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Foreword 

GSM, and its evolution through GPRS, EDGE, WCDMA and HSPA, is the technology stream 
of choice for the vast majority of the world's mobile operators. Users have experienced 
increasing data rates, together with a dramatic reduction in telecommunications charges; 
they now expect to pay less but receive more. Therefore, in deciding the next steps, there 
must be a dual approach: seeking considerable performance improvement but at reduced 
cost. Improved performance must be delivered through systems which are cheaper to install 
and maintain. LTE and LTE-Advanced represent these next steps and will be the basis on 
which future mobile telecommunications systems will be built. -

Many articles have already been published on the subject of LTE, varying from doctoral 
theses to network operator analyses and manufacturers' product literature. By their very 
nature, those publication.~ have viewed the subject from one particular perspective, be it 
academic, operational or promotional. A very different approach is taken with this book. 
The authors come from a number of different spheres within the mobile telecommunications 
ecosystem and collectively bring a refreshing variety of perspectives. What binds the authors 
together is a thorough knowledge of the subject material which they have derived from their 
long experience within the standards-setting environment, the 1rd Generation Partnership 
Project (3GPP). LTE discussions started within 3GPP in 2004, so it is not a pa1ticularly new 
subject. In order to fully appreciate the thinking that conceived this technology, however, it 
is necessary to have followed the subject from the very beginning and to have witnessed the 
discussions that took place from the outset. Moreover, it is important tn 1mclerstand the thread 
that links academia, through research to standardization since it is widely acknowledged that 
by this route impossible dreams become market realities. Considerable research work has 
taken place to prove the viability of the technical basis on which LTE is founded and it is 
essential to draw on that research if any attempt is made to explain LTE to a wider audience. 
The authors of this book have not only followed the LTE story from the beginning but many 
have also been active players in WCDMA and its predecessors, in which LTE has its roots. 

This book provides a thorough, authoritative and complete tutorial of the LTE system, 
now fully updated and extended to include LTE-Advanced. It gives a detailed explanation 
of the advances made in our theoretical understanding and the practical techniques that will 
ensure the success of this ground-breaking new radio access technology. Where this book is 
exceptional is that the reader will learn not just how LTE works but why it works. 

I am confident that this book will earn its 1ightful place on the desk of anyone who needs 
a thorough understanding of the LTE and LTE-Advanced technology, the basis of the world's 
mobile telecommunications systems for the next decade. 

Adrian Scrase, ETSI Vice-President, 
International Partner~hip Projects 
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Preface to the Second Edition 

Research workers and engineers toil unceasingly on the development of wireless 
telegraphy. Where this development can lead, we know not. However, with 
the results al.ready achieved, telegraphy over wires has been extended by this 
invention in the most fortunate way. Independent of fixed conductor routes and 
independent of space, we can produce connections between far-distant places, 
over far-reaching waters and deserts. This is the magnificent practical invention 
which has flowered upon one of the most brilliant scientific discoveries of our 
time! 

These words accompanied the present:Hion of the Nohel Prize for Physics to Guglielmo 
Marconi in December 1909. 

Marconi's success was the practical and commercial realization of wireless telegraphy -
the art of sending messages without wires - thus exploiting for the first time the amazing 
capability for wireless communication built into our universe. While others worked on 
wireless telephony the transmission of audio signals for voice communication - Marconi 
interestingly saw no need for this. He believed that the transmission of short text messages 
was entirely sufficient for keeping in touch. 

One could be forgiven for thinking that the explosion of wireless voice communication 
in the intervening years has proved Marconi wrong; but the resurgence of wireless di:it:i 
transmission at the close of the twentieth century, beginning with the mobile text messaging 
phenomenon, or 'SMS', reveals in part the depth of insight Marconi possessed. 

Nearly 100 years after Marconi received his Nobel prize, the involvement of thousands 
of engineers around the world in major standardization initiatives such as the 3rd Generation 
Partnership Project (3GPP) is evidence that the same unceasing toil of research workers and 
engineers continues apace. 

While the first mobile communications standards focused primarily on voice communi­
cation, the emphasis now has returned to the provision of systems optimized for data. This 
trend began with the 3rd Generation Wideband Code Division Multiple Access (WCDMA) 
system designed in the 3GPP, and is now reaching fulfilment in its successor, the Long-Term 
Evolution (LTE). LTE was the first cellular communication system optimized from the outset 
to support packet-switched data services, within which packetized voice communications are 
just one part. Thus LTE can truly be said to be the heir to Marconi's heritage - the system, 
unknown indeed to the luminaries of his day, to which his developments have led. 

LTE is an enabler. It is not technology for technology's sake, but technology with a 
purpose, connecting people and information to enable greater things to be achieved. It is 
already providing higher data rates than ever previously achieved in mobile communications, 
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combined with wide-area coverage and seamless support for mobility without regard for 
the type of data being transmitted. To provide this level of functionality and flexibility, it 
is inevitable that the complexities of the LTE system have far surpassed anything Marconi 
could have imagined. 

One aim of this book, therefore, is to chart an explanatory course through the LTE 
specifications, to support those who design LTE equipment. 

The LTE specification documents themselves do not tell the whole story. Essentially 
they are a record of decisions taken - decisions which are often compromises between 
performance and cost, theoretical possibility and practical constraints. We aim therefore to 
give the reader a detailed insight into the evaluations and trade-offs which lie behind the 
technology choices inherent in LTE. The specifications also continue to develop, as new 
releases are produced, and this Second Edition is therefore fully updated to cover Release 9 
and the first release of LTE-Advanced, Release 10. 

Since the first version ofLTE was developed, the theoretical understanding which gave rise 
to LTE has continued to advance, as the 'unceasing toil' of thousands of engineers continues 
with the aim of keeping pace with the explosive growth of mobile data traffic. Where the first 
version of LTE exploited Multiple-Input Multiple-Output (MIMO) antenna techniques to 
deliver high data rates, the evolution of LTE towards LTE-Advanced extends such techniques 
further for both downlink and uplink communication, together with support for yet wider 
bandwidths; meanwhile, heterogeneous (or hierarchical) networks, relaying and Coordinated 
MultiPoint (CoMP) transmission and reception start to become relevant in LTE-Advanced. 

It is particularly these advances in underlying scientific understanding which this book 
seeks to highlight. 

In selecting the technologies to include in LTE and LTE-Advanced, an important consid­
eration is the trade-off between practical benefit and cost of implementation. Fundamental 
to this assessment is ongoing enhancement in understanding of the radio propagation 
environment and scenarios of relevance to deployments of LTE and LTE-Advanced. This 
has been built on significant advances in radio-channel modelling. 

The advances in techniques and theoretical understanding continue to be supported by 
developments in integrated circuit technology and signal processing power which render 
them feasible where they would have been unthinkable only a few years ago. 

Changes in spectrum availability and regulation also influence the development path of 
LTE towards LTE-Advanced, reinforcing the need for the new technology to be adaptable, 
capable of being scaled and enhanced to meet new global requirements and deployed in a 
wide range of different configurations. 

With this breadth and depth in mind, the authorship of the chapters of the second edition 
of this book is even wider than that of the first edition, and again is drawn from all fields of 
the ecosystem of research and development that has underpinned the design of LTE. They 
work in the 3GPP standardization itself, in the R&D departments of companies active in 
LTE, for network operators as well as equipment manufacturers, in universities and in other 
collaborative research projects. They are uniquely placed to share their insights from the full 
range of perspectives. 

To borrow Marconi's words, where LTE and LTE-Advanced will lead, we know not; but 
we can be sure that these will not be the last developments in wireless telegraphy. 

Matthew Baker, Stefania Sesia and Issam Toufik 
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3 

Control Plane Protocols 

Himke van der Velde 

3.1 Introduction 

As introduced in Section 2.2.2, the Control Plane of the Access Stratum (AS) handles radio­
specific functionalities. The AS interacts with the Non-Access Stratum (NAS), also referred 
to as the 'upper layers'. Among other functions, the NAS control protocols handle Public 
Land Mobile Network1 (PLMN) selection, tracking area update, paging, authentication and 
Evolved Packet System (EPS) bearer eslablisl1111~11l, rnodific::1tion ;incl relea.~e. 

The applicable AS-related procedures largely depend on the Radio Resource Control 
(RRC) state of the User Equipment (UE), which can be either RRC_IDLE or RRC_ 
CONNECTED. 

A UE in RRC_IDLE performs cell selection an<l resde<.:Liuu - iu ulht:r words, it decides 
on which cell to camp. The cell (re)selection process takes into account the priority of each 
applicable frequency of each applicable Radio Access Technology (RAT), the radio link 
quality and the cell status (i .e. whether a cell is barred or reserved). An RRC_IDLE UE 
monitors a paging channel to detect incoming calls, and also acquires system information. 
The System Information (SI) mainly consists of parameters by which the network (E­
UTRAN) can control the cell (re)selection process. 

In RRC_CONNECTED, the E-UTRAN allocates radio resources to the UE to facilitate 
the transfer of (unicast) data via shared data channels.2 To support this operation, the UE 
monitors an associated control channel3 used to indicate the dynamic allocation of the shared 
trnnsmission resomces in time and frequency. The UE provides the network with reports of its 

lThe network of one operator in one country. 
2The Physical Downlink Shared CHannel (PDSCH) and Physical Uplink Shared CHannel (PUSCH)- see 

Sections 9 .2.2 and 16.2 respective! y. 
3The Physical Downlink Control CHannel (PDCCH) - see Section 9.3.5 . 

LTE - The UMTS Long Term Evolution: From Theory to Practice, Second Edition. 
Stefania Sesia, Issam Toufik and Matthew Baker. 
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buffer status and of the downlink channel quality, as well as neighbouring cell measurement 
information to enable E-UTRAN to select the most appropriate cell for the UE. These 
measurement reports include cells using other frequencies or RATs. The UE also receives 
SI, consisting mainly of information required to use the transmission channels. To extend 
its battery lifetime, a UE in RRC_CONNECTED may be configured with a Discontinuous 
Reception (DRX) cycle. 

RRC, as specified in [l], is the protocol by which the E-UTRAN controls the UE 
behaviour in RRC_CONNECTED. RRC also includes the control signalling applicable for 
a UE in RRC_IDLE, namely paging and SI. The UE behaviour in RRC_IDLE is specified 
in [2]. 

Chapter 22 gives some further details of the UE measurements which support the mobility 
procedures. 

Functionality related to Multimedia Broadcast/Multicast Services (MBMSs) is covered 
separately in Chapter 13. 

3.2 Radio Resource Control (RRC) 

3.2.1 Introduction 

The RRC protocol supports the transfer of common NAS information (i.e. NAS in.formation 
which is applicable to all UEs) as well as dedicated NAS information (which is applicable 
only to a specific UE). In addition, for UEs in RRC_IDLE, RRC supports notification of 
incoming calls (via paging). 

The RRC protocol covers a number of functional areas: 

• System information handles the broadcasting of SI, which includes NAS common 
information. Some of the system information is applicable only for UEs in RRC_IDLE 
while other SI is also applicable for UEs in RRC_CONNECTED. 

• RRC connection control covers all procedures related to the establishment, modifi­
cation and release of an RRC connection, including paging, initial' security activation, 
establishment of Signalling Radio Bearers (SRBs) and of radio bearers carrying user 
data (Data Radio Bearers, DRBs), handover within LTE (including transfer ofUE RRC 
context infonnation4), configuration of the lower protocol layers,5 access class barring 
and radio link failure. 

• Network controlled inter-RAT mobility includes handover, cell change orders and 
redirection upon connection release, security activation and transfer of UE RRC 
context information. 

• Measurement configuration and reporting for intra-frequency, inter-frequency and 
inter-RAT mobility, includes configuration and activation of measurement gaps. 

• Miscellaneous functions including, for example, transfer of dedicated NAS info1ma­
tion and transfer of UE radio access capability information. 

4This UE context information includes the radio resource configuration including local settings not configured 
across the radio interface, UE capabilities and radio resource management info1mation. 

5Packet Data Convergence Protocol (PDCP), Radio Link Control (RLC), Medium Access Control (MAC), all of 
which are explained in detail in Chapter 4, and the physical layer which is explained in Chapters 5-11 and 14-18. 
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Dedicated RRC messages are transferred across SRHs, which are mapped via the PDCP 
and RLC layers onto logical channels - either the Common Control CHannel (CCCH) during 
connection establishment or a Dedicated Control CHannel (DCCH) in RRC_CONNECTED. 
System Information and Paging messages are mapped directly to logical channels - the 
Broadcast Control CHannel (BCCH) and Paging Control CHannel (PCCH) respectively. The 
various logical channels are described in more detail in Section 4.4.1.2. 

SRB0 is used for RRC messages which use the CCCH, SRB 1 is for RRC messages using 
DCCH, and SRB2 is for the (lower-priority) RRC messages using DCCH which only include 
NAS dedicated information.6 A.ll RRC messages using DCCH are integrity-protected and 
ciphered by the PDCP layer (after securily aclivaliun) antl use Aulumalic Repeat reQuest 
(ARQ) protocols for reliable delivery through the RLC layer. The RRC messages using 
CCCH are not integrity-protected and do not use ARQ in the RLC layer. 

It should also be noted that the NAS independently applies integrity protection and 
ciphering. 

Figure 3 .1 illustrates the overall radio protocol architecture as well as the use of radio 
bearers, logical channels, transport channels and physical channels. 

Figure 3.1: Radio architecture. 

For control information for which low transfer delay is more important than reliable 
transfer (i.e. for which the use of ARQ is inappropriate due to the additional delay it incurs), 
MAC signalling is used provided that there are no security concerns (integrity protection and 
ciphering are not applicable for MAC signalling). 

3.2.2 System Information 

System information is structured by means of System Information Blocks (SIBs), each of 
which contains a set of functionally-related parameters. The SIB types that have been defined 
include: 

6Prior to SRB2 establishment, SRB l is also used for RRC messages which only include NAS dedicated 
information. In addition, SRB I is used for higher priority RRC messages which only include NAS dedicated 
information. 
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• The Master Information Block (MIB), which includes a limited number of the most 
frequently transmitted parameters which are essential for a UE's initial access to the 
network. 

• System Information Block Type 1 (SIBl), which contains parameters needed to 
determine if a cell is suitable for cell selection, as well as information about the time­
domain scheduling of the other SIBs. 

• System Information Block Type 2 (SIB2), which includes common and shared 
channel information. 

• SIB3-SIB8, which include parameters used to control intra-frequency, inter-frequency 
and inter-RAT cell reselection. 

• SIB9, which is used to signal the name of a Home eNodeB (HeNBs). 

• SIB10-SIB12, which include the Earthquake and Tsunami Warning Service (ETWS) 
notifications and Commercial Mobile Alert System (CMAS) warning messages (See 
Section 13.7). 

• SIB13, which includes MBMS related control information (See Section 13.6.3.2. 

Three types of RRC message are used to transfer system information: the MIB message, 
the SIB 1 message and SI messages. An SI message, of which there may be several, includes 
one or more SIBs which have the same scheduling requirements (i.e. the same transmission 
periodicity). Table 3.1 provides an example of a possible system information scheduling 
configuration, also showing which SIBs the UE has to acquire in the idle and connected 
states. The physical channels used for canying the SI are explained in Section 9.2.l. 

Table 3.1: Example of SI scheduling configuration. 

Message Content 

MIB Most essential parameters 

SIBl Cell access related parameters, scheduling 
information 

1st SI SIB2: Common and shared channel configuration 

2nd SI SIB3: Common cell reselection information and 
intra-frequency cell reselection parameters ~ther 
than the neighbouring cell information 
SIB4: Intra-frequency neighbouring cell 
information 

3rd SI SIB5: Inter-frequency cell reselection information 

4th SI SIB6: UTRA cell reselection information 
SIB7: GERAN cell reselection information 

Period (ms) Applicability 

40 

80 

160 

320 

640 

640 

Idle and connected 

Idle and connected 

Idle and connected 

Idle only 

Idle only 

Idle only, 
depending on UE 
support of UMTS 
orGERAN 
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3.2.2.1 Time-Domain Scheduling of System Information 

The time-domain scheduling of the MIB and SIB 1 messages is fixed with a periodicities of 
40 ms and 80 ms respectively, as explained in Sections 9.2.1 and 9.2.2.2. 

The time-domain scheduling of the SI messages is dynamically flexible: each SI message 
is transmitted in a defined periodically-occurring time-domain window, while physical layer 
control signa~ling7 indicates in which subframes8 within this window the SI is actually 
scheduled. The scheduling windows of the different SI messages (referred to as SI-windows) 
are consecutive (i .e. there are neither overlaps nor gaps between them) and have a common 
length that is configurable. SI-windows can include subframes in which it is not possible to 
transmit SI messages, such as subframes used for SIB 1, and subframes used for the uplink 
in TDD. 

Figure 3.2 illustrates an example of the time-domain scheduling of SI, showing the 
subframes used to transfer the MIB, SIB 1 and four SI messages. The example uses an SI 
window of length 10 subframes, and shows a higher number of 'blind' Hybrid ARQ (HARQ) 
transmissio·ns9 being used for the larger SI messages. 

SI messages may have different periodicities. Consequently, in some clusters of SI­
windows all the SI messages are scheduled, while in other clusters only the Sis with shorter 
repetition periods are transmitted. For the example of Table 3.1, the cluster of SI-windows 
beginning at System Frame Number (SFN) 0 contains all the SI messages, the cluster starting 
at SFN160 cont<1ins only the first ST mes.~~et\ th~t heeinnine M SFN:\20 contains the first and 
second SI messages, and the one starting at SFN480 contains only the first SI message. 

Note that Figure 3.2 shows a cluster of SI-windows where all the SI messages are 
transmitted. At occasions where a given SI is not transmitted (due to a longer repetition 
period), its corresponding SI-window is not used. 

1-------- ------- -~----------- -- - -~-------------- -~----- --------- -- -
: SI-window 1 : SI-window 2 : SI-window 3 : SI-window 4 : , ___ --- -- ----- ----1--- -- --- ------- _ _, ___ ------- ----- __ , _____ ----- ---- --- --

Radio Frame 
with SFN=O 

r. 1 1 I 1 1 11 I 

Radio Frame 
with SFN=1 

lllXIII 

Radio Frame 
with SFN=2 

MIB: ■ SIB1: [8] Other SI messages: 0 lg! Ill ■ 

Figure 3.2: SI scheduling example. 

3.2.2.2 Validity and Change Notification 

~1••·1 
Radio Frame 
with SFN=3 

SI normally changes only at specific radio frames whose System Frame Number is given by 
SFN mod N = 0, where N is configurable and defines the period between two radio frames at 
which a change may occur, known as the modification period. Prior to performing a change 

7The Physical Downlink Control Channel - PDCCH; see Section 9.3.5. 
8 A subframe in LTE has a duration of 1 ms; see Section 6.2 
9With blind HARQ retransmissions, there is no feedback to indicate whether the reception has been successful. 
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of the system information, the E-UTRAN notifies the UEs by means of a Paging message 
including a SystemlnfoModification flag . Figure 3.3 illustrates the change of SI, with different 
shading indicating different content. 

I 

Change notification received during 
BCCH modification period n 

I 

Updated information transmitted during 
BCCH modification period n+1 

ITT □ ITT □ tTJ □ m □ 

Figure 3.3: SI modification periods. Reproduced by permission of© 3GPP. 

LTE provides two mechanisms for indicating that SI has changed: 

I. A paging message including a flag indicating whether or not SI has changed. 

2. A value tag in SIB 1 which is incremented every time one or more SI message changes. 

UEs in RRC_IDLE use the first mechanism, while UEs in RRC_CONNECTED can use 
either mechanism; the second being useful, for example, in cases when a UE was unable to 
receive the paging messages. 

UEs in RRC_IDLE are only required to receive the paging message at their normal paging 
occasions - i.e. no additional wake-ups are expected to detect changes of SI. In order to 
ensure reliability of reception, the change notification paging message is normally repeated 
a number of times during the BCCH modification period preceding that in which the new 
system information is first transmitted. Correspondingly, the modification period is expressed 
as a_multiple of the cell-specific default paging cycle. 

UEs in RRC_CONNECTED are expected to try receiving a paging message the same 
number of times per modification period as UEs in RRC_IDLE using the default paging 
cycle. The exact times at which UEs in RRC_CONNECTED which are using this method 
have to try to receive a paging message are not specified; the UE may perform these tries 
at convenient times, such as upon wake-up from DRX, using any of the subframes which 
are configured for paging during the modification period. Since the eNodeB anyway has to 
notify all the UEs in RRC_IDLE, it has to send a paging message in all subframes which are 
configured for paging (up to a maximum of four subframes per radio frame) during an entire 
modification period. Connected mode UEs can utilize any of these subframes. The overhead 
of transmitting paging messages to notify UEs of a change of SI is considered marginal, since 
such changes are expected to be infrequent - at most once every few hours. 

If the UE receives a notification of a change of SI, it starts acquiring SI from the start of the 
next modification period. Until the UE has successfully acquired the updated SI, it continues 
to use the existing parameters. If a critical parameter changes, the communication may be 
seriously affected, but any service interruption that may result is considered acceptable since 
it is short and infrequent. 

If the UE returns to a cell, it is allowed to assume that the SI previously acquired from the 
cell remains valid if it was received less than 3 hours previously and the value tag matches. 
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3.2.3 Connection Control within LTE 

Connection control involves: 

• Security activation; 

• Connection establishment, modification and release; 

• DRB establishment, modification and release; 

• Mobility within LTE. 

I 

3.2.3.1 Security Key Management 

Security is a very important feature of all 3GPP RATs. LTE provides security in a similar 
way to its predecessors UMTS and GSM. 

Two functions are provided for the maintenance of security: ciphering of both control 
plane (RRC) data (i.e. SRBs 1 and 2) and user plane data (i.e. all DRBs), and integrity 
protection which is used for control plane (RRC) data only. Ciphering is used in order to 
protect the data streams from being received by a third party, while integrity protection allows 
the receiver to detect packet insertion or replacement. RRC always activates both functions 
together, either following connection establishment or as part of the handover to LTE. 

The hierarchy of keys by which the AS security keys are generated is illustrateJ. 
in Figure 3.4. The process is based on a common secret key KAsME (Access Security 
Management Entity) which is available only in the Authentication Centre in the Home 
Subscriber Server (HSS) (see Section 2.2.1) and in a secure part of the Universal Subscriber 
Identity Module (USIM) in the UE. A set of keys and checksums are generated at the 
Authentication Centre using this secret key and a random number. The generated keys, 
checksums and random number are transferred to the Mobility Management Entity (MME) 
(see Section 2.2.1), which passes one of the generated checksums and the random number to 
the UE. The USIM in the UE then computes the same set of keys using the random number 
and the secret key. Mutual authentication is performed by verifying the computed checksums 
in the UE and network using NAS protocols. 

Upon connection establishment, the AS derives an AS base-key KeNB (eNodeB-specific) 
and Next Hop (NH), from KAsME· 

KeNB is used to generate three further security keys known as the AS derived-keys: 
one, called KRRc int, is used for integrity protection of the RRC signalling (SRBs), one for 

' ciphering of the RRC signalling known as KRRc enc and Kup enc used for ciphering of user 
data (i.e. DRBs). 

NH is an intermediate key used to implement 'forward security' 10 [3]. It is derived by the 
UE and MME using KAsME and KeNB when the security context is established or using KAsME 
and the previous NH otherwise. NH is associated with a counter called Next hop Chaining 
Counter (NCC) which is initially set to Oat connection establishment. 

In case of handover within E-UTRAN, a new AS base-key and new AS Derived-keys are 
computed from the AS base-key used in the source cell. An intermediate key, KeNB , is derived 
by the UE and the source eNodeB based on the Physical Cell Identity (PCI) of the target cell, 

IOForward security refers to the property that, for an eNodeB sharing a K,NB with a UE, it shall be computationally 
infeasible to predict any future KeNB, that will be used between the same UE and another eNodeB 
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..___....,.... ____ A_c_c_es_s_s_e_c_u_rity------.M_a_n_ag_e_m_e_n_t _En_t_ity_Ke_y __ K_As_M,....E _____ ___, } MME/HSS 

Authentication 
and Key 
Agreement 
(AKA) 

NAS keys 

NAS keys 

AS derived-keys for 

SRB integrity protection, 

SRB ciphering and ORB ciphering 

AS derived-keys for 

SRB integrity protection, 

SRB ciphering and ORB ciphering 

AS base-key 

KeNB 

Access Security Management Entity Key KASME 
'---------------------------------' 

Figure 3.4: Security key derivation. 

eNodeB 

UE 

} UE/USIM 

the target frequency and NH or KeNB- If a fresh NH is available 11, the derivation of KeNB' is 
based on NH (referred to as vertical derivation). If no fresh NH is available then the KeNB' 
derivation is referred to as horizontal derivation and is based on KeNB· KeNB· is then used at 
the target cell as the new KeNB for RRC and data traffic. 

For handover to E-UTRAN from UTRAN or GERAN, the AS base-key is derived from 
integrity and ciphering keys used in the UTRAN or GERAN. Handover within LTE may be 
used to take a new KAsME into account, i.e. following a re-authentication by NAS. 

The use of the security keys for the integrity protection and ciphering functions is handled 
by the PDCP layer, as described in Section 4.2.3. 

The security functions are never deactivated, although it is possible to apply a 'NULL' 
ciphering algorithm. The 'NULL' algorithm may also be used in certain special cases, such 
as for making an emergency call without a USIM. 

11 In this case the NCC is incremented and is then larger than that of the currently active KeNB• 
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3.2.3.2 Connection Establishment and Release 

Two levels of NAS states reflect the slalt: uf a UE i11 resped of connection esrablish­
ment: the EPS Mobility Management (EMM) state (EMM-DEREGISTERED or EMM­
REGISTERED) reflects whether the UE is registered in the MME, and the EPS Connection 
Management (ECM) state (ECM-IDLE or ECM-CONNECTED) reflects the connectivity of 
the UE with the Evolved Packet Core (EPC - see Chapter 2). 

The NAS states, and their relationship to the AS RRC states, are illustrated in Figure 3.5. 

EMM 

ECM 

RRC 

1: Off Attaching 

DEREGISTERED I 
IDLE 

IDLE I CONNECTED I 

2: Idle/ Connecting to 3: Active 
Registered EPC 

REGISTERED 

I CONNECTED 

IDLE I CONNECTED 

Figure 3.5: Possible combinations of NAS and AS states. 

The transition from ECM-IDLE to ECM-CONNECTED not only involves establishment 
of the RRC connection but also includes establishment of the SI-connection (see Section 2.5). 
RRC connection establishment is initiated by the NAS and is completed prior to SI -
connection establishment, which means that connectivity in RRC_CONNECTED is initially 
limited to the exchange of control information between UE and E-UTRAN. 

UEs are typically moved to ECM-CONNECTED when becoming active. It should be 
noted, however, that in LTE the transition from ECM-IDLE to ECM-CONNECTED is 
performed within 100 ms. Hence, UEs engaged in intermittent data transfer need not be 
kept in ECM-CONNECTED if the ongoing services can tolerate such transfer delays. In any 
case, an aim in the design of LTE was to support similar battery power consumption levels 
for UEs in RRC_CONNECTED as for UEs in RRC_IDLE. 

RRC connection release is initiated by the eNodeB following release of the SI -connection 
between the eNodeB and the Core Network (CN) . 

. Connediun t:slablishmenl message sequence. RRC connection establishment involves 
the establishment of SRB I and the transfer of the initial uplink NAS message. This 
NAS message triggers the establishment of the SI-connection, which normally initiates a 
subsequent step during which E-UTRAN activates AS-security and establishes SRB2 and 
one or more DRBs (corresponding to the default and optionally dedicated EPS bearers). 

Figure 3.6 illustrates the RRC connection establishment procedure, including the subse­
quent step of initial security activation and radio bearer establishment. 

Step 1: Connection establishment 

• Upper layers in the UE trigger connection establishment, which may be "in response 
to paging. The UE checks if access is barred (see Section 3.3.4.6) . If this is not the 
case, the lower layers in the UE perform a contention-based random access procedure 
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Figure 3.6: Connection establishment (see Section 17.3.1 for details of the contention-based 
RACH procedure). 

as described in Section 17.3, and the UE starts a timer (known as T300) and sends the 
RRCConnectionRequest message. This message includes an initial identity (S-TMSI12 

or a random number) and an establishment cause. 

• If E-UTRAN accepts the connection, it returns the RRCConnectionSetup message 
that includes the initial radio resource configuration including SRB 1. Instead of 
signalling each individual parameter, E-UTRAN may order the UE to apply a default 
configuration - i.e. a configuration for which the parameter values are specified in the 
RRC specification [1]. 

• The UE returns the RRCConnectionSetupComplete message and includes the NAS 
message, an identifier of the selected PLMN (used to support network sharing) and, 
if provided by upper layers, an identifier of the registered MME. Based on the last 
two parameters, the eNodeB decides on the CN node to which it should establish the 
SI-connection. 

Step 2: Initial security activation and radio bearer establishment 

• E-UTRAN sends the SecurityModeCommand message to activate integrity protection 
and ciphering. This message, which is integrity-protected but not ciphered, indicates 
which algorithms shall be used. 

• The UE verifies the integrity protection of the SecurityModeControl message, and, if 
this succeeds, it configures lower layers to apply integrity protection and ciphering 
to all subsequent messages (with the exception that ciphering is not applied to the 

12S-Temporary Mobile Subscriber Identity. 
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response message, i.e. the SecurityModeComplete (or SecurityModeFailure) mes­
sage). 

• E-UTRAN sends the RRCConnectionReconfiguration message including a radio 
resource configuration used to establish SRB2 and one or more DRBs. This message 
may also include other information such as a piggybacked NAS message or a 
measurement configuration. E-UTRAN may send the RRCConnectionReconfiguration 
message prior to receiving the SecurityModeComplete message. In this case, E­
UTRAN should release the connection when one (or both) procedures fail (because 
the two procedures result from a single Si-procedure, which does not support partial 
success). 

• The UE finally returns the RRCConnectionReconfigurationComplete message. 

A connection establishment may fail for a number of reasons, such as the following : 

• Access may be barred (see Section 3.3.4.6). 

• In case cell reselection occurs during connection establishment, the UE aborts the 
procedure and informs upper layers of the failure to establish the connection. , 

• E-UTRAN may temporarily reject the connection establishment by including a wait 
timer, in which case the UE rejects any connection establishment request until the wait 
time has elapsed. 

• The NAS may abort an ongoing RRC connection establishment, for example upon 
NAS timer expiry. 

3.2.3.3 DRB Establishment 

To establish, modify or release DRBs, E-UTRAN applies the RRC connection reconfigura­
tion procedure as described in Section 3.2.3.2. 

When establishing a DRB, E-UTRAN decides how to transfer the packets of an EPS 
bearer across the rnrlio interface. An EPS bearer is mapped (l-to-1) to a DRB, a DRB 
is mapped (l-to-1) to a DTCH (Dedicated Traffic CHannel - see Section 4.4.1.2) logical 
channel, all logical channels are mapped (n-to-1) to the Downlink or Uplink Shared Transport 
CHannel (DL-SCH or UL-SCH), which are mapped (l-to-1) to the corresponding Physical 
Downlink or Uplink Shared CHannel (PDSCH or PUSCH). This radio bearer mapping is 
illustrated in Figure 3.1. 

The radio resource configuration covers the configuration of the PDCP, RLC, MAC aml 
physical layers. The main configuration parameters/ options include the following: 

• For services using small packet sizes (e.g. VoIP), PDCP may be configured to apply 
indexheader!compressionheader compression to significantly reduce the signalling 
overhead. 

• The RLC Mode is selected from those listed in Section 4.3.1. RLC Acknowledged 
Mode (AM) is applicable, except for services which require a very low transfer delay 
and for which reliable transfer is less important. 

• E-UTRAN assigns priorities and Prioritized Bit-Rates (PBRs) to control how the 
UE divides the granted uplink resources between the different radio bearers (see 
Section 4.4.2.6). 
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• Unless the transfer delay requirements for any of the ongoing services are very strict, 
the UE may be configured with a DRX cycle (see Section 4.4.2.5). 

• For services involving a semi-static packet rate (e.g. VoIP), semi-persistent scheduling 
may be configured to reduce the control signalling overhead (see Section 4.4.2.1). 
Specific resources may also be configured for reporting buffer status and radio link 
quality. 

• Services tolerating higher transfer delays may be configured with a HARQ profile 
involving a higher average number of HARQ transmissions. 

3.2.3.4 Mobility Control in RRC_IDLE and RRC_CONNECTED 

Mobility control in RRC_IDLE is DE-controlled (cell-reselection), while in RRC_ 
CONNECTED it is controlled by the E-UTRAN (handover). However, the mechanisms used 
in the two states need to be consistent so as to avoid ping-pong (i.e. rapid handing back and 
forth) between cells upon state transitions. The mobility mechanisms are designed to support 
a wide variety of scenarios including network sharing, country borders, home deployment 
and varying cell ranges and subscriber densities; an operator may, for example, deploy its 
own radio access network in populated areas and make use of another operator's network in 
rural areas. 

If a UE were to access a cell which does not have the best radio link quality of the 
available cells on a given frequency, it may create significant interference to the other cells. 
Hence, as for most technologies, radio link quality is the primary criterion for selecting 
a cell on an LTE frequency. When choosing between cells on different frequencies or 
RATs the interference concern does not apply. Hence, for inter-frequency and inter-RAT 
cell reselection other criteria may be considered such as UE capability, subscriber type and 
call type. As an example, UEs with no (or limited) capability for data transmission may be 
preferably handled on GSM, while home customers or 'premium subscribers' might be given 
preferential access to the frequency or RAT supporting the highest data rates. Furthermore, in 
some LTE deployment scenarios, voice services may initially be provided by a legacy RAT 
only (as a Circuit Switching (CS) application), in which case the UE needs to be moved to 
the legacy RAT upon establishing a voice call (also referred to as CS FallBack (CSFB)). 

E-UTRAN provides a list of neighboming frequencies and cells which the UE should 
consider for cell reselection and for reporting of measurements. In general, such a list is 
refe1Ted to as a white-list if the UE is to consider only the listed frequencies or cells - i.e. other 
frequencies or cells are not available; conversely, iri the case of a black-list being provided, a 
UE may consider any unlisted frequencies or cells. In LTE, white-listing is used to indicate 
all the neighbouring frequencies of each RAT that the UE is to consider. On the other hand, 
E-UTRAN is not required to indicate all the neighbouring cells that the UE shall consider. 
Which cells the UE is required to detect by itself depends on the UE state as well as on the 
RAT, as explained below. 

Note that for GERAN, typically no information is provided about individual cells. Only 
in specific cases, such as at country borders, is signalling13 provided to indicate the group of 
cells that the UE is to consider - i.e. a white cell list. 

13The 'NCC-permitted' parameter - see GERAN specifications . 
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Mobility in idle mode. In RRC_IDLE, cell reselection between frequencies is based on 
absolute priorities, where each frequency has an associated priority. Cell-specific default 
values of the priorities are provided via SI. In addition, E-UTRAN may assign DE­
specific values upon connection release, taking into account factors such as DE capability 
or subscriber type. In case equal priorities are assigned to multiple cells, the cells are 
ranked based on radio link quality. Equal priorities are not applicable between frequencies 
of different RATs. The DE does not consider frequencies for which it does not have an 
associated priority; this is useful in situations such as when a neighbouring frequency is 
applicable only for UEs of one of the sharing networks. 

