the eNodeB in the ‘BEARER SETUP REQUEST’ mcssage
to indicate the termination of the bearer in the S-GW where uplink user plane data must be
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sent. Conversely, the eNodeB indicates in the ‘BEARER SETUP RESPONSE’ message the
termination of the bearer in the eNodeB where the downlink user plane data must be sent.

For each bearer, the QoS parameters (see Section 2.4 above) requested for the bearer are
also indicated. Independently of the standardized QCI values, it is also still possible to use
extra proprietary labels for the fast introduction of new services if vendors and operators
agree upon them.

2.5.5 Paging Over S1

-

As mentioned in Section 2.5.3, in order to re-establish a connection towards a UE in idle
mode, the MME distributes a paging request to the relevant eNodeBs based on the tracking
areas where the UE is expected to be located. When receiving the ‘PAGING REQUEST”’
message, the eNodeB sends a page over the radio interface in the cells which are contained
within one of the tracking areas provided in that message.

The UE is normally paged using its SAE-Temporary Mobile Subscriber Identity (S-
TMSI). The ‘PAGING REQUEST’ message also contains a UE identity index value in order
for the eNodeB to calculate the paging occasions at which the UE will switch on its receiver
to listen for paging messages (see Section 3.4).

2.5.6 Mobility Over S1

LTE/SAE supports mobility within LTE/SAE, and also mobility to other systems using both
3GPP specified and non-3GPP technologies. The mobility procedures over the radio interface
are defined in Section 3.2. These mobility proceduresalso involve the network interfaces. The
sections below discuss the procedures over S1 to support mobility. Mobility procedures from
the point of view of the UE are outlined in Chapter 13.

2.5.6.1 Intra-LTE Mobility

There are two types of handover procedure in LTE for UEs in active mode: the S1-handover
procedure and the X2-handover procedure.

For intra-LTE mobility, the X2-handover procedure is normally used for the inter-eNodeB
handover (described.in Section 2.6.3). However, when there is no X2 interface between the
two eNodeBs, or if the source eNodeB has been configured to initiate handover towards a
particular target eNodeB via the S1 interface, then an S1-handover will be triggered.

The S1-handover procedure has been designed in a very similar way to the UMTS Serving
Radio Network Subsystem (SRNS) relocation procedure and is shown in Figure 2.13: it
consists of a preparation phase involving the core network, where the resources are first
prepared at the target side (steps 2 to 8), followed by an execution phase (steps 8 to 12) and
a completion phase (after step 13).

Compared to UMTS, the maindifference is the introduction of the ‘STATUS TRANSFER’
message sent by the source eNodeB (steps 10 and 11). This message has been added in order
to carry some PDCP status information that is needed at the target eNodeB in cases when
PDCEP status preservation applies for the S1-handover (see Section 4.2.4); this is in alignment
with the information which is sent within the X2 ‘STATUS TRANSFER’ message used for
the X2-handover (see below). As a result of this alignment, the handling of the handover by
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13. HANDOVER NOTIFY

142. FORWARD REILOCATION COMPLETE

14b. FORWARD REJ.OCATION COMPLETE ACK

16. TAU RHQUEST

17. RELEASE RESOURCES

Figure 2.13 Sl-based handover procedure. Reproduced by permission of © 3GPP.

the target eNodeB as seen from the UE is exactly the same, regardiess of the type of handover
(S1 or X2) the network had decided to use.

The Status Transfer procedure is assumed to be triggered in parallel with the start of data
forwarding afler the source eNodeB has received the ‘HANDOVER COMMAND’ message
{rom the source MME. This data forwarding can be either direct or indirect. depending on
the availability of a direct path for the user plane data between the source eNodeB and the
larget eNodeB.

The ‘HANDOVER NOTIFY’ message (step 13), which is sent later by the target eNodeB
when the arrival of the UE at the target side is confirmed, is forwarded by the MME to
trigger the update of the path switch in the S-GW towards the target eNodeB. In contrast to
the X2-handover, the message is not acknowledged and the resources at the source side are
released later upon reception of a ‘RELEASE RESOURCE’ message directly triggered from
the source MME (step 17 in Figure 2.13).
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2.5.6.2 Inter-Radio Access Technologies (RAT) Mobility

One key clement of the design of the first release of LTE is the need to co-exist with other
technologies.

For mobility from LTE towards UMTS, the handover process can reuse the S1-handover
procedures described above, with the exception of the STATUS TRANSFER message which
is not needed at steps 10 and 11 since no PDCP context is continued.

For mobility towards CDMA?2000, dedicated uplink and downlink procedures have been
introduced in I.TE. They essentially aim at tunnetling the CDMAZ2000 signalling between
the UE and the CDMAZ2000 system over the St interface, without being interpreted by the
eNodeB on the way. The UPLINK S1 CDMA2000 TUNNELLING message presented in
Figure 2.14 also includes the RAT type in order to identify which CDMA2000 RAT the
tunnelled CDMA2000 message is associated with in order for the message to be routed to
the correct node within the CDMA2000 system.

eNB MME ]

UPLINK S1 CDMA2000 TUNNELLING

o] ILH
Figure 2.14 Uplink S1 CDMA2000 tunneliing procedurc. Reproduced by permission of
© 3GPP.

2.5.7 Load Management Over S1

Three types of load management procedures apply over Sl: a normal ‘load balancing’
procedure to distribute the traffic, an ‘overload’ procedure to overcome a sudden pcak in
the loading and a ‘load rebalancing™ procedure to partially/fully offload an MME.

The MME load balancing procedure aims to distribute the traffic to the MME:s in the pool
evenly according to their respective capacities. To achieve that goal, the procedure relies
on the normal NNSF present in cach eNodeB as part of the S1-flex function. Provided that
suitable weight factors corresponding to the capacity of each MME node are available in
the eNodeBs beforehand, a weighted NNSF done by each and every eNodeB in the network
normally achieves a statistically balanced distribution of load among the MME nodes without
further action. However, specific actions are still required for some particular scenarios:

o If a new MME node is introduced (or removed). it may be necessary temporarily to
increase (or decrease) the weight factor normally corresponding to the capacity of this
node in order to make it catch more (or less) traffic at the beginning until it reaches an
adequate level of load.
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e In case of an unexpeeted peak in the loading, an OVERLOAD message can be sent over
the S1 interface by the overloaded MME. When reccived by an ¢NodeB, this message
calls for a temporary restriction of a certain type ol tratfic. An MME can adjust the
reduction of traffic it desires by defining the number of eNodeBs to which it sends the
OVERLOAD message and by defining the types of tralfic subject to restriction.

o Finally, if the MME wants to force rapidly the offload of part or all of its UEs, it will
use the rebalancing function. This function [orces the UEs to reattach to another MME
by using a specific ‘cause value’ in the UE Release Command S1 message. In a first
step it applies to idle mode UEs and in a second step it may also apply to UEs in
connected mode (if the full MME offload is desired, e.g. for maintenance reasons).

2.6 The E-UTRAN Network Interfaces: X2 Interface

The X2 interface is used o inter-connect eNodeBs. The protocol structure for the X2 interface

and the functionality provided over X2 are discussed below.

2.6.1 Pretecol Structure Over X2

The control plane and user plane protocol stacks over the X2 interface are the same as over
the St interface, as shown in Figures 2.15 and 2.16 respectively (with the exception that in
Figure 2.15 the X2-AP is substituted for the S1-AP). This also means again that the choice of
the IP version and the datalink layer are [ully optional. The use of the same protocol structure
over both interfaces provides advantages such as simplifying the data forwarding operation.

Radio
network X2-AP
layer
=
SCTP
Transport [P
nctwork
layer Data link layer

Physical layer

Figure 2.15 X2 signalling bearer protocol stack. Reproduced by permission of © 3GPP.

