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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 circuit-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 (BPS). 

BPS 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 Evolmion: from 11ieory to Practice Stefania Sesia, !ssam Toufik and Matthew Baker 

© 2009 John Wiley & Sons, Ltd 
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2.2 Overall Architectural Overview 

EPS provides the user with IP connectivity to a PDN for accessing the Internet, as well as for 
running services such as Voice over IP (VoIP). An EPS bearer is lypically associated with a 
QoS. Multiple bearers can be established for a user in order to provide different QoS streams 
or connectivity to different PDNs. For example, a user might be engaged in a voice (VoIP) call 
while at the same time p_erforming web browsing or File Transfer Protocol (FTP) download. 
A VoIP bearer would provide the ne-cessary QoS for the voice call, while a best-effort bearer 
would be suitable for the web browsing or FTP session. 

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

This is achieved by means of several BPS network elements which have different 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 multiveodor interoperability. This gives 
network operators the possibility to source differentnetwork elements from different vendors. 
In fact, network operators may choose in their physical implementations to split or merge 
these logical network elements depending on commercial considerations. The functional split 
between the EPC and E-UTRAN is shown in Figure 2.2. The EPC and E-UTRAN network 
elements are described in more detail below. 

2.2.1 The Core Network 

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

• PDN Gateway (P-GW);

• Serving Gateway (S-GW);

• Mobility Management Entity (MME).

IPR2022-00648 
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Figure 2.2 Functional split between 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 Server (HSS) and Lhe 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 JP Multimedia Subsystem (IMS) which is 
considered to be outside the EPS itself 

The logical CN nodes (specified in [ I]) are shown in Figure 2.1 and discussed in more 
detail in the following. 

• PCRF. It is responsible for policy control decision-making, as well as for controlling
the flow-based charging functionalities in the Policy Control Enforcement Function
(PCEF) which resides in the P-GW. The PCRF provides the QoS autho1faation (QoS
class identifier and bitrates) that decides how a certain data tlow 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 a� the BPS-subscribed QoS profile and any access restrictions for roaming (see
Section 2.2.3). It also holds information about the PDNs 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 1 naming conventions describing the access point to the PDN), or a PON 
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

1 Domain Name Sys1em. 

IPR2022-00648 
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26 LTB - 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. 

• 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 from 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 tech1plbgies such
as CDMA2000 and WiMAX networks (see Section 2.2.4 and Chapter 13 for more
information about mobility).

• S-G\.V. All user IP packets are transferred through the S-GW, which serves as the local
mobility anchor for the data bearers when the UE moves between eNodeBs. It 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-establish the bearers. Jn addition, the S-GW performs
some administrative functions in rhe 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
Non-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, especially 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 con.text when a UE is turned on and attaches to the network. It 
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 
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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 OE-related 

information in the access network can be released during long periods of data inactivity. 
This state is called BPS 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. OE-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, BPS 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 
per formed 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. l. 
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 SJ inter face - more specifically, to the MME 
by means of the SI-MME interface and to the S-GW by means of the SI-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: 

• 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 Overall E-UTRAN architecture. Reproduced by permission of© 3GPP. 

• Header Compres,sion. This helps to ensure efficient use of the radio interface by 
compressing the IP packet headers which could otherwise represent a significant
overhead, especially for small packets such as VoIP (see Section 4.2.2).

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

• Connectivity to the EPC. This consists of the signalling towards the MME and the
bearer path towa!·ds 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, LTE integrates the radio controller function into the eNodeB . This 
allows Light interaction between the different protocol layers of the radio access network, thus 
reducing latency and improving efnciency. 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 
buffered data, from one eNodeB to another. As discussed in Section 2.3.1. l, mechanisms are 
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 SJ-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 (see 
Section 2.5). An eNodeB may thus be served by multiple MME/S-GWs, as is the case for 

.. J 

:.{ 

IPR2022-00648 
Apple EX1017 Page 16



NETWORK ARCHITECTURE 29 

HPMN 

VPLMN 

$8 

S1-MME 

S1-U 

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 ofMME/S-GWs is called a pool 

area. This concept allows UEs in the cell(s) controlled by one eNodeB to be shared between 
multiple CN nodes, thereby providing a possibility for load sharing and also eliminating 
single points of failure for the CN nodes. The UE context normally remains with the 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 to which 
they are directly subscribed, is a powerful feature for mobile networks, and LTE/SAE is 
no exception_ A roaming user is connected to the E-UTRAN, MME and S-GW of the visited 
LTE network. However, LTE/SAE allows the P-GW of either 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 to 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. 
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Figure 2.5 ArchiLecture for 30 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, C

T

MTS, CDMA2000 and WiMAX. The archi
tecture for inter-working with 2G and 3G GPRS/UMTS networks 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, whi.le the P-GW serves a,; an anchor allowing seamless mobility 
to non-3GPP networks such as CDMA2000 or WiMAX. The P-GW may also support a 
Proxy Mobile Internet Protocol (PMIP) based interface. 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 (OTP) [4) is used over the core network interfaces, Sl and SS/S8.2

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 lo use PMrP on S5/S8. More details on the MIP-base<l S5/S8 interface can be
found in [3). 
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Figure 2.6 The E-UTRAN user plane 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 

Io the absence of any centralized controller node, data buffer.ing 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 layer 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 VB 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 

/ 
/ 

1n a typical case, multiple applications may be running in a UE at any time, each one having 
dif

f

erent 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 categories based on the nature of the QoS they 
provide: 

• Minimum Guaranteed Bit Rate (GBR) bearers which can be used 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 expected from a GBR bearer.