'fable 3.2 provides an overview of the SI parameters which E-UTRAN may use lo control 
cell reselection . Other than the cell reselection priority of a frequency, no idle mode mobility­
related parameters may be assigned via dedicated signalling. Further details of the parameters 
listed are provided in Section 3.3. 

Mobility in connected mode. In RRC_CONNECTED, the E-UTRAN decides to which 
cell a DE should hand over in order to maintain the radio link. As with RRC_IDLE, E­
UTRAN may take into account not only the radio link quality but also factors such as DE 
capability, subscriber type and access restrictions. Although E-UTRAN may trigger handover 
without measurement information (blind handover), normally it configures the UE to report 
measurements of the candidate target cells -sec Section 22.3 . Table 3.3 provides an overview 
of the frequency- and cell-specific parameters which E-UTRAN can configure for mobility­
related measurement reporting. 

In LTE the UE always connects lo a siugle cell only - in other words, the switching 
of a UE's connection from a source cell to a target cell is a hard handover. The hard 
handover process is normally a 'backward' one, whereby the eNodeB which controls the 
source cell requests the target eNodeB to prepare for the handover. The target eNodeB 
subsequently generates the RRC message to order the UE to perform the handover, and the 
message is transparently forwarded by the source eNodeB to the UE. LTE also supports a 
kind of 'forward' handover, in which the DE by itself decides to connect to the target cell, 
where it then requests that the connection be continued. The DE applies this connection re­
establishment procedure only after loss of the connection to the source cell; the procedure 
only succeeds if the target cell has been prepared in advance for the handover. 

Besides the handover procedure, LTE also provides for a UE to be redirected to another 
frequency or RAT upon connection release. Redirection during connection establishment 
is not supported, since at that time the E-UTRAN may not yet be in possession of all the 
relevant infonnation such as the capabilities of the DE and the type of subscriber (as may be 
reflected, for example, by the SPID, the Subscriber Profile ID for RAT/Frequency Priority). 
However, the redirection may be performed while AS-security has not (yet) been activated. 
When redirecting lhe DE lo UTRAN uJ GERAN, E-UTRAN may provide SI for one or more 
cells on the relevant frequency. If the UE selects one of the cells for which SI is provided, it 
does not need to acquire it. 

Message sequence for handover within LTE. In RRC_CONNECTED, the E-UTRAN 
controls mobility by ordering the UE to perform handover to another cell, which may be 
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Table 3.2: List of SI parameters which may be used to control cell reselection. 

Parameter I Intra-Freq. I Inter-Freq. IUTRA IGERAN I CDMA2000 

Common I (SIB3) I (SIB5) I (SIB6) I (SIB7) I (SIB8) 

Reselection info Q-Hyst T-Reselect T-Reselect T-Reselect 
MobjlityStatePars T-Rese!ectSF T-ReselectSF T-ReselectSF 
Q-HystSF 
S-Se.,rch<•l 

Frequency list I (SIB3) I (SIB5) I (SIB6) I (SIB7) j (SIB8) 

White frequency list n/a + + + + 

Frequency specific Priority Priority Priority Priority Priority 
reselection info(bl Threshserving-Low Qoffset, Threshx-High, Threshx-High, Threshx-High, 

Threshserving-LowQ Threshx-High, Threshx-Low Threshx-Low Threshx-Low 
T-Reselect Threshx-Low Threshx-HighQ, 
T-ReselectSF Threshx.HighQ, Threshx-LowQ 
Threshx-LowQ 
T-Reselect 
T-ReselectSF 

Frequency specific Q-RxLevMin Q-RxLevMin Q-RxLevMin, Q-RxLevMin 
suitability info<cJ MaxTxPower MaxTxPower MaxTxPower, MaxTxPower 

Q-Qua!Min Q-Qua!Min Q-Qua!Min 

Cell list I (SIB4) I (SIB5) j (SIB6) I (SIB7) I (SIB8) 

White cell list NCC perrnittect<dl -
Black cell list + + 
List of cells with Qoffset Qoffset 
specific infoCeJ 

C•lseparate parameters for intra/ inter-frequency, both for RSRP and RSRQ. 
(blsee Section 3.3.4.2. 
(clsee Section 3.3.3. 
(dlSee GERAN specifications. 
(elsee Section 3.3.4.3. 

on the same frequency ('intra-frequency') or a differ!!nt frequency ('inter-frequency'). Inter­
frequency measurements may require the configuration of measurement gaps, depending on 
the capabilities of the UE (e.g. whether it has a dual receiver) - see Section 22.3. 

The E-UTRAN may also use the handover procedures for completely different purposes, 
such as to change the security keys to a new set (see Section 3.2.3.1), or to perform 
a 'synchronized reconfiguration' in which the E-UTRAN and the UE apply the new 
configuration simultaneously. 

The message sequence for the procedure for handover within LTE is shown in Figure 3.7. 
The sequence is as follows: 

1. The UE may send a MeasurementRep01t message (see Section 3.2.5). 
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Table 3.3: Frequency- and cell-specific information which can be configured in connected 
mode. 

Parameter I Intra-Freq. I Inter-Freq. I UTRA I GERAN I CDMA2000 

Frequency list I I I I I 
White frequency list 

In/a I ;offset I ;offset I ;offset I ;offset Frequency specific info Qoffset 

Cell list I· 
White cell list + NCC permitted + 
Black cell list + + 
List of cells with specific info. Qoffset Qoffset 

UE Source eNodeB Target eNodeB 

_ _ _ _____ __ ____ ___ __ MeasurementReport 

I 
i Random access procedure 
L · - · - · - ·- - - · - •- •- · - - · - •- · - ·~--- - · - · - ·- •-- _.__ , - · ---- ·--· - · - · - · - --- ·--... - •- ·- - ~ ---· 

RRCConnectionReconn urationComplete 

Figure 3.7: Handover within LTE. 

2. Before sending the handover command to the UE, the source eNodeB requests one 
or more target cells to prepare for the handover. As part of this 'handover preparation 
request', the source eNodeB provides UE RRC context information 14 about the UE 
capabilities, the current AS-configuration and DE-specific Radio Resource Manage­
ment (RRM) information. In response, the eNodeB controlling the target cell generates 
the 'handover command'. The source eNodeB will forward this command to the UE in 
the RRCConnectionReconfiguration message. This is done transparently (apart from 
performing integrity protection and ciphering) - i.e. the source eNodeB does not add 
or modify the protocol inform;ition contained in the message. 

3. The source eNodeB sends the RRCConnectionReconfiguration message which to the 
UE orders it to perform handover. It indutles mobility control information (namely 
the identity, and optionally the frequency, of the target cell) and the radio resource 

l4This UE context information includes the radio resource configuration including local settings not configured 
across the radio interface, UE capabilities and radio resource management information. 
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configuration information which is common to all UEs in the target cell (e.g. infor­
mation required to perform random access . The message also includes the dedicated 
radio resource configuration, the secmity configuration and the C-RNTI15 to be used 
in the target cell. Although the message may optionally include the measurement 
configuration, the E-UTRAN is likely to use another reconfiguration procedure for 
re-activating measurements, in order to avoid the RRCConnectionReconfiguration 
message becoming excessively large. If no measurement configuration information 
is included in the message used to perform inter-frequency handover, the UE stops 
any inter-frequency and inter-RAT measurements and deactivates the measurement gap 
configuration. 

4. If the UE is able to comply with the configuration included in the received RRC­
ConnectionReconfiguration message, the UE starts a timer, known as T304, and 
initiates a random access procedure (see Section 17.3), using the received Random 
Access CHannel (RACH) configuration, to the target cell at the first available 
occasion. 16 It is important to note that the UE does not need to acquire system 
information from the target cell prior to initiating random access and resuming 
data communication. However, the UE may be unable to use some parts of the 
physical layer configuration from the very start (e.g. semi-persistent scheduling (see 
Section 4.4.2.1), the PUCCH (see Section 16.3) and the Sounding Reference Signal 
(SRS) (see Section 15.6)) . The UE derives new security keys and applies the received 
configuration in the target cell. 

5. Upon successful completion of the random access procedure, the UE stops the timer 
T304. The AS informs the upper layers in the UE about any uplink NAS messages for 
which transmission may not have completed successfully, so that the NAS can take 
appropriate action. 

For handover to cells broadcasting a Closed Subscriber Group (CSG) identity, normal 
measurement and mobility procedures are used to support handover. In addition, E-UTRAN 
may configure the UE to report that it is entering or leaving the proximity of cell(s) 
included in its CSG whitelist. Furthermore, E-UTRAN may request the UE to provide 
additional information broadcast by the handover candidate cell, for example the cell global 
identity, CSG identity or CSG membership status. E-UTRAN may use a indexproximity 
report'proxirnity report' to configure measurements and to decide whether or not to request 
the UE to provide additional information broadcast by the handover candidate cell. The 
additional information is used to verify whether or not the UE is authorized to access the 
target cell and may also be needed to identify handover candidate cells.17 Further details of 
the mobility procedures for HeNBs can be found in Section 24.2.3. 

15The Cell Radio Network Temporary Identifier is the RNTI to be used by a given UE while it is in a particular 
cell. 

16The target cell does not specify when the UE is to initiate random access in that cell. Hence, the handover 
process is sometimes described as asynchro11ous. 

17This may be the case if PCI confusion occurs, i.e. when the PCI that is included in the measurement report does 
not uniquely identify the cell. 

51



CONTROL PLANE PROTOCOLS 73 

3.2.3.5 Connection Re-Establtshment Procedure 

In a number of failure cases (e.g. radio link failure, handover failure, RLC unrecover­
able error, reconfiguration compliance failure), the UE initiates the RRC connection re­
establishment procedure, provided that security is active. If security is not active when one 
of the indicated failures occurs, the UE moves to RRC_IDLE instead. 

To attempt RRC connection re-establishment, the UE starts a timer known as TJ 11 
and performs cell selection. The UE should prioritize searching on LTE frequencies. 
However, no requirements are specified regarding for how long the UE shall refrain from 
searching for other RATs. Upon finding a suitable cell on an LTE frequency, the UE 
stops the timer T311, starts the timer T301 and initiates a contention based random access 
procedure to enable the RRCConnectionReestablishmentRequest message to be sent. In the 
RRCConnectionReestablishmentRequest message, the UE includes the identity used in the 
cell in which the failure occurred, the identity of that cell, a short Message Authentication 
Code and a cause. 

The E-UTRAN uses the re-establishment procedure to continue SRBI and to re­
activate security without Ghanging alenrithms A snhseq11ent RRC: connection reconfiguration 
procedure is used to resume operation on radio bearers other than SRB 1 and to re-activate 
measurements. If the cell in which the UE initiates the re-establishment is not prepared (i.e. 
does not have a context for that UE), the E-UTRAN will reject the procedure, causing the 
UE to move to RRC_IDLE. 

3.2.4 Connected Mode Inter-RAT Mobility 

The overall procedure for the control of mobility is explained in this section; some further 
details can be found in Chapter 22. 

3.2.4.1 Handover to LTE 

The procedure for handover to LTE is largely the same as the pmcechm~ for h;mciover within 
LTE, so it is not necessary to repeat the details here. The main difference is that upon 
handover to LTE the entire AS-configuration needs to be signalled, whereas within LTE it is 
possible to use 'delta signalling ', whereby only the changes to the configuration are signalled. 

If ciphering had not yet been activated in the previous RAT, the E-UTRAN activates 
ciphering, possibly using the NULL algorithm, as part of the handover procedure. The 
E-UTRAN also establishes SRB 1, SRB2 and one or more DRBs (i.e. at least the DRB 
associated with the default EPS bearer). 

3.2.4.2 Mobility from LTE 

Generally, the procedure for mobility from LTE to another RAT supports both handover and 
Cell Change Order (CCO), possibly with Network Assistance (NACC - Network Assisted 
Cell Change). The CCO/NACC procedure is applicable only for mobility to GERAN. 
Mobility from LTE is performed only after security has been activated. When used for 
enhanced CSFB 18 to CDMA2000, the procedure includes support for parallel handover (i.e. 

18 See Section 2.4.2.1. 
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to both lXRTT and HRPD), for handover to IXRTT in combination with redirection to 
HRPD, and for redirection to HRPD only. 

The procedure is illustrated in Figure 3.8. 

l. The UE may send a MeasurementReport message (see Section 3.2.5 for further 
details). 

2. In case of handover (as opposed to CCO), the source eNodeB requests the target Radio 
Access Network (RAN) node to prepare for the handover. As part of the 'handover 
preparation request' the source eNodeB provides information about the applicable 
inter-RAT UE capabilities as well as information about the cunently-established 
bearers. In response, the target RAN generates the 'handover command' and returns 
this to the source eNodeB. 

3. The source eNodeB sends a MobilityFromEUTRACommand message to the UE, 
which includes either the inter-RAT message received from the target (in case of 
handover), or the target cell/frequency and a few inter-RAT parameters (in case of 
CCO). 

4. Upon receiving the MobilityFromEUTRACommand message, the UE starts the timer 
T304 and connects to the target node, either by using the received radio configuration 
(handover) or by initiating connection establishment (CCO) in accordance with the 
applicable specifications of the target RAT. 

Upper layers in the UE are informed, by the AS of the target RAT, which bearers are 
established. From this, the UE can derive if some of the established bearers were not admitted 
by the target RAN node. 

Source eNodeB Target RAN 

_____________ __ ____ __ Measurement Report 

I Handover preparation · I 
'- -~----· - - - ·--· - ~ ~ - · - · - · - - - --- ·--- · • .J 

Mobili FromEUTRACommand 

'HANDOVER COMPLETE or 
'Connection establishment' 

Figure 3.8: Mobility from LTE. 

3.2.4.3 CDMA2000 

For CDMA2000, additional procedures have been defined to support the transfer of dedicated 
information from the CDMA2000 upper layers, which are used to register the UE's presence 
in the target core network prior to performing the handover (referred to as preregistration). 
These procedures use SRB 1. 
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3.2.5 Measurements 

3.2.5.1 Measurement Configuration 
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The E-UTRAN can configure the UE to report measurement infonnation to support the 
control of UE mobility. The following measurement configuration elements can be signalled 
via the RRCConnectionReconfiguration message. 

1. Measurement objects. A measurement object defines on what the UE should perform 
the measurements - such -as a carrier frequency. The measurement object may include 
a list of cells to be considered (white-list or black-list) as well as associated parameters, 
e.g. frequency- or cell-specific offsets. 

2. Reporting configurations. A reporting configuration consists of the (periodic or 
event-triggered) criteria which cause the UE to send a measurement report, as well as 
the details of what information the UE is expected to report ( e.g. the quantities, such as 
Received Signal Code Power (RSCP) (see Section 22.3.2.1) for UMTS or Reference 
Signal Received Power (RSRP) (see Section 22.3.1.1) for LTE, and the number of 
cells). 

3. Measurement identities. These identify a measurement and define the applicable 
measurement object and reporting configuration. 

4. Quantity configurations. The quantity configuration defines the filtering to be used 
on each measurement. 

5. Measurement gaps. Measurement gaps define time periods when no uplink or down­
link transmissions will be scheduled, so that the UE may perform the measurements. 
The measurement gaps are common for all gap-assisted measurements. Further details 
of the measurement gaps are discussed in Section 22.2.1.2. 

The details of the above parameters depend on whether the measurement relates to an 
LTE, UMTS, GERAN or CDMA2000 frequency. Further details of the measurements 
performed by the UE are explained in Section 22.3. The E-UTRAN configures only a single 
measurement object for a given frequency, but more than one measurement identity may use 
the same measurement object. The identifiers used for the measurement object and reporting 

' configuration are unique across all measurement types. An example of a set of measurement 
objects and their corresponding reporting configurations is shown in Figure 3.9. 

In LTE it is possible to configure the quantity which tiiggers the report (RSCP or RSRP) 
for each reporting configuration. The UE may be configured to report either the trigger 
quantity or both quantities. 

The RRC measurement reporting procedures include some extensions specifically to 
support Self-Optimizing Network (SON) functions such as the determination of Automatic 
Neighbour Relations (ANR) - see Section 25.2. The RRC measurement procedures also 
support UE positioning19 by means of the enhanced cell identity method - see Section 19.4. 

19See Chapter 19. 
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Measurement object Object 
ID 

Object Measurement Report Report Report config. 
ID ID ID ID JO 

L TE carrier frequency 1 1 1 1 1 1 Event A1 

L TE carrier frequency 2 2 2 2 2 2 EventA3 

UMTS carrier frequency 1 3 3 3 3 3 Event B2 
~ 

UMTS carrier frequency 2 4 4 4 : / 4 Event B2 

GERAN set of carrier frequencies 5 5 5 

Figure 3.9: Example measurement configuration. 

3.2.5.2 Measurement Report Triggering 

Depending on the measurement type, the UE may measure and report any of the following: 

• The serving cell; 

• Listed cells (i.e. cells indicated as part of the measurement object); 

• Detected cells on a listed frequency (i.e. cells which are not listed cells but are detected 
by the UE). 

For some RATs, the UE measures and reports listed cells only (i.e. the list is a white­
list), while for other RATs the UE also reports detected cells. For further details, see 
Table 3.3. Additionally, E-UTRAN can configure UTRAN PCI ranges for which the UE 
is allowed to send a measurement reports (mainly for the support of handover to UTRAN 
cells broadcasting a CSG identity). 

For LTE, the following event-triggered reporting criteria are specified: 

• Event Al. Serving cell becomes better than absolute threshold. 

• Event A2. Serving cell becomes worse than absolute threshold. 

• Event A3. Neighbour cell becomes better than an offset relative to the serving cell. 

• Event A4. Neighbour cell becomes better than absolute threshold. 

• Event AS. Serving cell becomes worse than one absolute threshold and neighbour cell 
becomes better than another absolute threshold. 

For inter-RAT mobility, the following event-triggered reporting criteria are specified: 

• Event Bl. Neighbour cell becomes better than absolute threshold. 

• Event B2. Serving cell becomes worse than one absolute threshold and neighbour cell 
becomes better than another absolute threshold. 

The UE triggers an event when one or more cells meets a specified 'entry condition' . 
The E-UTRAN can influence the entry condition by setting the value of some configurable 
parameters used in these conditions - for example, one or more thresholds, an offset, and/or 
a hysteresis . The entry condition must be met for at least a duration corresponding to a 
'timeToTrigger ' parameter configured by the E-UTRAN in order for the event to be triggered. 
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The UE scales the timeToTrigger parameter depending on its speed (see Section 3.3 for 
further detail). 

Figure 3.10 illustrates the triggering of event A3 when a timeToTrigger and an offset are 
configured. 

Measured quantity 

------~ighbouring cell 

Time-to-trigger 

Reporting 
condition met 

Time 

Figure 3.10: Event triggered report condition (Event A3). 

The UE may be configured to provide a number of periodic reports after having triggered 
an event. This 'event-triggered periodic reporting' is configured by means of parameters 
'reportAmount' and 'reportlnterval', which specify respectively the number of periodic 
reports and the time period between them. If event-triggered periodic reporting is configured, 
the UE's count of the number of reports sent is reset to zero whenever a new cell meets the 
entry condition. The same cell cannot then trigger a new set of periodic reports unless it first 
meets a specified 'leaving condition'. 

In addition to event-triggered reporting, the UE may be configured to perform periodic 
measurement reporting. In this case, the same parameters may be configured as for event­
ttiggered reporting, except that the UE starts reporting immediately rather than only after the 
occurrence of an event. 

3.2.5.3 Measurement Reporting 

In a MeasurementReport message, the UE only includes measurement results related to a sin­
gle measurement - in other words, measurements are not combined for reporting purposes. If 
multiple cells triggered the report, the UE includes the cells in order of decreasing value of the 
reporting quantity - i.e. the best cell is reported first. The number of cells the UE includes in a 
MeasurementReport may be limited by a parameter 'indexmaxReportCellsmaxReportCells'. 
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3.2.6 Other RRC Signalling Aspects 

3.2.6.1 UE Capability Transfer 

In order to avoid signalling of the UE radio access capabilities across the radio interface 
upon each transition from RRC_IDLE to RRC_CONNECTED, the core network stores 
the AS capabilities (both the E-UTRA and GERAN capabilities) while the UE is in 
RRC_IDLE/EMM-REGISTERED. Upon Sl connection establishment, the core network 
provides the capabilities to the E-UTRAN. If the E-UTRAN does not receive the (required) 
capabilities from the core network (e.g. due to the UE being in EMM-DEREGISTERED), it 
requests the UE to provide its capabilities using the UE capability transfer procedure. The 
E-UTRAN can indicate for each RAT (LTE, UMTS, GERAN) whether it wants to receive the 
associated capabilities. The UE provides the requested capabilities using a separate container 
for each RAT. Dynamic change of UE capabilities is not supported, except for change of 
the GERAN capabilities in RRC_IDLE which is supported by the tracking area update 
procedure. 

3.2.6.2 Uplink/Downlink Information Transfer 

The uplink/downlink information transfer procedures are used to transfer only upper layer 
information (i.e. no RRC control information is included). The procedure supports the 
transfer of 3GPP NAS dedicated information as well as CDMA2000 dedicated information. 

In order to reduce latency, NAS information may also be included in the RRCConnection­
SetupComplete and RRCConnectionReconfiguration messages. For the latter message, NAS 
information is only included if the AS and NAS procedures are dependent (i.e. they jointly 
succeed or fail). This applies for EPS bearer establishment, modification and release. 

As noted earlier, some additional NAS information transfer procedures have also been 
defined for CDMA2000 for preregistration. 

3.2.6.3 UE Information Transfer 

The UE information transfer procedure was introduced in Release 9 to support SON (see 
Chapter 25). The procedure supports network optimization for mobility robustness by the 
reporting, at a later point in time, of measurement information available when a radio link 
failure occurs (see Section 25.6). E-UTRAN may also use the UE information transfer 
procedure to retrieve information regarding the last successful random access, which it may 
use for RACH optimization - see Section 25 .7. • 

3.3 PLMN and Cell Selection 

3.3.1 Introduction 

After a UE has selected a PLMN, it performs cell selection - in other words, it searches for 
a suitable cell on which to camp (see Chapter 7). While camping on the chosen cell, the 
UE acquires the SI that is broadcast (see Section 9.2.1). Subsequently, the UE registers its 
presence in the tracking area, after which it can receive paging information which is used 
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to notify UEs of incoming calls. The UE may establish an RRC connection, for example to 
establish a call or to perform a tracking area update. 

When camped on a cell, the VE regularly verifies if there is a better cell; this is knuwu as 
performing cell reselection. 

LTE cells are classified according to the service level the UE obtains on them: a suitable 
cell is a cell on which the UE obtains normal service. If the UE is unable to find a suitable 
cell, but manages to camp on a cell belonging to another PLMN, the cell is said to be an 
acceptable cell, and the UE enters a 'limited service' state in which it can only perform 
emergency calls (,mcl receive public warning messages) - as is also the case when no USIM 
is present in the UE. Finally, some cells may indicate via their SI that they are barreu ur 
reserved; a UE can obtain no service on such a cell. 

A category called 'operator service' is also supported in LTE, which provides normal 
service but is applicable only for UEs with special access rights. 

Figure 3.11 provides a high-level overview of the states and the cell (re)selection 
procedures. 
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Pigurc 3.11: Idle mode states and procedures. 

3.3.2 PLMN Selection 

The NAS handles PLMN selection based on a list of available PLMNs provided by the AS. 
The NAS indicates the selected PLMN together with a list of equivalent PLMNs, if available. 
After successful registration, the selected PLMN becomes the Registered PLMN (R-PLMN). 

The AS may autonomously indicate available PLMNs. In addition, NAS may request the 
AS to perform a full search for available PLMNs. In the latter case, the UE searches for the 
strongest cell on each carrier frequency. For these cells, the UE retrieves the PLMN identities 
from SI. If the quality of a cell satisfies a defined radio criterion, the corresponding PLMNs 
are marked as high quality; otherwise, the PLMNs are reported together with their quality. 

3.3.3 Cell Selection 

Cell selection consists of the UE searching for the strongest cell on all supported carrier 
frequencies of each supported RAT until it finds a suitable cell. The main requirement for 
cell selection is that it should not take too long, which becomes more challenging with the 
ever increasing number of frequencies and RATs to be searched. The NAS can speed up the 
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search process by indicating the RATs associated with the selected PLMN. In addition, the 
UE may use information stored from a previous access. 

The cell selection criterion is known as the S-criterion and is fulfilled when the cell­
selection receive level and the quality level are above a given value: Srxlev > 0 and Squal > 0, 
where 

Srxlev = Qrxlevmeas - (Qrxlevmin - Qrxlevmino/fset) 

Squal = Qqualmeas(Qqualmin + Qqualminoffset) 

in which Qrxlevmeas is the measured cell receive level value, also known as the RSRP (see 
Section 22.3.1.1), and Qrxlevmin is the minimum required receive level in the cell. Qqualmeas 

and Qqualmin are the corresponding parameters for the quality level, also known as the RSRQ. 
Qrxlevminoffset and Qqualminoffset are offsets which may be configured to prevent ping-pong 

between PLMNs, which may otherwise occur due to fluctuating radio conditions. The offsets 
are taken into account only when performing a periodic search for a higher priority PLMN 
while camped on a suitable cell in a visited PLMN. 

The cell selection related parameters are broadcast within the SIB 1 message. 
For some specific cases, additional requirements are defined: 

• Upon leaving connected mode, the UE should normally attempt to select the cell 
to which it was connected. However, the connection release message may include 
information directing the UE to search for a cell on a pa1ticular frequency. 

• When performing 'any cell selection', the UE tries to find an acceptable cell of any 
PLMN by searching all supported frequencies on all supported RATs. The UE may 
stop searching upon finding a cell that meets the 'high quality' criterion applicable for 
that RAT. . 

Note that the UE only verifies the suitability of the strongest cell on a given frequency. 
In order to avoid the UE needing to acquire SI from a candidate cell that does not meet the 
S-ciiterion, suitability information is provided for inter-RAT neighbouring cells. 

3.3.4 Cell Reselection 

Once the UE camps on a suitable cell, it starts cell reselection. This process aims to move 
the UE to the 'best' cell of the selected PLMN and of its equivalent PLMNs, if any. As 
described in Section 3.2.3.4, cell reselection between frequencies and RATs is primarily 
based on absolute priorities. Hence, the UE first evaluates the frequencies of all RATs based 
on their priorities. Secondly, the UE compares the cells on the relevant frequencies based 
on radio link quality, using a ranking criterion. Finally, upon reselecting to the target cell 
the UE verifies the cell's accessibility. Further rules have also been defined to allow the UE 
to limit the frequencies to be measured, to speed up the process and save battery power, as 
discussed in Section 3 .3 .4.1. Figure 3 .12 provides a high-level overview of the cell reselection 
procedure. 

It should be noted that the UE pe1forms cell reselection only after having camped for at 
least one second on the current serving cell. 
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Do not 
consider 

target cell 

3.3.4.1 Measurement Rules 

Measurement rules 
Which frequencies/ RATs to measure: 

• high priority 
• high priority + intra-frequency 
• all 

Cell reselection 
Frequency/ RAT evaluation 

Cell ranking 

Cell access verification 
Acquire and verify target cell 

system information 

Yes 
Access restricted 

Rasalact to target cell 

Figure 3 .12: Cell reselection. 

81 

To enable the UE to save battery power, rules have been defined which limit the measure­
ments the UE is required to perfmm. Firstly, the UE is required to perform intra-frequency 
measurements only when the quality of the serving cell is below or equal to a threshold 
('SintraSearch'). Furthermore, the UE is required to measure other frequencies/RATs of 
lower or equal priority only when the quality of the serving cell is below or equal to another 
threshold ('SnonintraSearch'). The UE is always required to measure frequencies and RATs 
of higher priority. For both cases (i.e. intra-frequency and inter-frequency) the UE may 
refrain from measuring when a receive level and a quality criterion is fulfilled. The required 
performance (i.e. how often the UE is expected to make the measurements, and to what extent 
this depends on, for example, the serving cell quality) is specified in [ 4]. 

3.3.4.2 Frequency/RAT Evaluation 

E-UTRAN configures an absolute priority for all applicable frequencies of each RAT. In 
addition to the cell-specific priorities wh,ich are optionally provided via SI, E-UTRAN can 
assign UE-specific priorities via dedicated signalling. Of the frequencies that are indicated 
in the system information, the UE is expected to consider for cell reselection only those for 
which it has priorities. Equal priorities are not applicable for inter-RAT cell reselection. 

The UE reselects to a cell on a higher priority frequency if the S-criterion (see 
Section 3.3.3) of the concerned target cell exceeds a high threshold (Threshx-High) for longer 
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than a certain duration Treselection· The UE reselects to a cell on a lower-priority frequency if 
the S-criterion of the serving cell is below a low threshold (Threshserving-Low) while the S­
criterion of the target cell on a lower-priority frequency (possibly on another RAT) exceeds 
a low threshold (Threshx-Low) during the time interval Treselection, and in the same time no 
cell on a higher-priority frequency is available. The UE evaluates the thresholds either based 
on receive level or on quality level, depending on which parameters E-UTRAN configures. 
Figure 3.13 illustrates the condition(s) to be met for reselecting to a cell on a higher-priority 
frequency (light grey bar) and to a cell on a lower priority frequency (dark grey bars). 

Cell on lower-priority 
frequency 

Serving Cell 

Cell on higher-priority 
frequency 

· ············· / ····· .l. ·· Thrash' """ 

SintraSearch 
Threshx-tow __ --- - ·- -·-·-···· -·-· ·--·-·- -·-·-·-·-·-· / 

- ·-·- •-·- •-} SnonintraSearch 

Tlu•sh-..~ r•·• .... / 

Figure 3.13: Frequency/RAT evaluation. 

When reselecting to a frequency, possibly on another RAT, which has a different priority, 
the UE reselects to the highest-ranked cell on the concerned frequency (see Section 3.3.4.3). 

Note that, as indicated in Section 3.2.3.4, thresholds and priorities are configured per 
frequency, while Treselection is configured per RAT. 

From Release 8 onwards, UMTS and GERAN support the same priority-based cell 
reselection as provided in LTE, with a priority per frequency. Release 8 RANs will continue 
to handle legacy UEs by means of offset-based ranking. Likewise, Release 8 UEs should 
apply the ranking based on radio link quality (with offsets) unless UMTS or GERAN indicate 
support for priority-based reselection. 

3.3.4.3 Cell Ranking 

The UE ranks the intra-frequency cells and the cells on other frequencies having equal 
priority which fulfil the S-criterion using a criterion known as the R-criterion. The R-criterion 
generates rankings Rs and Rn for the serving cell and neighbour cells respectively: 

For the serving cell: Rs = Qmeas,s + Qhyst,s 

For neighbour cells: Rn= Qmeas,n + Qoff s,n 
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where k!meas is the measured cell received quality (RSRP) (see SeL:Lion 22.3.1.1), Qhyst,s 

is a parameter controlling the degree of hysteresis for the ranking, and Q0 ff s,n is an offset 
applit:able belwt:t:11 st:1 ving and neighboming cells on frequencies of equal priority (the sum 
of the cell-specific and frequency-specific offsets). 

The UE reselects to the highest-ranked candidate cell provided that it is better ranked than 
the serving cell for at least the duration of Treselection· The UE scales the parameters Treselection 

and Qhyst, depending on the UE speed (see Section 3.3.4.5 below). 

3.3.4.4 Accessibility Verificaf;ion 

If the best cell on an LTE frequency is barred or reserved, the UE is required to 1>.xd11rlr: 
this cell from the list of cell reselection candidates. In this case, the UE may consider 
other cells on the same frequency unless the barred cell indicates (by means of field 
'intraFreqReselection' within SIB 1) that intra-frequency reselection is not allowed for a 
certain duration, unless the barred cell is an inaccessible Closed Subscriber Group (CSG) 
cell. If, however, the best cell is unsuitable for some other specific reason (e.g. because it 
belongs to a forbidden tracking area or to another non-equivalent PLMN), the UE is not 
permitted to consider any cell on the concerned frequency as a cell reselection candidate for 
a maximum of 300 s. 

3.3.4.5 Speed Dependent Scaling 

The UE scales the cell reselection parameters depending on its speed. This applies both in 
idle mode (Treselection and Qhyst) and in connected mode (timeToTrigger) . The UE speed is 
categorized by a mobility state (high, normal or low), which the UE determines based on 
the number of cell rr:sr:lr:ctinnsfh,mrlovers which occur within a defined period, excluding 
consecutive reselections/handovers between the same two cells. The state is determined 
by comparing the count with thresholds for medium and high state, while applying some 
hysteresis. For idle and connected modes, separate sets of control parameters are used, 
signalled in SIB3 and within the mr:;isurement configuration respectively. 

3.3.4.6 Cell Access Restrictions 

The UE performs an access baning check during connection establishment (see Section 
3.2.3 .2). This function provides a means to control the load introduced by VE-originated 

, traffic. There are separate means for controlling Mobile Originated (MO) calls and MO 
signalling. On top of the regular access class ban-ing, Service Specific Access Control 
(SSAC) may be applied. SSAC facilitates separate control for MultiMedia TELephony 
(MMTEL) voice and video calls. Most of the SSAC functionality is handled by upper layers. 
In addition, separate access control exists to protect against E-UTRAN overload due to UEs 
accessing E-UTRAN merely to perform CSFB Lo CDMA2000. 

Each UE belongs to an Access Class (AC) in the range 0-9. In addition, some UEs 
may belong to one or more high-priority ACs in the range 11-15, which are reserved for 
specific uses (e.g. security services, public utilities, emergency services, PLMN staff) . AClO 
is used for emergency access. Further details, for example regarding in which PLMN the 
high priority ACs apply, are provided in [5]. The UE considers access to be baned if access 
is baned for all its applicable ACs. 
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SIB2 may include a set of AC barring parameters for MO calls and/or MO signalling. 
This set of parameters comprises a probability factor and a baning timer for AC0-9 and a 
list of ban-ing bits for ACI 1-15. For AC0-9, if the UE initiates a MO call and the relevant 
AC barring parameters are included, the UE draws a random number. If this number exceeds 
the probability factor, access is not baned. Otherwise access is barred for a duration which 
is randomly selected centred on the broadcast baning timer value. For ACl 1-15, if the DE 
initiates a MO call and the relevant AC barring parameters are included, access is barred 
whenever the bit corresponding to all of the UE's ACs is set. The behaviour is similar in the 
case of DE-initiated MO signalling. 

For cell (re)selection, the UE is expected to consider cells which are neither barred nor 
reserved for operator or future use. In addition, a DE with an access class in the range 11-15 
shall consider a cell that is (only) reserved for operator use and part of its home PLMN (or 
an equivalent) as a candidate for cell reselection. The UE is never allowed to (re)select a cell 
that is not a reselection candidate even for emergency access. 

3.3.4.7 Any Cell Selection 

When the DE is unable to find a suitable cell of the selected PLMN, it perfo1ms 'any cell 
selection'. In this case, the UE performs normal idle mode operation: monitoring paging, 
acquiring SI, performing cell reselection. In addition, the UE regularly attempts to find a 
suitable cell on other frequencies or RATs (i.e. not listed in SI). If a UE supporting voice 
services is unable to find a suitable cell, it should attempt to find an acceptable cell on any 
supported RAT regardless of the cell reselection priorities that are broadcast. The DE is not 
allowed to receive MBMS in this state. 