2.6.2 Initiation Over X2

The X2 interface may be cstablished between onc eNodeB and some of its ncighbour
eNodeBs in order to exchange signalling information when needed. However, a full mesh
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GTP-U

UDP

IPv6 (REFC 24060)
and/or
IPv4 (RFC 791)

Data link layer P

Physical layer

Figure 2.16 Transport network layer for data streams over X2. Reproduced by permission of
© 3GPP.

is not mandated in an E-UTRAN network. Two types ot information may typically need to
be exchanged over X2 to drive the establishment of an X2 interface between two eNodeBs:
load or interference related information (see Section 2.6.4) and handover related information
(see mobility in Section 2.6.3).

Because these two types ot information are fully independent of one another, it is possible
that an X2 interface may be prescnt between two eNodeBs for the purpose of exchanging load
or interference information, even though the X2-handover procedure is not used to handover
UEs between those eNodeBs. (In such a case, the S1-handover procedure is used instead.)

The initialization of the X2 interface starts with the identification of a suitable neighbour
followed by the setting up of the TNL..

The identification of a suitable neighbour may be done by configuration, or alternatively
a function known as the Automatic Neighbour Relation Function (ANRF) may be used. This
function makes use of the UEs to identify the useful neighbour cNodeBs: an eNodeB may
ask a UE to read the global cell identity from the broadcast information of another eNodeB
for which the UE has identified the physical cell identity during the new cell identification
procedure (sec Section 7.2).

The ANRF is another example of a SON process introduced success{ully in LTE. Through
this sclf-optimizing .process, UEs and eNodeB mcasurements are used to auto-tunc the
network.

Once a suitable neighbour has been identified, the initiating eNodeB can further set up the
TNL using the transport layer address of this neighbour — ¢ither as retrieved from the network
or locally configured.

Once the TNL has been set up, the initiating eNodeB must trigger the X2 setup procedure.
This procedurc enables an automatic exchange of application level configuration data relevant
to the X2 interface, similar to the S1 setup procedure already described in Section 2.5.2. For
example, cach ¢NodeB reports within the X2 SETUP REQUEST message to a neighbour
e¢NodeB information about each cell it manages, such as the cell’s physical identity, the
frequency band, the tracking arca identity and/or the associated PLMNs.

This automatic data exchange in the X2 setup procedure is also the core of another SON
feature: the automatic self-configuration of the Physical Cell Identities (PCIs). Under this
new SON feature, the Q&M system can provide the eNodeBs with cither a list of possible
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PCI values to use or a specific PCI value. In the first case, in order to avoid collisions, the
eNodeB should use a PCI which is not already used in its neighbourhood. Because the PCI
information is included in the LTE X2 setup procedure, while

detecting a neighbour cell by the ANR function an eNodeB can also discover all the PCI
values used in the neighbourhood of that cell and consequently eliminate those values from
the list of suitable PCIs to start with.

Once the X2 setup procedure has been completed, the X2 interface is operational.

2.6.3 Mobility Over X2

Handover via the X2 interface is triggered by default unless there is no X2 interface
established or the source eNodeB is configured to use the S1-handover instead.

The X2-handover procedure is illustrated in Figure 2.17. Like the S1-handover, it is also
composed of a preparation phase (steps 4 to 6), an execution phase (steps 7 to 9) and a
completion phase (after step 9).

The key features of the X2-handover for intra-LTE handover are:

e The handover is directly performed between two eNodeBs. This makes the preparation
phase quick.

e Data forwarding may be operated per bearer in order to minimize data loss.

e The MME is only informed at the end of the handover procedure once the handover is
successful, in order to trigger the path switch.

e The release of resources at the source side is directly triggered from the target eNodeB.

For those bearers for which in-sequence delivery of packets is required, the STATUS
TRANSFER message (step 8) provides the Sequence Number (SN) and the Hyper Frame
Number (HFN) which the target eNodeB should assign to the first packet with no sequence
number yet assigned that it must deliver. This first packet can either be one received over the
target S1 path or onereceivedover X2 if data forwarding over X2 is used (see below). When it
sends the STATUS TRANSFER message, the source eNodeB freezes its transmitter/receiver
status — i.e. it stops assigning PDCP SNs to downlink packets and stops delivering uplink
packets to the EPC.

Mobility over X2 can be categorized according o its resilience to packetloss: the handover
can be said ‘seamless’ if it minimizes the interruption time during the move of the UE, or
‘lossless’ if it tolerates no loss of packets at all. These two modes use data forwarding of
user plane downlink packets. The source eNodeB may decide to operate one of these two
modes on a per-EPS-bearer basis, based on the QoS received over St for this bearer (see
Section 2.5.4) and the service at stake.

2.6.3.1 Seamless Handover

If the source eNodeB selects the seamless mode for one bearer, it proposes to the target
eNodeB in the HANDOVER REQUEST message to establish a GTP tunnel to operate the
downlink data forwarding. If the target eNodeB accepts, it indicates in the HANDOVER
REQUEST ACK message the tunnel endpoint where the forwarded data is expected to
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be received. This tunnel endpoint may be different from the one set up as the termination
point of the new bearer established over the target S1.

Upon reception of the HANDOVER REQUEST ACK message, the source eNodeB can
start to forward the data freshly arriving over the source St path towards the indicated tunncl
endpointin parallel to sending the handover trigger to the UE over the radio interface. This
forwarded data is thus available at the target eNodeB to be delivered to the UE as early as

possible.
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When forwarding is in operation and in-sequence delivery of packets is required, the target
eNodeB is assumed to deliver first the packets forwarded over X2 before delivering the first
ones received over the target S1 path once the S1 path switch has been done. The end of the
forwarding is signalled over X2 to the target eNodeB by the reception of some ‘special GTP
packets’ which the S-GW has inserted over the source S1 path just before switching this S1
path; these are then forwarded by the source eNodeB over X2 like any other regular packets.

2.6.3.2 Lossless Handover

If the source eNodeB selects the lossless mode for one bearer, it will additionally forward
over X2 those user plane downlink packets which it has PDCP processed but are still buffered
locally because they have not yet been delivered and acknowledged by the UE. These packets
are forwarded together with their assigned PDCP SN included in a GTP extension header
field. They are sent over X2 prior to the fresh arriving packets from the source S1 path. The
same mechanisms described above for the seamless handover are used for the GTP tunnel
establishment. The end of forwarding is also handled in the same way, since in-sequence
packet delivery applies to lossless handovers. In addition, the target eNode B must ensure that
all the packets — including the ones received with sequence number over X2 — are delivered
in-sequence at the target side. Further details of seamless and lossless handover are described
in Section 4.2.

Selective retransmission. A new feature in LTE is the optimization of the radio by
selective retransmission. When lossless handover is operated, the target eNodeB may,
however, not deliver over the radio interface some of the forwarded downlink packets
received over X2 if it is informed by the UE that those packets have already been received at
the sourceside (see Section 4.2.6). This is called downlink selective retransmission.

Similarly in the uplink, the target eNodeB may desire that the UE does not retransmit
packets already received earlier at the source side by the source eNodeB, for example to
avoid wasting radio resources. To operate this uplink selective retransmission scheme for one
bearer, it is necessary that the source eNodeB forwards to the target eNodeB, over another
new GTP tunnel, those user plane uplink packets which it has received out of sequence.
The target eNodeB must first request the source eNodeB to establish this new forwarding
tunnel by including in the HANDOVER REQUEST ACK message a GTP tunnel endpoint
where it expects the forwarded uplink packets to be received. The source eNodeB must, if
possible, then indicate in the STATUS TRANSFER message for this bearer the list of SNs
corresponding to the forwarded packets which are to be expected. This list helps the target
eNodeB to inform the UE earlier of the packets not to be retransmitted, making the uplink
selective retransmission overall scheme faster (see also Section 4.2.6).

2.6.3.3 Multiple Preparation

Another new feature of the LTE handover procedure is ‘multiple preparation’. This feature
enables the source eNodeB to trigger the handover preparation procedure towards multiple
candidate target eNodeBs. Even though only one of the candidates is indicated as target to
the UE, this makes recovery faster in case the UE fails on this target and connects to one
of the other prepared candidate eNodeBs. The source eNodeB receives only one RELEASE
RESOURCE message from the final selected eNodeB.
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Regardless of whether multiple or single preparation is used, the handover can be
cancclled during or after the preparation phase. If the multiple preparation teaturc is operated,
it is recommended that upon reception of the RELEASE RES OURCE message the source
cNodeB triggers a ‘cancel’ procedure towards each of the non-sclected preparcd cNodeBs.