• Nou-GBR bearers which do not guarantee any particular bit rate. These can be used
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 Identifier (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 aJI have the same understanding 
of the underlying service characteristics and thus provide the cOHesponding treatment, 
including queue management, conditioning and policing strategy. This ensures that an LTE 
operator can expect uniform traffic handling behaviour throughout the network regardless 
of the manufacturers of the eNodeB equipment. The set of standardized QCis 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 Joss rate for each QCI label. 

The priority and packet delay budget (and to some extent the acceptable packet loss rate) 
from the QCI label determine the RLC mode configuration (see Section 4.3. I), 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 (QCis) for LTE. 

Resource Packet delay Packet en-or 
QCI type Priority budget (ms) loss rate Example services 

I GBR 2 l00 10-
2 Conversational voice 

2 GBR 4 150 10-3 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 100 ,o-6 IMS signalling 

6 Non-GBR 7 100 10-3 Voice, video (live streaming), 
interactive gaming 

7 Non-GBR 6 300 10-6 Video (bu ffered streaming) 

8 Non-GBR 8 300 10-6 TCP-based (e.g. WWW, e-mail) 
chat, FfP, 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 protocol layer to ensure that packets are delivered successfully across the radio inter face 
(see Section 4.3.l.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 SI interface from the S-GW to the eNodeB, and the radio 
inteii'ace (also known as the LTE-Uu interface) from the eNodeB to the UE. Across each 
interface, the BPS 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 BPS bearer between a P-GW and a S-GW. 
The S-GW stores a one-to-one mapping between an S 1 bearer and an SS/S8 bearer. The 
bearer is identified by the GTP tunnel ID across both interfaces. 

An SI 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 S 1 bearer to 
create the mapping between the two. 

IP packets mapped to the same EPS bearer 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 IP packets must be filtered into the difforent EPS 
bearers. 

Packet tillering into dif(erent bearers is based on 1raffic 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 traffic 
so that each 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 DE is assigned an IP 
address by the P-GW and at least one bearer is established. This is called tl1e default bearer, 
and it remains established throughout the lifetime 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 witb the PCRF or according 
to 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 associated 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-level 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 S 11 reference point to the E-UTRAN. 

2.4.1 Bearer Establishment Procedure 

This section describes an example of 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 'PCC3 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-OW then sends a 'Create Dedicated Bearer Request' message including 
the QoS and UL TFT to be used in the UE to the S-GW. 

3 Pol ic.y 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 BPS bearer identity, and includes it in the 'Bearer Setup Request' 
message which it sends to the eNodeB (message 4 in Figure 2.9). The session management 
configuration is NAS information and is therefore sent transpare11tly by the eNodeB to 
the UE. 

The Bearer Setup Request also provides the QoS of the bearer to the eNodeB; this 
information is used by the eNodeB for call admission control and also to ensure-1he necessary 
QoS by appropriate scheduling of the user's IP 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 parameters for the radio interface. 
This is mainly for the configuration of the Layer 2 (the PDCP, RLC and MAC parameters), 
but also the Layer l parameters required for the UE to initialize the protocol stack. 

Messages 6 to JO 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 lhe network is a high priority for network operators, as a tool 
to derive the best performance from the network in a cost-effective manner, especially in 
changing radio propagation'environments. Therefore SON has been placed as a cornerstone 
from the beginning around.which all X2 and SI procedures have bee-n designed. 

The SI interface connects the eNodeB to the EPC. It is split into two interfaces, one for 
the control plane and the other for the user plane. The protocol structure for the S 1 and the 
functionality provided over SI are discussed in more detail below. 

2.5.1 Protocol Structure Over S1 

The protocol structure over SI 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 area 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 SI control plane which is based on the well
known Stream Control Transmission Protocol/IP (SCTP/IP) stack. 

4Signalling Sys1em #7 (SS7) is a communications protocol defined by the International Telecommunicmion 
Union (ITU) Telecommunication Standardization Sector (ITU-T) with a main purpose of setting up and !earing down 
telephone calls. Other uses include Short Message Service (SMS), number translacfon, prepaid billing mechanisms. 
and many other servlces. 

IPR2022-00648 
Apple EX1017 Page 24



NETWORK ARCHITECTURE 

Radio 
network 
layer 

Transport 
network 
layer 

37 

SI-AP 

SCTP 

IP 

Data link layer 

Physical layer 

Figure 2.10 SI-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 of multistreams to implement 

transport network redundancy easily and avoid head-of-line blocking or multihoming (see 
'IETF RFC4960' [7]). 

A further simplification in LTE (compared to the UMTS Iu interface, for example) is 
the direct mapping of Sl-AP (Sl Application Protocol) on top of SCTP. This results in a 
simplified protocol stack compared to UMTS with no intermediate connection management 
protocol. The individual connections are directly handled at the application layer. Multiplex

ing takes place between Sl-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 S 1 user plane, which is based on the 
GTP/UDP5/IP stack which is already well known from UMTS networks. 

One of the advantages of using OTP-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 

S 1-AP) associated to that particular bearer. Similarly, the eNodeB sends upstream packets of 
a given bearer to the EPC IP address (received in S 1-AP) associated to that particular bearer. 

5user Datagram Protocol.
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Figure 2.11 S!-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 starls with the identification of 
the MMEs to which the eNodeB must connect, followed by the setting up of the Transport 
Network Layer (TNL). 

With the support of the SI-flex function in LTE, an eNodeB must initiate an SI interface 
towards each MME node of the pool area to which it belongs. This list of MME nodes of the 
pool together with an initial c;orresponding remote IP address can be directly configured in the 
eNodeB al deployment (although other means may also be used). The eNodeB then iniliates 
the TNL establishment with that IP address. Only one SCTP association is established 
between one eNodeB and one MME. 