3.3.4.8 Closed Subscriber Group 

LTE supports the existence of cells which are accessible only for a limited set of UEs - a 
Closed Subscriber Group (CSG). In order to prevent DEs from attempting to register on a 
CSG cell on which they do not have access, the DE maintains a CSG white list, i.e. a list 
of CSG identities for which access has been granted to the UE. The CSG white list can be 
transfen-ed to the UE by upper layers, or updated upon successful access to a CSG cell. To 
facilitate the latter, UEs support 'manual selection' of CSG cells which are not in the CSG 
white list. The manual selection may be requested by the upper layers, based on a text string 
broadcast by the cell. LTE also supports hybrid cells. Like CSG cells, hyb1id cells broadcast 
a CSG identity; they are accessible as CSG cells by UEs whose CSG white lists include the 
CSG identity, and as normal cells by all other UEs (see Section 24.2.2). 

3.4 Paging 

To receive paging messages from E-DTRAN, UEs in idle mode monitor the PDCCH channel 
for an RNTI value used to indicate paging: the P-RNTI (see Section 9.2.2.2). The UE 
only needs to monitor the PDCCH channel at certain DE-specific occasions (i.e. at specific 
subframes within specific radio frames - see Section 6.2 for an introduction to the LTE radio 
frame structure.). At other times, the DE may apply DRX, meaning that it can switch off its 
receiver to preserve battery power. 
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The E-VTRAN configures which of the radio frames and .subfrarm:.s are used for paging. 
Each cell broadcasts a default paging cycle. In addition, upper layers may use dedicated 
signalling to configure a UTI-spccific paging cycle. If both arc configured, the UE applies the 
lowest value. The UE calculates the radio frame (the Paging Frame (PF)) and the subframe 
within that PF (the Paging Occasion (PO)), which E-VTRAN applies to page the UE as 
follows: 

where: 

SFN mod T = (T /N) x (VE_ID mod N) 

i_s = Ll..m_lD/NJ modNs 

T = VE DR,X cycle (i.e. paging cycle) - min(T0 , Tue) 

N = min(T, nB) 

Ns = max(l, nB/T) 

Tc is the cell-specific default paging cycle {32, 64, 128,256} radio frames, 
Tue is the OE-specific paging cycle {32, 64,128,256} radio frames, 
N is the number of paging frames within the paging cycle of the UE, 

(3.1) 

UE_ID is the IMSI20 mod 1024, with IMSI being the decimal rather than the binary 
number, 

i_s is an index pointing to a pre-defined table defining the corresponding subframe, 
nB is the number of 'paging subframes' per paging cycle (across all VEs in the cell), 
Ns is the number of 'paging subframes' in a radio frame that is used for paging. 
Table 3.4 includes a number of examples to illustrate the calculation of the paging radio 

frames (PF) and subfrnmP.s (PO). 

Table 3.4: Examples for calculation of paging frames and subframes. 

Case 

A 
B 
C 

UE_ID Tc Tue 

147 256 256 
147 256 128 
147 256 128 

T nB 

256 64 
128 32 
128 256 

N 

64 
32 

128 

Ns 

I 
2 

PF i_s 

76 0 
76 0 
19 1 

PO 

9 
9 
4 

In cases A and Bin Table 3.4, one out of every four radio frames is used for paging, using 
one subframe in each of those radio frames. For case B, there are 32 paging frames within 
the UE's paging cycle, across which the UEs are distributed based on the VE-identity. In case 
C. two subframes in each radio frame are used for paging, i.e. Ns = 2. In this case, there are 
128 paging frames within the VE's paging cycle and the VEs are also distributed across the 
two subframes within the paging frame. The LTE specifications include a table that indicates 
the subframe applicable for each combination of Ns and i_s, which is the index that follows 
from Equation (3.1). Figure 3.14 illustrates cases B and C. All the shaded subframes can be 
used for paging; the darker ones are applicable for the UE with the indicated identity. 

20International Mobile Subscriber Identity. 
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Case B Case C 

.__..____,__~_._~1 ___ ___ _____ __ .__! _.___,_..__.....__. .__..__.....__~_._~I :=::::.__I _.___,.__..__ .... I___,] 

I I 11 11 11 ■ 1111111 I ■ 111 ■ 111 11 11 I ■ 11111 
I .. - -- - --- • •- -- • - -, ~------ -- ------ --. .- - - ------- - - - - - --, 1---------· ... ·----. 
: Radio frame with ! : Radio frame with : : Radio frame with : : Radio frame with : 
: __ __ SFN=76 ___ __ ; : SFN=147 : ---. ... . --- ___ __ __ , : ___ _ SFN=204 __ __ ; : ---- SFN=19 _____ l 

Figure 3.14: Paging frame and paging occasion examples. 

3.5 Summary 

The main aspects of the Control Plane protocols in LTE can be broken down into the Cell 
Selection and Reselection Procedures when the UE is in Idle Mode, and the RRC protocol 
when the UE is in Connected Mode. 

The roles of these protocols include supporting security, mobility both between different 
LTE cells and between LTE and other radio systems, and establishment and reconfiguration 
of the radio bearers which carry control information and user data. 
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Introduction to Downlink Physical 
Layer Design 

Matthew Baker 

6.1 Introduction 

The LTE downlink transmissions from the eNodeB consist of user-plane and control­
plane data from the higher layers in the protocol stack (as described in Chapters 3 and 4) 
multiplexed with physical layer signalling to support the data transmission. The multiplexing 
of these various parts of the downlink signal is facilitated by the Orthogonal Frequency 
Division Multiple Access (OFDMA) structure described in Chapter 5, which enables the 
downlink signal to be subdivided into small units of time and frequency. 

This subdivided structure is introduced below, together with an outline of the general steps 
in forming the transmitted downlink signal in the physical layer. 

6.2 Transmission Resource Structure 

The downlink transmission resources in LTE possess dimensions of time, frequency and 
space. The spatial dimension, measured in 'layers ' , is accessed by means of multiple 'antenna 
ports' at the eNodeB; for each antenna port a Reference Signal (RS) is provided to enable 
the User Equipment (UE) to estimate the radio channel (see Section 8.2); the techniques for 
using multiple antenna ports to exploit multiple spatial layers are explained in Section 11.2. 

The time-frequency resources for each transmit antenna port are subdivided according to 
the following structure: the largest unit of time is the 10 ms radio frame, which is subdivided 
into ten 1 ms subframes, each of which is split into two 0.5 ms slots. Each slot comprises 
seven OFDM symbols in the case of the normal Cyclic Prefix (CP) length, or six if the 

LSTE - _The UMTS Long Tenn E110l111io11: From Theory to Practice, Second Edition. 
lefama Sesia, Issam Toufi.k and Matlhew Baker. 
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extended CP is configured in the cell as explained in Section 5 .4.1. In the frequency domain, 
resources are grouped in units of 12 subcarriers (thus occupying a total of 180 kHz with a 
subcanier spacing of 15 kHz), such that one unit of 12 subcarriers for a duration of one slot 
is termed a Resource Block (RB). 1 

The smallest unit of resource is the Resource Element (RE), which consists of one 
subcarrier for a duration of one OFDM symbol. An RB thus comprises 84 REs in the case of 
the normal cyclic prefix length, and 72 REs in the case of the extended cyclic prefix. 

The detailed resource structure is shown in Figure 6.1 for the normal cyclic prefix length. 
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Figure 6.1: Basic time-frequency resource structure of LTE (normal cyclic prefix case). 

1 In the case of the 7 .5 kHz subcarrier spacing which may be available for Multimedia Broadcast Multicast 

Service (MBMS) transmission in later releases of LTE (see Section 5.4.1 and Chapter 13), one RB consists of 24 
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Within certain RBs, some REs are reserved for special purposes: synchronization signals 
(Chapter 7), Reference Signals (RSs - see Chapter 8), control signalling and critical broadcast 
system information (Chapter 9). The remaining REs are used for data transmission, and are 
usually allocated in pairs of RBs (the pairing being in the time domain). 

The structure shown in Figure 6.1 assumes that all subframes are available _for downlink 
transmission. This is known as 'Frame Structure Type l' and is applicable for Frequency 
Division Duplexing (FDD) in paired radio spectrum, or for a standalone downlink carrier. 
For Time Division Duplexing (TDD) ii} unpaired radio spectrum, the basic structure of RBs 
and REs remains the same, but only a subset of the subframes are available for downlink 
transmission; the remaining subframes are used for uplink transmission, or for special 
subframes which contain a guard period to allow for switching between downlink and uplink 
transmission. The guard period allows the uplink transmission timing to be advanced as 
desctibed in Section 18.2. This TDD structure is known as 'Frame Structure Type 2', of 
which seven different configurations are defined, as shown in Figure 6.2; these allow a variety 
of downlink-uplink ratios and switching periodicities. Further details of TDD operation using 
this frame structure are described in Chapter 23. 

10 ms radio frame 

Special subframes with central Guard Period (GP) 
,-----A---.. ,.....,.__..... 

TDD configuration 
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Figure 6.2: LTE subframe structure for TDD operation: 
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(a) configurations with 5 ms periodicity of switching from downlink (DL) to uplink (UL); 
(b) configurations with 10 ms periodicity of switching from downlink (DL) to uplink (UL). 
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Synchronization and Cell Search 

Fabrizio Tomatis and Stefania Sesia 

7 .1 Introduction 

A User Equipment (UE) wishing to access an LTE cell must first undertake a cell search 
procedure. This chapter focuses on the aspects of the physical layer that are designed to 
facilitate cell search. The way this relates to the overall mobility functionality and protocol 
aspects for cell reselection and handover is explained in Chapters 3 and 22. The performance 
requirements related to cell search and synchronization are explained in Section 22.2. 

At the physical layer, the cell search procedure consists of a series of synchronization 
stages by which the UE determines time and frequency parameters that are necessary to 
demodulate the downlink and to transmit uplink signals with the correct timing. The UE also 
acquires some critical system parameters. 

Three major synchronization requirements can be identified in the LTE system: 

1. Symbol and frame timing acquisition, by which the correct symbol start position is 
determined, for example to set the Discrete Fourier Transform (DFT) window position; 

2. Carrier frequency synchronization, which is required to reduce or eliminate the effect 
of frequency errors1 arising from a mismatch of the local oscillators between the 
transmitter and the receiver, as well as the Doppler shift caused by any UE motion; 

3. Sampling clock synchronization. 

7.2 Synchronization Sequences and Cell Search in LTE 

The cell search procedure in LTE begins with a synchronization procedure which makes use 
of two specially designed physical signals that are broadcast in each cell: the Primary Syn­
chronization Signal (PSS) and the Secondary Synchronization Signal (SSS). The detection of 

1 
Frequency offsets may arise from factors such as temperature drift, ageing and imperfect calibration. 

LTE - The UMTS long Term £110/111io11: From Theory to Practice, Second Edition. 
Stefania Sesia, Issam Toufik and Ma1U1ew Baker. 
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these two signals not only enables time and frequency synchronization, but also provides the 
UE with the physical layer identity of the cell and the cyclic prefix length, and informs the UE 
whether the cell uses Frequency Division Duplex (FDD) or Time Division Duplex (TDD). 

In the case of initial synchronization (when the UE is not already camping on or 
connected to an LTE cell) after detecting the ynchronization signals, the UE decode the 
Physical Broadcast CHannel (PBCH) from which critical system information is obtained 
(see Section 9.2. l) . In the case of neighbour cell identification lhe UE does not need to 
decode the PBCH; it simply makes quality-level measurements based on the reference signals 
(see Chapter 8) transmitted from I.he newly detected cell and uses them for cell reselection 
(in RRC_IDLE state) or handover (in RRC_CONNECTED tate); in the latter case, the UE 
reports these measurements to its erving cell. 

The cell search and synchronization procedure is summarized in Figure 7 .1, showing the 
information ascertained by the UE at each stage. The PSS and SSS structure is specifically 
designed to facilitate this acquisition of information. 

PSS Detection 
Slot Timing detection 

Physical layer ID 

Radio Frame Timing detection 

SSS Detection Cell ID 
Cyclic Prefix length detection 

TDD/FOO detection 

Neighbour cell Initial 
identification synchronization 

I RSRP/RSRQ l 
I 

PBCH timing detection I 
RS Detection measurement and PBCH Decoding System iniormation 

reporting access 

Figure 7 .1: Information acquired at each step of the cell search procedure. 

The PSS and SSS suucture in time is how.n in Figure 7.2 for the FDD case and in 
Figure 7.3 for TDD: the synchronization ignals are transmitted periodically twice per 10 m 
radio frame. In an FDD cell the PSS is alway located in the last OFDM (Orthogonal 
Frequency Division Multiplexing) symbol of the first and 111h lots of each radio frame 
(see Chapter 6), thu enabling the UE to acquire the slot boundary timing independently 
of the Cyclic Prefix (CP) length. The SSS i located in the symbol immediately preceding t11e 
PSS, a design choice enabling coherent detection2 of the SSS relative to the PSS, based on 
the assumption that the channel coherence duration is ignificantly longer than one OFDM 
symbol. In a TDD cell, the PSS is located in the third ymbol of the 3rd and 13 th Jots, while 
the SSS is located three symbols earlier· coherent detection can be used under the as umption 
d1at the channel coherence time i significantly longer than four OFDM symbol . 

The preci e position of the SSS changes depending on the length of the CP configured 
for the cell. At this stage of the cell detection proce s the CP length is unknown a priori 

2See Section 7.3. 
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--------- 10 ms Radio Frame---------

111 I 6 

SSS - PSS 

Normal CP ~ 

Extended CP ~ 

Figure 7.2: PSS and SSS frame and slot structure in time domain in the FDD case. 

--------- 10 ms Radio Frame---------

2 1 3 

□ sss I PSS 

Normal CP 

Extended CP 

Figure 7.3: PSS and SSS frame and slot structure in time domain in the TDD case. 

to the DE, and it is, therefore, blindly detected by checking for the SSS at the two possible 
positions. 3 

3
Hence a total of four possible SSS positions must be checked if the UE is searching for both FDD and TDD 

cells. 
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While the PSS in a given cell is the same in every subframe in which it is transmitted, 
the two SSS transmissions in each radio frame change in a specific manner as described 
in Section 7 .2.3, thus enabling the UE to establish the position of the IO ms radio frame 
boundary. 

In the frequency domain, the mapping of the PSS and SSS to subcarriers is shown in 
Figure 7.4. The PSS and SSS are -transmitted in the central ix Resource Blocks4 (RBs), 
enabling the frequency mapping of the synchronization ignals to be invariant with re pect 
to the system bandwidth (which can in principle vary from 6 to UO RBs to suit channel 
bandwidths between around 1.4 MHz and 20 MHz); this allow the UE to synchronize to the 
network without any a priori knowledge of the allocated bandwidth. The PSS and SSS are 
each comprised of a sequence of length 62 symbols, mapped to the central 62 subcarriers 
around the d.c. subcarrier, which is left unused. This means that the five resource elements at 
each extremity of each synchronization sequence are not used. This structure enables the UE 
to detect the PSS and SSS using a size-64 Fast Fourier Transform (FFT) and a lower sampling 
rate than would have been necessary if all 72 subcarriers were used in the central six resource 
blocks. The shorter length for the synchronization sequences also avoids the possibility in a 
TDD system of a high correlation with the uplink demodulation reference signals which use 
the same kind of sequence as the PSS (see Chapter 15). 

- --------- - 10 ms Radio Frame----- ------+ 

l 
6RB1-t11-t---+---+----+---+---1--H--+----+--- -+---+-- ---1 

1 

-~ 
0 1 2 3 4 6 0 1 2 3 4 5 6 

~ 

l8! ® 

X X 

@ X X ® 
K X 

• X 

@ • X l8! 

- ---1 ms Sub-frame----

■ sss 

0 PSS 

{ij RS 

0 Unused RE 

Figure 7.4: PSS and SSS frame structure in frequency and time domain for an FDD cell. 

4Six Resource Blocks correspond to 72 subcaniers. 
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In the case of multiple transmit antennas being used at the eNodeB, the PSS and SSS 
are always transmitted from the same antenna port5 in any given subframe, while between 
different subframes they may be transmitted from different antenna ports in order to benefit 
from time-switched antenna diversity. 

The particular sequences which are transmitted for the PSS and SSS in a given cell are 
used to indicate the physical layer cell identity to the UE. There are 504 unique Physical Cell 
Identities (PCis) in LTE, grouped into 168 groups of three identities. The three identities in a 
group would usually be assigned to cells under the control of the same eNodeB. Three PSS 
equences are used to indicate the cell identity within the group, and 168 SSS sequences are 

u ed to indicate the identity of the group. 6 

The PSS uses sequences known as Zada.ff-Chu. This kind of sequence is widely used 
in LTE, including for the uplink reference signals and random access preambles (see 
Chapters 15 and 17) in addition to the PSS. Therefore, Section 7 .2.1 is devoted to an 
explanation of the fundamental principles behind Zadoff-Chu sequences, before discussing 
the specific constructions of the PSS and SSS sequences in the subsequent sections. 

7.2.1 Zadoff-Chu Sequences 

Zadoff-Chu (ZC) sequences (also known as Generalized Chirp-Like (GCL) sequences) 
are named after the authors of [1] and [2]. ZC sequences are non-binary unit-amplitude 
sequences [3], which satisfy a Constant Amplitude Zero Autocorrelation (CAZAC) property. 
CAZAC sequences are complex signals of the form ej01 . The ZC sequence of odd-length Nzc 
is given by 

[ 
n(n + 1)/2 + ln] aq(n) = exp -j2nq-----

Nzc 
(7.1) 

where q E {1, ... , Nzc - 1} is the ZC sequence root index, n = 0, 1, ... , Nzc - I, l EN is 
any integer. In LTE, I = 0 is used for simplicity. 

ZC sequences have the following three important properties: 
Property 1. A ZC sequence has constant amplitude, and its Nzc-point DFT also has 

constant amplitude. The constant amplitude property limits the Peak-to-Average Power Ratio 
(PAPR) and generates bounded and time-flat interference to other users. It also simplifies the 
implementation as only phases need to be computed and stored, not amplitudes. 

Property 2. ZC sequences of any length have 'ideal' cyclic autocorrelation (i.e. the 
correlation with its circularly shifted version is a delta function). The zero autocorrelation 
property may be formulated as: 

Nzc-1 

rkk(CT) = l: ak(n)a.a(n + er)] = 6(cr) (7.2) 
n=O 

where rkk0 is the discrete periodic autocorrelation function of ak at lag er. This property is 
of major interest when the received signal is correlated with a reference sequence and the 
received reference sequences are misaligned. As an example, Figure 7.5 shows the difference 

5
The concept of an antenna port in LTE is explained in Section 8.2. 

6 
A subset of the available PCis can be reserved for Closed Subscriber Group (CSG) cells (e.g. Home eNodeBs). 

If this is the case, the reserved PCis are indicated in System Information Block 4 (SIB4), enabling the UE to eliminate 
tbose PCJs from its search if CSG cells are not applicable for it. 
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between the periodic autocorrelation of a truncated Pseudo-Noise (PN) sequence (as used 
in WCDMA [4]) and a ZC sequence. Both are 839 symbols long in this example. The ZC 
periodic autocorrelation is exactly zero for cr -:f. 0 and it is non-zero for cr = 0, whereas the 
PN periodic autocorrelation shows significant peaks, some above 0.1, at non-zero lags. 
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Figure 7.5: Zadoff-Chu versus PN sequence: periodic autocorrelation. 

The main benefit of the CAZAC property is that it allows multiple orthogonal sequences 
to be generated from the same ZC sequence. Indeed, if the periodic autocorrelation of a 
ZC sequence provides a single peak at the zero lag, the periodic correlation of the same 
sequence against its cyclic shifted replica provides a peak at lag Ncs, where Ncs is the 
number of samples of the cyclic shift. This creates a Zero-Correlation Zone (ZCZ) between 
the two sequences. As a result, as long as the ZCZ is dimensioned to cope with the largest 
possible expected time misalignment between them, the two sequences are orthogonal for all 
transmissions within this time misalignment. 

Property 3. The absolute value of the cyclic cross-correlation function between any two 
ZC sequences is constant and equal to 1/ -./Ffic,7 if /q 1 - q2/ where q1 and q2 are the equence 
indices) is relatively prime with respect to Nzc (a condition that can be easily guaranteed if 
Nzc is a prime number). The cross-correlation of ✓Nzc at all lag achieves the theoretical 
minimum cross-correlation value for any two sequences that have ideal autocorrelation. 

Selecting Nzc as a prime number results in Nzc - 1 ZC sequences which have the 
optimal cyclic cross-correlation between any pair. How.ever it is not always convenient to 
use sequences of prime length. In general, a sequence of non-prime length may be generated 
by either cyclic extension or truncation of a prime-length ZC sequence. A further useful 
property of ZC sequences is that the DFT of a ZC equence x,,(n) (in Equation (7.1)) is 3 

weighted cyclicly shifted ZC sequence Xw(k) such that w = -1 /11 mod Nzc- Thi means rhal 
a ZC sequence can be generated directly in the frequency domain without the need for a Dff 
operation. 

7Note that this value corresponds to the normalized cross-correlation function. 
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Reference Signals and Channel 
Estimation 

Andrea Ancora, Stefania Sesia and Alex Gorokhov 

8.1 Introduction 

A simple communication system can be generally modelled as in Figure 8.1, where the 
transmitted signal x passes through a radio channel H and suffers additive noise before being 
received. Mobile radio channels usually exhibit multipalh fauiug, which causes Inter-Symbol 
Interference (ISI) in the received signal. In order to remove ISI, various kinds of equalization 
and detection algorithms can be utilized, which may or may not exploit knowledge of 
the Channel Impulse Response (CIR). Orthogonal Frequency Division Multiple Access 
(OFDMA) is particularly robust against ISI, thanks to its slruL;Lure and the use of the 
Cyclic Prefix (CP) which allows the receiver to perform a low-complexity single-tap scalar 
equalization in the frequency domain, as described in Section 5.2.1. 

n 

X Channel, H y 

Figure 8.1: A simple transmission model. 

As explained in Section 7.3, when the detection method exploits channel knowledge, it is 
generally said to be 'coherent' ; otherwise it is called 'non-coherent'. Coherent detection can 
make use of both amplitude and phase information carried by the complex signals, and not of 
only amplitude info1mation as with non-coherent detection. Optimal reception by coherent 
detection therefore typically requires accurate estimation of the propagation channel. 

LTE - The UMTS Long Term Evolution: From Theory to Practice, Second Edition. 
Stefania Sesia, Issam Toufik and Matthew Baker. 
© 2011 John Wiley & Sons, Ltd. Published 2011 by John Wiley & Sons, Ltd. 
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The main advantage of coherent detection is the simplicity of implementation compared to 
the more complex algorithms required by non-coherent detection for equivalent performance. 
However, this simplicity comes at a price, namely the overhead needed in order to be able to 
estimate the channel. A common and simple way to estimate the channel is to exploit known 
signals which do not carry any data, but which therefore cause a loss in spectral efficiency. 
In general, it is not an easy task to find the optimal trade-off between minimizing the spectral 
efficiency loss due to the overhead and providing adequate ability to track variations in the 
channel. 

Other possible techniques for channel estimation include exploiting the correlation 
properties of the channel or using blind estimation. 

Once synchronization between an eNodeB and a UE has been achieved, LTE (in common 
with earlier systems such as GSM and UMTS) is a coherent communication system, for 
which purpose known Reference Signals (RSs) are inserted into the transmitted signal 
structure. 

In general, a variety of methods can be used to embed RSs into a transmitted signal. 
The RSs can be multiplexed with the data symbols (which are unknown at the receiver) 
in either the frequency, time or code domains (the latter being used in the case of the 
common pilot channel in the UMTS downlink) . A special case of time multiplexing,' known 
as preamble-based training, involves transmitting the RSs at the beginning of each data burst. 
Multiplexing-based techniques have the advantage of low receiver complexity, as the data 
symbol detection is -decoupled from the channel estimation problem. Alternatively, RSs may 
be superimposed on top of the unknown data, without the two necessarily being orthogonal. 
Note that multiplexing RSs in the code domain is a particular type of superposition with a 
constraint on orthogonality between known RSs and the unknown data. A comprehensive 
analysis of the optimization of RS design can be found in [1, 2]. 

Orthogonal RS multiplexing is by far the most common technique. For · example, to 
facilitate channel estimation in the UMTS downlink, two types of orthogonal RS are 
provided. The first is code-multiplexed, available to all users in a cell, and uses a specific 
spreading code which is orthogonal to the codes used to spread the users ' data. The second 
type is time-multiplexed dedicated RSs, which may in some situations be inserted into the 
users' data streams [3]. 

In the LTE downlink, the OFDM transmission can be described by a two-dimensional 
lattice in time and frequency, as shown in Figure 6.1 and described in Chapter 6. This 
structure facilitates the multiplexing of the RSs, which are mapped to specific Resource 
Elements (REs) of the two-dimensional lattice in Figure 6.1 according to patterns explained 
in Section 8.2. 

In order to estimate the channel as accurately as possible, all correlations between channel 
coefficients in time, frequency and space should be taken into account. Since RSs are sent 
only on particular OFDM REs (i.e. on particular OFDM symbols on particular subcarriers), 
channel estimates for the REs which do not bear RSs have to be computed via interpolation. 
The optimal interpolating channel estimator in terms of mean-squared error is based on a 
two-dimensional Wiener filter interpolation [4]. Due to the high complexity of such a filter, 
a trade-off between complexity and accuracy is achieved by using one-dimensional filters . In 
Sections 8.4, 8.5 and 8.6, the problem of channel estimation is approached from a theoretical 
point of view, and some possible solutions are described. 
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The work done in the field of channel estimation, and the corresponding literature 
available, is vast. Nevertheless many challenges still remain, and we refer the interested 
reader to [2, 5] for general surveys of open issues in this area. 

8.2 Design of Reference Signals in the LTE Downlink 

In the LTE downlink, five different types of RS are provided [ 6, Section 6.10]: 

• Cell-specific RSs (often referred to as 'common' RSs, as they are available to all DEs 
in a cell _and no DE-specific processing is applied to them); 

• DE-specific RSs (introduced in Release 8, and extended in Releases 9 and 10), which 
may be embedded in the data for specific DEs (also known as DeModulation Reference 
Signals (DM-RSs); 

• MBSFN-specific RSs, which are used only for Multimedia Broadcast Single Fre­
quency Network (MBSFN) operation and are discussed further in Section 13.4.1; 

• Positioning RSs, which from Release 9 onwards may be embedded in certain 'posi­
tioning subframes' for the purpose of DE location measurements; these are discussed 
in Section 19.3.1; 

• Channel State Information (CSI) RSs, which are introduced in Release 10 specifically 
for the purpose of estimating the downlink channel state and not for data demodulation 
(see Section 29.1.2). 

Each RS pattern is transmitted from an antenna port at the eNodeB. An antenna port may 
in practice be implemented either as a single physical transmit antenna, or as a combination of 
multiple physical antenna elements. In either case, the signal transmitted from each antenna 
port is not designed to be further deconstructed by the UE receiver: the transmitted RS 
corresponding to a given antenna port defines the antenna port from the point of view of the 
DE, and enables the UE to derive a channel estimate for all data transmitted on that antenna 
port - regardless of whether it represents a single radio channel from one physical antenna 
or a composite channel from a multiplicity of physical antenna elements together comprising 
the antenna port. The designations of the antenna ports available in LTE are summarized 
below: 

• Antenna Ports 0-3: cell-specific RSs - see Section 8.2.1; 

• Antenna Port 4: MBSFN - see Section 13.4.1; 

• Antenna Port 5: DE-specific RSs for single-layer beamforming - see Section 8.2.2; 

• Antenna P01t 6: positioning RSs (introduced in Release 9)- see Section 19.3.1; 

• Antenna Ports 7'78: DE-specific RSs for dual-layer beamforrning (introduced in 
Release 9)- see Section 8.2.3; 

• Antenna Ports 9-14: DE-specific RSs for multi-layer beamforrning (introduced in 
Release 10) - see Section 29.1.1; 

• Antenna Ports 15- 22: CSI RSs (introduced in Release 10) - see Section 29.1.2. 
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Figure 8.2: Cell-specific reference symbol airangement in the case of normal CP length for 
one antenna port. Reproduced by permission of© 3GPP. 

Details of the techniques provided for multi-antenna transmission in LTE can be found 
in Chapter 11 for Releases 8 and 9, and in Chapter 29 for the new techniques introduced in 
Release 10 for LTE-Advanced. 

8.2.1 Cell-Specific Reference Signals 

The cell-specific RSs enable the UE to determine the phase reference for demodulating the 
downlink control channels (see Section 9.3) and the downlink data in most transmission -
modes1 of the Physical Downlink Shared Channel (PDSCH - see Section 9.2.2). If UE­
specific precoding is applied to the PDSCH data symbols before transmission,2 downlink 
control signalling is provided to inform the UE of the corresponding phase adjustment it 
should apply relative to the phase reference provided by the cell-specific RSs. The cell­
specific RSs are also used by the UEs to generate Channel State Information (CSI) feedback 
(see Sections 10.2.1 and 11.2.2.4). 

References (7, 8] show that in an OFDM-based system an equidistant arrangement 
of reference symbols in the lattice structure achieves the Minimum Mean-Squared Error 
(MMSE) estimate of the channel. Moreover, in the case of a uniform reference symbol grid, 
a 'diainond shape' in the time-frequency plane can be shown to be optimal. 

In LTE, the arrangement of the REs on which the cell-specific RSs are transmitted follows 
these principles. Figure 8.2 illustrates the RS arrangement for the normal CP length. 3 

1Transmission modes 1 to 6. 
2In PDSCH transmission modes 3 to 6. 
31n the case of the extended CP, the arrangement of the reference symbols changes slightly, but the explanations 

in the rest of this chapter are no less valid. The detailed arrangement of reference symbols for the extended CP can 
be found in [6]. 
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The LTE system is designed to work under high-mobility assumpliuus, iu contrast to 
WLAN systems which are generally optimized for pedestrian-level mobility. WLAN systems 
typically use a prearnble-1.JaseJ. liaining sequence, and the degree of mobility wch systems 
can support depends on how often the preamble is transmitted. 

The required spacing in time between the reference symbols can be determined by 
considering the maximum Doppler spread (highest speed) to be supported, which for 
LTE corresponds to 500 km/h [9]. The Doppler shift is fct = Uc v/c) where fc is the 
carrier frequency, v is the UE speed in metres per second, and c is the speed of light 
(3 • 108 m/s). Considering fc = 2.GHz and v = 500 km/h, then the Doppler shift is fct"" 
950 Hz. According to Nyquist's sampling theorem, the minimum sampling frequency needed 
in order to reconstruct the channel is therefore given by Tc= 1/(2/ct) "" 0.5 ms under the above 
assumptions. This implies that two reference symbols per slot are needed in the time domain 
in order to estimate the channel correctly. 

In the frequency direction, there is one reference symbol every six subcarriers on each 
OFDM symbol that includes reference symbols, but the reference symbols are staggered so 
that within each Resource Block (RB) there is one reference symbol every threesubcarriers, 
as shown in Figure 8.2. This spacing is related to the expected coherence bandwidth of the 
channel, which is in turn related to the channel delay spread. In particular the 90% and 50% 
coherence bandwidths4 are given by B c,90% = 1/500-T and B c,50% = 1/50-r respectively, where 
O"r is the r.m.s delay spread. In [10], the maximum r.m.s channel delay spread considered is 
991 ns, curresvonding to flc ,90% = 20 kHz and B c,50% = 200 kHz. In LTE, the spacing between 
two reference symbols in frequency, in one RB, is 45 kHz, thus allowing the expected 
frequency-domain variations of the channel to be resolved. 

Up to four cell-specific antenna ports, numbered Oto 3, may be used by an LTE eNodeB, 
thus requiring the UE to derive up to four separate channel estimates.5 For each antenna port, 
a different RS pattern has been <lesigneJ., with paiticular attention having been given to the 
minimization of the intra-cell interference between the multiple transmit antenna ports. In 
Figure 8.3, Rp indicates that the RE is used for the transmission of an RS on antenna port 
p. When an RE is used to transmit an RS on one antenna port, the corresponding RE on the 
other antenna ports is set to zero to limit the inlerfereuce. 

From Figure 8.3, it can be noticed that the density of reference symbols for the third and 
fourth antenna ports is half that of the first two; this is to reduce the overhead in the system. 
Frequent reference symbols are useful for high-speed conditions as explained above. In cells 
with a high prevalence of high-speed users, the use of four antenna ports is unlikely, hence 
for these conditions reference symbols with lower density can provide sufficient channel 
estimation accuracy. 

All the RSs (cell-specific, DE-specific or MBSFN-specific) are QPSK modulated - a 
constant modulus modulation. This property ensures that the Peak-to-Average Power Ratio 
(PAPR) of the transmitted waveform is kept low. The signal can be written as 

1 1 
r1,11, (m) = \/2[1 - 2c(2m)] + j \12[1 - 2c(2m + l)] (8.1) 

4 Be,,% is the bandwidth where the autocorrelation of the channel in the frequency domain is equal to x% of the 
peak. 

5 Any MBSFN and VE-specific RSs, if transmitted, constitute additional independent antenna ports in the LTE 
specifications. 
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Figure 8.3: Cell-specific RS arrangement in the case of normal CP length for 
(a) two antenna ports, (b) four antenna ports. Reproduced by permission of© 3GPP 

where m is the index of the RS, ns is the slot number within the radio frame and 'l' is the 
symbol number within the time slot. The pseudo-random sequence c(i) is comprised of a 
length-31 Gold sequence, already introduced in Chapter 6, with different initialization values 
depending on the type of RSs. For the cell-specific RSs, the sequence is reinitialized at the 
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start of each OFOM symbol, with a value that depends on the cell identity, N~11 • The cell­
specific RS sequence therefore carries unambiguously one of the 504 different cell identities. 

A cell-specific frequency shift is applied to the patterns of reterence symbols shown in 
Figures 8.2 and 8.3, given by N~11mod6. 6 This shift helps to avoid time-frequency collisions 
between cell-specific RSs from up to six adjacent cells. Avoidance of collisions is particularly 
relevant in cases when the transmission power of the RS is boosted, as is possible in LTE up to 
a maximum of 6 dB relative to the surrounding data symbols. RS power-boosting is designed 
to improve channel estimation in the cell, but if adjacent cells transmit high-power RSs on the 
same REs, the resulting inter-cell iRterference will prevent the benefit from being realized. 

8.2.2 OE-Specific Reference Signals in Release 8 

In Release 8 of LTE, VE-specific RSs may be transmitted in addition to the cell-specific 
RSs described above if the UE is configured (by higher-layer RRC signalling) to receive 
its downlink POSCH data in transmission mode 7 (see Section 9.2.2.1). The DE-specific 
RSs are embedded only in the RBs to which the POSCH is mapped for those UEs. If DE­
specific RSs are transmitted, the UE is expected to use them to derive the channel estimate 
for demodulating the data in the corresponding POSCH RBs. The same precoding is applied 
to the DE-specific RSs as to the POSCH data symbols, and therefore there is no need for 
signalling to inform the DE of the preceding applied. Thus the DE-specific RSs are treated 
as being transmitted using a distinct antenna port (number 5), wilh ils uwu d1a.1111tl response 
from the eNodeB to the VE. 

A typical usage of the DE-specific RSs is to enable beamforming of the data transmissions 
to specific UEs. For example, rather than using the physical antennas used for transmission 
of the other (cell-specific) antenna ports, the eNodeB may use a correlated array of physical 
antenna elements to generate a naITow beam in the direction of a particular UE. Such a beam 
will experience a different channel response between the eNodeB and VE, thus requiring the 
use of DE-specific RSs to enable the UE to demodulate the beamformed data coherently. The 
use of DE-specific beamforming is discussed in more detail in Section 11.2.2.3. 