2.6.4 Load and Interference Management Over X2

The exchange of load information between cNodeBs is of key importance in the flat
architecture used in LTE, as there is no central RRM node as was the case. for example,
in UMTS with the RNC.

The exchange of load information falls into two categories depending on the purpose it
serves.

o The cxchange of load information can serve for the (X2) load balancing process in
which case the relevant frequency ol exchange is rather low (in the order of seconds);

o The exchange of load information can serve (o optimize some RRM processes such as
interference coordination (as discussed in Section 12.5), in which case the frequency
of exchange is rather high (in the order of tens of milliseconds).

2.6.4.1 Load Balancing

Like the ANRF SON function described in Section 2.6.2, load balancing is another aspect
of SON built into the design of I'TE. The objective of load balancing is to counteract local
traffic load imbalance between neighbouring cells with the aim of improving the overall
system capacity. One solution is to optimize the cell resclection/handover paramecters (such
as thresholds and hysteresis) between neighbouring cells autonomously upon detection of an
imbalance (sce also Section 13.6).

In order to detect an imbalance, it is necessary to compare the load of the cells and
thercfore to exchange information about them between neighbouring eNodeBs.

The cell load information exchanged can be of different types: radio measurements
correcsponding to the usage of physical resource blocks, possibly partitioned into rcal-time
and non-real-time traffic; or generic measurements representing non-radio-related resource
usagc such as processing or hardware occupancy.

A client-server mechanism is used for the load information exchange: the RESOURCE
STATUS RESPONSE/UPDATE message is used to report the load information over the X2
interface between one requesting eNodeB (client) and the eNodeBs which have subscribed
to this request (servers). The reporting of the load is periodic and according to the periodicity
expressed in the RESOURCE STATUS REQUEST message.

2.6.4.2 Interference Management

A scparate Load Indication procedurc is used over the X2 interface for the cxchange of
load information related to interference management as shown in Figure 2.18. As these
measurements have direct influence on some RRM real-time processes, the frequency of
reporting via this procedurc may be high.
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eNB e NB

[X2 AP] LOAD INDICATION

Figure 2.18 The LOAD INDICATION over X2 interface. Reproduced by permission of
© 3GPP.

For the uplink interference, two indicators can be provided within the LOAD INDICA-
TION message: a ‘High Interference Indicator’ and an ‘Overload Indicator’. The usage of
these indicators is explained in Section 12.5.

2.6.5 UE Historical Information QOver X2

Historical UE information constitutes another example of a feature designed to support S@N
which is embedded in the design of LTE. It is part of the X2-handover procedure.

Historical UE information consists, for example, of the last few cells visited by the UE,
together with the time spent in each one. This information is propagated from one eNodeB
to another within the HANDOVER REQUEST messages and can be used to determine the
occurrence of ping-pong between two or three cells for instance. The length of the history
information can be configured for more flexibility.

More generally, the Historical UE information consists of some RRM information which
is passed from the source eNodeB to the target eNodeB within the HANDOVER REQUEST
message to assist the RRM management of a UE. The information can be partitioned into
two types:

e UE RRM-related information, passed over X2 within the RRC transparent container;

o Cell RRM-related information, passed over X2 directly as an information element of
the X2 AP HANDOVER REQUEST message itself.

2.7 Summary

The EPS provides UEs with IP connectivity to the packet data network. The EPS supports
multiple data flows with different quality of service per UE for applications that need
guaranteed delay and bit rate such as VoIP as well as best effort web browsing.

In this chapter we have seen an overview of the EPS network architecture, including the
functionalities provided by the E-UTRAN access network and the evolved packet CN.

It can be seen that the concept of EPS bearers, together with their associated quality of
service attributes, provide a powerful tool for the provision of a variety of simultaneous
services to the end user.

From the perspective of the network operator, the LTE system is also breaking new ground
in terms of its degree of support for self-optimization and self-configuration of the network
via the X2, S1 and Uu interfaces, to facilitate deployment.
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Downlink Physical Data and
Control Channels

Matthew Baker and Tim Moulsley

9.1 Introduction

Chapters 7 and 8 have described the signals which enable User Equipment (UEs) to
synchronize with the network and estirnate the dowalink radio chauanel is order to be able
to demodulate data. In this chapier the downlink physical channels which ransport the data
are reviewed. This is followed by an explanation of the control-signalling chanaels which
support the data channels by indicating the particular time-frequency transmission resources
to which the data is mapped and the format in which the data itself is transmitted.

9.2 Downlink Data-Transporting Channels

9.2.1 Physical Broadcast Channel (PBCH)

In typical cellular systems the basic sysiem information which allows the other channeis in
the cell 1o be configured and operated is carried by a Broadcast Chanue! {BCH). Therefore
the achievable coverage for seception of the BCH is crucial to the successful operation of
such ceilular communicatien systems; LTE is no exception. As aiready noted in Chapter 3.
the broadcast system information is divided into two categories:

LEE—The UMTS Long Term Evolieiion: from Theory ic Practice  Stefania Sesia, Issarm Toufik and Matthew Baker
© 2099 iohn Wiiey & Seons, Lid
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o The ‘Master Information Block’ (MIB), which consists of a limited number of the most
frequently transmitted parameters essential for initial access to the cell,' is carried on
the Physical Broadcast Channel (PBCH).

o The other System Information Blocks (SIBs) which, at the physical layer, are
multiplexed together with unicast data transmitted on the Downlink Shared Channel
as discussed in Section 9.2.2.2.

This section focuses in particular on the PBCH, which has some unique design require-
ments:

e Detectable without prior knowledge of sysiem bandwidth;

s Low system overhead;

Reliable reception right to the edge of the LTE celis;
o Decodable with lew latency and low impact on UE battery life.

We review here the ways in which these requirements have influenced the design selected for
the PBCH in LTE, the overall structure of which is shown in Figure 9.1,

Detectability without the UE having prior knowledge of the system bandwidth is achieved
by mapping the PBCH only to the central 72 subcarriers of the OFDM signal (which
corresponds to the minimum possible LTE system bandwidth), regardless of the actual
system bandwidth. The UE will have first identified the system cenire-frequency from the
synchronization signals as described in Section 7.

Low system overhead for the PBCH is achieved by deliberately keeping the amount
of information carried on the PBCH to a minimum, since achieving stringent coverage
requirements for a large quantity of data would result in a high system overhead. The size of
the MIB is therefore just 14 bits, and, since it is repeated every 40 ms, this corresponds to a
data rate on the PBCH of just 350 bps.

The main mechanisms employed to facilitate reliable reception of the PBCH in LTE are
time diversity, forward error correction coding and antenna diversity.

Time diversity is exploited by spreading out the transmission of each MIB en the PBCH
over a period of 40 ms. This significantly reduces the likelihood of a whole MIB being lost
in a fade in the radic propagation channel, even when the mobile terminal is moving at
pedestrian speeds.

The forward error correctisn coding for the PBCH uses a convolutional coder, as the
number of information bifs to be coded is small; the details of the convolutional coder are
explained in Section 10.3.3. The basic code rate is 1/3, after which a high degree of repetition
of the systematic {i.e. information} bits and parity bits is used, such that each MIB is coded
at a very low code-rate (1 /48 over a 40 ms period) to give strong error protection.