During the establishment of the SCTP association, the two nodes negotiate the maximum 
number of streams which will be used over that association. However, multiple pairs of 
streams (note that a stream 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 are 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 been established, some basic application-level configuration data for 
the system operation is automatically exchanged between the eNocleB and the MME through 
an 'SI SETUP' procedure initiated by the eNodeB. This procedure constitutes one example 
of a network self-configuration process provided in LTE to reduce the configuration effort 
for network operators compared to the more usual manual configuration procedures of earlier 
systems. 

An example of such basic application data which can be configured automatically via the 
SI. SETUP procedure is the tracking area identities. 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 area identities which are to be broadcast over the radio interface 

J.
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have been configured within each and every eNodeB, they are sent automatically 10 all the 
relevant MME nodes of the pool area within the SI 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 (each having its own PLMN ID which needs to be 
broadcast for the UEs to recognize it). This saves a significant amount of configuration effort 
in the core network, avoids the risk of human error, and ensures that the E-UTRAN and EPC 
configuraLions regarding tracking areas and PLMNs are aligned. 

Once the SI SETUP procedure has been completed, the SI interface is operational. 

2.5.3 Context Management Over S1 

Within each pool area, a UE is associated to one particular MME for a.II its communications 
during its stay in this pool area. This creates a context in this MME for the UE. This particular 
MME is selected 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 of the eNodeB context by the INITIAL CONTEXT 
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 
sent from the MME, the eNodeB context is erased and only the MME context remains. 

I eNB l I MME! 

INITIAL CONTEXT SETUP REQUEST 

INITIAL CONTEXT SETUP RESPONSE 

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

2.5.4 Bearer Management Over St 

LTE uses independent dedicated procedures respectively covering the setup, modification and 
release of bearers. For each bearer requested to be set up, the trnnsport layer address and the 
tunnel endpoint are provided to the eNodeB in the 'BEARER SETUP REQUEST' message 
to indicare 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 St 

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 St 

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 procedures also involve the network interfaces. The 
sections below discuss the procedures over S 1 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 SI-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 S 1 interface, then an SI-handover will be triggered. 

The SI -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 main difference 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 infonnation that is needed at the target eNodeB in cases when 
PDCP status preservation applies for the SI-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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Figure 2. 13 SI-based handover procedure. Reproduced by permission of© 3GPP. 

41 

the target eNodeB as seen from the UE is exactly the same, regardless of 1he type of handover 
(S 1 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 after the source eNodeB has received the 'HANDOVER COMMAND' message 

from the source MME. This daca forwarding can be either direct or indirect, depending on 
the availability of a direct palh for the user plane data between the source eNodeB and the 
Largel 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 element of the design of the first re.lease of LTE is the need to co-exist with other 
technologies. 

For mobility from LIB towards UMTS, the handover proce,ss can reuse the SJ-handover 
procedures described above, with the exception of the S1ATUS TRANSFER message which 
is not needed at steps IO and 11 since no PDCP context is continued. 

for mobility towards CDMA2000, dedicated uplink and downlink procedures have been 
introduced in LTE. They essentially aim at tunnelling the CDMA2000 sign�ling between 
the UE and the CDMA2000 system over the SI interface, without being interpreted by the 
eNodeB on the way. The UPLINK S 1 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 witl1in the CDMA2000 system. 

I eNB j ! MME I 

UPLINK S1 CDMA2000 TUNNELLING 

Figure 2.14 Uplink SI CDMA2000 tunnelling procedure. 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 peak 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 MM Es in the pool 
evenly according to their respective capacities. To achieve that goal, the procedure relies 
on the normal NNSF present in each eNodeB as part of the Sl-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: 

• 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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• In case ofan unexpected peak in the loading, an OVERLOAD message can be sent over
the SI interface by the overloaded MME. When received by an eNodeB, this message
calls for a temporary restriction of a certain type of traffic. 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 traffic subject to restriction.

• 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 forces the UEs to reattach to another MME
by using a specific 'cause value' in the UE Release Command SL 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 to inter-connecteNodeBs. The protocol structure for the X2 interface 
and the functionality provided over X2 are discussed below. 

2.6.1 Protocol Structure Over X2 

The control plane and user plane protocol stacks over the X2 interface arc the same as over 
the SI 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 SI-AP). This also means again that the choice of 
the IP version and the data link layer are fully optional. The use of the same protocol structure 
over both interfaces provides advantages such as simplifying the data forwarding operation. 

Radio 
network 
layer 

rt Transpo 
network 
layer 

X2-AP 

__j_ 

T 
SCTP 

IP 

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 established between one eNodeB and some of its neighbour 
eNodeBs in order to exchange signalling information when needed. However, a full mesh 
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GTP-U 

UDP 

· 1Pv6 (RFC 2460) 
and/or 

1Pv4 (RFC 79 I) 

Data link layer ,· 
/ 

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 of 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 
(sec mobility in Section 2.6.3). 

Because these two types of information are fully independent of one another, it is possible 
that an X2 interface may be present 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. (lo such a case, the SI -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 suhable 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 eNodeBs: 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 (see Section 7 .2). 

The ANRF is another example of a SON process introduced successfully in LTE. Through 
this self-optimizing .process, UEs and e.NodeB measurements are used to auto-tune 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- either as retrieved from lhe network 
or locally configured. 