As identified in [11), the structure shown in Figure 8.4 (for the normal CP) has been 
chosen because there is no collision with the cell specific RSs , and hence the presence of 
VE-specific RSs does not affect features related to the cell-specific RSs. The VE-specific 
RSs have a similar pattern to that of the cell-specific RSs, which allows a VE to re-use 
similar channel estimation algorithms. The density is half that of the cell-specific RS, hence 
minimizing the overhead. Unlike the cell-specific RSs, the sequence for the DE-specific RSs 
is only reinitialized at the start of each subframe, as the number of REs to which the sequence 
is mapped in one OFDM symbol may be very small (in the event of a small number of RBs 
being transmitted to a UE) . The initialization depends on the UE's identity. 

The corresponding pattern for use in case of the extended CP being configured in a cell 
can be found in [6, Section 6.10.3 .2). 

8.2.3 OE-Specific Reference Signals in Release 9 

A new design for VE-specific RSs is defined in Release 9 of the LTE specifications in order 
to extend VE-specific RS support to dual layer transmission. This includes transmission of 

6The mod6 operation is used because reference symbols are spaced apart by six subcarriers in the lattice grid. 
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Figure 8.4: Release 8 DE-specific RS arrangement for PDSCH transmission mode 7 with 
normal CP. Reproduced by permission of© 3GPP. 

two spatial layers to one UE, or single-layer transmission to each of two UEs as a Multi-User 
Multiple Input Multiple Output (MU-MIMO) transmission (see Chapter 11). 

Dual layer beamforming in Release 9 is a precursor to higher-rank single- and multi­
user transmissions in Release 10, and therefore scalability towards LTE-Advanced (see 
Section 29.1) was a key factor in the choice of design for the new RSs. This includes enabling 
efficient inter-cell coordination, which can be facilitated by choosing the set of REs to be 
non-cell-specific (i.e. without a frequency shift that depends on the cell identity). 

A further consideration was backward compatibility with Release 8; this requires coexis­
tence with the 'legacy'physical channels, and therefore the REs carrying the new VE-specific 
RSs have to avoid the cell-specific RSs and downlink control channels. 

A final design requirement was to keep equal power spectral density of the downlink 
transmission in one RB. This favours designs where the DE-specific RSs for both layers are 
present in the same OFDM symbol. 

Since VE-specific RSs are designed for time-frequency channel estimation within a 
given RB, the eigen-structure of the time and f,requency channel covariance matrix provides 
insights into the optimal pattern of REs for the RSs for MMSE channel estimation. As an 
example, Figure 8.5 shows the eigenvalues and three dominant eigenvectors of the time­
domain channel covariance matrix for a pair of RBs in a subframe for various mobile 
speeds assuming spatially unifonn (Jakes) scatte1ing. The same behaviour is observed in 
the frequency domain. 

It can be seen that the three principal eigenvectors can be accurately approximated by 
constant, linear and quadratic functions respectively. Such a channel eigen-structure stems 
from the time-frequency variations across a pair of RBs being limited. Most of the energy 
is captured by the constant and linear components, and hence these should be the focus for 
optimization. While the reference symbol locations do not affect estimation accuracy for the 
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Figure 8.5: Time-domain channel covariance over a pair of RBs: 
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eigenvalues (left) and eigenvectors (right), assuming spatially uniform (Jakes) si.;alle1i11g. 
The eigenvalue energies are normalized relative to the per-RE energy. 

constant component, the best strategy for estimation of the linear component is to allocate 
RS energy at the edges of the measured region. Finally, the quadratic component is small but 
non-negligible, warranting three disjoint RS positions across the bandwidth of an RB. 

Based on these observations, Figure 8.6 shows the pattern adopted for the new VE-specific 
RS pattern in Release 9.7 The reference symbols are positioned in the earliest and latest 
available pairs of OFDM symbols that avoid collisions with the cell-specific RSs. Pairs of 
REs are used so that the DE-specific RSs for the two layers can be code-multiplexed. The 
VE-specific RSs for the two layers using this pattern are termed antenna ports 7 and 8. A 
DE configured to use the Release 9 dual-layer VE-specific RSs is configured in POSCH 
transmission mode 8 (see Section 9.2.2.1). 

Length-2 orthogonal Walsh codes are used for the code-multiplexing of the two RS ports. 8 

Compared to the use of frequency-multiplexed RS ports, code multiplexing can improve 
the accuracy of interference estimation and potentially simplifies the implementation by 
maintaining the same set of RS REs regardless of the number of layers transmitted (thus 
facilitating dynamic switching between one and two layers). 

Pinally, the Release 9 VE-specific RS sequence is initialized using only the cell identity 
(without the UE identity used for the Release 8 DE-specific RSs), in order to enable the two 
orthogonally code-multiplexed VE-specific RS ports to be used for MD-MIMO (with the two 
RS ports assigned to different VEs). In addition, two different RS sequence initializations are 

7Note that distributed RB mapping (see Section 9.2.2.l) is not supported in conjunction with OE-specific RSs. 
8The mapping of the second Walsh code to each pair of REs reverses from one subcarrier to the next; this is to 

minimize the Peak-to-Average Power Ratio (PAPR) of the RS transmissions [12]. 
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Figure 8.6: Dual-layer VE-specific RS airangement in Release 9. 

provided, enabling non-orthogonal VE-specific RS multiplexing to be used, for example for 
MV-MIMO with up to dual layer transmission to each VE. An example of a possible usage 
is shown in Figure 8.7. 
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' . 

- ........... ,~ ~ 
Figure 8.7: Example of usage of orthogonal and non-orthogonal VE-specific RSs in 

Release 9, for dual-layer transmission to each of two VEs with MV-MIMO. 

8.3 RS-Aided Channel Modelling and Estimation 

The channel estimation problem is related to the channel model, itself determined by the 
physical propagation characteristics, including the number of transmit and receive antennas, 
transmission bandwidth, carrier frequency, cell configuration and relative speed between 
eNodeB and VE receivers. In general, 

• The carrier frequencies and system bandwidth mainly determine the scattering nature 
of the channel. 
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• The cell deployment governs its multipath, delay spread and spatial con-elation 
characteristics. 

• The relative speed sets the time-varying properties of the channel. 

The propagation conditions characterize the channel correlation function in a three­
dimensional space comprising frequency, time and spatial domains. In the general case, each 
MIMO multipath channel component can experience different but related spatial scattering 
conditions leading to a full three-dimensional con-elation function across the three domains. 
Nevertheless, for the sake of simplicity, assuming that the multipath components of each 
spatial channel experience the same scattering conditions, the spatial correlation can be 
assumed to be independent from the other two domains and can be handled separately. 

This framework might be suboptimal in general, but is nevertheless useful in mitigating the 
complexity of channel estimation as it reduces the general three-dimensional joint estimation 
problem into independent estimation problems. 

For a comprehensive survey ofMIMO channel estimation, the interested reader is referred 
to [13) . The following two subsections define the channel model and the corresponding 
correlation properties which are then used as the basis for an overview of channel estimation 
techniques. 

8.3.1 Time-Frequency-Domain Correlation: The WSSUS Channel 
Model 

The Wide-Sense Stationary Uncorrelated Scattering (WSSUS) channel model is commonly 
employed for the multipath channels experienced in mobile communications. 

Neglecting the spatial dimension for the sake of simplicity, let h(T; t) denote the time­
varying complex baseband impulse response of a m1.1 ltipMh r.hannel realization at time instant 
t and delay T. 

Considering the channel as a random process in the time direction t, the channel is said to 
be delay Uncorrelated-Scattered (US) if 

(8.2) 

where lE[·] is the expectation operator. According to the US assumption, two CIR components 
a and bat relative delays Ta and Tb are uncorrelated if Ta* Tb. 

The channel is Wide-Sense Stationary (WSS) uncorrelated if 

(8.3) 

which means that the correlation of each delay component of the CIR is only a function of 
the difference in time between each realization. 

Hence, the second-order statistics of this model are completely described by its delay 
cross-power rfonsity r/lh(T; M) or by its Fourier transform, the scattering function defined as 

Sh(T;f)= J ¢h(T;lit)e-j2rrft,cd/it (8.4) 

with f being the Doppler frequency. Other related functions of interest include the Power 
Delay Profile (PDP) 
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the time-correlation function 

and the Doppler power spectrum 

S1,(f) =JS 1,(r; f) dr. 

A more general exposition of WSSUS models is given in [14]. Classical results were 
derived by Clarke [15] and Jakes [16] for the case of a mobile terminal communicating with 
a stationary base station in a two-dimensional propagation geometry. 

These well-known results state that 

1 
S1,(f)=--;=== 

✓1J -J2 
for lfl :5 /d with /d being the maximum Doppler shift and 

¢1i(M) = fo(2,r/dM) 

(8.5) 

(8 .6) 

where 10 ( ·) is the zeroth-order Bessel function. Figure 8.8 shows the PSD of the classical 
Doppler spectrum described by Clarke and Jakes [15, 16]. The Clarke and Jakes derivations 
are based on the assumption that the physical scattering environment is chaotic and therefore 
the angle of arrival of the electromagnetic wave at the receiver is a uniformly distributed 
random variable in the angular domain. As a consequence, the time-correlation function is 
strictly real-valued, the Doppler spectrum is symmetric and interestingly there is a delay­
temporal separability property in the general bi-dimensional scattering function S 1z(r, M). In 
other words, 

(8.7) 

or equivalently 
(8 .8) 

If the time and frequency aspects can be assumed to be separable, the complexity of 
channel estimation can be significantly reduced, as the problem is reduced to two one­
dimensional operations. 

The continuous-time correlation properties of the channel h(r, t) discussed above apply 
equivalently to the corresponding low-pass sampled discrete-time CIR, i.e. h[l, k] [17], for 
every [th delay sampled at the krth instant where T is the sampling pe1iod. Moreover, these 
properties are maintained if we assume h[l, k] to be well-approximated by a Finite-Impulse 
Response (FIR) vector h[k] = [h[O, k], • • • , h[L - 1, k]l with a maximum delay spread of 
L samples. For the sake of notational simplicity and without loss of generality, the index k 
will be dropped in the following sections. 

8.3.2 Spatial-Domain Correlation: The Kronecker Model 

While the frequency and time correlations addressed in the previous section are induced 
by the channel delays and Doppler spread, the spatial correlation arises from the spatial 
scattering conditions. 
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Figure 8.8: Normalized PSD for Clarke's model. 

Among the possible spatial corrdalion muu.ds, for performance evaluation of LTE the 
Kronecker model is generally used [10]. Despite its simplicity, this correlation-based 
analytical model is widely used for the theoretical analysis of MIMO systems and yields 
experimentally verifiable results when limited to two or three antennas at each end of the 
radio link. 

Let us assume the narrowband MIMO channel NRY.. x Nrx matrix for a syslem will1 Nrx 
transmitting antennas and NRY.. receiving antennas to be 

ho,NT.-1 l 
hNiu-; ,NT,-1 

(8.9) 

The narrowband assumption particularly suits OFDM systems (see Section 5.2.1), where 
each MIMO channel component hn,m can be seen as the complex channel coefficient of each 
spatial link at a given subcarrier index. 

The matrix H is rearranged into a vector by means of the operator vec(H) = [hJ, hT, .. . , 
h1T,_ 1f where hi is the ith column of H and (-}T is the transpose operation. Hence, the 
correlation mattix can be defined as 

Cs = E[vec(H)vec(H)H] (8.10) 

where {·}His the Hermitian operation. The matrix in (8 .10) is the full correlation matrix of 
the MIMO channel. 

The Kronecker model assumes that the full correlation matrix results from separate spatial 
corTelations at the transmitter and receiver, which is equivalent to writing the full correlation 
matrix as a Kronecker product (0) of the transmitter and receiver correlation matrices: 

(8.11) 
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with CTx = lE[HHH] and CRx = lE[HHH]. 
Typical values assumed for these correlations according to the Kronecker model are 

discussed in Section 20.3.5. 

8.4 Frequency-Domain Channel Estimation 

In this section, we address the channel estimation problem over one OFDMA symbol 
(specifically a symbol containing reference symbols) to exploit the frequency-domain 
characteristics. 

In the LTE context, as for any OFDM system with uniformly distributed reference symbols 
[18), the Channel Transfer Function (CTF) can be estimated using a maximum likelihood 
approach in the frequency domain at the REs containing the RSs by de-correlating the 
constant modulus RS. Using a matrix notation, the CTF estimate Zp on reference symbol 
p can be written as 

(8.12) 

for p E (0, . . . , P) where P is the number of available reference symbols and h is the L x 
1 CIR vector. F P is the P x L matrix obtained by selecting the rows corresponding to the 
reference symbol positions and the first L columns of the N x N Discrete Fourier Transform 
(DFf) matrix where N is the FFf order. Zp is a P x 1 zero-mean complex circular white noise 
vector whose P x P covariance matrix is given by C2p. The effective channel length L :s; Lcp 
is assumed to be known. 

8.4.1 Channel Estimate Interpolation 

8.4.1.1 Linear Interpolation Estimator 

The natural approach to estimate the whole CTF is to interpolate its estimate between the 
reference symbol positions. In the general case, let A be a generic interpolation filter; then 
the interpolated CTF estimate at subcarrier index i can be written as 

(8.13) 

Substituting Equation (8.12) into (8.13), the e1rnr of the interpolated CTF estimate is 

(8.14) 

where FL is the N x L matrix obtained by taking the first L columns of the DFT matrix and 
z = FLh, In Equation (8. 14), it can be seen that the channel estimation error is constituted of 
a bias term (itself dependent on the channel) and an error term. 

The error covariance matrix is 

(8.15) 

where Ch = lE[hhH] is the channel covariance matrix. 
Recalling Equation (8.13), linear interpolation would be the intuitive choice. Such an 

estimator is deterministically biased, but unbiased from the Bayesian viewpoint regardless 
of the structure of A. 
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8.4.1.2 IFFT Estimator 
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As a second straightforward approach, the CTF estimate over all subcarriers can be obtained 
by IFFT interpolation. In this case, the matrix A from Equation (8.13) becomes: 

1 H 
AIFFf = PFLFp (8.16) 

The error of the IFFT-interpolated CTF estimate and its covariance matrix can be obtained 
by substituting Equation (8.16) into Equations (8.14) and (8.15). 

With the approximation ofIL ,~; (1 / P)F~F p, where IL is the L x L identity matrix, it can 
immediately be seen that the bias term in Equation (8.14) would disappear providing for 
better performance. 

Given the LTE system parameters and the patterns of REs used for RSs, in practice 
(1 / P)F~F P is far from being a multiple of an identity matrix. The approximation becomes 
an equality when K = N, N/W > Land N/W is an integer,9 i.e. the system would have to be 
dimensioned without guard-bands and the RS would have to be positioned with a spacing 
which is an exact factor of the FFT order N, namely a power of two. 

In view of the other factors affecting the design of the RS RE patterns outlined above, 
such constraints are impractical. 

8.4.2 Gt!neral Approach to Linear Channel Estimation 

Compared to the simplistic approaches presented in the previous section, more elaborate 
linear estimators derived from both deterministic and statistical viewpoints are proposed 
in [19- 21). Such approaches include Least Squares (LS), Regularized LS, Minimum Mean­
Squared Error (MMSE) ancl Mismatched MMSE. These can all be expressed under the 
following general formulation: 

(8.17) 

where B, G and R are matrices that vary according to each estimator as expressed in 
Table 8.1, where OL is the all-zeros L x L matrix. 

The LS estimator discussed in [19) is theoretically unbiased. However, as shown in [21), it 
is not possible to apply the LS estimator to LTE directly, because the expression (F rF~)- 1 is 
ill-conditioned due to the unused portion of the spectrum co1Tesponding to the unmodulated 
subcarriers. 

To counter this problem, the classical robust regularized LS estimator can be used instead, 
so as to yield a better conditioning of the matrix to be inverted. A regularization matrix all is 
introduced [22) where a is a constant (computed off-line) chosen to optimize the performance 
of the estimator in a given Signal-to-Noise Ratio (SNR) working range. 

The MMSE estimator belongs to the class of statistical estimMors. Unlike deterministic 
LS and its derivations, statistical estimators need knowledge of the second-order statistics 
(PDP and noise variance) of the channel in order to perform the estimation process, normally 
with much better performance compared to deterministic estimators. However, second-order 
statistics vary as the propagation conditions change and therefore need appropriate re­
estimation regularly. For this reason statistical estimators are, in general, more complex due 

9 Wis the spacing (in tenns of number of subcaniers) between reference symbols. 
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Table 8.1: Linear estimators. 

Components of interpolation filter (see Equation (8.17)) 
Interpolation method B G R 

Simple interpolator 
FFT 
LS 
Regularized LS 
MMSE 

Mismatched MMSE 

A Ip 
j,FLF: Ip 

FL Fp 
FL Fp 
FL Fp 
FL Fp 

OL 
OL 
OL 
ah 

CF3_ Ch -l 
Zp 

CF3_ /CF~ · Ji 
Zp 

to the additional burden of estimating the second-order statistics and computing the filter 
coefficients. 

A mismatched MMSE estimator avoids the estimation of the second-order channel 
statistics and the consequent on-line inversion of an L x L matrix (as required in the 
straightforward application ofMMSE) by assuming that the channel PDP is uniform10 [20]. 
This estimator is, in practice, equivalent to the regularized LS estimator where the only 
difference lies in the fact that o: = CF3. / CF~ is estimated and therefore adapted. The mismatched 

Zp 

MMSE formulation offers the advantage that the filter coefficients can be computed to be real 
numbers because the uniform PDP is symmetric. Moreover, since the length of the CIR is 
small compared to the FFT size, the matrix Agen can be considered to be 'low-density', so 
storing only the significant coefficients can reduce the complexity. 

However, LTE does not use an exactly uniform pattern of reference symbols; for the cell­
specific RSs this is the case around the d.c. subcarrier which is not transmitted. This implies 
that a larger number of coefficients needs to be stored. 

8.4.3 Performance Comparison 

For the sake of comparison between the performance of the different classes of estimator, we 
introduce the Truncated Normalized Mean Squared Error (TNMSE). 

For each estimator, the TNMSE is computed from its covariance matrix Ci and the true 
CTF z as follows: 

TNMSE- = Ttr(Cz) 
z Ttr(F1.,chFr) 

(8.18) 

where Ttr{·) denotes the truncated trace operator, where the truncation is such that only the 
K used subcarriers are included. 

Figure 8.9 shows the performance of an LTE FDD downlink with 10 MHz transmission 
bandwidth (N = 1024) and Spatial Channel Model-A (SCM-A- see Section 20.3.4). 

It can be seen that the IFFT and linear interpolation methods yield the lowest performance. 
The regularized LS and the mismatched MMSE perform equally and the curve of the latter 
is therefore omitted. As expected, the optimal MMSE estimator outperforms any other 
estimator. 

10This results in the second-order statistics of the channel having the structure of an identity matrix. 
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Figure 8.9: Frequency-domain channel estimation performance. 
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The TNMSE computed over all subcarriers actually hides the behaviour of each estimator 
in relation to a well-known problem of frequency-domain channel estimation techniques: 
the band-edge effect. This can be represented by the Gibbs [23] phenomenon in a finite­
length Fourier series approximation; following this approach, Figure 8.10 shows that MMSE­
based channel estimation suffers the least band-edge degradation, while all the other methods 
presented are highly adversely affected. 

8.5 Time-Domain Channel Estimation 

The main benefit of time-domain channel estimation is the possibility to enhance the 
channel estimate of one OFDM symbol containing reference symbols by exploiting its time 
correlation with the channel at previous OFDM symbols containing reference symbols. This 
requires sufficient memory for buffering soft values of data over several OFDM symbols 
while the channel estimation is carried out. 

However, the correlation between consecutive symbols decreases as the UE speed 
increases, as expressed by Equation (8 .6), and this sets a limit on the possibilities for time­
domain filtering in high-mobility conditions. 

Time-domain filtering is applied to the CIR estimate, rather than to the CTF estimate in 
the frequency domain. The use of a number of parallel scalar filters equal to the channel 
length L does not imply a loss of optimality, because of the WSSUS assumption. 
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Figure 8.10: Band-edge behaviour of frequency-domain channel estimation. 

8.5.1 Finite and Infinite Length MMSE 

The statistical time-domain filter which is optimal in te1ms of Mean Squared Error (MSE) 
can be approximated in the form of a finite impulse response filter [24]. The channel at the 
lth tap position and at time instant n is estimated as 

(8.19) 

where h1 is the smoothed CIR zm tap estimate which exploits the vector fit;,= [h1,,,, ••• , 

hi,n-M+dT of length M of the channel tap h1 across estimates at M time inst~nts. 11 This is 
obtained by inverse Fourier transformation of, for.example, any frequency-domain technique 
illustrated in Section 8.4 or even a raw estimate obtained by RS deco1Telation. 

The M x 1 vector of Finite Impulse Response (FIR) filter coefficients w1 is given by 

(8.20) 

where R,, = lE[hr (hrl] is the zm channel tap M X M correlation matrix, a-~ the additive 
noise vaiiance and rh = lE[hf h;) (the M x 1 correlation vector between the zm tap of the 
current channel realization and M previous realizations including the current one). 

11 '11,k is the /th component of the channel vector hk at time instant k. h1,k is its estimate. Note that for the frequency­
domain treatment, the time index was dropped. 
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In practical cases, the FIR filter length M is dimensioned according to a performance­
complexity trade-off as a function of UE speed. 

By setting M infinite, the upper bound on performance is obtained. 
The MSE performance of the finite-length estimator of a channel of length L can be 

analytically computed as 

The upper bound given by an infinite-length estimator is therefore given by 

/ 00) = lim E(M) 
M--,oo 

(8.21) 

(8.22) 

From Equation (8.20) it can be observed that, unlike frequency-domain MMSE filtering, 
the size of the matrix to be inverted for a finite-length time-domain MMSE estimator is 
independent of the channel length L but dependent on the chosen FIR order M . Similarly to 
the frequency-domain counterpart, the time-domain MMSE estimator requires knowledge of 
the PDP, the UE speed and the noise variance. 

Figure 8.11 shows the performance of time-domain MMSE channel estimation as a 
function of filter length M (Equation (8.21)) for a single-tap channel with a classical Doppler 
spectrum for low UE speed. The performance bounds derived for an infinite-length filter in 
each case are also indicated. 
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Figure 8.11: Time-domain channel estimation performance. 
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8.5.2 Normalized Least-Mean-Square 

As an alternative to time-domain MMSE channel estimation, an adaptive estimation approach 
can be considered which does not require knowledge of second-order statistics of both 
channel and noise. A feasible solution is the Normalized Least-Mean-Square (NLMS) 
estimator. 

It can be expressed exactly as in Equation (8.19) but with the M x 1 vector of filter 
coefficients w updated according to 

_(8.23) 

where M here denotes the NLMS filter order. The M x 1 updated gain vector is computed 
according to the well-known NLMS adaptation: 

k =-µ_fiM 
l,n llh1,11 ll2 /,n 

(8.24) 

whereµ is an appropriately chosen step adaptation, iif'J, is defined as for Equation (8.19) and 

(8.25) 

It can be observed that the time-domain NLMS estimator requires much lower complexity 
compared to time-domain MMSE because no matrix inversion or a priori statistical knowl­
edge is required. 

Other adaptive approaches could also be considered, such as Recursive Least Squares 
(RLS) and Kalman-based filtering. Although more complex than NLMS, the Kalman filter is 
a valuable candidate and is reviewed in detail in [25]. 

8.6 Spatial-Domain Channel Estimation 

It is assumed that an LTE UE has multiple receiving antennas. Consequently, whenever the 
channel is correlated in the spatial domain, the correlation can be exploited to provide a 
further means for enhancing the channel estimate. 

If it is desired to exploit spatial correlation, a natural approach is again offered by spatial 
domain MMSE filtering [26] . 

We consider here the case of a MIMO OFDM communication system with N subcarriers, 
NTx transmitting antennas and NRx receiving antennas. The NRx x 1 received signal vector at 
subcarrier k containing the RS sequence can be written as 

1 
r(k) = _ /1\7 W(k)s(k) + n(k) 

vNTx 
(8.26) 

where W(k) is the NRx x NTx channel frequency response matrix at RS subcarrier k, s(k) is 
the NTx x 1 known zero-mean and unit-variance transmitted RS sequence at subcarrier k, 
and n(k) is the NRx x 1 complex additive white Gaussian noise vector with zero mean and 
variance a-~. 

The CTF at subcarrier k, W(k), is obtained by DPT from the CIR matrix at the fh tap H1 as 

L-1 lk 
W(k) = I H1 exp[- j2n-] (8.27) 

l=O N 
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The vector h is obtained by rearranging the elements of all H1 channel tap matrices as 
follows: 

h = [vec(Ho/, vec(H1/, ... , vec(HL-i/JT 

The correlation matrix of h is given by 

Using Equations (8.27) and (8.28), Equation (8.26) can now be rewritten as 

• 1 
r(k) = --G(k)h + n(k) 

../Ni; 

where G(k) = [Do(k), D1 (k), ... , DL-l (k)] and D1(k) = exp[- j2rc(lk/N)]sT (k) 0 INRx. 

(8.28) 

(8.29) 

(8.30) 

Rearranging the received signal matrix G and the noise matrix at all N subcarriers into a 
vector as follows, 

r = [rT (0), rT (1), ... , rT (N - l)]T 

Equation (8.30) can be rewritten more compactly as 

1 
r=--Gh+n 

../Ni; 

(8.31) 

(8.32) 

Hence, the spatial domain MMSE estimation of the rearranged channel impulse vector h 
can be simply obtained by 

6. = Qr (8 .33) 

with 
1 H( 1 H 2 )-1 Q= _r,;,-ChG -GChG +crnlN,NR, 

vNTx NTx 
(8.34) 

Therefore the NMSE can be computed as 

NMSE _ tr(Cso-MMSE) 
sD-MMSE - tr(C,.) (8 .35) 

where CsD-MMSE is the error covariance matrix. 
Figure 8.12 shows the spatial domain MMSE performance given by Equation (8.35) 

compared to the performance obtained by the ML channel estimation on the subcarriers 
which carry RS. 

8. 7 Advanced Techniques 

The LTE specifications do not mandate any specific channel estimation technique, and there 
is therefore complete freedom in implementation provided that the performance requirements 
are met and the complexity is affordable. 

Particular aspects, such as channel estimation based on the VE-specific RSs, band-edge 
effect reduction or bursty reception, might require further improvements which go beyond 
the techniques described here. 

Blind and semi-blind techniques are promising for some such aspects, as they try to 
exploit not only the a priori knowledge of the RSs but also the unknown data structure. A 
comprehensive analysis is available in [27] and references therein. 
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Figure 8.12: Spatial-domain channel estimation performance: CIR NMSE versus SNR. 
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Link Adaptation and Channel 
Coding 

Brian Classon, Ajit Nimbalker, Stefania Sesia and 
Issam Toufik 

10.1 Introduction 

The principle of link adaptation is fundamental to the design of a radio interface which 
is efficient for packet-switched data traffic. Unlike the early versions of UMTS (Universal 
Mobile Telecommunication System), which used fast closed-loop power control to support 
circuit-switched services with a roughly constant data rate, link adaptation in HSPA (High 
Speed Packet Access) and LTE adjusts the transmitted information data rate (modulation 
scheme and channel coding rate) dynamically to match the prevailing radio channel capacity 
for each user. Link adaptation is therefore very closely related to the design of the channel 
coding scheme used for forward error correction. 

For the downlink data transmissions in LTE, the eNodeB typically selects the modulation 
scheme and code rate depending on a prediction of the downlink channel conditions. 
An important input to this selection process is the Channel Quality Indicator (CQI) 
feedback transmitted by the User Equipment (UE) in the uplink. CQI feedback is an 
indication of the data rate which can be supported by the channel, taking into account the 
Signal-to-Interference-plus-Noise Ratio (SINR) and the characteristics of the UE's receiver. 
Section 10.2 explains the principles of link adaptation as applied in LTE; it also shows how 
the eNodeB can select different CQI feedback modes to trade off the improved downlink link 
adaptation enabled by CQI against the uplink overhead caused by the CQI itself. 

The LTE specifications are designed to provide the signalling necessary for interoperabil­
ity between the eNodeB and the UEs so that the eNodeB can optimize the link adaptation, 
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but the exact meth0ds used by the eNodeB to exploit the information that is available are left 
to the manufacturer's choice of implementation. 

In general, in response to the CQ1 feedback the eNodeB can select between QPSK, 
16QAM and 64QAM1 schemes and a wide range of code rates. A discussed further 
in Section 10.2.1 the optimal switching points between the different combinations of 
modulation order and code rate depend on a number of factors, including the required quality 
of service and cell throughput. 

The channel coding scheme for forward error correction, on which the code rate adaptation 
is based wa the subject of exten ive study during the standardization of LTE. The chapter 
therefore continues with a review of the key theoretical aspects of the types of channel 
coding studied for LTE: convoJutional code , turbo code with iterative decoding, and a 
brief introduction of Low-Density Parity Check (LDPC) codes. The theory of channel 
coding ha seen inten e activity in recent decades, especially since the discovery of turbo 
codes offering near-Shannon limit performance, and the development of iterative processing 
techniques in general. 3GPP was an early adopter of these advanced channel coding 
techniques with the turbo code being standardized in the first version of the OMTS as 
early as l999. Later relea es of UMTS (in HSPA) added more advanced channel coding 
features with the introduction of link adaptation including Hybrid Automatic Repeat reQuest 
(HARQ), a combination of ARQ and channel coding which provides more robu lnes 
against fading; these schemes include incremental redundancy, whereby the code rate i 
progres ively reduced by transmitting additional parity information with each retransmission. 
However the underlying turbo code from the fu·st ver ion of UMTS remained untouched. 
Meanwhile lhe academic and research communities were generaling new insights into code 
de ign , iterative decoding and the implementation of decoder . Section 10.3.2 explains how 
these deveJopmenls impacted the design of the hannel coding for LTE. and in particular 
the decision to enhance the turbo code from UMTS by means of a new contention-free 
interleaver rather than to adopt a new LDPC code. 

For the LTE uplink transmis ion , the link adaptation proces is similar to that for the 
downlink, with the election of modulation and coding scheme also being under the control 
of the eNodeB. An identical channel coding structure is used for the uplink, while the 
modulation scheme may be elected between QPSK, 16QAM and, for the highe t category 
of UE, also 64QAM. The main difference from the downlink is that instead of basing the 
link adaptation on CQI feedback, the eNodeB can directly make its own estimate of the 
supportable uplink data rate by channel sounding, for example using the Sounding Reference 
Signal (SRS ) which are de cribed eparately in Section 15.6. 

A final important a peel of link adaptation is its u e in conjunction with multi-u er 
scheduling in time and frequency, which enables the radio tran mi sion resource to be 
shared efficiently between users a the channel capacity to individual u ers varies. The 
CQI can therefore be u ed not only to adapt the modulation and coding rate to the channel 
conditions, but aJso for the optimization of lime/ frequency elective scheduling and for inter­
ce.11 interference management as discussed in Chapter 12. 

1 Quadrature Phase Shift Keying (QPSK) and Quadrature Amplitude Modulation (QAM). 
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Multiple Antenna Techniques 

Thomas Salzer, David Gesbert, Cornelius van Rensburg, 
Filippo Tosato, Florian Kaltenberger and Tetsushi Abe 

11.1 Fundamentals of Multiple Antenna Theory 

11.1.1 Overview 

The value of multiple antenna systems as a means to improve communications was 
recognized in the very early ages of wireless transmission. However, most of the scientific 
progress in understanding their fundamental capabilities has occurred only in the last 20 
years, driven by efforts in signal and information theory, with a key milestone being achieved 
with the invention of so-called Multiple-Input Multiple-Output (MIMO) systems in the mid-
1990s. 

Although early applications ofbeamforrning concepts can be traced back as far as 60 years 
in military applications, serious attention has been paid to the utilization of multiple antenna 
techniques in mass-market commercial wireless networks only since around 2000. Today, 
the key role which MIMO technology plays in the latest wireless communication standards 
for Personal, Wide and Metropolitan Area Networks (PANs, WANs and MANs) testifies to 
its importance. Aided by rapid progress in the areas of computation and circuit integration, 
this trend culminated in the adoption of MIMO for the first time in a cellular mobile network 
standard in the Release 7 version ot HSDPA (High Speed Downlink Packet Access); soon 
after, the development of LTE broke new ground in being the first global mobile cellular 
system to be designed with MIMO as a key component from the start. 

This chapter first provides the reader with the theoretical background necessary for a 
good understanding of the role and advantages promised by multiple antenna techniques in 
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wireless communications in general. 1 The chapter focuses on the intuition behind the main 
technical results and show how key progress in information theory yields practical lessons in 
algorithm and system design for cellular communications. As can be expected, there is still a 
gap between the theoretical predictions and the performance achieved by schemes that must 
meet the complexity constraints imposed by commercial considerations. 

We distinguish between single-user MIMO and multi-user MIMO, although a common 
set of concepts captures the essential MIMO benefits in both cases. Single-user MIMO 
techniques dominated the algorithms selected for the first version of LTE, with multi-user 
MIMO becoming more established in Releases 9 and 10. 

The second part of the chapter describes the actual methods adopted for LTE, paying par­
ticular attention to the combinations of theoretical principles and system design constraints 
that led to these choices. 

While traditional wireless communications (Single-Input Single-Output (SISO)) exploit 
time- or frequency-domain pre-processing and decoding of the transmitted and received data 
respectively, the use of additional antenna elements at either the base station (eNodeB) or 
User Equipment (UE) side (on the downlink or uplink) opens an extra spatial dimension to 
signal precoding and detection. Space-time processing methods exploit this dimension with 
the aim of improving the link's performance in terms of one or more possible metrics, such 
as the enor rate, communication data rate, coverage area and spectral efficiency ( expressed 
in bps/Hz/cell). 

Depending on the availability of multiple antennas at the transmitter and/or the receiver, 
such techniques are classified as Single-Input Multiple-Output (SIMO), Multiple-Input 
Single-Output (MISO) or MIMO. Thus in the scenario of a multi-antenna-enabled base 
station communicating with a single antenna UE, the uplink and downlink are refened to 
as SIMO and MISO respectively. When a multi-antenna terminal is involved, a full MIMO 
link may be obtained, although the term MIMO is sometimes also used in its widest sense, 
thus including SIMO and MISO as special cases. While a point-to-point multiple-antenna 
link between a base station and one UE is referred to as Single-User MIMO (SU-MIMO), 
Multi-User MIMO (MU-MIMO) features several UEs communicating simultaneously with a 
common base station using the same frequency- and time-domain resources .2 By extension, 
considering a multicell context, neighbouring base stations sharing their antennas in virtual 
MIMO fashion [4] to communicate with the same set of UEs in different cells comes under 
the term Coordinated MultiPoint (CoMP) transmission/reception. This latter scenario is not 
supported in the first versions of LTE but it is being studied for possible inclusion in later 
releases of LTE-Advanced as described in Section 29.5. The overall evolution of MIMO 
concepts, from the simplest diversity setup to the advanced joint-processing CoMP technique, 
is illustrated in Figure 11. 1. 