Antenna diversity may be utilized at both the eNodeB and the UE. The UE performance
requirements specified for UTE assume that all UEs can achieve a level of decoding
performance commensurate with dual-antenna receive diversity (although it is recognized
that in low-frequency deployments, such as below 1 GHz, the advantage obtained from

1 The MIB information consists of the downtink system bandwidth, the PHICH structure (Physical Hybrid ARG
Indicator Channel, see Section 9.3.2.4), and the most-significant eight bits of the System Frame Number - the
reimaining two bits of the System Frame Number being gicaned from the 40 ms periodicity of the PBCH.
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reccive antenna diversity is reduced due to the corgsespoadingly higher correlation between
the antecunas); this cnables L TE system planners to rely on this level of performance being
common to all UEs, thereby enabling wider cell coverage to be achieved with fewer cell sites
than would otherwise be possible. Transmit antenna diversily may be also employed at the
cNodeB to lurther improve coverage, depending on the capabitity of the eNodeB; eNodeBs
with two or four transmit antenna ports transmit the PBCH using a Space-Frequency Block
Code {SFBC), details of which are explained in Section 11.2.2.1.

The exact set of resoutce elements used by the PBCH is independent of the number of
fransmii antenna ports used by the eNodeB; any resource efements which may be used for
reference signal fransmission are avoided by tire PBCH, irrespective of the actual number
of trassmit antenna ports deployed at the eNodeB. The number of ransmit anteana ports
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used by the eNodeB must be determined blindly by the UE, by performing the decoding for
each SFBC scheme corresponding to the different possible numbers of transmit antenna ports
(namely one, two or four}. This discovery of the number of transmit anienna ports is further
facilitated by the fact that the Cyclic Redundancy Check (CRC) on each MIB is masked with
a codeword representing the number of transmit antenna ports.

Finally, achieving low latency and a low impact on UE battery life is also facilitated by
the design of the coding cutlined above: the low code rate with repetition enables the full set
of coded bits to be divided into four subsets, each of which is self-decodable in its own right.
Each of these subsets of the coded bits is then transmitted in a different one of the four radio
frames during the 40 ms transmission period, as shown in Figure 9.1. This means that if the
Signatl to Interference Ratio (SIR) of the radio channel is sufficienily good to allow the UE
to decode the MIB correctly from the transmission in less than four radio frames, then the
UR does not need 1o receive the other parts of the PBCH transmission in the remainder of
the 40 ms period; on the other hand, if the SIR is low, the UE can receive further parts of
the MIB transmission, soft-combining each part with those received already, until successful
decoding is achieved.

The timing of the 40 ms transmission interval for each MIB on the PBCH is not indicated
explicitly to the UE; this is determined implicitly from the scrambling and bit positions,
which are re-initialized every 40 ms. The UE can therefore initially determine the 40 ms
timing by performing four separate decodings of the PBCH using each of the four possible
phases of the PBCH scrambling code, checking the CRC for each decading.

When a UE initially attempts to access a cell by reading the PBCH, a variety of approaches
may be taken to carry out the necessary blind decodings. A simple approach is always
to perform the decoding using a soft combination of the PBCH over four radio frames,
advancing a 40 ms sliding window one radio frame at a time until the window aligns with
the 40 ms period of the PBCH and the decoding succeeds. However, this would result in a
40-70 ms delay before the PBCH can be decoded. A faster approach would be te attemipt to
decode the PBCH from the first single radic frame, which should be possible provided the
SIR is sufficiently high; if the decoding fails for all four possible scrambling code phases, the
PBCH from the first frame could be soft-combined with the PBCH bits received in the next
frame — there is a 3-in-4 chance that the two frames contain data from the same transport
block. If decoding still fails, a third radio frame could be combined, and failing that a fourth.
It is evident that the latter approach may be much faster {potentially taking only 10 ms), but
on the other hand requires slightly more complex logic.

9.2.2 Physical Downlink Shared Channel (PDSCH)

The Physical Downlink Shared Channel (PDSCH) is the main data-bearing downlink channel
in LTE. It is used for all user data, as well as for broadcast system information which is not
carried on the PBCH, and for paging messages — there is no specific physical layer paging
channel in the LTE system. In this section, the use of the PDSCH for user data is explained:
the use of the PDSCH for system information and paging is covered in the next section.

Data is transmitted on the PDSCH in units known as fransport blocks, each of which
cerresponds to a MAC-layer Protocol Data Unit (PDU) as described in Section 4.4. Transport
blocks may be passed down from the MAC layer to the physical layer once per Transmission
Time Interval (TTI), where a TTI is 1 ms, corresponding to the subframe duration.

IPR2022-00648
Apple EX1017 Page 42



DOWNLINK PHYSICAL DATA AND CONTROL CHANNELS 185
9.2.2.1 General Use of the PDSCH

‘When employed for user data, one or, at most, two transport blocks can be transmitted per
UE per subframe, depending on the transmission mode seiected for the PDSCH for each UE.
The transmission mode configures the multi-antenna technique usually applied:

Transmission Mode 1: Transmission from a single eNodeB antenna port;
Transmission Mode 2: Transmit diversity {see Section 11.2.2.1};
Transmission Mede 3: Open-loop spatial multiplexing {see Section 11.2.2.3);
Transmission Mode 4: Closed-loop spatial multiplexing (see Section {1.2.2.3);

Transmission Mode 5: Multi-user Multiple-Input Multiple-Output (MIMO) (see
Section 11.2.3);

Transmission Meode 6: Closed-loop rank-1 preceding (see Section 11.2,2.3);

Transmission Mode 7: Transmission using UE-specific reference signals (see Sections
11.2.2.2 and 8.2).

With the exception of transmission mode 7, the phase reference for demodulating the
PDSCH is given by the cell-specific Reference Signals (RSs) described in Section 8.2, and
the number of eNodeB antenna ports used for transmission of the PDSCH is the same as
the pumber of antenna ports used in the cell for the PBCH. In transmission mode 7, UE-
specific RSs (alse covered in Section 8.2) provide the phase reference for the PDSCH.
The confligured transmission mode also affects the transmissien of the associated downlink
control sigaalling, as described in Section 9.3, and the channel quality feedback from the UE
(see Section 10.2.1).

After channel ceding (see Section 10.3.2) and mapping to spatial layers according to
the selected transmission mode, the coded data bits are mapped to modulation symbols
depending en the modulation scheme selected for the current radio channel conditions and
required data rate. The modulatien order may be varied between two bits per symbol (using
QPSK (Quadrature Phase Shift Keying)) and six bits per symbol (using 64QAM (Quadrature
Amplitude Modulation)). Support for reception of 64QAM modulation is mandatory for all
classes of LTE UE and is designed to achieve the high peak downlink data rates that are
required for LTE. The available modulation schemes are illustrated in Figure 9.2 by means
of their constellation diagrams.

The resource elements used for the PDSCH can be any which are not reserved for other
purposes (i.e. reference signals, synchronization signals, PBCH and control signalling). Thus
when the control signalling informs a UE that a particular pair of resource blocks? in a
subframe are allocated to that UE, it is only the available resource elements within those
resource blocks which actually carry PDSCH data.

Normally the allocation of pairs of resource blocks to PDSCH transmission for a particular
UE is signalled to the UE by means of dynamic control signalling transmitted at the start of

2The term “pair of resource blocks” here means a pair of fesaurce blocks which cecupy the same set of 12
subcarriers and are contiguous in time, thus having a duration of one subframe.
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Figure 9.2 ConsteHations of modulation schemes applicable to PDSCH transmission.

the relevant subframe using the Physical Downlink Control Channel (PDCCH), as described
in Section 9.3.

The mapping of data to physical resource blocks can be carried out in one of two ways:
localized mapping and distributed mapping.

Localized resource mapping entails allocating all the available resource elements in a pair
of resource blocks to the same UE. This is suitable for most scenarios, including the use of
dynamic channel-dependent scheduling of resource blocks according to frequency-specific
channel guality information reported by the UE (see Sections 19.2.1 and 12.4).