Once the TNL has been set up, the initiating eNodeB must trigger the X2 setup procedure. 
This procedure enables an automatic ex.change of application level configuration data relevant 
to the X2 interface, similar to the S 1 setup procedure already described in Section 2.5.2. For 
example, each eNodeB reports within the X2 SETUP REQUEST message to a neighbour 
eNodeB information about each cell it manages, such as the cell's physical identity, the 
frequency band, the tracking area 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 O&M system can provide the eNodeBs with either 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 SI -handover instead. 

The X2-handover procedure is illustrated in Figure 2.17. L ike the SI -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: 

• The handover is directly performed between two eNodeBs. This makes the preparation

phase quick.

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

• The MME is only informed at the end of the handover procedure once the handover is

successful, in order to trigger the path switch.

• The release of resources at the source side is directly triggered from the target eN odeB.

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 SI path or one received over 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 to its resilience to paeket loss: 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 Sl 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 H ANDOVER 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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Figure 2.17 X2-based handover procedure. 
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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 SJ. 

Upon reception of the HANDOVER REQUEST ACK message, the source eNodeB can 
start to forward the data freshly arriving over the source SJ path towards the indicated tunnel 
endpoint in 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 S l path once the S 1 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 S l path just before switching this S 1 

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 S l 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 eNodeB 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 opt1m1zation 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 source side (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 lo 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 
cancelled during or after the preparation phase. If the multiple preparation feature is operated, 
it is recommended that upon reception of the RELEASE RESOURCE message the source 
eNodeB triggers a 'cancel' procedure towards each of the non-selected prepared eNodeBs. 

2.6.4 Load and Interference l\tlanagement Over X2 

The exchange of load information between eNodeBs is of key importance in the flat 
architecture used in LTE, as there is no central RRM node as was the cased"or example, 
in UMTS with the RNC. •p 

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

• The exchange of load information can serve for the (X2) load balancing process in
which case the relevant frequency of exchange is rather low (in the order of seconds); '1 

::-

• The exchange of load information can serve to 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 buill into the design of LTE. The objective of load balancing is to counteract local 
traffic load imbalance betw,een neighbouring cells with the aim of improving the overall 
system capacily. One solution is to optimize the cell reselection/handover parameters (such 
as thresholds anci hysteresis) between neighbouring cells autonomously upon detection of an 
imbalance (see also Section 13.6). 

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

The cell load information exchanged can be of different types: radio measurements 
corresponding to the usage of physical resource blocks, possibly partitioned into real-time 
and non-real-time lraffic; or generic measurements representing non-radio-related resource 
usage 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 S TATUS REQUES T message. 

2.6.4.2 Interference Management 

A separate Load Indication procedure is used over the X2 interface for the exchange of 
load information relaled Lo 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 procedure may be high. 
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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 Inter ference Indicator' and an 'Overload Indicator'. The usage of 
these indicators is explained in Section 12.5. 

2.6.5 UE Historical Information Over X2 

Historical UE information constitutes another example of a feature designed to support SON 
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: 

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

• Cell RRM-related in formation, passed over X2 directly as an information element of 
the X2 AP HANDOVER REQUEST message it,;elf. 

2.7 Summary 

The BPS 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, S 1 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 estimate the downlink rndio channel in order to be able 
to demodulate data. In this chapter. the downlink physical channels which transport the data 
are reviewed. This is foJ!owed by au explanation of the control-signalling channels which 
support the data channels by indicating the particular time-frequency transmission resources 
to which the data is mapped and lhe format in which I.he data itself is transmitted. 

9.2 Downlink Data-Transporting Channels 

9.2.1 Physical Broadcast Channel (PBCH) 

In typical cellular systems the basic system information which allows the other channels in 
the cell to be configured and operated is carried by a Broadcast Channel (BCH). Therefore 
the achievable coverage for reception of the BCH is crucial to the successful operation of 
such cellular communication systems; LTE is no exception. As already noted in Chapter 3, 
the broadcast system information is divided into two categories: 

l1'E-111e U,WTS umg Term Evollflioll: from Theory to Practice Stefania Sesia, lssam Toufilc and Mauhcw Baker 
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• The •Master Information Block' (MIB ), which consists of a limited number of the most
frequently transmitted parameters essential for initial access to the cell, 1 is can-ied on
the Physical Broadcast Channel (PBCH).

• 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: 

• Detectable without prior knowledge of system bandwidth;

• Low system overhead;

• Reliable reception right to the edge of the LTE cells;

• Decodable with low 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 centre-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 on the PBCH 
over a period of 40 ms. This significantly reduces the likelihood of a whole MIB being lost 
in a fade in the radio propagation channel, even when the mobile terminal is moving at 
pedestrian speeds. 

The forward error correction coding for the PBCH uses a convolutional coder, as the 
number of information bits to be coded is small; the details of the convolutional coder are 
explained in Section I 0.3.3. The basic code rate is I /3, after which a high degree of repetition 
of the systematic (i.e. info1mation) bits and parity bits is used, such that each MIB is coded 
at a very low code-rate ( I /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 LTE assume that all UEs can achieve a level of decoding 
perfonnance commensurate with dual-antenna receive diversity (although it is recognized 
that in low-frequency deployments, such as below 1 GH7.,, the advantage obtained from 

1The MIB information consists oflhe downlink system bandwidth, the PHICH structure (Physical Hybrid ARQ 
Indicator Channel, see Section 9.3.2.4), and the most-significant eight birs of the System Frame Number - the 
remaining two bits of the System Frame Number being gleaned from the 40 ms periodicity of the PBCH. 
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I receive antenna diversity is reduced due to the correspondingly higher correlation between 
! the antennas); !his enables LTE 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 diversity may be also employed at the
eNodeB to further improve coverage, depending on the capability 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. l.