Despite their variety and sometimes perceived complexity, single-user and multi-user 
MIMO techniques tend to revolve around just a few fundamental principles, which aim at 
leveraging some key properties of multi-antenna radio propagation channels. As introduced 

1 For more exhaustive tutorial information on MIMO systems, the reader is referred, for example, to [l-3]. 
2Note that, in LTE, a single eNodeB may in practice control multiple cells; in such a case, we consider each cell as 

an independent base station for the purpose of explaining the MIMO techniques; the simultaneous transmissions in 
the different cells address different UEs and are typically achieved using different fixed directional physical antennas; 
they are therefore not classified as multi-user MIMO. 
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SINGLE CELL SISO SINGLE CELL SIMO/tvUSO SINGLE CELL SU-MIMO 

LO --{]3 ------------

SINGLE CELL MU-MIMD 

Figure 11. 1: The evolution of MIMO technology, from traditional single antenna 
communication, to multi-user MIMO scenarios, to the possible multicell MIMO networks 

of the future. 

in Section 1.1, there are hasically three advantages associated with such channels (over their 
SISO counterparts): 

• Diversity gain. 

• Array gain . 

• Spatial multiplexing gain. 

Diversity gain corresponds to the mitigation of the effect of multipath fading, by means 
of transmitting or receiving over multiple antennas at which the fading is sufficiently 
decorrelated. It is typically expressed in terms of an order, referring either to the number 
of effective independent diversity branches or to the slope of the Bit Error Rate (BER) curve 
as a function of the Signal-to-Noise Ratio (SNR) (or possibly in terms of an SNR gain in the 
system's link budget). 

While diversity gain is fundamentally related to improvement of the statistics of instan­
taneous SNR in a fading channel, array gain and multiplexing gain are of a different nature, 
rather being related to the geometry and the theory of vector spaces. Array gain co1Tesponds 
to a spatial version of the well-known matched-filter gain in time-domain receivers, while 
multiplexing gain refers to the ability to send multiple data streams in parallel and to separate 
them on the basis of their spatial signature. The latter is much akin to the multiplexing of users 
separated by orthogonal spreading codes, timeslots or frequency assignments, with the great 
advantage that, unlike Code, Time or Frequency Division Multiple Access (CDMA, TDMA 
or FDMA), MIMO multiplexing does not come at the cost of bandwidth expansion; it does, 
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however, suffer the expense of added antennas and signal processing complexity and its gains 
strongly depend on the spatial characteristics of the propagation channel (see Chapter 20). 

These aspects are analysed fmther in the following sections, considering first theoretically 
optimal transmission schemes and then popular MIMO approaches. First a base station 
to single-user communication model is considered (to cover single-user MIMO) ; then the 
techniques are generalized to multi-user MIMO. 

The schemes adopted in LTE Releases 8 and 9, specifically for the downlink, are addressed 
subsequently. We focus on the Frequency Division Duplex (FDD) case. Discussion of some 
aspects ofMIMO which are specific to Time Division Duplex (TDD) operation can be found 
in Section 23.5. 

11.1.2 MIMO Signal Model 

Let Y be a matrix of size N x T denoting the set of (possibly precoded) signals being 
transmitted from N distinct antennas over T symbol durations ( or, in the case of some 
frequency-domain systems, T subcarriers), where Tis a parameter of the MIMO algorithm 
(defined below). Thus the nth row of Y couesponds to the signal emitted from the nth transmit 
antenna. Let H denote the M x N channel matiix modelling the propagation effects from each 
of the N transmit antennas to any one of M receive antennas, over an arbitrary subcarrier 
whose index is omitted here for simplicity. We assume H to be invariant over T symbol 
durations. The matlix channel is represented by way of example in Figure 11 .2. Then the 
M x T signal R received over T symbol durations over this subcarrier can be conveniently 
written as 

R=HY +N (11.l) 

where N is the additive noise matlix of dimension M x T over all M receiving antennas. We 
will use h; to denote the ith column of H, which will be referred to as the receive spatial 
signature of (i.e. corresponding to) the ith ti·ansmitting antenna. Likewise, the j th row of H 
can be termed the transmit spatial signature of the /h receiving antenna. 

N transmitting antennas M receiving antennas 

0010110 0010110 

MIMO transmitter MIMO receiver 

Figure 11.2: Simplified transmission model for a MIMO system with N transmit antennas 
and M receive antennas, giving rise to an M x N channel matrix, with MN links. 
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Let X == (x1, x2, . .. , Xp) be a group of P QAM3 symbols to be sent to the receiver over 
the T symbol durations; these symbols must be mapped to the transmitted signal Y before 
launching into the air. The choice of this mapping function X - Y(X) determines which 
one out of several possible MIMO transmission methods results, each yielding a different 
combination of the diversity, array and multiplexing gains. Meanwhile, the so-called spatial 
rate of the chosen MIMO transmission method is given by the ratio P/T. 

Note that, in the most general case, the considered transmit (or receive) antennas may be 
attached to a single transmitting ( or receiving) device (base station or UE), or distributed over 
different devices. The symbols in (x1, x2 , ... , xp) may also correspond to the data of one or 
possibly multiple users, giving rise to the single-user MIMO or multi-user MIMO models. 

11.1.3 Single-User MIMO Techniques 

Several classes of SU-MIMO transmission methods are discussed below, both optimal and 
suboptimal. 

11.1.3.1 Optimal Transmission over MIMO Systems 

The optimal way of communicating over the MIMO channel involves a channel-dependent 
precoder, which fulfils the roles of both transmit beamforming and power allocation 
across the transmitted streams, and a rnal<.:hing re<.:eive beamfurmiug slrw,;lure. Full channel 
knowledge is therefore required at the transmit side for this method to be applicable. Consider 
a set of P == NT symbols to be sent over the channel. The symbols are separated into N 
streams (or layers) of T symbols each. Stream i consists of symbols [x;,1, x;,2, ... , x;,T]. Note 
that in an ideal setting, each stream may adopt a distinct code rate and modulation. This is 
discussed in more detail below. The transmitted signal can now be written as 

Y(X) == VPX (11.2) 

where 
Xr,2 

(11.3) 

V is an N x N transmit beamforming matrix and P is a N x N diagonal power-allocation 
matrix with -yp; as its ith diagonal element, where p; is the power allocated to the ith stream. 
Of course, the power levels must be chosen so as not to exceed the available transmit power, 
which can often be conveniently expressed as a constraint on the total normalized transmit 
power P,.4 Under this model, the information-theoretic capacity of the MIMO channel in 
bps/Hz can be obtained as [3] 

(11.4) 

where { · }n denotes the Hermitian operator for a matrix or vector and pis the so-called transmit 
SNR, given by the ratio of the transmit power over the noise power. 

3Quadrature Amplitude Modulation. 
4In practice, there may be a limit on the maximum transmission power from each antenna. 
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The optimal (capacity-maximizing) precoder (VP) in Equation (11.4) is obtained by 
the concatenation of singular vector beam/arming and the so-called water.filling power 
allocation. 

Singular vector beamforming means that V should be a unitary matiix (i.e. VHV is the 
identity mati·ix of size N) chosen such that H = U:EVH is the Singular-Value Decomposition5 

(SVD) of the channel matlix H. Thus the {h right singular vector ofH, given by the fh column 
of V, is used as a transmit beamforming vector for the ith stream. At the receiver side, the 
optimal beamformer for the ith stream is the ith left singular vector of H , obtained as the ith 

row of UH: 

ufR = A; yp;[x;,1, x;,2, . .. , x;,T] + uf N 

where -1; is the ith singular value of H. 
Waterfilling power allocation is the optimal power allocation and is given by 

(11.5) 

(11.6) 

where [xJ+ is equal to x if xis positive and zero otherwise.µ is the so-called 'water level', a 
positive real variable which is set such that the total transmit power constraint is satisfied. 

Thus the optimal SU-MIMO multiplexing scheme uses SYD-based transmit and receive 
beamfonning to decompose the MIMO channel into a number of parallel non-interfering 
subchannels, dubbed 'eigen-channels', each one with an SNR being a function of the 
co1Tesponding singular value -1; and chosen power level p;. 

Conti·ary to what would perhaps be expected, the philosophy of optimal power allocation 
across the eigen-channels is not to equalize the SNRs, but rather to render them more unequal, 
by 'poming' more power into the better eigen-channels, while allocating little power (or even 
none at all) to the weaker ones because they are seen as not contributing enough to the total 
capacity. This waterfilling principle is illustrated in Figure 11.3. 

The underlying information-theoretic assumption here is that the information rate on each 
stream can be adjusted finely to match the eigen-channel's SNR. In practice, this is done by 
selecting a suitable Modulation and Coding Scheme (MCS) for each stream. 

11.1.3.2 Beamforming with Single Antenna Transmitter or Receiver 

In the case where either the receiver or the transmitter is equipped with only a single antenna, 
the MIMO channel exhibits only one active eigen-channel, and hence multiplexing of more 
than one data stream is not possible. 

In receive beamforming, N = I and M > I (assuming a single stream) . In this case, one 
symbol is transmitted at a time, such that the symbol-to-transmit-signal mapping function is 
characterized by P = T = I, and Y(X) = X = x, where xis the one QAM symbol to be sent. 
The received signal vector is given by 

R=Hx+N (11.7) 

The receiver combines the signals from its M antennas through the use of weights w = 
[w 1, • •• , WM]. Thus the received signal after antenna combining can be expressed as 

z= wR= wHs + wN (11.8) 

5The reader is refe1Ted to [5] for an explanation of generic matrix operations and terminology. 
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' Water-level' set by 
total power constraint 

'-v----1 

Power allocation to 
spatial channels 

1/SNR of spatial channels 

Spatial channel index 

No power allocated to this 
spatial channel due to 

SNR being too low 

Figure 11.3 : The waterfilling principle for optimal power allocation. 
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After the receiver has acquired a channel estimate (as discussed in Chapter 8) , it can set the 
beamforming vector w to its optimal value to maximize the received SNR. This is done 
by aligning the bearnforming vector with the UE's channel, via the so-called Maximum 
Ratio Combining (MRC) w = H8 , which can be viewed as a spatial version of the well­
known matched filter. Note that cancellation of an interfering signal can also be achieved, 
by selecting the beamforming vector to be orthogonal to the channel from the interference 
source. These simple concepts are illustrated in Figure 11.4. 

The maximum ratio combiner provides a factor of M improvement in the received 
SNR compared to the M = N = 1 case - i.e. an array gain of 10 log10(M) dB in the link 
budget. 

In transmit beamforming, M = 1 and N > I. The symbol-to-transmit-signal mapping 
function is characterized by P = T = I, and Y(X) = wx, where xis the one QAM symbol 
to be sent and w is the transmit beamforming vector of size N x 1, computed based on 
channel knowledge, which is itself often obtained via a receiver-to-transmitter feedback link.6 

Assuming perfect channel knowledge at the transmitter side, the SNR-maximizing solution 
is given by the transmit MRC, which can be seen as a matched prefilter, 

HH 
W=--

llffll 
(11.9) 

where the normalization by IIHII enforces a total power constraint across the transmit 
antennas. The transmit MRC pre-filter provides a similar gain as its receive counterpart, 
namely 10 log 10(N) dB in average SNR improvement. 

6In some situations, other techniques such as receive/ transmit channel reciprocity may be used, as discussed in 
Section 23 .5 .2. 
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M sensors 

Vector space analogy (for two sensors) 

' W'' 
' 

H 

Choosing W enhances the source (beamforming) 
Choosing W' nulls the source out (interference nulling) 

Figure 11.4: The beamforming and interference cancelling concepts. 

11.1.3.3 Spatial Multiplexing without Channel Knowledge at the Transmitter 

When N > l and M > l, multiplexing of up to min(M, N) streams is theoretically possible 
even without channel knowledge at the transmitter. Assume for instance that M ~ N. In this 
case, one considers N streams, each transmitted using a different transmit antenna. As the 
transmitter does not have knowledge of the matrix H, the precoder is simply the identity 
matrix. In this case, the symbol-to-transmit-signal mapping function is characterized by P = 
NT and by 

Y(X) =X (11.10) 

At the receiver, a variety of linear and non-linear detection techniques may be implemented 
to recover the symbol matrix X. A low-complexity solution is offered by the linear case, 
whereby the receiver superposes N beamformers w1, w2, .. . , WN so that the ith stream 
[x;,1, x;,2, , . . , x;,r] is detected as follows, 

. 
w;R = w;HX + w;N (11.11) 

The design criterion for the beamformer w; can be interpreted as a compromise between 
single-stream beamforming and cancelling of interference (created by the other N - 1 
streams). Inter-stream interference is fully cancelled by selecting the Zero-Forcing (ZF) 
receiver given by 

[
W1] 

W = ~2 (l)'.l:lHr 1aH. 

WN 

(11.12) 
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However, for optimal performance, w; should strike a balance between alignment with 
respect to h; and orthogonality with respect to all other signatures hb k t i. Such a balance is 
achieved by, for example, a Minimum Mean-Squared Error (MMSE) receiver. 

Beyond classical linear detection structures such as the ZF or MMSE receivers, more 
advanced but non-linear detectors can be exploited which provide a better error rate 
performance at the chosen SNR operating point, at the cost of extra complexity. Examples 
of such detectors include the Successive Interference Cancellation (SIC) detector and the 
Maximum Likelihood Detector (MLD) [3]. The principle of the SIC detector is to treat 
individual streams, which are channel-encoded, as layers which are 'peeled off' one by one 
by a processing sequence consisting of linear detection, decoding, remodulating, re-encoding 
and subtraction from the total received signal R. On the other hand, the MLD attempts to 
select the most likely set of all streams, simultaneously, from R, by an exhaustive search 
procedure or a lower-complexity equivalent such as the sphere-decoding technique [3]. 

Multiplexing gain 

The multiplexing gain corresponds to the multiplicative factor by which the spectral 
efficiency is increased by a giv,en scheme. Perhaps the single most important requirement 
for MIMO multiplexing. gain to be achieved is for the various transmit and receive antennas 
to experience a sufficiently different channel response. This translates into the condition 
that the spatial signatures of the various transmitters (the h,'s) (or receivers) br. s11ffir.ir.ntly 
decorrelated and linearly independent to make the channel matrix H invertible (or, more 
generally, well-conditioned). An immediate consequence of this condition is the limitation 
to min(M, N) of the number of independent streams which may be multiplexed into the 
MIMO channel, or, more generally, to rank(H) streams. As an example, single-user MIMO 
conununication between a four-antenna base station and a dual antenna UE can, at best, 
support multiplexing of two data streams, and thus a doubling of the UE's data rate compared 
with a single stream. 

11.1.3.4 Diversity Techniques 

Unlike the basic multiplexing scenario in Equation (11.10), where the design of the 
transmitted signal matrix Y exhibits no redundancy between its entries, a diversity-oriented 
design will feature some level of repetition between the entries of Y. For 'full diversity', 
each transmitted symbol x 1, x2, ••• , xp must be assigned to each of the transmit antennas at 
least once in the course of the T symbol durations. The resulting symbol-to-transmit-signal 
mapping function is called a Space-Time Block Code (STBC). Although many designs of 
STBC exist, additional properties such as the orthogonality of matrix Y allow improved 
performance and easy decoding at the receiver. Such properties are realized by the Alamouti 
space-time code [6], explained in Section 11.2.2.1. The total diversity order which can be 
realized in the N to M MIMO channel is MN when entries of the MlMO channel matrix 
are statistically uncorrelated. The intuition behind this is that MN - 1 represents the number 
of SISO links simultaneously in a state of severe fading which the system can sustain while 
still being able to convey the information to the receiver. The diversity order is equal to this 
number plus one. As in the previous simple multiplexing scheme, an advantage of diversity­
oriented transmission is that the transmitter does not need knowledge of the channel H, and 
therefore no feedback of this parameter is necessary. 
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Diversity versus multiplexing trade-off 

A fundamental aspect of the benefits of MIMO lies in the fact that any given multiple antenna 
configuration has a limited number of degrees of freedom. Thus there exists a compromise 
between reaching full beamforming gain in the detection of a desired stream of data and the 
perfect cancelling of undesired, interfering streams. Similarly, there exists a t.rade-offbetween 
the number of streams that may be multiplexed across the MIMO channel and the amount 
of diversity that each one of them will enjoy. Such a trade-off can be formulated from an 
information-theoretic point of view [7). In the particular case of spatial multiplexing of N 
streams over an N to M antenna channel, with M ~ N, and using a linear detector, it can be 
shown that each stream can enjoy a maximum diversity order of M - N + l . 

To some extent, increasing the spatial load of MIMO systems (i.e. the number of 
spatially multiplexed streams) is akin to increasing the user load in CDMA systems. This 
correspondence extends to the fact that an optimal load level exists for a given target eITor 
rate in both systems. 

11.1.4 Multi-User MIMO Techniques 

11.1.4.1 Comparing Single-User and Multi-User MIMO 

The set of MIMO techniques featuring data streams being communicated to (or from) 
antennas located on distinct UEs is refeITed to as Multi-User MIMO (MU-MIMO), which 
is one of the more recent developments of MIMO technology. 

Although the MU-MIMO situation is just as well desc1ibed by our model in Equation (11.1), 
the MU-MIMO scenario differs in a number of crucial ways from its single-user counterpart. 
We first explain these differences qualitatively, and then present a brief survey of the most 
important MU-MIMO transmission techniques. 

In MU-MIMO, K UEs are selected for simultaneous communication over the same time­
frequency resource, from a set of U active UEs in the cell. Typically, K is much smaller than 
U. Each UE is assumed to be equipped with J antennas, so the selected UEs together form 
a set of M = KJ UE-side antennas. Since the number of streams that may be communicated 
over an N to M MIMO channel is limited to min(M, N) (if complete interference suppression 
is intended using linear combining of the antennas), the upper bound on the number of 
streams in MU-MIMO is typically dictated by the number of base station antennas N . The 
number of streams which may be allocated to each UE is limited by the number of antennas J 
at that UE. For instance, with single-antenna UEs, up to N streams can be multiplexed, thus 
achieving the maximum multiplexing gain, with 11 distinct stream being allocated to each 
UE. This is in contrast to SU-MIMO, where the transmission of N streams necessitates that 
the UE be equipped with at least N antennas. Therefore a great advantage of MU-MIMO 
over SU-MIMO is that the MIMO multiplexing benefits are preserved even in the case of 
low-cost UEs with a small number of antennas. As a result, it is generally assumed that, in 
MU-MIMO, it is the base station which bears the burden of spatially separating the UEs, be 
it on the uplink or the downlink. Thus the base station perf01ms receive beamfo1ming from 
several UEs on the uplink and transmit beamforming towards several UEs on the downlink. 

Another fundamental contrast between SU-MIMO and MU-MIMO comes from the 
difference in the underlying channel model. While in SU-MIMO the decoITelation between 
the spatial signatures of the antennas requires rich multipath propagation or the use of 
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01thogonal polarizations, in MU-MIMO the decorrelation between the signatures of the 
different UEs occurs naturally due to fact that the separation between such UEs is typically 
large relative to the wavelength. 

However, all these benefits of MU-MIMO depend on the level of Channel State Informa­
tion at the Transmitter (CSIT) that the eNodeB receives from each UE. In the case of SU­
MIMO, it has been shown that even a small number of feedback bits per antenna can be very 
beneficial in steering the transmitted energy accurately towards the UE's antenna(s) [8-11]. 
More precisely, in SU-MIMO channels, the accuracy of CSIT only causes an SNR offset, but 
does not affect the slope of the c(,.11 throughput-versus-SNR curve (i.e. the multiplexing gain). 
Yet for the MU-MlMO downlink, the level of Channel State Information (CSI) available 
at the transmitter does affect the multiplexing gain, because a MU-MIMO system with 
finite-rate feedback is essentially interference-limited after the crucial inte1ference rejection 
processing has been carried out by the transmitter. Hence, providing accurate channel 
feedback is considerably more important for MU-MlMU than for SU-MIMO. On the other 
hand, in a system with a large number of UEs, the uplink resources required for accurate CSI 
feedback can become large and must be carefully controlled in the system design. 

11.1.4.2 Techniques for Single-Antenna UEs 

In considering the case of MU-MIMO for single-antenna UEs, it is worth noting that the 
number of antennas available to a TJF. for tr:msmission is typically less than the number 
available for reception. We therefore examine first the uplink scenario, followed by the 
downlink. 

With a single antenna at each UE, the MU-MIMO uplink scenario is very similar to the one 
described by Equation (11. 10): because the UEs in mobile communication systems such as 
LTE typically cannot cooperate and do not have knowledge of the uplink channP.l mefficients, 
no precoding can be applied and each UE simply transmits an independent message. Thus, 
if K UEs are selected for transmission in the same time-frequency resource, with each UE 
k transmitting symbol sk, the received signal at the base station, over a single T = I symbol 
period, is written as 

R=HX+N (11.13) 

where X = (x1, • .. , xKl. In this case, the columns of H correspond to the receive spatial 
signatures of the different UEs. The base station can recover the transmitted symbol 
information by applying beamforming filters , for example using MMSE or ZF solutions. 
Note that no more than N UEs can be served (i .e. Ks; N) if inter-user interference is to be 
suppressed fully. 

MU-MIMO in the uplink is sometimes referred to as 'Virtual MIMO' as, from the point 
of view of a given UE, there is no knowledge of the simultaneous transmissions of the other 
UEs. This transmission mode and its implications for LTE are discussed in Section 16.6.2. 

On the downlink, which is illustrated in Figure I 1.5, the base station mnst resort to 
transmit beamforming in order to separate the data streams intended for the various UEs. 
Over a single T = I symbol period, the signal received by UEs 1 to K can be written 
compactly as 

T -
R=(r1 , .. . , rK) =HVPX+N (11.14) 

This time, the rows of H conespond to the transmit spatial signatures of the various UEs. V 
is the transmit beamforming matrix and P is the ( diagonal) power allocation matrix selected 
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such that it fulfils the total normalized transmit power constraint P1• To cancel out fully the 
inter-user interference when K :.,; N, a transmit ZF beamforming solution may be employed 
(although this is not optimal due to the fact that it may require a high transmit power if the 
channel is ill-conditioned). Such a solution would be given by V = HH(HHH)-1. 

Note that regardless of the channel realization, the power allocation must be chosen to 
satisfy any power constraints at the base station, for example such that trace(VPPHVH) <= 

P1• It is important to note that ZF precoding requires accurate channel knowledge at the 
transmitter, which in most cases necessitates terminal feedback in the uplink. 

UEl 

UEk 

base station (N antennas) ---.... - - _ .... 

~ t_J UEK 

K users (UEs have 1 antenna each) 

Figure 11.5: An MU-MIMO scenario in the downlink with single-antenna UEs: the base 
station transmits to K selected UEs simultaneously. Their signals are separated by 
multiple-antenna precoding at the base station side, based on channel knowledge. 

11.1.4.3 Techniques for Multiple-Antenna UEs 

The principles presented above for single-antenna UEs can be generalized to the case of 
multiple-antenna UEs. There could, in theory, be essentially two ways of exploiting the 
additional antennas at the UE side. In the first .approach, the multiple antennas are simply 
treated as multiple virtual UEs, allowing high-capability terminals to receive or transmit 
more than one stream, while at the same time spatially sharing the channel with other UEs. 
For instance, a four-antenna base station could theoretically communicate in a MU-MIMO 
fashion with two UEs equipped with two antennas each, allowing two streams per UE, 
resulting in a total multiplexing gain of four. Another example would be that of two single­
antenna UEs, receiving one stream each, and sharing access with another two-antenna UE, 
the latter receiving two streams. Again, the overall multiplexing factor remains limited to the 
number of base-station antennas. 

The second approach for making use of additional UE antennas is to treat them as extra 
degrees of freedom for the purpose of strengthening the link between the UE and the base 
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station. Multiple antennas at the UE may then be combined in MRC fashion in the case 
of the downlink, or, in the case of the uplink, space-time coding could be used. Antenna 
selection is auulher way of extracting more diversity out of the uplink channel, as discussed 
in Section 16.6. 

11.1.4.4 Comparing Single-User and Multi-User Capacity 

To illustrate the gains of multi-user multiplexing over single-user transmission, we compare 
the sum-rate achieved by both types of system from an information-theoretic standpoint, 
for single antenna UEs. We compare the Shannon capacity in single-user and multi-user 
scenarios both for an idealized synthetic channel and for a channel obtained from real 
measurement data. 

The idealized channel model assumes that the entries of the channel matrix H in 
Equation (11.13) arc independently and identically distributed (i.i.d.) Rayleigh fading For 
the measured channel case, a channel sounder7 was used to perform real-time wideband 
channel measurements synchronously for two UEs moving at vehicular speed in an outdoor 
semi-urban hilly environment with Line-Of-Sight (LOS) propagation predominantly present. 
The most important parameters of the platform are summarized in Table 11.1. 

Table 11.1: Parameters otthe measured channel for SU-MllvIO/IVIU-MllvIO wmva1isuu. 
More details can be found in [12, 13]. 

Parameter 

Centre frequency 
Bandwidth 
Base station transmit power 
Number of antennas at base station 
Number of UEs 
Number of antennas at UE 
Number of subcarriers 

Value 

1917.6 MHz 
4.8 MHz 
30dBm 

4 (2 cross polarized) 
2 
1 

160 

The sum-rate capacity of a two-UE MU-MIMO system (calculated assuming a ZF 
precoder as described in Section 11.1.4) is compared with the capacity of an equivalent 
MISO system serving a single UE at a time (i.e. in TDMA), employing beamforming (see 
Section 11.1.3 .2). The base station has four antennas and the UE has a single antenna. Full 
CSIT is assumed in both cases. 

Figure 11.6 shows the ergodic (i.e. average) sum-rate of both schemes in both channels. 
The mean is taken over all frames and all subcarriers and subsequently normalized to bps/Hz. 
It can be seen that in both the ideal and the measured channels, MU-MI.MO yields a higher 
sum-rate than SU-MISO in general. In fact, at high SNR, the multiplexing gain of the MU­
MIMO system is two while it is limited to one for the SU-MISO case. 

However, for low SNR, the SU-MISO TDMA and MU-MIMO schemes perform very 
similarly. This is because a sufficiently high SNR is required to excite more than one MIMO 

7The Eurecom MIMO OpenAir Sounder (EMOS) [12]. 
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Figure 11.6: Ergodic sum-rate capacity of SU-MISO TDMA and MU-MIMO with two UEs, 
for an i.i.d. Rayleigh fading channel and for a measured channel. 

transmission mode. Interestingly, the performance of both SU-MISO TOMA and MU-MIMO 
is slightly worse in the measured channels than in the idealized i.i.d. channels. This can 
be attributed to the correlation of the measured channel in time (due to the relatively slow 
movement of the users) , in frequency (due to the LOS propagation), and in space (due to 
the transmit antenna correlation). In the MU-MIMO case, the difference between the i.i .d. 
and the measured channel is much higher than in the single-user TOMA case, since these 
correlation effects result in a rank-deficient channel matrix. 

11.2 MIMO Schemes in LTE 

Building on the theoretical background of the previous section, the MIMO schemes adopted 
for LTE Releases 8 and 9 are now reviewed and explained. These schemes relate to the 
downlink unless otherwise stated. The MIMO enhancements introduced for LTE-Advanced 
in Release 10 are explained in Chapter 29. 
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11.2.1 Practical Considerations 
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First, a few important practical constraints are briefly reviewed which affect the real­
life performance of the theoretical MIMO systems considered above. Such constraints 
include practical deployment and antenna configurations, propagation conditions, channel 
knowledge, and implementation complexity. These aspects are often decisive for assessing 
the performance of a particular transmission strategy in a given propagation and system 
setting and were fundamental to the selection of MIMO schemes for LTE. 

It was argued above that the full MIMO benefits (array gain, diversity gain and 
multiplexing gain) assume idea1ly decorrelated antennas and full-rank MIMO channel 
matrices. In this regard, the propagation environment and the antenna design (e.g. the spacing 
and polarization) play a significant role. If the antenna separation at the base station and the 
UE is small relative to the wavelength, strong correlation will be observed between the spatial 
signatures (especiiilly in ;:i T.OS situation), limiting the usefulness of spatial multiplexing. 
However, this can to some extent be circumvented by means of dual-polarized antennas, 
whose design itself provides orthogonality even in LOS situations.8 Beyond such antennas, 
the condition of spatial signature independence with SU-MIMO can only be satisfied with the 
help of rich random multipath propagation. In diversity-oriented schemes, the invertibility of 
the channel matrix is not required, yet the entries of the channel matrix should be statistically 
decorrelated. Although a greater LOS to non-LOS energy ratio will tend to correlate the 
fading coefficients on the various antennas, this effect will be counteracted by the reduction 
in fading delivered by the LOS component. 

Another source of discrepancy between theoretical MIMO gains and practically achieved 
performance lies in the (in-)ability of the receiver and, whenever needed, the transmitter, to 
acquire reliable knowledge of the propagation channel. At the receiver, channel estimation 
is typically performed over a finite sample of Reference Signals (RSs), as discussed in 
Chapter 8. In the case of transmit beamforming and MIMO precoding, the transmitter then 
has to acquire this channel knowledge from the receiver usually through a limited feedback 
link, which causes further degradation to the available CSIT. 

The: potential advantages of MU-MIMO over SU-MIMO include robustness with respect 
to the propagation environment and the preservation of spatial multiplexing gain even in the 
case of UEs with small numbers of antennas. However, these advantages rely on the ability of 
the base station to compute the required transmit beamformer, which requires accurate CSIT; 
if no CSIT is available and the fading statistics are identical for all the UEs, the MU-MIMO 
gains disappear and the SU-MIMO strategy becomes optimal [14]. As a consequence, one 
of the most difficult challenges in making MU-MIMO practical for cellular applications, and 
particularly for an FDD system, is devising feedback mechanisms that allow for accurate CSI 
to be delivered efficiently by the UEs to the base station. This requires the use of appropriate 
codebooks for quantization (see Section 11.2.2.3). A recent account of the literature on this 
subject may be found in [15]. 

Another issue which arises for practical implementations of MIMO schemes is the inter­
action between the physical layer and the scheduling protocol. As noted in Section 11.1.4.1, 
in both uplink and downlink cases the number of UEs which can be served in a MU­
MIMO fashion is typically limited to K = N, assuming linear combining structures. Often 

8Horizontal and vertical polarizations, or, better, +45° and -45° polarizations, give a twofold multiplexing 
capability even in LOS. 
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one may even decide to limit K to a value strictly less than N to preserve some degrees of 
freedom for per-user diversity. As the number of active users U will typically exceed K, a 
selection algorithm must be implemented to identify which set of users will be scheduled 
for simultaneous transmission over a particular time-frequency Resource Block (RB). This 
algorithm is not specified in LTE and various approaches are possible; as discussed in 
Chapter 12, a combination of rate maximization and QoS constraints will typically be 
considered. It is important to note that the choice of UEs that will maximize the sum-rate 
(the sum over the K individual rates for a given subframe) is one that favours UEs exhibiting 
not only good instantaneous SNR but also spatial separability among their signatures. 

11.2.2 Single-User Schemes 

In this section, we examine the downlink multi-antenna schemes adopted in LTE for individ­
ual UEs. We consider first the diversity schemes used on the transmit side, then the single­
user spatial multiplexing transmission modes, and finally beamforming using precoded 
VE-specific RSs (including the combination of beamforming and spatial multiplexing as 
introduced in Release 9). 

11.2.2.1 Transmit Diversity Schemes 

The theoretical aspects of transmit diversity were discussed in Section 11.1. Here we discuss 
the two main transmit diversity techniques defined in LTE. In LTE, transmit diversity is only 
defined for 2 and 4 transmit antennas and one data stream, referred to in LTE as one codeword 
since one transport block CRC9 is used per data stream. To maximize diversity gain, the 
antennas typically need to be uncorrelated, so they need to be well separated relative to 
the wavelength or have different polarization. Transmit diversity is valuable in a number 
of scenarios, including low SNR, or for applications with low delay tolerance. Diversity 
schemes are also desirable for channels for which no uplink feedback signalling is available 
(e.g. Multimedia Broadcast/Multicast Services (MBMS) described in Chapter 13, Physical 
Broadcast CHannel (PBCH) in Chapter 9 and Synchronization Signals in Chapter 7), or when 
the feedback is not sufficiently accurate (e.g. at high speeds); transmit diversity is therefore 
also used as a fallback scheme in LTE when transmission with other schemes fails. 

In LTE the multiple-antenna scheme is independently configured for the control channels 
and the data channels, and in the case of the data channels (Physical Downlink Shared 
CHannel - PDSCH) it is assigned independently per UE. 

In this section we discuss in detail the transmit diversity techniques of Space-Frequency 
Block Codes (SFBCs) and Frequency-Switched Transmit Diversity (FSTD), as well as the 
combination of these schemes as used in LTE. These transmit diversity schemes may be used 
in LTE for the PBCH and Physical Downlink Control CHannel (PDCCH), and also for the 
PDSCH if it is configured in transmit diversity mode 10 for a UE. 

Another transmit diversity technique which is commonly associated with OFDM is Cyclic 
Delay Diversity (CDD). CDD is not used in LTE as a diversity scheme in its own right but 

9Cyclic Redundancy Check. 
10PDSCH transmission mode 2 - see Section 9.2.2.1. As noted above, u·ansmit diversity may also be used as a 

fallback in other transmission modes . 
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rather as a precoding scheme for spatial multiplexing on the POSCH; we therefore introduce 
it in Section 11.2.2.2 in the context of spatial multiplexing. 

Space-Frequency Block Codes (SFBCs) 

If a physical channel in LTE is configured for transmit diversity operation using two eNodeB 
antennas, pure SFBC is used. SFBC is a frequency-domain version of the well-known Space­
Time Block Codes (STBCs), also known as Alamouti codes [6]. This family of codes is 
designed so that the transmitteg diversity streams are orthogonal and achieve the optimal 
SNR with a linear receiver. Such orthogonal codes only exist for the case of two transmit 
antennas. 

STBC is used in UMTS, but in LTE the number of available OFDM symbols in a subframe 
is often odd while STBC operates on pairs of adjacent symbols in the time domain. The 
application of STBC is therefore not straightforwanl for LTE, while the mulliIJle sul.Jt:auie1s 
of OFDM lend themselves well to the application of SFBC. 

For SFBC transmission in LTE, the symbols transmitted from the two eNodeB antenna 
ports on each pair of adjacent subcarriers are defined as follows: 

(11.15) 

where y<Pl(k) denotes the symbols transmitted from antenna port p on the kth subcarrier. 
Since no orthogonal codes exist for antenna configurations beyond 2 x 2, SFBC has to be 

modified in order to apply it to the case of 4 transmit antennas. In LTE, this is achieved by 
combining SFBC with FSTD. 

Frequency Switched Transmit Diversity (FSTD) and its Combination with SFBC 

General FSTD schemes transmit symbols from each antenna on a different set of subcarriers. 
In LTE, FSTD is only used in combination with SFRC for the c::isP- of 4 trnnsmit antennas, 
in order to provide a suitable transmit diversity scheme where no orthogonal rate-1 block 
code exists. The LTE scheme is in fact a combination of two 2 x 2 SFBC schemes mapped 
to independent subcarriers as follows: 

y<O)(l) y<0)(2) y<0)(3) 

yO)(l) y(l\2) y0l(3) 

y<2)(1) y<2l(2) y<2\3) 
y<3\1) y(3)(2) y<3)(3) 

0 0 

(11.16) 

where, as previously, y<Pl(k) denotes the symbols transmitted from antenna port p on the kth 

subcarrier. Note that the mapping of symbols to antenna ports is different in the 4 transmit­
antenna case compared to the 2 transmit-antenna SFBC scheme. This is because the density 
of cell-specific RSs on the third and fourth antenna ports is half that of the first and second 
antenna ports (see Section 8.2.1), and hence the channel estimation accuracy may be lower on 
the third and fourth antenna ports. Thus, this design of the transmit diversity scheme avoids 
concentrating the channel estimation losses in just one of the SFBC codes, resulting in a 
slight coding gain. 
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11.2.2.2 Spatial Multiplexing Schemes 

We begin by introducing some terminology used to describe spatial multiplexing in LTE: 

• A spatial layer is the term used in LTE for one of the different streams generated 
by spatial multiplexing as described in Section 11.1. A layer can be described as a 
mapping of symbols onto the transmit antenna ports. 11 Each layer is identified by a 
precoding vector of size equal to the number of transmit antenna ports and can be 
associated with a radiation pattern. 