Distributed resource mapping eniails separating in frequency the two physical resource
blocks comprising each pair, as shown in Figure 9.3. This is a useful means of obtaining
frequency diversity fer small amounts of data which would otherwise be constrained
to a narrow part of the downlink bandwidth and would therefore be more suscepti-
ble te narrow-band fading. An amount of data corresponding to up te two pairs of
resource blocks may be transmitied to a UE in this way. An example of a typical use
for this transmission mode could be a Voice-over-IP (VoIP)} service, where, in order
to minimize overhead, certain frequency resources may be ‘persistently-scheduled’ (see
Section 4.4.2.1) — in ether words, certain resource blocks in the frequency domain are
allocated on a periodic basis to a specific UE by RRC signalling rather than by dynamic
PDCCH signalling. This means that the resources allocated are not able to benefit from
dynramic channel-dependent scheduling and therefore the frequency diversity which is
achieved through distributed mapping is a useful tool 1o improve performance. Maoreover,
as the amount of data to be transmitted per UE for a VoIP service is small (typi-
cally sufficient to occupy only one or two pairs of resource blocks in a given sub-
frame), the degree of frequency diversity obtainable via localized scheduling is very
limited.

When data is mapped using the distributed mode, a frequency-hop occurs at the slot
boundary in the middle of the subframe. This results in the block of data for a given UE being
transmitted on one set of 12 subcarriers in the first half of the subframe and on a different set
of 12 subcarriers in the second half of the subframe. This is illustrated in Figure 9.3.

The potential increase in the number of VoIP users which can be accommodated in a cell
as a result of using distributed resource mapping as opposed (o localized resource mapping is
illustrated by way of example in Figure 9.4, In this example, the main simulation parameters
are as given in Table 9.1.
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9.2.2.2 Special Uses of the PDSCH

As nolzed above, the PDSCH is used for some special purposes iz addiiion to normal user
data transmission.

One such use is sometimes referred to as the ‘Dynamic BCH’. This consists of all the
broadcast system information (i.c. SIBs) that is not carried on the PBCH. The resource
biocks used for broadcasi data of this sort are indicated by signalling messages on the
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Table 9.1 Key simulation parameters for Figure 9.4.

Parameter Value

Carrier irequency 2 GHz

Bandwidth 5 MHz

Channel madel Urban micro, 3 km/h

Total eNcdeB transmit power 43 dBm

VeiP model 12.2 kbps: voice activity factor 0.43
Modulation and coding scheme  Fixed: QPSK, code rate 2/3
Satisfaction criterion 98% packets within 50 ms

PDCCH in the same way as for other PDSCH data, except that the identity indicated on
the PDCCH is not the identity of a specific UE but is, rather, a designated broadcast identity
known as the System Information Radio Network Temporary Identifier (SI-RNTI), which is
fixed in the specifications (see Section 7.1 of [1]) and therefore known a priori to all UEs.
Some constraints exist as to which subframes may be used for particular system information
messages on the PDSCH; these are explained in Section 3.2.2.

Another special use of the PDSCH is for paging, as no separate physical channel is
provided in LTE for this purpose. In previcus sysiems such as WCDMA, a special ‘Paging
Indicator Channel’ was provided, which was specially designed to enable the UE to wake
up its receiver periodically for a very short period of time, in order to minimize the impact
on battery life; on detecting a paging indicator (typically for a group of UEs), the UE would
then keep its receiver switched on to receive a longer message indicating the exact identity
of the UE being paged. By contrast, in LTE the PDCCH signalling is already very short in
duration, and therefore the impact on UE battery life of monitoring the PDCCH {rom time
to time is low. Therefore the normal PDCCH signalling can be used to carry the equivalent
of a paging indicator, with the detailed paging information being carried on the PDSCH in a
resource block indicated by the PDCCH. In a similar way to broadcast data, paging indicators
on the PDCCH use a single fixed identifier, in this case the Paging RNTI (P-RNTI). Rather
than providing different paging identifiers for different groups of UEs, different UEs monitor
different subframes for their paging messages, as described in Section 3.4.

9.2.3 Physical Multicast Channel (PMCH)

Although Multimedia Broadcast and Multicast Services (MBMS) are not included in the first
release of the LTE specifications, nonetheless the physical layer structure to support MBMS
is defined ready for deployment in a later release. All UEs must be aware of the possible
existence of MBMS transmissions at the physical layer, in order to enable such transmissions
to be introduced {ater in a backward-cempatible way.

The basic structure of the Physical Multicast Channel (PMCH) is very similar to the
PDSCH. However, the PMCH is designed for ‘single-frequency network” operation, whereby
multiple cells transmit the same modulated symbols with very tight time-synchronization,
ideally so that the signals from different cells are received within the duration of the cyclic
prefix. This is known as MBSFN (MBMS Single Frequency Network) operation, and is
discussed in more detail in Section 14.3. As the channel in MBSEN operation is in effect
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a compesite channel from mulliple cells, it is necessary for the UE to perform a separate
channel estimate for MBSEN reception from that performed for reception of data from
a single cell. Therefore, in order to avoid the need to mix normal reference symbols and
reference symbols for MBSEN in the same subframe. frequency-division multiplexing of the
PMCH and PDSCH is not permitted within a given subframe; instead, certain subframes may
be specifically designated for MBSFEN, and it is in these subframes that the PMCH would be
transmitted.
The key differences from PDSCH in respect of the PMCH are as follows:

e The dynamic control signalling (PDCCH and PHICH ~ see Section 9.3) cannot occupy
more than two OFDM symbols in an MBSFEN subframe. The PDCCH is used oaly for
uplink resource grants and not for the PMCH, as the scheduling of MBSEN data on the
PMCH is carried out by higher-layer signalling.

e The pattern of reference symbols embedded in the PMCH is different from that in the
PDSCH, as discussed in Chapter 8. (Note, however, that the common reference symbol
pattern embedded in the ®@FDM symbols carrying conirol signalling at the siart of each
subframe remains the same as in the non-MBSFN subframes.)

o The extended cyclic prefix is always used. Note, however, that if the non-MBSFN
subframes use the normal cyclic prefix, then the normai cyclic prefix is also used in the
OFDM symbols used for the control signalling at the start of each MBSFN subframe.
This results in there being some spare time samples whose usage is unspecified
between the end of the last control signalling symbol and the first PMCH symbol,
the PMCH remaining aligned with the end of the subframe; the eNodeB may transmit
an undefined signal (e.g. a cyclic extension) during these time samples, or alternatively
it may switch off its transmiiter ~ the UE cannot assume anything about the transmitted
signal during these samples.

The latter two features are designed so that a UE making measurements on a neighbouring
cell does not need to know in advance the allocatien of MBSFEN and non-MBSFN subframes.
The UE can take advantage of the fact that the first two OFDM symbols in ail subframes use
the same cyclic prefix duration and reference symbol pattern.

The exact pattern of MBSFN subframes in a cell is indicated in the system information
carried on the part of the broadcast channel mapped to the PDSCH. The system information
also indicates whether the pattern of MBSFEFN subframes in neighbouring cells is the same
as er different from that in the current cell; however, if the pattern in the neighbouring cell
is different, the UE can enly ascertain the pattern by reading the system information of that
cell.

Further details of multicast and broadcast operation in LTE are explained in Chapter 14.

9.3 Downlink Control Channels

9.3.1 Requirements for Control Channel Design

The control channels in LTE are provided in order to support efficient data transmission. In
common with other wireless systems, the control channels convey physical layer signals or
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messages which cannot be carried sufficiently efficiently, quickly or conveniently by higher
layers. The design of the control channels transmitted in the LTE downlink aims to balance
a number of somewhat conflicting requirements, the most important of which are discussed
below.

9.3.1.1 Physical Layer Signalling to Support the MAC Layer

The general requirement to support Medium Access Control (MAC}) operation is very similar
to that in WCDMA, but there are a number of differences of detail. mainly arising from the
frequency domain resource allocation supported in the LTE multiple access schemes.

The use of the uplink transmission resources on the Physical Uplink Shared Channel
(PUSCH) is determined dynamically by an uplink scheduling process in the eNodeB, and
therefore physical layer signalling must be provided to indicate to UEs which time/frequency
resources they have been granted permission to use.

The eNodeB also schedules downlink transmissions on the PDSCH, and therefore similar
physical layer messages from the eNodeB are needed to indicate which resources in the
frequency domain contain the downlink data transmissions intended for particular UEs,
together with parameters such as the modulation and cosde rate used for the data. Explicit
signalling of this kind avoids the considerable additional complexity which would arise if
UEs needed to search for their data among all the possible combinations of data packet size,
format and resource allocation.