The exact set of resource elements used by the PBCH is independent of the number of 
lransmit antenna ports used by the eNodeB; any resource elements which may be used for 
reference signal transmission are avoided by the PBCH, irrespective of the actual number 
of transmit antenna ports deployed m the eNooeB. The number of transmit antenna 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 antenna 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 outlined 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-decodab1e 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 
Signal to Interference Ratio (SIR) of the radio channel is sufficiently good to allow the UE 
to decode the MIB correctly from the transmission in less than four radio frames, then the 
UB does not need to 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 decoding. 

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 to attempt to
decode the PBCH from the first single radio 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 foster (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 (POSCH) 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 POSCH 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 transport blocks, each of which 
corresponds 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 TII is 1 ms, corresponding to the subframe duration. 
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When employed for user data, one or, at most, two transport blocks can be transmitted per 
UE per subframe, depending on the transmission mode selected 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. l ); 

Transmission Mode 3: Open-loop spatial multiplexing (see Section I 1.2.2.3); 

Transmission Mode 4; Closed-loop spatial multiplexing (see Section 11.2.2.3); 

Transmission Mode 5: Multi-user Multiple-Input Multiple-Output (MIMO) (see 
Section l l .2.3); 

Transmission Mode 6: Closed-loop rank- I precoding (see Section 11.2.2.3); 

Transmission Mode 7: Transmission using DE-specific reference signals (see Sections 
1 r .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 number of antenna ports used in the cell for the PBCH. In transmission mode 7, UE
specific RSs (also covered in Section 8.2) provide the phase reference for the PDSCH. 
The configured transmission mode also affects the transmission of the associated downlink 
control signalling, as described in Section 93, and the channel quality feedback from the UE 
(see Section 10.2.1). 

After channel coding (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 on the modulation scheme selected for the current radio channel conditions and 
required data rate. The modulation 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 in forms a UE that a particular pair of resource blocks2 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 u pair of resource blocks which occupy the same set of 12 
subcarriers and are contiguous in time, thus having a duration of one subframe. 
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QPSK: two bits per symbol 1 SQA.\1: four bits per symbol 64QAM: six bits per symbol 
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Figure 9.2 Constellations 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. 

Loca1ized 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 quality information reported by the UE (see Sections 10.2.1 and 12.4 ). 

Distributed resource mapping entails 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 for small amounts of data which would otherwise be constrained 
to a narrow part of the downlink bandwidth and would therefore be more suscepti
ble to narrow-band fading. An amount of data corresponding to up to two pairs of 
resource blocks may be transmitted 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.l) - in other words, certain resource blocks in the frequency domain are 
allocated on a periodic basis to a specific UE by RRC signa1Iing rather than by dynamic 
PDCCH signalling. This means that the resources allocated are not able to benefit from 
dynamic channel-dependent scheduling and therefore the frequency diversity which is 
achieved through distributed mapping is a useful tool to improve performance. Moreover, 
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 re-source 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 oft 2 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 to 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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Figure 9.3 Frequency-distributed data mapping in LTE downlink. 
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Figure 9.4 Example of increase in VoIP capaciLy arising from frequency-distributed resource 
mapping. 

9.2.2.2 Special Uses of the PDSCH 

As noted above, the PDSCH is used for some special purposes in addition to normal user 
data transmission. 

One such use is sometimes referred to as lhe 'Dynamic BCH'. This consists of all lhe 
broadcast system information (i.e. SIBs) thaL is not carried on the PBCH. The resource 
blocks used for broadcast 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 

Carrier frequency 
Bandwidth 
Channel model 
Total eNodeB transmit power 
VoIP model 
Modulation and coding scheme 
Satisfaction criterion 

Value 

2GHz 

5MHz 

Urban micro, 3 km/h 
43dBm 
12.2 kbps; voice activity factor 0.43 
Fixed: QPSK, code rate 2/3 
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, rnther, a designated broadcast identily 
known as the System Information Radio Network Temporary Identifier (SI-RNTI), which is 
fixed in the specifications (see Section 7.1 of [I]) 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 POSCH is for paging, as no separate physical channel is 
provided in LIB for this purpose. In previous systems such as WCDMA, a special 'Paging 
Indicator Channel' was provided, which was specially designed to enable the UE to ,vake 
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 ofUEs), 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 from time 
to time is low. Therefore the normal PDCCH signalling can be used to can)' 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-RNT1). Rather 
than providing different paging identifiers for different groups ofUEs, 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 laler release. AH UEs must be aware of the possible 
existence of MEMS transmissions at the physical layer, in order to enable such transmissions 
to be introduced later in a backward-compatible 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 lhe 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 knmvn as MBSFN (MBMS Single Frequency Network) operation, and is 
discussed in more detail in Section 14.3. As the channel in MBSFN operation is in effect 
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a composite channel from multiple cells, it is necessary for the UE to perform a separate 
channel estimate for MBSFN reception from that performed for reception of data from 
a single cell. Therefore, in order to avoid the need to mix norrnal reference symbols and 
reference symbols for MBSFN in the same subframe, frequency-division multiplexing of the 
PMCH and POSCH is not permitted within a given subframe; inslead, certain subframes may 
be specifically designated for MBSFN, and it is in these subframes that the PMCH would be 
transmitted. 

The key differences from PDSCH in respect of the PMCH arc as follows: 

• The dynamic control signalling (POCCH and PRICH - see Section 9.3) cannot occupy
more than two OFOM symbols in an MBSFN subframe, The PDCCH is used only for
uplink resource grants and not fo1· the PMCH, as the scheduling ofMBSFN data on the
PMCH is carried out by higher-layer signalling.