• The rank of the transmission is the number of layers transmitted. 12 

• A codeword is an independently encoded data block, corresponding to a single 
Transport Block (TB) delivered from the Medium Access Control (MAC) layer in the 
transmitter to the physical layer, and protected with a CRC. 

For ranks greater than 1, two codewords can be transmitted. Note that the number of 
codewords is always less than or equal to the number of layers, which in turn is always less 
than or equal to the number of antenna ports. 

In principle, a SU-MIMO spatial multiplexing scheme can either use a single codeword 
mapped to all the available layers, or multiple codewords each mapped to one or more 
different layers. The main benefit of using only one codeword is a reduction in the amount 
of control signalling required, both for Channel Quality Indicator (CQI) reporting, where 
only a single value would be needed for all iayers, and for HARQ ACK/NACK13 feedback, 
where only one ACK/NACK would have to be signalled per subframe per UE. In such a 
case, the MLD receiver is optimal in terms of minimizing the BER. At the opposite extreme, 
a separate codeword could be mapped to each of the layers. The advantage of such a mapping 
is that significant gains are possible by using SIC, albeit at the expense of more signalling 
being required. An MMSE-SIC receiver can be shown to approach the Shannon capacity [7]. 
Note that an MMSE receiver is viable for both transmitter structures. For LTE, a middle-way 
was adopted whereby at most two codewords are used, even if four layers are transmitted. 
The codeword-to-layer mapping is static, since only minimal gains were shown for a dynamic 
mapping method. The mappings are shown in Table 11.2. Note that in LTE all RBs belonging 
to the same codeword use the same MCS, even if a codeword is mapped to multiple layers. 

Precoding 

The PDSCH transmission modes for open-loop spatial multiplexing14 and closed-loop spatial 
multiplexing15 use precoding from a defined 'codebook' to form the transmitted layers. Each 
codebook consists of a set of predefined precoding matrices, with the size of the set being a 
trade-off between the number of signalling bits required to indicate a particular matrix in the 
codebook and the suitability of the resulting transmitted beam direction. 

11 See Section 8.2 for an explanation of the concept of an antenna port. 
12Note that the rank of a matrix is the number of linearly independent rows or columns, or equivalently the 

dimension of the subspace generated by the rows or columns of the matrix. Hence the rank of the channel matrix 
may be higher than the number of transmitted layers. 

13Hybrid Automatic Repeat reQuest ACKnowledgement(Negative ACKnowledgement. 
14PDSCH transmission mode 3 - see Section 9.2.2.1. 
15PDSCH transmission modes 4 and 6 - see Section 9.2.2.1. 
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Table 11 .2: Codeword-to-layer mapping in LTE. 

Transmission Codeword 1 
rank 

Rank 1 Layer I 
Rank 2 Layer I 
Rank 3 Layer 1 
Rank 4 L~yer 1 and Layer 2 

Codeword 2 

Layer 2 
Layer 2 and Layer 3 
Layer 3 and Layer 4 

267 

In the case of closed-loop spatial multiplexing, a UE feeds back to the eNodeB the index 
of the most desirable entry from a predefined codebook. The preferred precoder is the matrix 
which would maximize the capacity based on the receiver capabilities. In a single-cell, 
interference-free environment the UE will typically indicate the precoder that would result in 
a transmission with an effective SNR following most closely the largest singular values of its 
estimated channel matrix. 

Some important properties of the LTE codebooks are as follows: 

• Constant modulus property. LTE uses precoders which mostly comprise pure phase 
corrections - that is, with no amplitude changes. This is to ensure that the Power 
Amplifier (PA) connected to each antenna is loaded equally. The one exception (which 
still maintains the constant modulus property) is using an identity matrix as the 
precoder. However, although the identity precoder may completely switch off one 
antenna on one layer, since each layer is still connected to one antenna at constant 
power the net effect across the layers is still constant modulus to the PA. 

• Nested property. The nested property is a method of arranging the codebooks of 
different ranks so that the lower rank codebook is comprised of a subset of the higher 
rank codebook vectors. This property simplifies the CQI calculation across different 
ranks. It ensures that the precoded transmission for a lower rank is a subset of the 
precoded transmission for a higher rank, thereby reducing the number of calculations 
required for the UE to generate the feedback. For example, if a specific index in the 
codebook corresponds to columns 1, 2 and 3 from the precoder W in the case of a rank 
3 transmission, then the same index in the case of rank 2 transmission must consist of 
either columns 1 and 2 or columns 1 and 3 from W. 

• Minimal 'complex' multiplications. The 2-antenna codebook consists entirely of a 
QPSK16 alphabet, which eliminates the need for any complex multiplications since all 
codebook multiplications use only ± 1 and ±j. The 4-antenna codebook does contain 
some QPSK entries which require a .../2 magnitude scaling as well; it was considered 
that the performance gain of including these precode.rs justified the ;:icirlerl r.nmplexity. 

The 2-antenna codebook in LTE comprises one 2 x 2 identity matrix and two DFT 
(Discrete Fourier Transfo1m) matrices: 

(11.17) 

16Quadrature Phase Shift Keying. 
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Here the columns of the matrices correspond to the layers. 
The 4 transmit antenna codebook in LTE uses a Householder generating function: 

(11.18) 

which generates unitary matrices from input vectors u, which are defined in [16, Table 
6.3.4.2.3-2]. The advantage of using precoders generated with this equation is that it 
simplifies the CQI calculation (which has to be canied out for each individual precoder in 
order to determine the preferred precoder) by reducing the number of mat1ix inversions. This 
structure also reduces the amount of control signalling required, since the optimum rank-1 
version of W 8 is always the first column of WH; therefore the UE only needs to indicate 
the prefened precoding matrix, and not also the individual vector within it which would be 
optimal for the case ofrank-1 transmission. 

Note that both DFT and Householder matrices are unitary. 

Cyclic Delay Diversity (CDD) 

In the case of open-loop spatial multiplexing, 17 the feedback from the UE indicates only 
the rank of the channel, and not a prefened precoding matrix. In this mode, if the rank 
used for PDSCH transmission is greater than 1 (i.e. more than one layer is transmitted), 
LTE uses Cyclic Delay Diversity (CDD) [17]. CDD involves transmitting the same set of 
OFDM symbols on the same set of OFDM subcaniers from multiple transmit antennas, with 
a different delay on each antenna. The delay is applied before the Cyclic Prefix (CP) is added, 
thereby guaranteeing that the delay is cyclic over the Fast Fourier Transform (FFT) size. This 
gives CDD its name. 

Adding a time delay is identical to applying a phase shift in the frequency domain. 
As the same time delay is applied to all subcarriers, the phase shift will increase linearly 
across the subcarriers with increasing subcarrier frequency. Each subcarrier will therefore 
experience a different beamforming pattern as the non-delayed subcarrier from one antenna 
interferes constructively or destructively with the delayed version from another antenna. The 
diversity effect of CDD therefore arises from the fact that different subcaniers will pick out 
different spatial paths in the propagation channel, thus increasing the frequency-selectivity 
of the channel. The channel coding, which is applied to a whole transport block across the 
subcarriers, ensures that the whole transport block benefits from the diversity of spatial paths. 

Although this approach does not optimally exploit the channel in the way that ideal 
precoding would (by matching the precoding to the eigenvectors of the channel), it does 
help to ensure that any destructive fading is constrained to individual subcarriers rather 
than affecting a whole transport block. This can· be particularly beneficial if the channel 
information at the transmitter is unreliable, for example due to the feedback being limited 
or the UE velocity being high. 

The general principle of the CDD technique is illustrated in Figure 11.7. The fact that the 
delay is added before the CP means that any delay value can be used without increasing the 
overall delay spread of the channel. By contrast, if the delay had been added after the addition 
of the CP, then the usable delays would have had to be kept small in order to ensure that the 
delay spread of the delayed symbol is no more than the maximum channel delay spread, in 
order to obviate any need to increase the CP length. 

17PDSCH transmission mode 3 - see Section 9.2.2. I. 
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Subcarrier 1 

The time-delay/phase-shift equivalence means that the CDD operation can be imple­
mented as a frequency-domain precoder for the affected antenna(s), where the precoder 
phase changes on a per-subcarrier basis according to a fixed linear function. In general, the 
implementation designer can choose whether to implement CDD in the time domain or the 
frequency domain. However, one advantage of a frequency-domain implementation is that it 
is not limited to delays corresponding to an integer number of samples. 

As an example of CDD for a case with 2 transmit antenna ports, we can express 
mathematically the received symbol rk on the kth subcarrier as 

(11.19) 

where hpk is the channel from the p1h transmit antenna and eNk is the phase shift on the 
kth subcarrier due to the deh1y opr:rntion, We can see clearly that on some subcarriers the 
symbols from the second transmit antenna will add constructively, while on other subcarriers 
they will add destructively. Here,¢= 2ndcdd!N, where N is the FFT size and dcctd is the delay 
in samples. 

The number of peaks and troughs created by CDD in the received signal spectrum across 
the subcarriers therefore depends on the length of the delay dcdd: as dcctd is increased, the 
number of peaks and troughs in the spectrum also increases. 

In LTE, the frequency-domain phase shift values ¢ are n, 2n/ 3 and n/2 for 2-, 3- and 
4-layer transmission respectively. For a size-2048 FFT, for example, these values correspond 
to d cdd = 1024, 682.7, 512 sample delays respectively. 

For the application of CDD in LTE, the eNodeB transmitter combines CDD delay-based 
phase shifts with additional precoding using fixed unitary DPT-based precoding matrices. 

The application of precoding in this way is useful when the channel coefficients of the 
antenna ports are correlated, since then virtual antennas (formed by fixed, non-channel­
dependent precoding) will typically be uncorrelated. On its own, the benefit of CDD 
is reduced by antenna correlation. The use of uncorrelated virtual antennas created by 
fixed precoding can avoid this problem in correlated channels, while not degrading the 
perlormance if the individual antenna ports are uncorrelated. 
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For ease of explanation, the above discussion of CDD has been in terms of a rank-I 
transmission - i.e. with a single layer. However, in practice, CDD is only applied in LTE 
when the rank used for PDSCH transmission is greater than 1. In such a case, each layer 
benefits independently from CDD in the same way as for a single layer. For example, for a 
rank-2 transmission, the transmission on the second antenna port is delayed relative to the 
first antenna port for each layer. This means that symbols transmitted on both layers will 
experience the delay and hence the increased frequency selectivity. 

For multilayer CDD operation, the mapping of the layers to antenna ports is carried 
out using precoding matrices selected from the spatial multiplexing codebooks described 
earlier. As the DE does not indicate a preferred precoding matrix in the open loop spatial 
multiplexing transmission mode in which CDD is used, the particular spatial multiplexing 
matrices selected from the spatial multiplexing codebooks in this case are predetennined. 

In the case of 2 transmit antenna ports, the predetermined spatial multiplexing precoding 
matrix W is always the same (the first entry in the 2 transmit antenna port codebook, which 
is the identity matrix). Thus, the transmitted signal can be expressed as follows: 

(11.20) 

In the case of 4 transmit antenna ports, v different precoding matrices are used from 
the 4 transmit antenna port codebook where v is the transmission rank. These v precoding 
matrices are applied in tum across groups of v subcarriers in order to provide additional 
decorrelation between the spatial streams. 

11.2.2.3 Beamforming Schemes 

The theoretical aspects of beamforrning were described in Section 11.1. This section explains 
how it is implemented in LTE Release 8 and Release 9. 

In LTE, two beamforrning techniques are supported for the PDSCH: 

• Closed-loop rank-1 precoding. 18 This mode amounts to beamforrning since only a 
single layer is transmitted, exploiting the gain of the antenna array. However, it can 
also be seen as a special case of the SU-MIMO spatial multiplexing using codebook 
based precoding discussed in Section 11.2.2.2. In this mode, the DE feeds channel 
state information back to the eNodeB to indicate suitable precoding to apply for the 
beamforming operation. This feedback information is known as Precoding Matrix 
Indicators (PMis) and is described in detail in Section 11.2.2.4. 

,,• Beamforming with VE-specific RSs. 19 In this case, the MIMO precoding is not 
restricted to a predefined codebook, ·so the UE cannot use the cell-specific RS for 
PDSCH demodulation and precoded DE-specific RS are therefore needed. 

In this section we focus on the latter case which supports a single transmitted layer in LTE 
Release 8 and was extended to suppo1t dual-layer beamforrning in Release 9. These modes 
are primarily mechanisms to extend cell coverage by concentrating the eNodeB power in the 
directions in which the radio channel offers the strongest path(s) to reach the UE. They are 

18PDSCH transmission mode 6 - see Section 9.2.2.1. 
19PDSCH transmission mode 7 (from Release 8) and 8 (introduced in Release 9) - see Section 9.2.2.1. 
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typically implemented with an array of closely spaced antenna elements (or pairs of cross­
polarized elements) for creating directional transmissions. Due to the fact that no precoding 
codebook is used, an arbitrary number uf lrausuul auleuuas is theoretically supported; in 
practical deployments up to 8 antennas are typically used (e.g. an array of 4 cross-polarized 
pairs). The signals from the correlated antenna elements are phased appropriately so that they 
add up constructively at the location where the UE is situated. The DE is not really aware that 
it is receiving a precoded directional transmission rather than a cell-wide transmission (other 
than by the fact that the UE is directed to use the DE-specific RS as the phase reference for 
demodulation). To the DE, the phJised array of antennas 'appears' as just one antenna port. 

In LTE Release 8, only a single UE-specific antenna port and associated RSs is Jefiued 
(see Section 8.2.2). As a consequence the beamformed PDSCH can only be transmitted with a 
single spatial layer. The support of two UE-specific antenna ports was introduced in Release 9 
(see Section 8.2.3), thus enabling beamforming with two spatial layers with a direct one-to­
one mapping between the layers and antenna ports. The Lib-specific RS patterns for the two 
Release 9 antenna ports were designed to be orthogonal in order to facilitate separation of 
the spatial layers at the receiver. The two associated PDSCH layers can then be transmitted 
to a single user in good propagation conditions to increase its data rate, or to multiple users 
(MD-MIMO) to increase the system capacity. LTE Release 10 further extends the support 
for beamforrning with DE-specific RSs to higher numbers of spatial layers, as described in 
Chapter 29. 

When lwo layers are lrausuulled ove1 superposed beams they share the available transmit 
power of the eNodeB, so the increase in data rate comes at the expense of a reduction of 
coverage. This makes fast rank adaptation (which is also used in the codebook-based spatial 
multiplexing transmission mode) an important mechanism for the dual-layer beamforming 
mode. To support this, it is possible to configure the DE to feed back a Rank Indicator (RI) 
together with the PMI (see Section 11.2.2.4). 

It should also be noted that beamforming in LTE can only be applied to the PDSCH and 
not to the downlink control channels, so although the range of a given data rate on the PDSCH 
can be exlenJeJ by beamfonn.ing, the overall cell coverage may still be limited by the range 
of the control channels unless other measures are taken. The trade-off between thruughpul 
and coverage with beamforming in LTE is illustrated in Figure 11.8. 

Like any precoding technique, these beamforming modes require reliable CSIT which can, 
in principle, be obtained either from feedback from the DE or from estimation of the uplink 
channel. 

In the single-layer beamforming mode of Release 8, the DE does not feed back any 
precoding-related information, and the eNodeB deduces this information from the uplink, 
for example using Direction Of Arrival (DOA) estimations. It is worth noting that in this case 
calibration of the eNodeB RF paths may be necessary, as discussed in Section 23 .5.2. 

The dual-layer beamforming mode of Release 9 provides the possibility for the DE to help 
the eNodeB to derive the beamforrning precoding WP-iehts hy senrling PMT feedback in the 
same way as for codebook-based closed-loop spatial multiplexing. For beamforming, this is 
particularly suitable for FDD deployments where channel reciprocity cannot be exploited 
as effectively as in the case of TDD. Nevertheless, this PMI feedback can only provide 
partial CSIT, since it is based on measurements of the common RSs which, in beamforrning 
deployments, are usually transmitted from multiple antenna elements with broad beam 
patterns; furthermore, the PMI feedback uses the same codebook as for closed-loop spatial 
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Figure 11.8: Trade-off between throughput and coverage with beamforming. 

multiplexing and is therefore constrained by quantization while the beamforming precoding 
is not. As a consequence, additional uplink channel estimates are still required if the full 
benefits of beamforming are to be realized. 

For the Channel Quality Indicator (CQI) feedback for link adaptation, the eNodeB must 
take into account the fact that in the beamforming modes the channel quality experienced by 
the UE on the beamformed PDSCH resources will typically be different (hopefully better) 
than on the cell-specific RSs from which the CQI is derived. The UE-specifc RSs cannot be 
used for CQI estimation because they are only present in the RBs in which bearnforming 
transmission is used; DE-specific RSs that are precoded for a different UE are obviously 
not useful for channel estimation. The eNodeB has to adjust the MCS used for transmission 
relative to the CQI reports by estimating the expected beamforming gain depending on the 
number of transmitted layers; the HARQ acknowledgement rate can be useful in deriving 
such an adjustment. 

It is worth mentioning that beamforming also affects the interference caused to neigh­
bouring cells. If the beam.forming is intermittent, it can result in a problem often known 
as the 'flash-light effect', where strong intermittent interference may disturb the accuracy 
of the UEs ' CQI reporting in adjacent cells. This effect was shown to have the potential to 
cause throughput reductions in HSDPA [18]. In LTE the possibility for frequency-domain 
scheduling (as discussed in Section 12.5) provides an additional degree of freedom to avoid 
such issues. In addition, beamforming may even be coordinated to take advantage of the 
spatial interference structure created by beamforming in multiple cells, especially among the 
cells controlled by one eNodeB. 

11.2.2.4 Feedback Computation and Signalling 

In order to support MIMO operation. the UE can be configured to report Precoding Matrix 
Indicators (PMis) and Rank Indicators(Rls), in addition to CQI rep01ting as discussed in 
Section 10.2.1. 
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In the case of codebook-based spatial multiplexing transmissions, the precoding at the 
eNodeB transmitter is applied relative to the transmitted phase of the cell-specific RSs for 
each antenna port. Thus if the UE knows the precoding matrices that could be applicable 
(as defined in the configured codebook) and it knows the transfer function of the channels 
from the different antenna ports (by making measurements on the RSs), it can determine 
which W is most suitable under the current radio conditions and signal this to the eNodeB. 
The preferred W, whose index constitutes the PMI report, is the precoder that maximizes 
the aggregate number of data bits which could be received across all layers. The number of 
RBs to which each PMI corresponds in the frequency domain depends on the feedback mode 
configured by the eNodeB: 

• Wideband PMI. The UE reports a single PMI corresponding to the preferred precoder 
assuming transmission over the whole system bandwidth. This is applicable for PMI 
feedback that is configured lo be sent periu1fa.:ally (uu the PUCCH70 unless the 
PUSCH21 is transmitted), and also for PMI feedback that is sent aperiodically in con­
junction with DE-selected sub-band CQI reports on the PUSCH (see Section 10.2.1). 

• Sub-band PMI. The UE reports one PMI for each sub-band across the whole system 
bandwidth, where the sub-band size is between 4 and 6 RBs depending on the system 
bandwidth (as shown in Table 10.3). This is applicable for PMI feedback that is 
sent aperiodically on the PUSCH in conjunction with a wideband CQI report. It is 
well suited to a scenario where the eNodeB wishes to schedule a wideband data 
transmission to a UE while the channel direction varies across the bandwidth; the 
precoder used by the eNodeB can change from sub-band to sub-band within one 
transport block. 

• DE-selected sub-band PMI. The UE select.~ ;i sP.t of M preferred suh-hands, each of 
size k RBs (where Mand k are the same as for DE-selected sub-band CQI feedback as 
given in Table 10.4) and reports a single PMI corresponding to the preferred precoder 
assuming transmission over all of the M selected sub-bands. This is applicable in 
conjunction with DE-selected sub-band CQI reports on the PUSCH. 

The eNodeB is not bound to use the precoder requested by the UE, but clearly if the 
eNodeB chooses another precoder then the eNodeB will have to adjust the MCS accordingly 
since the reported CQI could not be assumed to be applicable. 

The eNodeB may also restrict the set of precoders which the UE may evaluate and 
report. This is known as codebook subset restriction. It enables the eNodeB to prevent the 
UE from reporting precoders which are not useful, for example in some eNodeB antenna 
configurations or in correlated fading scenarios. In the case of open-loop spatial multiplexing, 
codebook subset restriction amounts simply to a restriction on the rank which the UE may 
report. 

For each POSCH transmission to a UE, the eNodeB imlirnles via a 'Transmitted Precoding 
Matrix Indicator' (TPMI) in the downlink assignment message22 on the PDCCH whether it 
is applying the UE's preferred precoder, and if not, which precoder is used. This enables 
the UE to derive the correct phase reference relative to the cell-specific RSs in order to 

20Physical Uplink Control CHannel. 
21 Physical Uplink Shared CHannel. 
22The TPMI is sent in DCI Formats 2, 2A and 2B - see Section 9.3.5.1. 
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demodulate the POSCH data. The ability to indicate that the eNodeB is applying the UE's 
prefe1rnd precoder is particularly useful in the case of sub-band PMI reporting, as it enables 
multiple precoders to be used across the bandwidth of a wideband transmission to a UE 
without incurring a high signalling overhead to notify the UE of the set of precoders used. 

The UE can also be configured to repmt the channel rank via a Rl, which is calculated to 
maximize the capacity over the entire bandwidth, jointly selecting the preferred precoder(s) 
to maximize the capacity on the assumption of the selected transmission rank. The CQI 
values reported by the UE correspond to the preferred transmission rank and precoders, to 
enable the eNodeB to perform link adaptation and multi-user scheduling as discussed in 
Sections 10.2 and 12.l. The number of CQI values reported normally conesponds to the 
number of codewords supported by the preferred transmission rank. Further, the CQI values 
themselves will depend on the assumed transmission rank: for example, the precoding matiix 
for layer 1 will usually be different depending on whether or not the UE is assuming the 
presence of a second layer. 

Although the UE indicates the transmission rank that would maximize the downlink data 
rate, the eNodeB can also indicate to the UE that a different ti·ansmission rank is being used 
for a POSCH transmission. This gives flexibility to the eNodeB, since the UE does not know 
the amount of data in the downlink buffer; if the amount of data in the buffer is small, the 
eNodeB may prefer to use a lower rank with higher reliability. 

11.2.3 Multi-User MIMO 

The main focus of MIMO in the first release of LTE was on achieving transmit antenna 
diversity or single-user multiplexing gain, neither of which requires such a sophisticated CSI 
feedback mechanism as MU-MIMO. As pointed out in Section 11.2.1, the availability of 
accurate CSIT is the main challenge in making MU-MIMO schemes attractive for cellular 
applications. 

Nevertheless, basic support for MU-MIMO was provided in Release 8, and enhanced 
schemes were added in Releases 9 and 10. 

The MU-MIMO scheme supported in LTE Release 823 is based on the same codebook­
based scheme as is defined for SU-MIMO (see Section 11.2.2.2). In particular the same 
'implicit' feedback calculation mechanism is used, whereby the UE makes hypotheses 
on the precoder the eNodeB would use for transmission on the POSCH and reports a 
recommended precoding matiix (PMI) corresponding to the best hypothesis - i.e. an implicit 
representation of the CSL The recommended precoder typically depends on the type of 
receiver implemented by the UE, e.g. MRC, linear MMSE or MMSE Decision Feedback 
Equalizer (DFE). However, in the same way as for SU-MIMO, the eNodeB is not bound to 
the UE's recommendation and can override the PMI report by choosing a different precoder 
from the codebook and signalling it back to the scheduled UEs using a TPMI on the PDCCH. 

In the light of the similarities between implicit channel feedback by precoder recommen­
dation and explicit channel vector quantization, it is instructive to consider the implications of 
the fact that the LTE 2-antenna codebook and the first eight entries in the 4-antenna codebook 
are derived from a DFT matrix (as noted in Section 11.2.2.2). The main reasons for this 
choice are as follows : 

23 PDSCH transmission mode 5 - see Section 9.2.2.1. 
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• Simplicity in the PMI/CQI calculation, which can be done in some cases without 
complex multiplications; 

• A DFT matrix nicely captures the characteristics of a highly correlated MISO 
channel.24 

In LTE Release 8, a DE configured in MV-MIMO mode assumes that an eNodeB 
transmission on the PDSCH would be performed on one layer using one of the rank-
1 codebook entries · defined for two or four antenna ports. Therefore, the MU-MIMO 
transmission is limited to a single layer and single codeword per scheduled VE, and the 
RI and PMI feedback are the same as for SV-MIMO rank l. 

The eNodeB can then co-schedule multiple VEs on the same RB, typically by pairing DEs 
that report orthogonal PMis. The eNodeB can therefore signal to those DEs (using one bit in 
the DCI format 1D message on the PDCCH - see Section 9.3.5.1) that the PDSCH power is 
reduced by 3 dB relative to the cell-specific RSs. This assumes that the transmission power 
of the eNodeB is equally divided between the two codewords and implies that in practice a 
maximum of two DEs may be co-scheduled in Release 8 MV-MIMO mode. 

Apart from this power offset signalling, MU-MIMO in Release 8 is fully transparent to the 
scheduled VEs, in that they are not explicitly aware of how many other DEs are co-scheduled 
or of which precoding vectors are used for any co-scheduled VEs. 

CQI reporting for MV-MIMO in Release 8 does not take into account any interference 
from transmissions to co-scheduled users. The CQI values reported are therefore equivalent 
to those that would be reported for rank-1 SU-MIMO. It is left to the eNodeB to estimate a 
suitable adjustment to apply to the MCS if multiple DEs are co-scheduled. 

In Release 9, the support for MV-MIMO is enhanced by the introduction of dual-layer 
beamforming in conjunction with precoded VE-specific RSs, as discussed in Sections 8.2.3 
and 11.2.2.3. This removes the constraint on the eNodeB to use the feedback codebook for 
precoding, and gives flexibility to utilize other approaches to MV-MIMO user separation, 
for example according to a zero-forcing beamforming criterion. Note that in the limit of a 
large VE population, a zero-forcing beamforrning solution converges to a unitary precoder 
because, with high probability, there will be N VEs with good channel conditions reporting 
orthogonal channel signatures. 

The use of precoded DE-specific RSs removes the need to signal explicitly the details 
of the chosen precoder to the VEs. Instead, the VEs estimate the effective channel (i.e. the 
combination of the precoding matrix and physical channel), from which they can derive the 
optimal antenna combiner for their receivers. 

The VE-specific RS stmcture desc1ibed in Section 8.2.3 allows up to 4 VEs to be 
scheduled for MU-MIMO transmissions from Release 9. 

Furthermore, the precoded DE-specific RSs mean that for Release 9 MV-MIMO it is not 
necessary to signal explicitly a power offset depending on the number of co-scheduled UEs. 
As the VE-specific RSs for two VEs are code-division mulliplexed, Lhe eNodeB Lransmission 
power is shared between the two antenna ports in the same way as the transmitted data, so 
the VE can use the VE-specific RSs as both the phase reference and the amplitude reference 
for demodulation. Thus the MV-MIMO scheduling is fully transparent in Release 9. 

24It is not difficult to see that if the first N rows are taken from a DFT matrix of size Nq, each of the Nq column 
vectors comprises the spatial signature of the ith element of a uniform linear antenna array with spacing l, such that 
f sin0= -;} [7]. 

q 
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11.2.4 MIMO Performance 

The multiple antenna schemes supported by LTE contribute much to its spectral efficiency 
improvements compared to UMTS. 

Figure 11 .9 shows a typical link throughput performance comparison between the open­
loop SU-MIMO spatial multiplexing mode of LTE Release 8 with rank feedback but no PMI 
feedback, and closed-loop SU-MIMO spatial multiplexing with PMI feedback. Four transmit 
and two receive antennas are used. Both modes make use of spatial multiplexing gain to 
enhance the peak data rate. Closed-loop MIMO provides gain from the channel-dependent 
precoding, while open-loop MIMO offers additional robustness by SFBC for single-layer 
transmissions and CDD for more than one layer. 

The gain of closed-loop precoding can be observed in low mobility scenarios, while the 
benefit of open-loop diversity can clearly be seen in the case of high mobility. 
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Figure 11.9: Example of closed-loop and open-loop MIMO performance. 

11.3 Summary 

In this chapter we have reviewed the predominant families of MIMO techniques (both single­
user and multi-user) of relevance to LTE. LTE breaks new ground in drawing on such 
approaches to harness the power of MIMO systems not just for boosting the peak per-user 
data rate but also for improving overall system capacity and spectral efficiency. Single-User 
MIMO techniques are well-developed in Release 8, providing the possibility to benefit from 
precoding while avoiding a high control signalling overhead. Support for beamforrning and 
Multi-User MIMO is significantly enhanced in Release 9. LTE-Advanced further develops 
and enhances these techniques, as outlined in Chapter 29. 
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Multi-User Scheduling and 
Interfere nee Coordination 

Issam Toufik and Raymond Knopp 

12.1 Introduction 

The eNodeB in an LTE system is responsible, among other functions, for managing resource 
scheduling for both uplink and downlink channels. The ultimate aim of this function is 
typically to fulfil the expectations of as many users of the system as possible, taking into 
uccount the Quality of Service (QoS) requirements of their respectivP. ;:ipplir.iltions. 

A typical single-cell cellular radio system is shown in Figure 12.1, comprising K User 
Equipments (UEs) communicating with one eNodeB over a fixed total bandwidth B. In the 
uplink, each UE has severnl dM;:i queues corresponding to different uplink logical channel 
groups, each with different delay and rate constraints. In the same way, in the downlink the 
eNodeB may maintain several buffers per UE containing dedicated data traffic, in addition to 
queues for broadcast services. The different traffic queues in the eNodeB would typically 
have different QoS constraints. We further assume for the purposes of this analysis that 
only one user is allocated a particular Resource Block (RB) in any subframe, although in 
practice multi-user MIMO schemes may result in more than one UE per RB, as discussed in 
Sections 11.2.3 and 16.6.2 for the downlink and uplink respectively. 

The goal of a resource scheduling algorithm in the eNodeB is to allocate the RBs and 
transmission powers for each subframe in order to optimize a function of a set of performance 
metrics, for example maximum/minimum/average throughput, maximum/minimum/average 
delay, total/per-user spectral efficiency or outage probability. In the downlink the resource 
allocation strategy is constrained by the total transmission power of the eNodeB, while in the 
uplink the main constraints on transmission power in different RBs arises from a multicell 
view of inter-cell inteiference and the power headroom of the UEs. 

In this chapter we provide an overview of some of the key families of scheduling 
algorithms which are relevant for an LTE system and highlight some of the factors that an 
eNodeB can advantageously take into account. 

LTE - The UMTS Long Tenn Evolution: From Theo,y to Practice, Second Edition. 
Stefania Sesia, Issam Toufik and Matthew Baker. 
© 2011 John Wiley & Sons, Ltd. Published 201 I by John Wiley & Sons, Ltd. 
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Figure 12.1: A typical single-cell cellular radio system. 

12.2 General Considerations for Resource Allocation 
Strategies 

The generic function of a resource scheduler, as shown for the downlink case in Figure 12.2, 
is to schedule data to a set of UEs on a shared set of physical resources. 

It is worth noting that the algorithm used by the resource scheduler is also tightly coupled 
with the Adaptive Modulation and Coding (AMC) scheme and the retransmission protocol 
(Hybrid Automatic Repeat reQuest, HARQ, see Sections 4.4 and 10.3.2.5). This is due 
firstly to the fact that, in addition to dynamic physical resource allocation, the channel 
measurements are also used to adapt the Modulation and Coding Scheme (MCS) (i.e. 
transmission spectral-efficiency) as explained in Section 10.2. Secondly, the queue dynamics, 
which impact the throughput and delay characteristics of the link seen by the application, 
depend heavily on the HARQ protocol and transport block sizes. Moreover, the combination 
of channel coding and retransmissions provided by HARQ enables the spectral efficiency of 
an individual transmission in one subframe to be traded off against the number of subframes 
in which retransmissions take place. Well-designed practical scheduling algorithms will 
necessarily consider all these aspects. 

In general, scheduling algorithms can make use of two types of measurement information 
to inform the scheduling decisions, namely Channel State Information (CSI) and traffic 
measurements (volume and p1iority). These are obtained either by direct measurements at 
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the eNodeB, or via feedback signalling channels, or a combination of both. The amount of 
feedback used is an important consideration, since the availability of accurate CSI and traffic 
information helps to maximize the data rate in one direction at the expense of more overhead 
in the other. This fundamental trade-off, which is common to all feedback-based resource 
scheduling schemes, is particularly important in Frequency Division Duplex (FDD) operation 
where uplink-downlink reciprocity of the radio channels cannot be assumed (see Chapter 20). 
For Time Division Duplex (TDD) systems, coherence between the uplink and downlink 
channels may be used to assist the scheduling algorithm, as discussed in Section 23.5. 
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Figure 12.2: Generic view of a wideband resource scheduler. 

Based on the available measurement information, the eNodeB resource scheduler must 
manage the differing requirements of all the UEs in the cells under its control to ensure that 
sufficient radio transmission resources are allocated to each UE within acceptable latencies to 
meet their QoS requirements in a spectrally efficient way. The details of this process are not 
standardized as it is largely internal to the eNodeB, allowing for vendor-specific algorithms 
to be developed which can be optimized for specific scenarios in conjunction with network 
operators. However, the key inputs available to the resource scheduling process are common. 

In general, two extremes of scheduling algorithm may be identified: opportunistic 
scheduling and fair scheduling. The former is typically designed to maximize the sum of 
the transmitted data rates to all users hy exploiting the fact that different users experience 
different channel gains and hence will experience good channel conditions at different times 
and frequencies. A fundamental characteristic of mobile radio channels is the fading effects 
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mising from the mobility of the UEs in a multipath propagation environment, and from 
variations in the surrounding environment itself (see Chapter 20). In [1-3] it is shown that, 
for a multi-user system, significantly more information can be transmitted across a fading 
channel than a non-fading channel for the same average signal power at the receiver. This 
principle is known as multi-user diversity. With proper dynamic scheduling, allocating the 
channel at each given time instant only to the user with the best channel condition in a 
particular part of the spectrum can yield a considerable increase in the total throughput as 
the number of active users becomes large. 

The main issue arising from opportunistic resource allocation schemes is the difficulty 
of ensuring fairness and the required QoS. Users' data cannot always wait until the channel 
conditions are sufficiently favourable for transmission, especially in slowly varying channels. 
Furthermore, as explained in Chapter 1, it is important that network operators can provide 
reliable wide area coverage, including to stationary users near the cell edge - not just to the 
users which happen to experience good channel conditions by virtue of their proximity to the 
eNodeB. 