In order to facilitate efficient operation of Hybrid Automatic Repeat reQuest (HARQ) and
ensure that uplink transmissions are made at appropriate power levels, further physical layer
signals are also needed to convey acknowledgements of uplink data packets received by the
eNodeB, and power control commands to adjust the uplink transmission power {as explained
in Section 20.3).

9.3.1.2 Flexibility, Overhead and Complexity

The LTE physical layer specification is intended to allow operation in any system bandwidth
from six resource blocks (1.08 MHz) to 1 10resource blocks (19.8 MHz). It is also designed to
support a range of scenarios including, for example, just a few users in a cell each demanding
high datarates. or very many users with low data rates. Considering the possibility that both
uplink resource grants and downlink resource allocations could be required for every UE in
each subframe, the number of control channel messages carrying resource information could
be as many as a couple of hundred if every resource allocation were as small as one resource
block. Since every additional controlchannel message implies additional overhead which will
consume downlink resources, it is desirable that the control channel is designed to minimize
unnecessary overhead for any given signalling load, whatever the system bandwidth.

Similar considerations apply to the signalling of HARQ acknowledgements for each
uplink packet transmission.

Furthermore, as in any mobile communication system, the power consumption of the
terminals is an important consideration for LTE. Therefore, the conurol signalling must be
designed so that the necessary scaleability and fiexibility is achieved without undue decoding
complexity.
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9.3.1.3 Coverage and Robusiness

In order 1o achieve good coverage it must be possible to configure the system so that the
centrol channels can be received with sufficient retiability over a substantial part of every cell.
This can be seen by considering, as an example, messages indicating resource allocation. If
any such messages are not received correctly, then the corresponding data transmission will
also fail, with a direct and proportionate impact on throughput efficiency. Techniques such
as channel coding and frequency diversity can be used to make the contre! channels more
robust. However, in order to make good use of system resources, it is desirable to be able
to adapt the transmission paramelters of the control signalling for different UEs or groups of
UESs, so that lower code rates and higher power levels are only applied for those UEs for
which it 1s necessary {e.g. near the cell border, where signal levels are likely to be lew and
interference from other cells high}.

Also, it is desirable to avoid unintended reception of control channels from other cells,
for example, by applying cell-specific randomization, particularly under conditions of high
inter-cell interference.

9.3.1.4 System-Related Design Aspecis

Since the different parts of LTE are intended to provide a complete system, some aspects of
control channel design cannot be considered in isolation.

A basic design decision in LTE is that a control channel is intended (o be transmitted in
a single cell to a particular UE (or in some cases a group of UEs). In addition, in order
to minimize signalling latency when indicating a resource allocation, a control channel
transmission should be completed within one subframe. Therefore, in order to reach multiple
UEs in a cell within a subframe, it must be possible to transmit multiple control channels
within the duration of a single subframe. However, in those cases where the information sent
via the control channels is intended for reception by more than one UE (for example, when
relating to the transmission of a SIB on the PDSCH), it is more efficient to arrange for all the
UEs to receive a single transmission rather than to transmit the same information to each UE
individually. This requires that both common and dedicated control channel messages should
be supported.

As noted previously, some scenarios may be characterized by low average data rates to
a large number of UEs, for example when supporting YolIP waffic. If the data arrives at the
eNodeB on a regular basis, as is typical for VoIP, then it is possible to predict in advance
when resources will need to be allocated in the downlink or granted in the uplink. In such
cases the number of control channel messages which need to be sent can be dramatically
reduced by means of ‘persistent scheduling” as discussed in Section 4.4.2.1.

9.3.2 Control Channel Structure and Contents

In this section we describe the downlink control channel features selected for inclusion in the
LTE specifications and give some additional background on the design decisions. In general,
the downlink control channels can be configured to occupy the first 1, 2 ar 3 OFDM symbols
in a subframe, extending over the entire system bandwidth as shown in Figure 9.5. There
are two special cases: in subframes containing MBSFN transmissions there may be @, 1 or
2 symbols for control signalling, while Tor narrow system bandwidths (less than 10 resource
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Figure 8.5 Time-freguency region used for downlink control signalling.

blocks) the number of contrel symbols is increased, and may be 2, 3 or 4 to ensure sufficient
caverage al the cell border. This flexibility allows the control channel overhead to be adjusted
according to the particular system configuration, traffic scenario and channel conditions.

9.3.2.1 Physical Contro} Format Indicater Channel (PCFICH)

The PCFICH carries a Control Format Indicator (CFI) which indicates the aumber of OFDM
symbols (i.e. notmnaliy 1, 2 or 3} used {or transmission of contrad channel information in each
subframe. In principle the UE could deduce the value of the CFI without a channel such as
the PCFICH, for example by multiple attempts to decode the control channels assuming each
possible number of symbols, but this would result in significant additional processing load.

For carriers dedicated to MBSEN there are no physical control chansels, so the PCFICEH
is not present in these cases.

Three different CFI values are used in the first version of LTE, and a fourth codeword is
reserved for future use. In order to make the CFI sufficiently robust each codeword is 32 bits
in iength, as shown in Table 9.2. These 32 bits are mapped to {6 resource elements using
QPSK modulation.

The PCFICH is transmitted on the same sct of antenna ports as the PBCH, with transmit
diversity being applied if more than one antenna port is used.

In order to achieve frequency diversity, the 16 resource elements carrying the PCFICH are
distributed across the frequency domain. This is done accerding to a predefined patiern in the
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Table 8.2 Control Format Indicator codewords.

CHl CFl codeword < by, by, ..., by >
| <0, 1,1.0,1,1,% 1, 1,001, L0 1.0, L LOLELOLLO I LGLLG T >
2 <O LLOE B0 1,1,0,0.1,0,1, 1,811,060, 1.0.1,1,0,1,1,0,1.1,0>
3 <L LG LLOLLO L0 LU0 1LIL,0 L0 LIS LD >
4 (Reserved) <0,06,0,0,0.0.0.0.4,0,0,0,0,0,0,0.0,6,0,0.0,8,06,0,0,0,0,06,00.4,0>
frequency
—

m Resource elements reserved for
reference symbols

j : rﬁﬂgiﬂﬂﬁuﬂiﬁnﬁ
g‘ @ PCFICH resource elements ///
One REG

Figure 9.6 PCFICH mapping to Rescurce Element Groups {REGs).

first OFDM symbol in each downlink subframe (see Figure 9.6), se that the UEs can always
locate the PCFICH information, which is a prerequisite to being able to decode the rest of

the control signalling.

To minimize the possibility of confusion with PCFICH information from a neighbouring
cell, a cell-specific frequency offset is applied to the positions of the PCFICH resource

clements; this offset depends on the Physical Cell ID, which is dedu
and secondary synchronization signals as explained in Section 7.2
specific scrambling sequence (again a function of the Physical Cell
CFI codewords, se that the UE can preferentially receive the PCFICH

9.3.2.2 Physical Downlink Control Channel (PDCCH)

ced from the primary
. In addition, a cell-
ID) is applied to the
from the desired cell.

A PDCCH carries a message known as Downlink Control Information (DCI}, which includes
resource assignments and other control information for a UE or group of UEs. In general,

several PDCCHs can be transmitted in a subframe.

Each PDCCH is wransmitted using one or more so-called Control Channel Elements
(CCEs), where each CCE corresponds to nine sets of four physical resource elements known
as Resource Element Groups (REGs). Four QPSK symbols are mapped to each REG. The

reseurce elements occupicd by reference symbols are not included wi

thin the REGs, which

means that the total number of REGs in a given OFDM symbol depends on whether or not

cell-specific reference signals are present. The concept of REGs (i.e.

mapping in groups of

four resource elements) is also used for the other downlink contrel channels (the PCFICH

and PHICH).
Four PDCCH formats are supported, as listed in Table 9.3.
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Table 9.3 PDCCH formats.
PDCCH format  Number of CCEs {#) Number of REGs  Number of PBCCH bits

¢ 1 9 72
I Z 18 144
2 4 36 288
3 8 72 576

CCEs are numbered and used consecutively, and, to simplify the decoding process, a
PDCCH with a format consisting of # CCEs may only start with a CCE with a number
equal to a multiple of n.