• The pattern of reference symbols embedded in the PMCH is different from that in rhe
PDSCH, as discussed in Chapter 8. (Note, however, that the common reference symbol
pattern embedded in the OFOM symbols carrying control signalling at the start of each
subframe remains the same as in the non-MBSFN subframes.)

• The extended cyclic prefix is always used. Note, however, that if the non-MBSFN
subframes use the normal cyclic prefix, then the normal 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 transmitter- lhe UE cannot assume anything about the transmitted
signal during these samples.

TI1e latter two features are designed so that a UE making measurements on a neighbouring 
cell does not need to know in advance the allocation ofMBSFN and non-MBSFN subframes, 
The UE can take advantage of the fact that the first two OFDM symbols in all 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 POSCH, The system information 
also indicates whether the pallern of MBSFN subframes in neighbouring cells is the same 
as or different from that in the current cell; however, if the pattern in the neighbouring cell 
is different, the UE can only ascertain the pattern by reading the system information of that 
ce!L 

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 L'IE 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 lo 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 aHocation supported in the LTE multiple access schemes. 

The use of the uplink u·ansmission resources on the Physical Uplink Shared Channel 
(PUSCH) is determined dynamically by an uplink scheduling process in !he 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 code 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 (l .08 MHz) to 110 resource blocks ( 19.8 MHz). It is also designed lo 
support a range of scenarios including, for example.just a few users in a cell each demanding 
high data rates, or very many users with low data rates. Considering the possibility that both 
uplink resource grants and downlink resource a1locations 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 control channel message implies additional overhead which will 
consume downlink resources, it is desirable that the control channel is designed Lo minimize 
unnecessary overhead for any given signalling load,. whatever the system bandwidth. 

Similar considerations apply to the signa1ling 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 conu·ol signalling must be 
designed so that the necessary scaleability and flexibility is achieved without undue decoding 
complexity. 
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9.3.1.3 Coverage and Robustness 

In order Lo achieve good coverage it must be possible to configure the system so that the 

control channels can be received with sufficient reliability 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 he used to make the control channels more 
robust. However, in order to make good use of system resources, it is desirable to be able 
to adapt the transmission paramcLers of the control signalling for different UEs or groups of 
UEs, so that lower code rates and higher power levels are only applied for those UEs for 
which it is necessary (e.g. near the cell border, where signal levels are likely to be low 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-speci fic randomization, particularly under conditions of high
inter-cell interference. 

9.3.1.4 System-Related Design Aspects 

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 to 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 lhat 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 VoIP traffic. 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 I, 2 or 3 OFDM symbols 
in a subframe, exlending over the entire system bandwidth as shown in Figure 9.5. There 
are two special cases: in subframes containing MBSFN transmissions there may be 0, 1 or 

2 symbols for control signalling, while for nan·ow system bandwidths (less than lO resource 
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Figure 9.5 Time-frequency region used for downlink control signalling. 

blocks) the number of control symbols is increased, and may be 2, 3 or 4 to ensure sufficient 
coverage at 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 Control Format Indicator Channel (PCFICH) 

The PCFICH carries a Control Format Indicator (CPI) which indicates the number of OFDM 
symbols (i.e. normally 1, 2 or 3) used for transmission of control channel information in each 
subframe. In principle the UE could deduce Lhe 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 MBSFN there are no physical control channels, so the PCFICH 
is not present in these cases. 

Three di fferenl 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 length, as shown in Table 9.2. These 32 bits are mapped to 16 resource elements using 
QPSK modulalion. 

Tf1e PCFICH is transmitted on the same set of antenna pons 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 PCFJCH are 
distributed across the frequency domain. This is done according to a predefined pattern in the 
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Table 9.2 Control Format Indicator codewords. 
CFI CFI codeword < bo, b 1 ••••• /J31 > 

l <0, 1.1,0, 1, 1,0, I, 1,0.1, 1,0.1.1,0. I, 1.0. l, 1,0.1. 1,0, 1.1,0.1, 1.0, I> 
2 <l,0.1, 1,0, I. 1,0.1. l,0, I, l,0.1, l,O. l.1,0. l, l,0.1, l,0, 1, l.0, 1.1.0> 
3 < I, 1.0.1, 1,0, I, l,O. I, 1,0, I. l,O, I, 1.0, 1, 1,0, l, 1.0, I, I,O. 1.1,0, I, I> 
4 (Reserved) < 0, O. o. 0, 0, 0, 0, O. 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0. 0, 0 > 

frequency 
-
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Figure 9.6 PCFICH mapping to Resource Element Groups (REGs). 
first OFDM symbol in each downlink subframe (see Figure 9.6), so 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 elements; this offset depends on the Physical Cell ID, which is deduced from the primary and secondary synchronization signals as explained in Section 7.2. In addition, a cellspeci fic scrambling sequence (again a function of the Physical Cell ID) is applied to the CFI codewords, so that the UE can preferentially receive the PCFICH from the desired cell. 
9.3.2.2 Physical Down1ink Control Channel (PDCCH) 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 transmitted 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 resource elements occupied by reference symbols are not included within 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 control channels (the PCFICH and PHICH). Four PDCCH formats are supported, as listed in Table 9.3. 
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Table 9.3 PDCCH formals. 

PDCCH fonnal Number of CCEs {11) Number of REGs Number of PDCCH bits 

0 9 72 

2 ]8 144 

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 n CCEs may only start with a CCE with a number 
e.qual 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 t0 achieve sufficient robustness. In addition, the power level of a
PDCCH may be adjusted to match the channel conditions.