The second extreme of scheduling algorithm, fair scheduling, therefore pays more 
attention to latency and achieving a minimum data rate for each user than to the total 
data rate achieved. This is particularly important for real-time applications such as Voice­
over-IP (VoIP) or video-conferencing, where a certain minimum rate must be guaranteed 
independently of the channel state. 

In practice, most scheduling algorithms fall between the two extremes outlined above, 
including elements of both to deliver the required mix of QoS. A variety of metrics can 
be used to quantify the degree of fairness provided by a scheduling algorithm, the general 
objective being to avo_id heavily penalizing the cell-edge users in an attempt to give high 
throughputs to the users with good channel conditions. One example is based on the 
Cumulative Distribution Function (CDF) of the throughput of all users, whereby a system 
may be considered sufficiently fair if the CDF of the throughput lies to the right-hand side of 
a particular line, such as that shown in Figure 12.3. Another example is the Jain index [4], 
which gives an indication of the variation in throughput between users. It is calculated as: 

-2 
T 

J = -2 , 0 ~ J ~ 1, 
T + var(T) 

(12.1) 

where T and var(T) are the mean and variance respectively of the average user throughputs. 
The more similar the average user throughputs (var(T) ~ 0), the higher the value of J. 

Other factors also need to be taken into account, especially the fact that, in a coordinated 
deployment, individual cells cannot be considered in isolation - nor even the individual set of 
cells controlled by a single eNodeB. The eNodeBs should take into account the interference 
generated by co-channel cells, which can be a severe limiting factor, especially for cell-edge 
users. Similarly, the performance of the system as a whole can be enhanced if each eNodeB 
also takes into account the impact of the transmissions of its own cells on the neighbouring 
cells. These inter-cell aspects, and the corresponding inter-eNodeB signalling mechanisms 
provided in LTE, are discussed in detail in Section 12.5. 
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Figure 12.3: An example of a metric based on the throughput CDF over all users for 
scheduler fairness evaluation (10-50 metric). 

12.3 Scheduling Algorithms 

283 

Multi-user scheduling finds its basis at the interface between information theory and queueing 
theory, in the theory of capacity-maximizing resource allocation. Before establishing an 
algorithm, a capacity-related metric is first fonnulated and then optimized across all possible 
resource allocation solutions satisfying a set of predetennined constraints. Such constraints 
may be physical (e.g. bandwidth and total power) or QoS-related. 

Information theory offers a range of possible capacity metrics which are relevant in 
different system operation scenarios. Two prominent examples are explained here, namely 
the so-called ergodic capacity and delay-limited capacity, corresponding respectively to soft 
and hard forms of rate guarantee for the user. 

12.3.1 Ergodic Capacity 

The ergodic capacity (also lmown as the Shannon capacity) is defined as the maximum 
data rate which can be sent over the channel with asymptotically small error probability, 
averaged over the fading process. When CSI is available at the Transmitter (i.e. CSIT), 
the transmit power and mulual iufurmation 1between the transmitter and the receiver can be 
varied depending on the fading state in order to maximize the average rates. The ergodic 
capacity metric considers the long-term average data rate which can be delivered to a user 
when the user does not have any latency constraints. 

1 The mutual information bewteen two random variables X and Y with probability density function p(X) and 
p(Y) respectively is defined as l(X; Y) = lEx.r (log p(X; Y)/(p(X)p(Y))], where lE[.] is the expectation function [5]. 
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12.3.1.1 Maximum Rate Scheduling 

It has been shown in [3, 6] that the maximum total ergodic sum rate I,[=1 Rk, where Rk is the 
total rate allocated to user k, is achieved with a transmission power given by 

(12.2) 

otherwise 

where [x]+ = max(0, x), Hk(m, f) is the channel gain of user kin RB m of subframe f and ilk 
are constants which are chosen in order to satisfy an average per-user power constraint. 

This approach is known in the literature as maximum sum rate scheduling. The result in 
Equation (12.2) shows that the maximum sum rate is achieved by orthogonal multiplexing 
where in each subchannel (i.e. each RB in LTE) only the user with the best channel 
gain is scheduled. This orthogonal scheduling property is in line with, and thus justifies, 
the philosophy of the LTE multiple-access schemes. The input power spectra given by 
Equation (12.2) are water-filling formulae in both frequency and time (i.e. allocating more 
power to a scheduled user when his channel gain is high and less power when it is low).2 

A variant of this resource allocation strategy with no power control (relevant for cases 
where the power control dynamic range is limited or zero) is considered in [2]. This allocation 
strategy is called 'maximum-rate constant-power' scheduling, where only the user with the 
best channel gain is scheduled in each RB, but with no adaptation of the transmit power. It 
is shown in [2] that most of the performance gains offered by the maximum rate allocation 
in Equation (12.2) are due to multi-user diversity and not to power control, so an on-off 
power allocation can achieve comparable performance to maximum sum rate scheduling. 
This not only allows some simplification of the scheduling algmithm but also is well suited 
to a downlink scenario where the frequency-domain dynamic range of the transmitted power 
in a given subframe is limited by constraints such as the dynamic range of the UE receivers 
and the need to transmit wideband reference signals for channel estimation. 

12.3.1.2 Proportional Fair Scheduling 

The ergodic sum rate corresponds to the optimal rate for traffic which has no delay constraint. 
This results in an unfair sharing of the channel resources. When the QoS required by the 
application includes latency constraints, such a scheduling strategy is not suitable and other 
fairer approaches need to be considered. One such approach is the well-known Proportional 
Fair Scheduling (PFS) algorithm. PFS schedules a user when its instantaneous channel 
quality is high relative to its own average channel condition over time. It allocates user km in 
RB m in any given subframe f if [7] 

(12.3) 

where Tk(f) denotes the long-term average throughput of user k computed in subframe f and 
Rk(m, f) = log (1 + SNRk(m, /)) is the achievable rate by user kin RB m and subframe f. 

2Water-filling strategies are discussed in more detail in the context of MIMO in Section 11.1 .3. 
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The long-term average user throughputs are recursively computed by 
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(12.4) 

where tc is the time window over which fairness is imposed and I{•} is the indicator function 
equal to one if km = k and zero otherwise. A large time window tc tends to maximize the total 
average throughput; in fact, in the limit of a very long time window, PFS and maximum-rate 
constant-power scheduling result in the same allocation of resources. For small tc, the PFS 
tends towards a round-robin3 scheduling of users [7]. 

Several studies of PFS have been conducted in the case of WCDMA/HSDPA 4, yielding 
insights which can be applied to LTE. In [8] the link level system performance of PFS is 
studied, talcing into account issues such as link adaptation dynamic range, power and code 
resources, convergence settings, signalling overhead and code multiplexing. [9] analyses the 
performance of PFS in the case of VoIP, including a comparison with round-robin scheduling 
for different delay budgets and packet-scheduling settings. A study of PFS performance in 
the case of video streaming in HSDPA can be found in [10]. 

12.3.2 Delay-Limited Capacity 

Even though PFS introduces some fairness into the system, this form of fairness may not 
be sufficient for applications which have a very tight latency constraint. For these cases, a 
different capacity metric is needed; one such example is referred to as the 'delay-limited 
capacity'. The delay-limited capacity (also known as zero-outage capacity) is defined as 
the transmission rate which can be guaranteed in all fading states under finite long-term 
power constraints. In contrast to the ergodic capacity, where mutual information between 
the transmitter and the receiver vary with the channel, the powers in delay-limited capacity 
are coordinated between users and RBs with the objective of maintaining constant mutual 
information independently of fading states. The delay-limited capacity is relevant to traffic 
classes where a given data rate must be guaranteed throughout the connection time, regardless 
of the fading dips. 

The delay-limited capacity for a flat-fading multiple-access channel is characte1ized in 
[11]. The wideband case is analysed in [7, 12]. 

It is shown in [7] that guaranteeing a delay-limited rate incurs only a small throughput 
loss in high Signal to Noise Ratio (SNR) conditions, provided that the number of users is 
large. However, the solution to achieve the delay-limited capacity requires non-orthogonal 
scheduling of the users, with successive decoding in each RB . This makes this approach 
basically unsuitable for LTE. 

It is, however, possible to combine orthogonal multiple access with hard QoS require­
ments. Examples of algorithms achieving such a compromise can be found in [12, 13]. It can 
be shown that even under hard fairness constraints it is possible to achieve performance which 
is very close to the optimal unfair policy; thus hard fairness constraints do not necessarily 
introduce a significant throughput degradation, even with orthogonal resource allocation, . 
provided that the number of users and the system bandwidth are large. This may be a relevant 

3 A round-robin approach schedules each user in tum, irrespective of their prevailing channel conditions. 
4Wideband Code Division Multiple Access/ High Speed Downlink Packet Access. 
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scenario for a deployment targeting VoIP users, where densities of several hundred users per 
cell are foreseen (as mentioned in Section 1.2), with a latency constraint typically requiring 
each packet to be successfully delivered within 50 ms. 

In general this discussion of scheduling strategies assumes that all users have an equal and 
infinite queue length - often referred to as a full-buffer traffic model. In practice this is not the 
case, especially for real-time services, and information on users' queue lengths is necessary to 
guarantee system stability. If a scheduling algo1ithm can be found which keeps the average 
queue length bounded, the system is said to be stabilized [14] . One approach to ensuring 
that the queue length remains bounded is to use the queue length to set the priority order 
in the allocation of RBs. This generally works for lightly loaded systems. In [15] and [16] 
it is shown that in wideband frequency-selective channels, low average packet delay can be 
achieved even if the fading is very slow. 

12.4 Considerations for Resource Scheduling in LTE 

In LTE, each logical channel has a corresponding QoS desc1iption which should influence the 
behaviour of the eNodeB resource scheduling alg01ithm. Based on the evolution of the radio 
and traffic conditions, this QoS description could potentially be updated for each service in 
a long-term fashion. The mapping between the QoS descriptions of different services and 
the resource scheduling algorithm in the eNodeB can be a key differentiating factor between 
radio network equipment manufacturers. 

An important constraint for the eNodeB scheduling algorithm is the accuracy of the 
eNodeB's knowledge of the channel quality for the active UEs in the cell. The manner 
in which such information is provided to the scheduler in LTE differs between uplink and 
downlink transmissions. In practice, for the downlink this information is provided through 
the feedback of Channel Quality Indicators (CQ1s)5 by UEs as described in Chapter 10, while 
for the uplink the eNodeB may use Sounding Reference Signals (SRSs) or other signals 
transmitted by the UEs to estimate the channel quality, as discussed in Chapter 15. The 
frequency with which CQI reports and SRS are transmitted is configurable by the eNodeB, 
allowing for a trade-off between the signalling overhead and the availability of up-to-date 
channel information. If the most recent CQI report or SRS was received a significant time 
before the scheduling decision is taken, the performance of the scheduling algorithm can be 
significantly degraded. 

In order to pe1form frequency-domain scheduling, the information about the radio channel 
needs to be frequency-specific. For this purpose, the eNodeB may configure the CQI 
reports to relate to specific sub-bands to assist the downlink scheduling, as explained in 
Section 10.2.1. Uplink frequency-domain scheduling can be facilitated by configuring the 
SRS to be transmitted over a large bandwidth. However, for cell-edge UEs the wider the 
transmitted bandwidth the lower the available power per RB; this means that accurate 
frequency-domain scheduling may be more difficult for UEs near the cell edge. Limiting 
the SRS to a subset of the system bandwidth will improve the channel quality estimation on 
these RBs but restrict the ability of the scheduler to find an optimal scheduling solution for 
all users. In general, provided that the bandwidth over which the channel can be estimated for 

5More generally, in the context of user selection for MU-MIMO, full CSI is relevant, to support user pairing as 
well as rate scheduling. 
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scheduling purposes is greater than the intended scheduling bandwidth for data transmission 
by a sufficient factor, a useful element of multi-user diversity gain may still be achievable. 

As uuletl abuve, in order to support QoS- and queue-aware scheduling, it is necessary for 
the scheduler to have not only information about the channel quality, but also information on 
the queue status. In the LTE downlink, knowledge of the amount of buffered data awaiting 
transmission to each UE is inherently available in the eNodeB; for the uplink, Section 4.4.2.2 
explains the buffer status reporting mechanisms available to transfer such information to the 
eNodeB. 

12.S Interference Coordination and Frequency Reuse 

One limiting aspect for system throughput performance in cellular networks is inter-cell 
interference, especially for cell-edge users. Careful management of inter-cell interference is 
particularly important in systems such as LTE which are designed to operate with a frequency 
reuse factor of one. 

The scheduling strategy of the eNodeB may therefore include an element of Inter-Cell 
Interference Coordination (ICIC), whereby interference from and to the adjacent cells is taken 
into account in order to increase the data rates which can be provided for users at the cell edge. 
This implies for example imposing restrictions on what resources in time and/or frequency 
are avaihihle to the schech1ler, or what transmit power may be used in certain time/frequency 
resources. 

The impact of interference on the achievable data rate for a given user can be expressed 
analytically. If a user k is experiencing no interference, then its achievable rate in an RB m of 
subframe f can be expressed as 

(12.5) 

where H£(m, f) is the channel gain from the serving cells to user k, r(m, f) is the transmit 
power from cells, PN is the noise power and Wis the bandwidth of one RB (i.e. 180 kHz). If 
neighbouring cells are transmitting in the same time-frequency resources, then the achievable 
rate for user k reduces to 

(12.6) 

where the indices i denote interfering cells. 
The rate loss for user k can then be expressed as 

[ 
l+SNR l = Wlog 

1 + [-1- + 1:,..,P1<111J>lfli<111.n12]-1 
SNR P' (m.J)IHt (m,/)12 

(12.7) 

Figure 12.4 plots the rate loss for user k as a function of the total inter-cell interference 
to signal ratio a =(Lats P;(m, f)IHi(m, /)12

) / (r(m, f)IH£(m, /)12
), with SNR = 0 dB . It can 
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Figure 12.4: User's rate loss due to interference. 

easily be seen that for a level of interference equal to the desired signal level (i .e. a:~ 0 dB), 
user k experiences a rate loss of approximately 40%. 

In order to demonstrate further the significance of inte1ference and power allocation 
depending on the system configuration we consider two examples of a cellular system with 
two cells (s1 and s2) and one active user per cell (k1 and k 2 respectively) . Each user receives 
the wanted signal from its serving cell, while the inter-cell interference comes from the other 
cell. 

In the first example, each user is located near its respective eNodeB (see Figure 12.S(a)). 
The channel gain from the interfering cell is small compared to the channel gain from the 
serving cell (IH{; (m, f)I » IHt'.(m, f)I and IH{;(m, f)I » IH~ (m /)I). In the second example 
(see Figure 12.S(b)), we consider the same scenario but with the users now located close to 
the edge of their respective cells. In this case the channel gain from the serving cell and the 
interfering cell are comparable (IH{; (m, f)I ~ IHt: (m, f)I and IH{;(m, f)I ~ IHI; (m, f)I) . 

The capacity of the system with two eNodeBs and two users can be written as 

p si 111{1 (m, ! )12 Pfl lH'f: (m, f)J2 

RT01 = w( log{ 1 + p N + p si 1'.Ni (m, /)12 ) + log{ 1 + p N + p si i1Ht; (m, !)12)) (12.8) 

From this equation, it can be noted that the optimal transmit power operating point in terms 
of maximum achievable throughput is different for the two considered cases. In the first 
scenario, the maximum throughput is achieved when both eNodeBs transmit at maximum 
power, while in the second the maximum capacity is reached by allowing only one eNodeB 
to transmit. It can in fact be shown that the optimal power allocation for maximum capacity 
for this situation with two base stations is binary in the general case; this means that either 
both base stations should be operating at maximum power in a given RB, or one of them 
should be turned off completely in that RB [ 17]. 

From a practical point of view, this result can be exploited in the eNodeB scheduler by 
treating users in different ways depending on whether they are cell-centre or cell-edge users . 
Each cell can then be divided into two parts - inner and outer. In the inner part, where users 
experience a low level of interference and also require less power to communicate with the 
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Figure 12.5: System configuration: (a) users close to eNodeBs; (b) users at the cell edge. 

serving cell, a frequency reuse factor of 1 can be adopted. For the outer part, scheduling 
restrictions are applied: when the cell schedules a user in a given part of band, the system 
capacity is optimized if the neighbouring cells do not transmit at all; alternatively, they may 
transmit only at low power (probably to users in the inner parts of the neighbouring cells) 
to avoid creating strong interference to the scheduled user in the first cell. This effectively 
results in a higher frequency reuse factor at the cell-edge; it is often referred to as 'partial 
frequency reuse' or 'soft frequency reuse', and is illustrated in Figure 12.6. 

In order to coordinate the scheduling in different cells in such a way, communication 
between neighbouring cells is required. If the neighbouring cells are managed by the 
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Figure 12.6: Partial frequency reuse. 
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same eNodeB, a coordinated scheduling strategy can be followed without the need for 
standardized signalling. However, where neighbouring cells are controlled by different 
eNodeBs, standardized signalling is important, especially in multivendor networks. The 
main mechanism for ICIC in LTE Releases 8 and 9 is normally assumed to be frequency­
domain-based, at least for the data channels, and the Release 8/9 inter-eNodeB ICIC 
signalling explained in the following two sections is designed to support this. In Release 10, 
additional time-domain mechanisms are introduced, aiming particularly to support ICIC for 
the PDCCH and for heterogeneous networks comprising both macrocells and small cells; 
these mechanisms are explained in Section 31 .2. 

12.5.1 Inter-eNodeB Signalling to Support Downlink 
Frequency-Domain ICIC in LTE 

In relation to the downlink transmissions, a bitmap termed the Relative Narrnwband Transmit 
Power (RNTP6) indicator can be exchanged between eNodeBs over the X2 interface. Each 
bit of the RNTP indicator corresponds to one RB in the frequency domain and is used to 
inform the neighbouring eNodeBs if a cell is planning to keep the transmit power for the RB 
below a certain upper limit or not. The value of this upper limit, and the period for which 
the indicator is valid into the future, are configurable. This enables the neighbouring cells to 
take into account the expected level of interference in each RB when scheduling UEs in their 
own cells. The reaction of the eNodeB in case of receiving an indication of high transmit 
power in an RB in a neighbouring cell is not standardized (thus allowing some freedom of 
implementation for the scheduling algorithm); however, a typical response could be to avoid 
scheduling cell-edge UEs in such RBs. In the definition of the RNTP indicator, the transmit 
power per antenna port is normalized by the maximum output power of a base station or cell. 
The reason for this is that a cell with a smaller maximum output power, corresponding to 
smaller cell size, can create as much interference as a cell with a larger maximum output 
power corresponding to a larger cell size. 

12.5.2 Inter-eNodeB Signalling to Support Uplink Frequency-Domain 
ICICinLTE 

For the uplink transmissions, two messages may be exchanged between eNodeBs to facilitate 
some coordination of their transmit powers and scheduling of users: 

A reactive indicator, known as the 'Overload Indicator' (01), can be exchanged over the 
X2 interface to indicate physical layer measurements of the average uplink interference plus 
thermal noise for each RB. The 01 can take three· values, expressing low, medium, and high 
levels of interference plus noise. In order to avoid excessive signalling load, it cannot be 
updated more often than every 20 ms. 

A proactive indicator, known as the 'High Interference Indicator' (HII), can also be sent 
by an eNodeB to its neighbouring eNodeBs to inform them that it will, in the near future, 
schedule uplink transmissions by one or more cell-edge UEs in certain paits of the bandwidth, 
and therefore that high interference might occur in those frequency regions. Neighbouring 
cells may then take this information into consideration in scheduling their own users to limit 
the interference impact. This can be achieved either by deciding not to schedule their own 

6RNTP is defined in (18, Section 5.2.l]. 
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cell-edge UEs in that part of the bandwidth and only considering the allocation of those 
resources for cell-centre users requiring less transmission power, or by not scheduling any 
user al al] in the releva11l RBs. Tl1e HII is (;umpri&ed of a bitmap with one bit per RB and, 
like the 01, is not sent more often than every 20 ms. The HII bitmap is addressed to specific 
neighbour eNodeBs. 

In addition to frequency-domain scheduling in the uplink, the eNodeB also controls the 
degree to which each UE compensates for the path-loss when setting its uplink transmission 
power. This enables the eNodeB to trade off fairness for cell-edge UEs against inter-cell 
interference generated towards other cells, and can also be used to maximize system capacity. 
This is discussed in more detail in Section 18.3.2. 

12.5.3 Static versus Semi-Static ICIC 

In general, ICIC may be static or semi-static, with different levels of associated communica­
tion required between eNodeBs. 

For static interference coordination, the coordination is associated with cell planning, and 
reconfigurations are rare. This largely avoids signalling on the X2 interface, but it may result 
in some performance limitation since it cannot adaptively take into account variations in cell 
loading and user distributions. 

Semi-static interference coordination typicalJy refers to reconfigurations carried out on a 
time-scale of the order of seconds or longer. The inter-eNodeB communication methods over 
the X2 interface can be used as discussed above. Other types of information such as traffic 
load information may also be used, as discussed in Section 2.6.4. Semi-static interference 
coordination may be more beneficial in cases of non-uniform load distributions in eNodeBs 
and varying cell sizes across the network. 

12.6 Summary 

In summary, it can be observed that a variety of resource scheduling algorithms may be 
applied by the eNodeB depending on the optimization criteria required. The prioritization 
of data will typically take into account the corresponding traffic classes, especially in regard 
to balancing throughput maximization for delay-tolerant applications against QoS for delay­
limited applications in a fair way. 

It can be seen that multi-user diversity is an important factor in all cases, and especialJy 
if the user density is high, in which case the multi-user diversity gain enables the scheduler 
to achieve a high capacity even with tight delay constraints. Finally, it is important to note 
that individual cells, and even individual eNodeBs, cannot be considered in isolation. System 
optimization requires some degree of coordination between cells and eNodeBs, in order to 
avoid inter-cell interference becoming the limiting factor. Considering the system as a whole, 
the best results are in many cases realized by simple 'on-off' allocation of resource blocks, 
whereby some eNodeBs avoid scheduling transmissions in certain resource blocks which are 
used by neighbouring eNodeBs for celJ-edge users. 

LTE Releases 8 and 9 support standardized signalling between eNudeBs lu facilitate 
frequency-domain data-channel !CIC algorithms for both downlink and uplink. Additional 
time-domain ICIC mechanisms of particular relevance to the control signalling and to 
heterogeneous networks are introduced in Release 10 and explained in Section 31.2. 

141



292 

References 7 

LTE - THE UMTS LONG TERM EVOLUTION 

[I] K. Knopp and P. A. Humblet, 'Information Capacity and Power Control in Single-cell Multiuser 
Communications', in Proc. IEEE International Conference on Communications, Seattle, WA, 
1995. 

[2] R. Knopp and P. A. Humblet, 'Multiple-Accessing over Frequency-selective Fading Channels', 
in Proc. IEEE International Symposium on Personal, Indoor and Mobile Radio Communications, 
September 1995. 

[3] D. N. C. Tse and S. D. Hanly, 'Multiaccess Fading Channels. I: Polymatroid Structure, Optimal 
Resource Allocation and Throughput Capacities' . IEEE Trans. on Information Theory, Vol. 44, 
pp. 2796-2815, November 1998. 

[4] R. Jain, W. Hawe and D. Chiu, 'A quantitative measure of fairness and discrimination for resource 
allocation in Shared Computer Systems ' , Digital Equipment Corporation Technical Report 301, 
September 1984. 

[5] T. M. Cover and J. Thomas . Elements of Information Theory. Wiley, New York, 1991. 

[6] R. Knopp and P. A. Hamblet, 'Multiuser Diversity', Technical Report, Eurecom Institute, Sophia 
Antipolis, France, 2002. 

[7] G. Caire, R. MUiier and R. Knopp, 'Hard Fairness Versus Proportional Fairness in Wireless 
Communications: The Single-cell Case' . IEEE Trans. on Information Theory , Vol. 53, pp. 1366-
1385, April 2007. 

[8] T. E. Kolding, 'Link and System Performance Aspects of Proportional Fair Scheduling in 
WCDMA/HSDPA', in Proc. IEEE Vehicular Technology Conference, Orlando, FL, October 2003. 

[9] B. Wang, K. I. Pedersen, P. E. Kolding and T. E. Mogensen, 'Performance of VoIP on HSDPA', 
in Proc. IEEE Vehicular Technology Conference, Stockholm, May 2005. 

[10] V. Vukadinovic and G. Karlsson, 'Video Streaming in 3.5G: On Throughput-Delay Performance 
of Proportional Fair Scheduling' , in IEEE International Symposium on Modeling, Analysis, and 
Simulation of Computer and Telecommunication Systems, Monterey, CA, September 2006. 

[11] S. D. Hanly and D. N. C. Tse, 'Multiaccess Fading Channels. II: Delay-limited Capacities '. IEEE 
Trans. on Information Theory, Vol. 44, pp. 2816-2831, November 1998. 

[12] I. Toufik, 'Wideband Resource Allocation for Future Cellular Networks ' . Ph.D. Thesis, Eurecom 
Institute, 2006. 

[13] I. Toufik and R. Knopp, 'Channel Allocation Algorithms for Multi-carrier Systems', in Proc. 
IEEE Vehicular Technology Conference, Los Angeles, CA, September 2004. 

[14] M. J. Neely, E. Modiano and C. E. Rohrs, 'Power Allocation and Routing in Multi-beam Satellites 
with Time Varying Channels '. IEEE Trans. on Networking, Vol. 11 , pp. 138-152, February 2003. 

[15] M. Realp, A. I. Perez-Neira and R. Knopp, 'Delay Bounds for Resource Allocation in Wideband 
Wireless Systems', in Proc. IEEE International Copference on Communications, Istanbul, June 
2006. 

[16] M . Realp, R. Knopp and A. I. Perez-Neira, 'Resource Allocation in Wideband Wireless Systems' 
in Proc. IEEE International Symposium on Personal, Indoor and Mobile Radio Communications, 
Berlin, September 2005. 

[17] A. Gjendemsjoe, D. Gesbert, G. Oien and S. Kiani, 'Binary Power Control for Sum Rate 
Maximization over Multiple Interfering Links ' . IEEE Trans. Wireless Communications, August 
2008. 

[18] 3GPP Technical Specification 36.213, 'Evolved Universal Terrestrial Radio Access (E-UTRA); 
Physical Layer Procedures', www.3gpp.org. 

7 All web sites confirmed 1st March 2011. 

142



ERM EVOLUTION 

in the literature as 

mcy. 

11el and any residual 

)FDM) 

I 

a Discrete Fourier 
Figure H.3. 

Parallel to 
Serial 

converter 
Transmission 

circuitry 

>FT-S-OFDM) 
11gs. 

:o perform an M-poinl 
1en inserted among. the 
rier OFDM modulator 
l DFT output is mapped 
, which subcarriers the 

riers, thus providing for 
lence ofDFT-S-OFDM 
seen by considering tbe 

UPLINK PHYSICAL LAYER DESIGN 321 

case of M = N, where the DFT operation cancels the IFFT of the OFDM modulator resulting 
in the data symbols being transmitted serially in the time domain. However, this simplistic 
construction would not provide any oversampling or pulse-shape filtering. 

As with the time-domain approach, DFT-S-OFDM is capable of generating both localized 
and distributed transmissions: 

• Localized transmission. The subcarrier mapping allocates a group of M adjacent 
subcarriers to a user. M < N results in zeros being appended to the output of the DFT 
spreader resulting in an upsampled/interpolated version of the original M QAM data 
symbols at the IFFT output of the OFDM modulator. The transmitted signal is thus 
similar to a narrowband single carrier with a CP (equivalent to time-domain generation 
with repetition factor L = 1) and 'sine' pulse-shaping filtering. 

• Distributed transmission. The subcarrier mapping allocates M equally spaced subcar­
riers (e.g. every L tJt subcarrier). (L - 1) zeros are inserted between the M DFT outputs, 
and additional zeros are appended to either side of the DFT output prior to the IFFT 
(ML< N). As with the localized case, the zeros appended on either side of the DFT 
output provide upsampling or 'sine' interpolation, while the zeros inserted between 
the DFT outputs produce waveform repetition in the time domain. This results in a 
transmitted signal similar to time-domain IFDMA with repetition factor Land 'sine' 
pulse-shaping filtering. 

Like the time-domain SC-FDMA signal generation (in Section 14.2.2), orthogonality 
between different users with different data rate requirements can be achieved by assigning 
each user a unique set of subcarriers. The CP structure is the same as for the time-domain 
signal generation, and therefore the same efficient FDE techniques can be employed at the 
receiver [8, 9]. 

It is worth noting that, in principle, any unitary matrix can be used instead of the DFT 
for the spreading operation with similar performance [10]. However, the use of non-DFT 
spreading would result in increased CM/PAPR since the transmitted signal would no longer 
have the single carrier characteristic. 

14.3 SC-FDMA Design in LTE 
Having outlined the key principles of SC-FDMA transmission, we now explain the applica­
tion of SC-FDMA to the LTE uplink. 

14.3.1 Transmit Processing for LTE 

Although the frequency-domain generation of SC-FDMA (DFT-S-OFDM) is functionally 
equivalent to the time-domain SC-FDMA signal generation, each technique requires a 
slightly different parameterization for efficient signal generation [3]. The pulse-shaping filter 
used in the time domain SC-FDMA generation approach in practice has a non-zero excess 
iandwidth, resulting in bandwidth efficiency which is smaller than that achievable with the 

egu_ency-dom.ain method with its inherent 'sine' (zero excess bandwidth) pulse-shaping 
filrer Which arises from the zero padding and IFFT operation. The non-zero excess bandwidth 
~ulse~shaping filter in the time-domain generation also requires ramp-up and ramp-down 
l'ilnes of 3-4 samples duration, while for DFT-S-OFDM there is no explicit pulse-shaping 
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filter, resulting in a much shorter ramp time similar to OFDM. However, the pulse-shaping 
filter in the time-domain generation does provide the benefit of reduced CM by approximately 
0.25-0.5 dB compared to DFT-S-OFDM, as shown in Figure 14.4. Thus there is a trade-off 
between bandwidth efficiency and CM/PAPR reduction between the time- and frequency­
domain SC-FDMA generation methods. 
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Figure 14.4: Cubic metric comparison of time-domain SC-FDMA generation (IFDMA), 
frequency-domain SC-FDMA generation (DFT-S-OFDM) and OFDM. 

Frequency-domain signal generation for the LTE uplink has a further benefit in that it 
allows a very similar parameterization to be adopted as for the OFDM downlink, including 
the same subcarrier spacing, number of occupied subcarriers in a given bandwidth, and CP 
lengths. This provides maximal commonality between uplink and downlink, including for 
example the same clock frequency. 

For these reasons, the SC-FDMA parameters chosen for the LTE uplink have been 
optimized under the assumption of frequency-domain DFT-S-OFDM signal generation. 

An important feature of the LTE SC-FDMA parameterization is that the numbers of 
subcarriers which can be allocated to a UE for transmission are restricted such that the OFT 
size in LTE can be constructed from multiples of 2, 3 and/or 5. This enables efficient, low­
complexity mixed-radix FFT implementations. 

14.3.2 SC-FDMA Parameters for LTE 

The same basic transmission resource structure is used for the uplink as for the downlink: 
a 10 ms radio frame is divided into ten 1 ms subframes each consisting of two 0.5 ms 
slots. As LTE SC-FDMA is based on the same fundamental processing as OFDM, it uses 
the same 15 kHz subcarrier spacing as the downlink. The uplink transmission resources 
are also defined in the frequency domain (i.e. before the IFFT), with the smallest unit of 
resource being a Resource Element (RE), consisting of one SC-FDMA data block length 

on one subcarrier. As in the- downlink, a Resource Block (RB) comprises 12 REs in t,11-e 
frequency domain for a duration of 1 slot, as detailed in Section 6.2. The LTE uplink s<c­
FDMA physical layer parameters for Frequency Division Duplex (FDD) and Time Divisien 
Duplex (TDD) deployments are detailed in Table 14.1. 
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Table 14.1: LTE uplink SC-FDMA physical layer parameters. 

Parameter 

Subframe duration 
Slot duration 
Subcarrier spacing 
SC-FDMA symbol duration 

CP duration 

Number of symbols per slot 

Value 

l ms 
0.5 ms 
15 kHz 
66.67 µs 

Normal CP: 

Extended CP: 

Normal CP: 7 
Extended CP: 6 

Number of subcarriers per RB 12 

Comments 

5.2 ~ts first symbol in each slot, 
4.69 µs all other symbols 

16.67 µs all symbols 

323 

Two CP durations are supported - a normal CP of duration 4.69 µs and an extended 
CP of 16.67 µs, as in the downlink (see Section 5.4.1). The extended CP is beneficial for 
deployments with large channel delay-spread characte1istics, and for large cells. 

The 1 ms subframe allows a 1 ms scheduling interval ( or Transmission Time Interval 
(TTI)), as for the downlink, to enable low latency. However, one difference from the downlink 
is that the uplink coverage is more likely to be limited by the maximum transmission power 
of the UE. In some situations, this may mean that a single Voice-over-IP (VoIP) packet, 
for example, cannot be transmitted in a 1 ms subframe with an acceptable error rate. One 
solution to this is to segment the VoIP packet at higher layers to allow it to be transmitted over 
several subframes. However, such segmentation results in additional signalling overhead for 
each segment (including resource allocation signalling and Hybrid ARQ acknowledgement 
signalling). A more efficient technique for improving uplink VoIP coverage at the cell edge 
is to use the so-called ITJ bundling, where a single transport block from the MAC layer 
is transmitted repeatedly in multiple consecutive subframes, with only one set of signalling 
messages for the whole transmission. The LTE uplink allows groups of 4 TTis to be 'bundled' 
in this way, in addition to the normal 1 ms TTL 

In practice in LTE Releases 8 and 9, all the uplink data transmissions are localized, 
using contiguous blocks of subcarriers. This simplifies the transmission scheme. Frequency­
diversity can still be exploited by means of frequency hopping, which can occur both within 
one subframe (at the boundary between the two slots) and between subframes. In the case 
.of frequency hopping within a subframe the channel coding spans the two transmission 
frequencies, and therefore the frequency-diversity gain is maximized through the channel 
decoding proce . The only in tance of di tributed transmission in the LTE uplink (using an 
lPDMA-Iike tructure) is for the Sou11ding Reference Signals (SRSs) which are transmitted 
~o enable the eNodeB to perform uplink frequency-selective scheduling; these are discussed 
m Section 15.6. 

. Like the downlink, the LTE uplink supports scalable system bandwidths from approx­
~nate)y 1.4 MHz up to 20 MHz with the same subcarrier spacing and symbol duration 
or all bandwidths. The uplink scaling for the bandwidths supported in LTE is shown in 

145



324 LTE - THE UMTS LONG TERM EVOLUTION 

Table 14.2: LTE Uplink SC-FDMA parametrization for selected carrier bandwidths. 

Carrier bandwidth (MHz) 

1.4 3 5 10 15 20 

FFf size 128 256 512 1024 1536 2048 
Sampling rate: M/N x 3.84 MHz 1/2 1/1 2/1 4/1 6/1 8/1 
Number of subcarriers 72 180 300 600 900 1200 
Number of RBs 6 15 25 50 75 100 
Bandwidth efficiency (%) 77.1 90 90 90 90 90 

Table 14.2. Note that the sampling rates resulting from the indicated FFT sizes are designed 
to be small rational multiples of the UMTS 3.84 MHz chip rate, for ease of implementation 
in a multimode UE. 