The number of CCEs used for transmission of a particular PDCCH is determined by the
eNodeB according to the channel conditions. For example, if the PDCCH is intended for a
UE with a good downlink channel (e.g. close to the eNodeB), then one CCE is likely to be
sufficient. However, for a UE with a poor channel {e.g. near the cell border) then eight CCEs
may be required in order to achieve sufficient robustness. In addition, the power level of a
PDCCH may be adjusted to match the channei conditions.

9.3.2.3 Formats for Downlink Control Information

The control channel messages are required to convey various pieces of information, but
the useful content depends on the specific case of system deployment and operation. For
example, if the infrastructure does not support MIMO, or if a UE is configured in a
transmission mode which does not involve MIMO, there is no need to signal the parameters
which are only required for MIMO transmissions. In order to minimize the signalling
overhead it is therefore desirable that several different message formats are available, each
containing the minimum payload required for a particular scenaric. However, to avoid too
much complexity in implementation and testing, it is desirable not to specify too many
formats. The set of Downlink Control Information (DCI) message formats in Table 9.4 is
specified in the first version of LTE. These are designed to cover the most useful cases.
Additional formats may be defined in fuiure.

In general the number of bits required for resource assignment depends on the system
bandwidth, and therefore the message sizes also vary with the system bandwidth. Table 9.4
gives the number of bits in a PDCCH for uplink and downlink bandwidths of 50 resource
blocks, corresponding to a spectrum allocation of about 10 MHz. In order to avoid additional
complexity at the UE receiver, Formats 0 and 1A are designed to be always the same size.
However, since these messages may have different numbers of bits, for example if the uplink
and downlink bandwidths are different, leading to different numbers of bits required for
indicating resource assignments, the smaller format size is extended by adding padding bits
to be the same size as the larger.

The information content of the different DCI message formats is listed belew.

Format 0. DCI Format # is used for the transmission of resource grants for the PUSCH.
The following information is transmitted:
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o Flag 10 differentiate between Format 0 and Format 1A
o Resource block grant

¢ Modulation and coding scheme

HARQ information and redundancy version

e Power control command fer scheduled PUSCH

Table 9.4 Supported DCI formats.

195

Request for transmission of an aperiodic CQI report (see Section 10.2.1).

Number of bits including

CRC (for a sysiem
DCI bandwidth of S0 RBs and
format Purpose four antennas at eNodeB)
0 PUSCH graais 42
1 PDSCH assignments with a single codeword 47
1A PDSCH assignments using a compact format 42
1B PDSCH assignments for rank-1 transmission 46
1C  PDSCH assignments using a very compact format 26
1D PDSCH assignments for multi-user MIMO 46
2 PDSCH assignments for closed-icop MIMO operation 62
24  PDSCH assignments for open-loop MIMO operation 58
3 Transmit Power Control (TPC) commands fer multiple users 42
for PUCCH and PUSCH with 2-bit power adjusiments
3A  Transmit Power Control (TPC) commands for multiple users 42

for PUCCH and PUSCH with [-bit power adjustments

Format 1. DCI Format 1 is used for the transmission of resource assignments for single

codeword PDSCH transmissions {transmissicn modes 1, 2 and
The foliowing information is transmitted:

e Resource allocation type (see Section 9.3.3.1)

e Resource block assignment

7 (see Section 9.2.2.1)).

IPR2022-00648

Apple EX1017 Page 53




196 LTE — THE UMTS LONG TERM EVOLUTION

e Modulation and coding scheme
o HARQ information

e Power control command for Physical Uplink Control Channel (PUCCH).

Format 1A. DCI Format 1A is used for compact signalling of resource assignments for
single codeword PDSCH transmissions, and for allocating a dedicated preamble signature to
a UE for contention-free random access (see Section 19.3.2}. The following information is
transmitted:

o Flag to differentiate between Format 0 and Format 1A

o Flag to indicate that the distributed mapping mode (see Section 9.2.2.1) is used for the
PDSCH transmission {otherwise the allocation is a contiguous set of physical resource
blocks}

e Resource block assignment

o Modulation and coding scheme

HARQ information

e Power control command for PUCCH.

Format 1B. DCI Format 1B is used for compact signalling of resource assignments for
PDSCH transmissions using closed loop precoding with rank-1 wansmission (transmission
mode 6). The information transmitted is the same as in Format 1A, but with the addition of
an indicator of the precoding vector applied for the PDSCH transmission.

Format 1C. DCI Format 1C is used for very compact transmission of PDSCH assignments.
When format IC is used, the PDSCH transmission is constrained to using QPSK modulation.
This is used, for example, for signalling paging messages and some broadcast system
information messages (see Section 9.2.2.2). The following information is transmitted:

o Resource block assignment
e Modulation and coding scheme

o Redundancy version.

Format 1D. DCI Format ID is used for compact signalling of resource assignments for
PDSCH transmissions using multi-user MIMO (transmission mode S). The information
transmitted is the same as in Format 1B, but instead of one of the bits of the precoding
vector indicators, there is a single bit to indicate whether a power offset is applied to the
data symbols. This feature is needed to show whether or not the transmission power is shared
between two UEs. Future versions of LTE may extend this to the case of power sharing
between larger numbers of UEs.
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Format 2. DCI Formal 2 is used for the transmission of resource assignments for PDSCH
for closed-loop MIMO operation (transmissien mode 4). The following information is
transmitted:

e Reseurce allocation type (see Section 9.3.3.1)

o Resource block assignment

o Power control command for PUCCH

e HARQ information

s Modulation and coding schemes for each codeword
o Number of spatial layers

o Precoding information.

Format 2A. DCI Format 2A is used for the transmisston of resource assignments for
PDSCH for open-loop MIMO operation (transmission mode 3). The information transmitted
is the same as for Format 2, except that if the eNodeB has two transmit antenna ports, there
is no precoding information, and for four antenna ports two bits are used to indicate the
transmission rank.

Formats 3 and 3A. DCI Formats 3 and 3A are used for the transmission of power control
commands for PUCCH and PUSCH with 2-bit or 1-bit power adjustments respectively. These
DCI formats contain individval power control commands for a group of UEs.

CRC attachment. In order that the UE can identily whether it has received a PDCCH
transmission correctly, error detection is provided by means of a 16-bit CRC appended to
each PDCCH. Furthermore, it is necessary that the UE can identify which PDCCH(s) are
intended for it. This could in theory be achieved by adding an identifier to the PDCCH
payload; however, it turns out to be more efficient to scramble the CRC with the ‘UE identity’,
which saves the additional payload but at the cost of a small increase in the probability of
falsely detecting a PDCCH intended for another UE.

In addition, for UEs which support antenna selection for uplink transmissions {(see
Section 17.5), the requested antenna may be indicated using Format 0 by applying an
antenna-specific mask to the CRC. This has the advantage that the same size of DCI message
can be used, irrespective of whether antenna selection is used.

PDCCH construction. In order to provide robusiness against transmission errors, the
PDCCH information bits are coded as described in Section 18.3.3.The set of coded and rate-
matched bits for each PDCCH are then scrambled with a cell-specific scrambling sequence;
this reduces the possibility of confusion with PDCCH transmissions from neighbouring cells.
The scrambled bits are mapped to blocks of four QPSK symbols (REGs). Interfeaving is
applied to these symbol blecks, te provide frequency diversity, followed by mapping to the
available physical resource elements on the set of OFDM symbols indicated by the PCFICH.
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This mapping process excludes the resource elements reserved for reference signals and the
other control channels (PCFICH and PHICH).

The PDCCHs are transmitted en the same set of antenna perts as the PBCH, and transmit
diversity is applied if more than one antenna port is used.