9.3.2.3 Formats for Downlink Control Information 

The control channel messages are required to convey various pieces of information, but 
Lhe 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 nol 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 scenario. 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 future. 

In genera[ 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 spectTUm allocation of about lO MHz. In order to avoid additional 
complexity at the UE receiver, Formats O and 1 A 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 below. 

Format O. DCI Format 0 is used for the transmission of resource grants for the PUSCH. 

The following information is transmitted: 
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• Flag Lo differentiate between Format O and Format I A

195 

a Resource block grant 

• Modulation and coding scheme

• HARQ information and redundancy version

• Power control command for scheduled PUSCH

• Request for transmission of an aperiodic CQI report (see Section I 0.2. l ).

Table 9.4 Supported DCI formats. 

DC! 
format Purpose 

0 PUSCH grants 

PDSCH assignments with a single codeword 

I A PDSCH assignments using a compact format 

I B POSCH assignments for rank- I transmission 

IC PDSCH assignments using a very compact format 

ID PDSCH assignments for multi-user MIMO 

2 POSCH assignments for closed-loop MIMO operation 

2A POSCH assignments for open-loop MIMO operation 

3 Transmit Power Control (TPC} commands for multiple users 
for PUCCH and PUSCH with 2-bit power adjustments 

3A Transmit Power Control (TPC) commands for multiple users 
for PUCCH and PUSCH with I-bit power adjustments 

Number of bits including 
CRC (for a system 
bandwidth of 50 RBs and 
four antennas at eNodeB) 

42 

47 

42 

46 

26 

46 

62 

58 

42 

42 

Format I. DCI Format 1 is used for the transmission of resource assignments for single 
codeword PDSCH transmissions (transmission modes I, 2 and 7 (see Section 9.2.2. l )). 
The following information is transmitted: 

• Resource allocation type (see Section 9.3.3.1)

• Resource block assignment
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o J\1odulation and coding scheme

• HARQ information

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

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

• Flag to differentiate bet ween Format O and Format I A

• 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)

a- Resource block assignment

• Modulation and coding scheme

• HARQ information

• Power control command for PUCCH.

Format lB. DCI Format 1 B is used for compact signalling of resource assignments for 

POSCH transmissions using closed loop precoding with rank-1 transmission (transmission 
mode 6). The information transmitted is the same as in Format l A, but with the addition of 

an indicator of the precoding vector applied for the POSCH transmission. 

Format lC. DCI Format JC is used for very compact transmission of POSCH assignments. 
When format IC is used, the POSCH 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: 

• Resource block assignment

• Modulation and coding scheme

• Redundancy version.

Format 1D. DCI Formal l D  is used for compact signaUing of resource assignments for 
POSCH transmissions using multi-user MIMO (transmission mode 5). The information 
transmitted is the same as in Format lB, 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 nun1bers of UEs. 
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Format 2. DCI Format 2 is used for the transmission of resource assignments for PDSCH 
for closed-loop MIMO operation (transmission mode 4). The following in formation is 

transmitted: 

• Resource allocalion type (see Section 9.3.3. I)

• Resource block assignment

• Power control command for PUCCH

• HARQ information

• Modulation and coding schemes for each codeword

• Number of spatial layers

• Precoding information.

Format 2A. DCI Format 2A is used for the transmission 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 µrecoding 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 I-bit power adjustments respectively. These 
DCI formats contain individual power control commands for a group of UEs. 

CRC attachment. In order that Lhe UE can identify 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 LheCRC 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 anolher 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 Lhat the same size of DCI message 
can be used, in-espective of whether antenna selection is used. 

PDCCH construction. In order to provide robustness against transmission errnrs, the 
PDCCH in formation bits are coded as described in Section l 0.3.3.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 ceHs. 
The scrambled bits are mapped to blocks of four QPSK symbols (REGs). lnterleaving is 
applied to these symbol blocks, to provide frequency diversity, followed by mapping to Lhe 

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 theother control channels (PCF1CH and PHICH). 
The PDCCHs are transmilted on the same set of antenna ports as the PBCH, and transmitdiversity is applied if more than one antenna port is used. 

9.3.2.4 Physical Hybrid ARQ Indicator Channel (PHI CH) 

The PHICH carries the HARQ ACK/NACK, which indicates whether the eNodeB hascorrectly received a transmission on the PUSCH. The HARQ indicator is set to O for a
positive ACKnowledgement (ACK) and 1 for a Negative ACKnowledgement (NACK). Thisinformation is repeated in each of three BPSK (Binary Phase Shift Keying) symbols. Multiple PHICHs are mapped to the same set of resource elements. These constitute aPRICH group, where different PHICHs within the same PRICH group are separated through different complex orthogonal Walsh sequences. The sequence length is four for the normal 
cyclic prefix (or two in the case of the ex.tended cyclic prefix). As the sequences are complex, 
the number of PHICHs in a group (i.e. the number ofUEs receiving their acknowledgementson 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 theorthogonal Walsh code being transmitted for each ACK or NACK. The error rate on the
PHICH is intended to be of the order of 10-2 for ACKs and as low as 10-4 for NACKs.The resulting PHICH construction, including repetition and orthogonal spreading, is shownin Figure 9.7. 

HARO lndlcato< cp 

r 

__ R_2-l�l........,I,.......,l�I-�-----. 

:�!�hding �'-+_1�_-_1�_+_1�_-1 ......... 11 +I 1 -1 I +I 1 -1 11�+_1�---'�_+_1�_-_1�Each quadruplet is then mapped to an OFDM symbol 
Figure 9.7 PHICH signal construction. 

The PHICH duration, in terms of the number of OFDM symbols used in the time domain,is configurable (by an indication transmitted on the PBCH), normally to either one or three
OFDM symbols. In some special cases3 the three-OFDM-symbol duration is reduced to two 
OFDM symbols. As the PHICH cannot extend into the POSCH transmission region, the 

3The special cases when the PHICH duration is two OFDM symbols are (i) MBSFN subframes on mixed carrierssupporting MBSFN and unicast data, and (ii) the second and seventh subframes in case of frame structure type 2 forTime Division Duplex (TDD) operation. 
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duration configured for the PHICH puts a lower limit on the size of the contJ'ol channel 
region at the start of each subframe (as signalled by the PCFICH). 

Finally, each of the three instances of the orthogonal code of a PHICH transmission is 
mapped to a REG on one of the first three OFDM symbols of each subframe,4 in such a way 
that each PHICH is partly transmitted on each of the available OFDM symbols, This mapping 
is illustrated in Figure 9.8 for each possible PHICH duration. 

PHICH duration: 
(a) 1 OFDM

symbol

GJ 

□ 

)_G '"" 

(b) 2 OFDM
symbols

G 

(c) 3 OFDM
symbols

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

The PBCH also signals the number of PHI CH groups configured in the cell, which enables 
the UEs to deduce to which remaining resource elements in the control region the PDCCHs 
are mapped. 

In order to obviaie the need for addiiional signalling to indicate which PHICH carries 
the ACK/NACK response for each PUSCH transmission, the PHICH index is implicitly 
associated with the index of the lowesl uplink resow·ce block used for the corresponding 
PUSCH transmission. This relationship is such that adjacent PUSCH resource blocks are 
associated with PHICHs in different PHI CH groups, to enable some degree of load balancing. 
However, this mechanism alone is not sufficient to enable multiple UEs to be allocated the 
same resource blocks for a PUSCH transmission, as occurs in the case of uplink multi-user 
MIMO (see Section 17.5); in this case, different cyclic shifts of the uplink demodulation 
reference signals are configured for the different UEs which are allocated the same time
frequency PUSCH resoul·ces, and the same cyclic shift index is then used to shift the PRICH 
allocations in the downlink so that each UE will receive its ACK or NACK on a different 
PHICH. This mapping of the PRICH allocations is illustrated in Figure 9.9. 

The PHICHs are transmitled on the same set of antenna porls as the PBCH, and transmit 
diversity is applied if more than one antenna port is used. 

4Thc mnpplag avoids resource elements used for reference symbols or PCFICH. 
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PHICH index 
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PHlCH 
13 16 19 22 groups 

14 17 20 23 

Cyclic shift of uplink RS causes shift of 
PHICH group and posttion within the group 

Figure 9.9 Indexing of PHICHs within PHI CH groups, and shifting in case of cyclic shifting 
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 exacl 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 Section 9.2.2. l, resource allocations are normally localized, meaning 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 lerms of a set of resource blocks) is to nnd a good compromise between flexibility and 
signalling 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 
syslem bandwidths, but for large system bandwidths (i.e. up to l JO PRBs) the bitmap would 
need 110 bits, which would be a prohibilive overhead- particularly for transmission of small 
packets, where the PDCCH message could be larger than the data packet! One possible 
solution would be to send a combined resource allocation message to all UEs, but this was 
rejected on the grounds of the high power needed to reach aU UEs reliably, including those 
at the cell edges. A number of different approaches were considered by 3GPP, and those 
adoptc.d are listed in Table 9.5. 

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

Resource allocation Type 0. In resource allocations of Type 0, a bitmap indicates the 
Resource Block Groups (RBGs) which are allocated to the scheduled lJE, where a RBG is a 
set of consecutive PRBs. The RBG size (P) is a function of the system bandwidth as shown 
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Method 

Direct 
bilmap 

Bitmap: 
'Type O' 

Bitmap: 
'Type l' 

Contiguous 
allocations: 
·Type 2'

Distributed 
allocations 

Table 9.5 Methods for indicating resource allocation. 

UUDL Description 

DL 

DL 

The bitmap comprises I bit per RB. 
This method is the only one 
applicable when the bandwidth is less 
than tO resource blocks. 

The bitmap addresses Resource 
Block Groups (RBGs), where the 
group size (2, 3 or 4) depends on the 
system bandwidth. 

DL The bitmap addresses individual 
resource blocks in a subset of RBGs. 
The number of subsets (2, 3, or 4) 
depends on the system bandwidth. 
The number of bits is arranged to be 
the same as for Type 0, so the same 
DCI format can carry either type of 
alloc,Hion. 

DL or UL Any possible ai:r.mgement of 
contiguous resource block allocations 
can be signalled in terms of n starting 
position and number of resource 
blocks. 

DL In the downlink a limited set of 
re.source allocations can be signalled 
where the resource 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 OCl format can 
carry either type or allocation. 

Number of bits required 
(see main ,ext for definitions) 

f]og2(Nf}<Nfk + I))l or

f)og2(N://i(N}t'3 + 1))1

in Table 9.6. The total number of RBGs (NReG) for a downlink system bandwidth of N[{k 
PRBs is given by NRBG = f Nf?/;I Pl. An example for the case of N{J = 25, NRBG = 13 and 
P = 2 is shown in Figure 9. iO, where each bit in the- bitmap indicates a pair of PRBs (i.e. 
two PRBs which are adjacent in frequency). 

Resource allocation Type 1. In resource allocations of Type I , individual PRBs can be 
addressed (but only within a subset of the PRBs available). The bitmap used is slightly 
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