9.3.2.4 Physical Hybrid ARQ Indicator Channel (PHICH)

The PHICH carries the HARQ ACK/NACK, which indicates whether the eNodeB has
correctly received a transmission on the PUSCH. The HARQ indicator is set to O for a
positive ACKnowledgement (ACK) and | for a Negative ACKnowledgement (NACK). This
information is repeated in each of three BPSK (Binary Phase Shift Keying) symbols.

Muiltiple PHICHs are mapped to the same set of resource elements. These constifule a
PHICH group, where different PHICHSs within the same PHICH group are separated through
different cemplex orthogonal Walsh sequences. The sequence length is four for the normal
cyclic prefix {or two in the case of the extended cyclic prefix}. As the sequences are complex,
the number of PHICHs in a group (i.e. the number of UEs receiving their acknowledgements
on the same set of downlink resource elements) can be up to twice the sequence length. A
cell-specific scrambling sequence is applied.

Factor-3 repetition coding is applied for robustness, resulting in three instances of the
orthogonal Walsh code being transmitted for each ACK or NACK. The error rate on the
PHICH is intended to be of the order of 10~? for ACKs and as low as 10* for NACKs.
The resulting PHICH construction, including repetition and orthogonal spreading, is shown
in Figure 9.7.

HARQ indicator 1

Repetition coding 1 i i ]
-~ Je//,/ i >\ ~
Walsh
spreading +1 -1 +1 -1 +1 -1 +1 -1 +1 -1 +1 -1

Each quadruplet is then mapped to an OFDM symbaol

Figure 9.7 PHICH signal construction.

The PHICH duration, in terms of the number of OFDM symbels used in the time domain,
is configurable (by an indication ransmitted on the PBCH), normally to either one or three
OFDM symbols. In some special cases® the three-OFDM-symbol duration is reduced to two
OFDM symbols. As the PHICH cannot extend into the PDSCH transmission region, the

3The special cases when the PHICH duration is two OFDM symbols are (i) MBSFN subframes en mixed carriers
supporting MBSFN and unicast data, and {ii) the second and seventh subframes in case of frame structure type 2 for
Time Division Duplex (TDD) operation.
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duration configured for the PHICH puts a lower limit on the size of the control channel
region ai the start of cach subframe (as signalled by the PCFICH).

Finally, cach of the three instances of the orthogonal code of a PHICH transmissien is
mapped to a REG on one of lhe first three OFDM symbols of each subframe,? in such a way
that each PHICH is partly transmittcd on each of the available OFDM symbols. This mapping
is itlustrated in Figure 9.8 for each possible PHICH duration.

PHICH duration:

{a) 1 OFDM (b) 2 OFDM (c) 3 OFDM
symboi symbols symbois
B
. H
2
> 1 1 21
8‘ _—
]
E E] 0 -1% 2
. time

Figure 9.8 Examples of the mapping of the three instances of a PBICH orthogonal code to
OFDM symbols, depending on the configured PHICH duratien.

The PBCH also signals the number of PHICH groups configured in the cell, which enables
the UEs to deduce o which remaining resource clements in the contrel region the PDCCHs
are mapped.

In order to obviate the need for additional signalling to indicate which PHICH carries
the ACK/NACK response tor each PUSCH transmission, the PHICH index is implicitky
assoctated with the index of the lowest uplink resource block used for the cerresponding
PUSCH transmission. This relationship is such that adjacent PUSCH rescurce blocks are
associated with PHICHSs in different PHICH groups, to enable some degree of load balancing.
However, this mechanism alone is not sufficient to enable multipie UEs io be allocated the
same ressurce blocks for a PUSCH transmission, as vccurs ia the case of uphink muiti-user
MIMO (sece Section 17.5): in this case, different cyclic shifts of the uplink demodulation
reference signals are configured {or the different UEs which are allocated the same time-
frequency PUSCH resoursces, and the same cyclic shift index is then used to shift the PHICH
allocations in the downlink so that each UE will rececive its ACK or NACK on a different
PHICH. This mappiag of the PHICH allocations is illustrated in Figure 9.9.

The PHICHSs are transmitled on the same sel of antenna ports as the PBCH, and transmit
diversity is applied if more than one attenna port is vsed.

AThe mapping avoids resource clements used {or reference synsbols or PCFICH.
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PHICH index
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Cyclic shift of uplink RS causes shift of
PRICH group and pasition within the group

Figure 9.9 Indexing of PHICHs within PHICH groups, and shifting in case of cyclic shifiing
of the uplink demodulation reference signals.

9.3.3 Control Channel Operation
9.3.3.1 Resource Allocation

Conveying indications of physical layer resource allocation is one of the major functions
provided by the PDCCHs. However, the exact use of the PDCCHs depends on the design
of the algorithms implemented in the eNodeB. Nevertheless, it is possible to outline some
general principles which are likely to be followed in typical systems.

In each subframe, PDCCHs indicate the frequency domain resource allocations. As
discussed in Scction 9.2.2.1, resource allocations are normally localized, mcaning that a
Physical Resource Block (PRB) in the first half of a subframe is paired with the PRB at
the same frequency in the second half of the subframe. For simplicity, the explanation here is
in terms of the first half subframe only.

The main design challenge for the signalling of frequency domain resource allocations
(in terms of a set of resource blocks) is to find a good compromise between flexibility and
signaliing overhead. The most flexible, and arguably the simplest, approach is to send each
UE a bitmap in which each bit indicates a particular PRB. This would work well for small
systemn bandwidths, but fer large system bandwidths {i.e. up to 110 PRBs) the bitnap would
neced 110 bits, which would be a prohibitive everhead — paritcularly for transmission of small
packets, where the PDCCH message could be larger than the data packet! One possible
solution wotild be to send a combined resource allocation message to ail UEs, but this was
rejected on the grounds of the high pewer needed to reach all UEs reliably, incluéing those
at the cell edges. A number of different approaches were considered by 3GPP, and these
adopted are listed in Table 9.5.

Further details of the different resource allocation methods are given below.

Resource allecation Type 0. In resource allocations of Type 0, a bitmap indicates the
Resource Block Groups (RBGs) which are allocated to the scheduled UE, wiiere a RBG is a
sct of consecuiive PRBs. The RBG size (£) is a function of the system bandwidth as shown
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Table 0.5 Methods for indicating vesource allccation.

Numbzr of bits required

Method CL/DL  Description {sce main sext fer definitions)
Direet DL The bitmap comprises | bit per RB. NRe
bitmap This method is the only one
applicable when the bandwidth is less
than 10 resource blocks.
Bitmap: DL The bitmap addresses Resource (VB P
“Type O’ Block Groups (RBGs), where the
group size (2, 3 or 4) depends on the
system bandwidth.
Bitmap: DL The bitmap addresses individuai f Nl%%- Y73
“Type i’ resouice blocks in a sabset of RBGs.
The number of subsets {2, 3, or 4)
depends on the system bandwidth.
The nunber of bits is arranged tc be
the same as for Type O, so the sane
DT format can carry cither type of
allocation.
Contiguous DL or UL, Any possible atcangement of f]cgz(Ngé'(Ngé‘ + Dilor
aliocations: centiguous resource block allocations UL a UL A
> ) logr (Mg g (Ngg + 1))
“Type 2° can be signalied in terms of a starting Moga (Vg (Mg i
positicn and number of rescurce
blocks.
Distributed DL in the downlink a lintited set of Mog (NP wWBY + 1)y
allocations resource allocations can be signalied

where the resousce blocks are
scattered across the frequency
domain and shared between two UEs.
For convenience the number of bits
available for using this method is the
same as for contiguous allocations
Type 2, and the same DCI format cun
carry either type of allocation.

in Table 9.6. The 1012l number of RBGs (Nrpg) for a downlink system handwidth of ¥PL
PRBs is given by NVrag = [NE%/ ). An example for the case of NJ§ =25, Ngpg = 13 and
P =2 is showa ia Figure 9.i0, where each bit in the bitmap indicates a pair of PRBs (i.e.
two PRBs which are adjacent in {requency).

Resource allocation Type 1.

In resource allocations of Type |, tndividual PRBs can be

addressed (but only within a subset of the PRBs available). The bitmap used is slightly
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