Note that in the OFDM downlink parameter specification, the d.c. subcarrier is unused 
in order to support direct conversion (zero IF3) architectures. In contrast, no unused d.c. 
subcarrier is possible for SC-FDMA (as shown in Table 14.2) as it can affect the low 
CM/PAPR property of the transmit signal. 

14.3.3 d.c. Subcarrier in SC-FDMA 

Direct conversion transmitters and receivers can introduce distortion at the carrier frequency 
(zero frequency or d.c. in baseband), for example arising from local oscillator leakage [11]. 
In the LTE downlink, this is addressed by the inclusion of an unused d.c. subcarrier. However, 
for the uplink, the same solution would cause significant degradation to the low CM property 
of the transmitted signal. In order to minimize the impact of such distortion on the packet 
error rate and the CM/PAPR, the d.c. subcarrier of the SC-FDMA signal is modulated in 
the same way as all the other subcarriers but the subcarriers are all frequency-shifted by 
half a subcarrier spacing (± 7 .5 kHz), resulting in an offset of 7 .5 kHz relative to d.c. Thus 
two subcarriers straddle the d.c. location, and hence the amount of distortion affecting any 
individual RB is halved. This is illustrated in Figure 14.5 for deployments with even and odd 
numbers of RBs across the system bandwidth. 

14.3.4 Pulse Shaping 

As explained in Sections 14.2.3 and 14.3.1, one of the benefits of frequency-domain 
processing for SC-FDMA is that, in principle, there is no need for explicit pulse-shaping 
thanks to the implicit 'sine' pulse-shaping. Nevertheless, an additional explicit pulse-shaping 
filter can further reduce the CM/ PA PR but at the expense of spectral efficiency ( due to the 
resulting non-zero excess filter bandwidth similar to that of the time domain SC-FDMA 
signal generation described in Section 14.2.2). 

The use of pulse-shaping filters, such as RRC4 [12] or Kaiser window [13], was considered 
for LTE in order to reduce CM/PAPR, especially for lower-order modulations such as QPSK 

3Intermediate Frequency. 
4Roor-Raised-Cosine. 
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Figure 14.5 : 7.5 kHz subcarrier shift for LTE system bandwidths with even or odd numbers 
ofRBs. 

to enhance uplink coverage. However, the bandwidth expansion caused by pulse-shaping 
filtering would require the code rate to be increased for a given data rate, and, in order to 
provide a net performance benefit, power boosting would be required with the size of the 
boost being approximately equal to the CM reduction achieved by the pulse-shaping. 

Simulation results show that the CM benefits obtained from the use of pulse shaping (RRC 
or Kaiser window) are small. Moreover, pulse-shaping could not be applied to reference 
symbols, in order to prevent degradation of the channel estimation. 

Finally, as discussed in Chapter 21, CM is not a problem for UEs operating at a maximum 
power level for resource allocations of up to 10 RBs. This means that there is no benefit 
possible from pulse-shaping given that UEs at the cell edge would often have less than 10 
RBs allocated. 

Therefore, no pulse-shaping is used in LTE. 

14.4 Summary 

The important properties of the SC-FDMA transmission scheme used for the LTE uplink 
are derived from its multicarrier OFDM-like structure with single-carrier characteristic. The 
multicarrier-based structure gives the LTE uplink the same robustness against ISI as the LTE 
downJink, with low-complexity frequency-domain equalization being facilitated by the CP. 
~t the same time, the DPT-based precoding ensures that the LTE uplink possesses the low CM 
required for efficient UE design. Crucially, the LTE uplink is designed to be orthogonal in the 
frequency domain between different UEs, thus virtually eliminating the intra-cell interference 
associated with CDMA. 

d Th~ parameters of the LTE uplink are designed to ensure maximum commonality with the 
ownltnlc, and to facilitate frequency-domain DFT-S-OFDM signal generation. 
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The localized resource allocation scheme of the LTE uplink allows both frequency­
selective scheduling and the exploitation of frequency diversity, the latter being achieved 
by means of frequency hopping. 

The following chapters explain the application of SC-FDMA in LTE in more detail, 
showing how reference signals for channel estimation, data transmissions and control 
signalling are multiplexed together. 

Enhancements to the uplink transmission scheme in Release IO for LTE-Advanced are 
described in Section 28.3.6. 
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consecutive subframes, together with typically three retransmissions at 16 ms intervals, then 
enables both Chase combining gain and Incremental Redundancy (IR) gain to be achieved. 

16.3 Uplink Control Channel Design 

In general, uplink control signalling in mobile communications systems can be divided into 
two categories: 

• Data-associated control signalling is control signalling which is always transmitted 
together with uplink data and is used in the processing of that data. Examples include 
transport format indications, 'New Data' Indicators (NDis) and MIMO parameters. 

• Control signalling not associated with data is transmitted independently of any 
uplink data packet. Examples include HARQ Acknowledgements (ACK/NACK) for 
downlink data packets, Channel Quality Indicators (CQis) to support link adaptation 
(see Section 10.2), and MIMO feedback such as Rank Indicators (Ris) and Pre­
coding Matrix Indicators (PMis) (see Section 11.2.2.4) for downlink transmissions. 
Scheduling Requests (SRs) for uplink transmissions also fall into this category (see 
Section 4.4.2.2). 

In LTE, the low signalling latency afforded by the short subframe duration of 1 ms, 
together with the orthogonal nature of the uplink multiple access scheme which necessitates 
centralized resource allocation, make it appropriate for the eNodeB to be in full control of 
the uplink transmission parameters. Consequently uplink data-associated control signalling is 
not necessary in LTE, as the relevant information is already known to the eNodeB. Therefore 
only data-non-associated control signalling exists in the LTE uplink. 

When simultaneous uplink PUSCH data and control signalling are scheduled, the control 
signalling is normally multiplexed together with the data prior to the DFT spreading4

, in order 
to preserve the single-carrier low Cubic Metric (CM) property of the uplink transmission. The 
uplink control channel, PUCCH, is used by a UE to transmit any necessary control signalling 
only in subframes in which the UE has not been allocated any RBs for PUSCH transmission. 
In the design of the PUCCH, special consideration was given to maintaining a low CM [8]. 

16.3.1 Physical Uplink Control Channel (PUCCH) Structure 

The control signalling on the PUCCH is transmitted in a frequency region that is normally 
configured to be on the edges of the system bandwidth. 

In order to minimize the resources needed for transmission of control signalling, the 
PUCCH in LTE is designed to exploit frequency diversity: each PUCCH transmission in 
one subframe comprises a single (0.5 ms) RB at or near one edge of the system bandwidth, 
followed (in the second slot of the subframe) by a second RB at or near the opposite edge 
of the system bandwidth, as shown in Figure 16.4; together, the two RBs are referred to as a 
PUCCH region. This design can achieve a frequency diversity benefit of approximately 2 dB 
compared to transmission in the same RB throughout the subframe. 

41□ Release 10, the possibility of simultaneous transmission of PUSCH and PUCCH is introduced; this is 
explained in Section 28.3.2. 
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At the same time, the narrow bandwidth of the PUCCH in each slot (only a single RB) 
maximizes the power per subcarrier for a given total transmission power (see Figure 16.5) 
and therefore helps to fulfil stringent coverage requirements. 

subcarrier j 
subcarrier j+1 

I 
1+1 symbol 

IEs I 

Figure 16.5: The link budget of a two-slot narrowband transmission exceeds that of a 
one-slot wider-band transmission, given equal coding gain. 

Positioning the control regions at the edges of the system bandwidth has a number of 
advantages, including the following: 

• The frequency diversity achieved through frequency hopping is maximized by allowing 
hopping from one edge of the band to the other. 

• Out-Of-Band (OOB) emissions are smaller if a UE is only transmitting on a single RB 
per slot compared to multiple RBs. The PUCCH regions can serve as a kind of guard 
band between the wider-bandwidth PUSCH transmissions of adjacent carriers and can 
therefore improve coexistence [9]. 

• Using control regions on the band edges maximizes the achievable PUSCH data rate, 
as the entire central portion of the band can be allocated to a single UE. If the control 
regions were in the central portion of a carrier, a UE bandwidth allocation would be 
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limited to one side of the control region in order to maintain the single-carrier nature 
of the signal, thus limiting the maximum achievable data rate. 

• Control regions on the band edges impose fewer constraints on the uplink data 
scheduling, both with and without inter-/intra- ubframe frequency hopping. 

The number of RBs (in each slot) that can be used for PUCCH transmission within the cell 
is N~1~ (parameter 'pu ch-HoppingOIIset ). Thi i indicated to the UEs in the ceJI through 
broadcast signalling. Note thal the riumber of PUCCH RB per lol i the same as the number 
of PUCCH regions per ubframe. Some typical expected numbers of PUCCH regions for 
different LTE bandwidth are hown in Table 16. I. 

Table 16.1: Typical numbers of PUCCH regions. 

Bandwidth (MHz) Number of RBs per subframe Number of PUCCH regions 

1.4 2 1 
3 4 2 
5 8 4 

10 16 8 
20 32 16 

Figures 16.6 and 16.7 respectively show examples of even and odd numbers of PUCCH 
regions being configured in a cell. 

In the case of an even number of PUCCH regions (Figure 16.6), both RBs of each RB-pair 
(e.g. RB-pair 2 and RB-pair N~k - 3) are used for PUCCH transmission. However, for the 
case of an odd number of PUCCH regions (Figure 16.7), one RB of an RB-pair in each slot is 
not used for PUCCH (e.g. one RB of RB-pair 2 and RB-pair N:f:; - 3 is unused); the eNodeB 

Nj/~ - I r--~P~Uor,C::o;C~H:-:(~m~=:::1 ---• 
Ni* -2 PUCCH (m=J 
Ni*-J 
Nj{~ -4 --------+------~ 
Nj{* -5 

RB4 
RB3 
RB2 
RB1 
RBO 

□ PUSCH 

□ PUSCH RS 

Figure 16.6: PUCCH uplink control structure with an even number of 'PUCCH Control 
Regions' (N~cCH = 6). 
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0 PUSCH 
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1.. 
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Figure 16.7: Example of an odd number of PUCCH regions (N~ = 5). 
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may schedule a UE with an intra-subframe frequency hopping PUSCH allocation to exploit 
these unused RBs. 

Alternatively, a UE can be assigned a localized allocation which includes the unused RB­
pair (e.g. RB-pair 2 or RB-pair N~i - 3). In this case, the UE will tran mil PUSCH data on 
both RBs of the RB-pair, as urning that neither of the RBs are used for PUCCH by any UE in 
the subframe. Thus, the eNodeB scheduler can appropriately schedule PUSCH transmission 
on the PUCCH RBs when they are under-utilized. 

The eNodeB may also choose to schedule low-power PUSCH transmission (e.g. from 
UEs close to the eNodeB) in the outer RBs of the configured PUCCH region, while the inner 
PUCCH region is used for PUCCH ignalling. Thi can provide further reduction in 00B 
em.issjon which is neces ary in some frequency bands, by moving higher-power PUCCH 
transmis ion (e.g. those from cell-edge UEs) slightly away from Lhe edge of the band. 

16.3.1.1 Multiplexing of UEs within a PUCCH Region 

Control signalling from multiple UEs can be multiplexed into a single PUCCH region using 
orthogonal Code Division Multiplexing (CDM). In some scenarios this can have benefits over 
a pure Frequency Division Multiplexing (FDM) approach, as it reduces the need to limit the 
power differentials between the PUCCH transmissions of different UEs. One technique to 
provide orthogonality between UEs is by using cyclic time shifts of a sequence with suitable 
properties, as explained in Section 15.2.2. In a given SC-FDMA symbol, different cyclic 
time shifts of a waveform (e.g. a Zadoff-Chu (ZC) sequence as explained in Section 7.2.1) 
:ire modulated with a DE-specific QAM symbol carrying the necessary control signalling 
inf~rmation, with the supported number of cyclic time shifts determining the number of UEs 
Which can be multiplexed per SC-FDMA symbol. As the PUCCH RB spans 12 subcarriers, :d assuming the channel is approximately constant over the RB (i.e. a single-tap channel), 

e LTE PUCCH supports up to 12 cyclic shifts per PUCCH RB . 
. For control information transmissions with a small number of control signalling bits , such 
as J. or 2-bit positive/negative acknowledgements (ACK/NACK), orthogonality is achieved 
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between UEs by a combination of cyclic time shifts within an SC-FDMA symbol and SC­
FDMA symbol time-domain spreading with orthogonal spreading codes, i.e. modulating the 
SC-FDMA symbols by elements of an orthogonal spreading code [10]. CDM of multiple 
UEs is used rather than Time Domain Multiplexing (TDM) because CDM enables the time 
duration of the transmission to be longer, which increases the total transmitted energy per 
signalling message in the case of a power-limited UE. 

Thus, the LTE PUCCH control structure uses frequency-domain code multiplexing 
(different cyclic time shifts of a base sequence) and/or time-domain code multiplexing 
(different orthogonal block spreading codes), thereby providing an efficient, orthogonal 
control channel which supports small payloads (up to 22 coded bits) from multiple UEs 
simultaneously, together with good operational capability at low SNR. 

16.3.2 Types of Control Signalling Information and PUCCH Formats 

The Uplink Control Information (UCI) can consist of: 

• Scheduling Requests (SRs) (see Section 4.4.2.2). 

• HARQ ACK/NACK in response to downlink data packets on the Physical Downlink 
Shared CHannel(PDSCH); one ACK/NACK bit is transmitted in the case of single­
codeword downlink transmission while two ACK/NACK bits are used in the case of 
two-codeword downlink transmission. 

• Channel State Information (CSI), which includes Channel Quality Indicators (CQis) 
as well as the MIMO-related feedback consisting of Rls and PMI. 20 bits per subframe 
are used for the CSL 

The amount of UCI a UE can transmit in a subframe depends on the number of SC-FD MA 
symbols available for transmission of control signalling data (i.e. excluding SC-FDMA 
symbols used for RS transmission for coherent detection of the PUCCH). The PUCCH 
supports seven different formats (with an eighth added in Release 10), depending on the 
information to be signalled. The mapping between PUCCH formats and UCI is shown in 
Table 16.2 (see [6, Section 10.1] and [3, Table 5.4-1] ). 

Table 16.2: Supported uplink control information formats on PUCCH. 

PUCCH Format 

Format 1 
Format la 
Format lb 
Format2 
Format2 
Format 2a 
Format2b 
Format 3 

Uplink Control Information (UCI) 

Scheduling request (SR) (unmodulated waveform) 
1-bit HARQ ACK/NACK with/without SR 
2-bit HARQ ACK/NACK with/without SR 
CSI (20 coded bits) 
CSI and 1- or 2-bit HARQ ACK/NACK for extended CP only 
CSI and I-bit HARQ ACK/NACK (20 + I coded bits) 
CSI and 2-bit HARQ ACK/NACK (20 + 2 coded bits) 
Multiple ACK/NAC:Ks for carrier aggregation: up to 20 ACK/NACK bits plus 
optional SR, in 48 coded bits; see Section 28.3.2.1 for details. -
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The physical mapping of the PUCCH formats to the PUCCH regions is shown in 
Figure 16.8. 

N~-1 

Nl{Jj-2 
Nl{Jj-3 
Nl{Jj-4 

Nf~-5 

RB4 

I 

~b#f1m=t> 
1/1a/1b #-0 (m=3) 

1Jta/1b#2 (m=.51 

1 ms . I 

1/1a/1 b • 2/2a/21r fm"'2l 
1/1a/1b #1 {m=4) 

RB3 t---------t-------~ 
RB2 
RB1 
RBO 

□ PUSCH 

□ PUSCH RS 

12 subcarrlers 

Figure 16.8: Physical mapping of PUCCH formats to PUCCH RBs or regions. 

It can be seen that the PUCCH CSI formats 2/2a/2b are mapped and transmitted on the 
band-edge RBs (e.g. PUCCH region m = 0, 1) followed by a mixed PUCCH RB (if present, 
e.g. region m = 2) of CSI format 2/2a/2b and SR/HARQ ACK/NACK format 1/la/lb, and 
then by PUCCH SR/HARQ ACK/NACK format 1/la/lb (e.g. region m = 4, 5). The number 
of PUCCH RBs available for use by CSI format 2/2a/2b, Nh, is indicated to the UEs in the 
cell by broadcast signalling. 

16.3.3 Channel State Information Transmission on PUCCH 
(Format 2) 

The PUCCH CSI channel structure (Format 2) for one slot with normal CP is shown in 
Figure 16.9. SC-FDMA symbols 1 and 5 are used for DM-RS transmissions in the case of the 
nonnal CP (while in the case of the extended CP only one RS is transmitted, on SC-FDMA 
symbol 3). 

The number of RS symbols per slot results from a trade-off between channel estimation 
accuracy and the supportable code rate for the UCI bits. For a small number of UCI bits 
with a low SNR operating point (for a typical 1 % target error rate), improving the channel 
estimation accuracy by using more RS symbols is more beneficial than being able to use 
a lower channel code rate. However, with larger numbers of UCI bits the required SNR 
operating point increases, and the higher code rate resulting from a larger overhead of RS 
symbols becomes more critical, thus favouring fewer RS symbols. In view of these factors, 
~o RS symbols per slot (in case of normal CP) was considered to provide the best trade-off 
m terms of performance and RS overhead, given the payload sizes required. 

10 CSI bits are channel coded with a rate 1/2 punctured (20, k) Reed-Muller code 
(see [2, Section 5.2.3.3]) to give 20 coded bits, which are then scrambled (in a similar 
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Figure 16.9: CSI channel structure for PUCCH format 2/2a/2b with normal CP for one slot. 

way 10 PUSCH data with a length-31 Gold equence) prior to QPSK con tellation mapping. 
One QPSK modulated symbol i u·an nutted on each of the lO SC-FDMA ymbol in the 
ubframe by modulating a cyclic time shift of the base RS equence of length 12 prior to 

OPDM modulation. The 12 equally spaced cyclic time shift allow 12 different UEs to be 
orthogonally multiplexed on the same PUCCH format 2 RB. 

The DM-RS signal sequence ( on the 2nd and 61h SC-FD MA symbol for tJ1e normal CP and 
the 4th symbol for the extended CP) is similar to the frequency-domain CSI signal . equenee 
but without the CSI data modulation. 

In order to provide inter-cell interference randomization, cell- pecific ymbol-leve] cycl!c 
time-shifr hopping is used as described in Section 15.4. For example the PUCCH cyqjJc 
time-shift index on SC-FDMA ymbol l in even slots 11., is obtained by adding (modulo-1~) 
a pseudo-random cell-specific PUCCH cyclic shift off et to the assigned cyclic time s~ 
n~CCH. Intra-cell inte1ference randomization is achieved by cyclic time-shift remapping rn 
the second ·lot a explained in Section 15.4. 
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A UE is semi-statically configured by higher layer signalling to repo11 periodically 
different CQI, PMI, and RI types (see Section 10.2.1) on the CSI PUCCH using a PUCCH 
resource index n~lccH' which indicates both the PUCCH region and the cyclic time shift 
to be used. The PUCCH region m used for the PUCCH fonnat 2/2a/2b transmission (see 
Figure 16.8) is given by (see [3, Section 5.4.3]) 

(2) 

m = lnPUCCHj 
_ 12 

(16.3) 

and the assigned cyclic time shift, n~¥CCH, is given by 

n PUCCH = n(2) mod 12 
RS PUCCH ' (16.4) 

16.3.4 Multiplexing of CSI and HARQ ACK/NACK from a UE on 
PUCCH 

The simultaneous transmission of HARQ ACK/NACK and CSI on the PUCCH can be 
enabled by DE-specific higher layer signalling. 5 If simultaneous transmission is not enabled 
and the UE needs to transmit HARQ ACK/NACK on the PUCCH in the same subframe in 
which a CSI report has been configured, the CSI is dropped and only HARQ ACK/NACK is 
transmitted using the transmission structure detailed in Section 16.3.5. 

In subframes where the eNodeB scheduler allows for simultaneous transmission of CSI 
and HARQ ACK/NACK on the PUCCH from a UE, the CSI and the 1- or 2-bit HARQ 
ACK/NACK information needs to be multiplexed in the same PUCCH RB, while maintaining 
the low CM single-carrier property of the signal. The method used to achieve this is different 
for the cases of normal CP and extended CP, as described in the following sections. 

16.3.4.1 Normal CP (Format 2a/2b) 

The transmission structure for CSI is the same as described in Section 16.3.3. In order to 
transmit a 1- or 2-bit HARQ ACK/NACK together with CSI, the HARQ ACK/NACK bits 
(which are not scrambled) are BPSK/QPSK modulated as shown in Figure 16.10, resulting 
in a single HARQ ACK/NACK modulation symbol, dHARQ· A positive acknowledgement 
(ACK) is encoded as a binary 'l' and a negative acknowledgement (NACK) is encoded as a 
binary 'O' (see [2', Section 5.2.3.4]). 

The single HARQ ACK/NACK modulation symbol, dttARQ, is then used to modulate the 
second RS symbol (SC-FDMA symbol 5) in each slot - i.e. ACK/NACK is signalled using 
the RS. This results in PUCCH formats 2a/2b. It can be seen from Figure 16.10 that the 
modulation mapping is such that a NACK ( or NACK, NACK in the case of two downlink 
MIMO codewords) is mapped to +1 , resulting in a default NACK in case neither ACK nor 
NACK is transmitted (so-called Discontinuous Transmission (DTX)), as happens if the UE 
fails to detect the downlink grant on the PDCCH. In other words, a DTX (no RS modulation) 
is interpreted as a NACK by the eNodeB, triggering a downlink retransmission. 

As one of the RSs in a slot is modulated by the HARQ ACK/NACK symbol, a variety of 
ACK/NACK and CSI detection schemes are possible. In low-Doppler environments with 

fr 
5
Note that Release 10 also provides the option of configuring simultaneous PUCCH and PUSCH transmission 

om a UE- see Section 28.3.2. 
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Figure 16.10: Constellation mapping for HARQ ACK/NACK. 

little channel variation over the 0.5 ms slot, coherent detection of ACK/NACK and CSI 
can be achieved by using only the first RS symbol in the slot as the phase reference. 
Alternatively, to improve the channel estimation quality for CSI detection, an estimate of 
the HARQ ACK/NACK symbol can be used to undo the modulation on the second RS 
in the slot so that both RS symbols can be used for channel estimation and demodulation 
of CSI. In high-Doppler environments in which significant channel variations occur over a 
slot, relying on a single RS symbol for coherent detection degrades the performance of the 
ACK/NACK and CSI demodulation. In such cases, blind decoding or multiple hypothesis 
testing of the different ACK/NACK combinations can be used to decode the ACK/NACK 
and CSI, selecting the hypothesis that maximizes the correlation between the received signal 
and the estimated CSI [11] (i.e. a Maximum Likelihood detection). 

16.3.4.2 Extended CP (Format 2) 

In the case of the extended CP (with one RS symbol per slot) the 1- or 2-bit HARQ 
ACK/NACK .is jointly encoded with the CSI re ulting in a (20, kcQ1 + kACK/ ACK) Reed­
Muller-based block code. A 20-bit codeword is tran mitred on the PUCCH using the channel 
structure de cribed in Section 16.3.3. The joint coding of the ACK/NACK and CSI i 
perfo1med as shown in Figure 16.11. The large t number of infmmation bits supported by 
the block code is 13, corresponding to kcs1 = 11 CS! bit and kACK/NACK = 2 bits (for two­
codeword transmission in the downlink). 

16.3.5 HARQ ACK/NACK Transmission on PUCCH (Format la/lb) 

The PUCCH channel structure for HARQ ACK/NACK tran mission with no CSI is shown 
in Figure 16.12 for one slot with normal CP. Three (two in case of extended CP) SC-FD.MA 
symbols are used in the middle of the slot for RS transmission, with the remaining four 
SC-FDMA symbols being used for ACK/NACK transmi ion. Due to the small number of 
ACK/NACK bits, three RS symbols are used to improve the channel estimation accuracy for 
a lower SNR operating point than for the CSI structure de c1ibed in Section 16.3.3. 
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Figure 16.11: Joint coding of HARQ ACK/NACK and CSI for extended CP. 
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Figure 16.12: ACK/NACK structure - users are multiplexed using different cyclic shifts and 
time-domain spreading. 
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Both 1- and 2-bit acknowledgements are supported using BPSK and QPSK modulation 
respectively. The HARQ ACK/NACK bits are BPSK/QPSK modulated according to the 
modulation mapping shown in Figure 16.10 (see [3, Table 5.4.1-1]) resulting in a single 
HARQ ACK/NACK modulation symbol. An ACK is encoded as a binary 'l' and a NACK as 
a binary 'O' (see [2, Section 5.2.3.4]). The modulation mapping is the same as the mapping 
for 1- or 2-bit HARQ ACK/NACK when multiplexed with CSI for PUCCH formats 2a/2b. 
The modulation symbol is scrambled on a per-slot basis by either 1 or eC-jrr/Z) depending on 
the PUCCH resource index. 

As in the case of CSI transmission, the one BPSK/QPSK modulated symbol (which is 
phase-rotated by 90 degrees in the second slot) is transmitted on each SC-FDMA data symbol 
by modulating a cyclic time shift of the base RS sequence oflength 12 (i.e. frequency-domain 
CDM) prior to OFDM modulation. In addition, as mentioned in Section 16.3.1.1, time­
domain spreading with orthogonal (Walsh-Hadamard or DFT) spreading codes is used to 
code-division-multiplex UEs. Thus, a large number ofUEs (data and RSs) can be multiplexed 
on the same PUCCH RB using frequency-domain and time-domain code multiplexing. The 
RSs from the different UEs are multiplexed in the same way as the data SC-FDMA symbols. 

For the cyclic time-shift multiplexing, the number of cyclic time shifts supported in an 
SC-FDMA symbol for PUCCH HARQ ACK/NACK RBs is configurable by a cell-specific 
higher-layer signalling parameter ~;~~rn E {1, 2, 3}, indicating 12, 6, or 4 shifts respectively 
(see [3, Section 5.4.1]). The value selected by the eNodeB for ~;~~CH can be based on the 
expected delay spread in the cell. 

For the time-domain spreading CDM, the length-2 and length-4 orthogonal block 
spreading codes are based on Walsh-Hadamard codes, and the length-3 spreading codes are 
based on DFT codes as shown in Table 16.3. The number of supported spreading codes is 
limited by the number of RS symbols, as the multiplexing capacity of the RSs is smaller than 
that of the data symbols due to the smaller number of RS symbols. Therefore a subset of 
size s orthogonal spreading codes of a particular length L (s:::; L) is used depending on the 
number of RS SC-FDMA symbols. For the normal CP with four data SC-FDMA symbols and 
three supportable orthogonal time spreading codes (due to there being three RS symbols), the 
indices 0, 1, 2 of the length-4 orthogonal spreading codes are used for the data time-domain 
block spreading. 

Table 16.3: Time-domain orthogonal spreading code sequences. 
Reproduced by permission of© 3GPP. 

Orthogonal code Length 2 Length 3 Length 4 
sequence index Walsh-Hadamard DFT Walsh-Hadamard 

0 [+1 +1] [ +1 +1 +1] [+1 +1 +1 +1] 

[+1 -1] [1 eJ21r/3 ei41r/3] [+1 -1 +l -1] 

2 N/A [ 1 ei41r/3 ei21r/3] [+1 -1 -1 +1] 

3 N/A N/A [ +1 +1 -1 -1] 
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Similarly, for the extended CP case with four data SC-FDMA symbols but only two RS 
symbols, orthogonal spreading code indices O and 2 of length 4 are used for the data block 
spreading codes. For the length-4 orthogonal codes, the code sequences used are such that 
subsets of the code sequences result in the minimum inter-code interference in high-Doppler 
conditions where generally the orthogonality between the code sequences breaks down [12]. 
Table 16.4 summarizes the time-domain orthogonal spreading code lengths (i.e. spreading 
factors) for data and RS. The number of supportable orthogonal spreading codes is equal to 
the number of RS SC-FD MA symbols, N~~cCH. 

Table 16.4: Spreading factors for time-domain orthogonal spreading codes for data and RS 
for PUCCH formats 1/la/lb for normal and extended CP. 

NormalCP Extended CP 

Spreading factor 4 3 4 2 

It should be noted that it is possible for the transmission of HARQ ACK/NACK and SRS 
to be configured in the same subframe. If this occurs, the eNodeB can also configure (by 
cell-specific broadcast signalling) the way in which these transmissions are to be handled by 
the UE. One option is for the ACK/NACK to take precedence over the SRS, such that the 
SRS is not transmitted and only HARQ ACK/NACK is transmitted in the relevant subframe, 
according to the PUCCH ACK/NACK structure in Figure 16.12. The alternative is for the 
eNodeB to configure the UEs to use a shortened PUCCH transmission in such subframes, 
whereby the last SC-FDMA symbol of the ACK/NACK (i.e. the last SC-FDMA symbol in 
the second slot ot'the subframe is not transmitted; this is shown in Figure 16.13). 

This maintains the low CM single-carrier property of the transmitted signal, by ensuring 
that a UE never needs to transmit both HARQ ACK/NACK and SRS symbols simultaneously, 
even if both signals are configured in the same subframe. If the last symbol of the 
ACK/NACK is not transmitted in the second slot of the subframe, this is known as a shortened 
PUCCH format, as shown in Figure 16.14. 6 For the shortened PUCCH, the length of the time­
domain orthogonal block spreading code is reduced by one ( compared to the first slot shown 
in Figure 16.12). Hence, it uses the length-3 DFT basis spreading codes in Table 16.3 in place 
of the length-4 Walsh-Hadamard codes. 

The frequency-domain HARQ ACK/NACK signal sequence on SC-FDMA symbol n is 
defined in [3, Section 5.4.1] . 
. The number of HARQ ACK/NACK resource indices Ni0crn, RB corresponding to cyclic­

time-shift/orthogonal-code combinations that can be supported in a PUCCH RB is given by 

OJ {3 normal cyclic prefix 
NPUCCH,RB = C. P, C = 

2 extended cyclic prefix 
(16.5) 

6
Note that configuration of SRS in the same subframe as channel quality information or SR is not valid. Therefore 

the shortened PUCCH formats are only applicable for PUCCH formats la and lb. 
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Figure 16.13: AUE may not simultaneously transmit on SRS and PUCCH or PUSCH, in 

order to avoid violating the single-carrier nature of the signal. Therefore, a PUCCH or 
PUSCH symbol may be punctured if SRS is transmitted. 

where c is equal to the number of RS symbols, P= 12/~;~;CH, and~Ph~~CH E(l, 2, 3) is 
the number of equally spaced cyclic time shifts supported. For example, with the normal CP 
and ~;~;CH= 2, ACK/NACKs from 18 different UEs can be multiplexed in one RB. 

As in the case of CSI (see Section 16.3.3), cyclic time • hift hopping (described in 
Section 15.4) is used to provide inter-cell interference randomization. 

In the case of semi-persistently scheduled downlink data transmissions on the POSCH (see 
Section 4.4.2.1) without a corresponding downlink grant on the control channel POCCH, 
the PUCCH ACK/NACK resource index n~~CCH to be used by a UE is semi-statically 
configured by higher layer signalling. This PUCCH ACK/NACK resource is used for 
ACK/NACK transmission corresponding to initial HARQ transmission. For dynamically­
scheduled downlink data transmissions (includjng HARQ retransmi sions for semi-persi te[!l 
data) on the POSCH (indicated by downlink assignment signalling on the POCCH), tbe 
PUCCH HARQ ACK/NACK resource index 11~

1
~CCH is implicitly determined based on tbe 

index of the first Control Channel Element (CCE, ee Section 9.3) of the POCCH me sage. 
The PUCCH region mused for the HARQ ACK/NACK with format 1/ la/lb transmission 

for the case with no mixed PUCCH region (shown in Figure 16.8), is given by 

( I ) 

m = l llpucCH J + N(2) (16.6) 
NI) RB 

PUCCH.RB 

where N~ is the number of RBs that are available for PUCCH formats 2/2a/2b and is a 
cell-specific broadcast parameter (see [3, Section 5.4.3)). . 

The PUCCH resource index nCll(n5 ), corresponding to a combination of a cyclic time shift 
and orthogonal code (n:~cctt and n0 c), within the PUCCH region min even slots is given by 

nC 1l(n,) = n~icctt mod N~~CCH,RB for ns mod 2 = 0 (16-
7

) 
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Figure 16.14: Shortened PUCCH ACK/NACK structure when simultaneous SRS and 
ACK/NACK is enabled in the cell. 

The PUCCH resource index (n[¥cCH, n0 c) allocation within a PUCCH RB format 1/la/lb, 
is shown in Tables 16.5, 16.6 and 16.7, for Ll~~~rn E (1, 2, 3} with 36, 18, and 12 resource 
indices respectively for the normal CP case [13). For the extended CP, with two time-domain 
orthogonal spreading code sequences, only the first two columns of the orthogonal code 
sequence index, noc = 1, 2 are used, resulting in 24, 12 and 8 resource indices for Ll~~~CH E 
{1, 2, 3} respectively. 

The PUCCH resources are first indexed in the cyclic time-shift domain, followed by the 
orthogonal time spreading code domain. 

The cyclic time shifts used on adjacent orthogonal codes can also be staggered, providing 
the opportunity to separate the channel estimates prior to de-spreading. As high-Doppler 
breaks down the orthogonality between d1e spread blocks, offsetting the cyclic time shi:ft 
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Table 16.5: PUCCH RB format 1/la/lb resource index allocation, 
~~iiCH = I, 36 resource indices, normal CP. 

Orthogonal code sequence index, noc 

Cyclic shift index,·n~~ccH noc = 0 noc = I noc = 2 

0 0 12 24 
1 1 13 25 
2 2 14 26 
3 3 15 27 
4 4 16 28 
5 5 17 29 
6 6 18 30 
7 7 19 31 
8 8 20 32 
9 9 21 33 

10 10 22 34 
11 11 23 35 

Table 16.6: PUCCH RB format 1/la/lb resource index allocation, 
~~iicH = 2, 18 resource indices, normal CP. 

Orthogonal code sequence index, noc 

Cyclic shift index, n~~cCH noc = 0 noc = 1 nae= 2 

0 0 12 
6 

2 l 13 
3 7 
4 2 14 
5 8 
6 3 15 
7 9 
8 4 16 
9 10 

10 5 17 
11 11 

values within each SC-FDMA symbol can restore orthogonality at moderate delay spreads. 
This can enhance the tracking of high-Doppler channels [14]. 

In order to randomize intra-cell interference, PUCCH resource index remapping is us: 
in the second slot [15). Index remapping includes both cyclic shift remapping and ortbogon 
block spreading code remapping (similar to the case of CSI - see Section 16.3.3). CI:l 

The PUCCH resource index remapping function in an odd slot is based on the pVG_ 
resource index in the even slot of the subframe, as defined in [3, Section 5.4.1]. 
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Table 16.7: PUCCH RB format I/la/lb resource index allocation, 
Li;~~CH = 3, 12 resource indices, normal CP. 

Orthogonal code sequence index, n ae 

Cyclic shift index, n~~cCH n oc = 0 n ae = I n oc = 2 

0 0 
4 

2 7 
3 
4 5 
s 8 
6 2 
7 
8 
9 3 

IO 6 
IL 9 

16.3.6 Multiplexing of CSI and HARQ ACK/NACK in the Same 
(Mixed) PUCCH RB 

363 

The multiplexing of CSI and HARQ ACK/NACK in different PUCCH RBs can in general 
simplify the system. However, in the case of small system bandwidths, such as 1.4 MHz, the 
control signalling overhead can become undesirably high with separate CSI and ACK/NACK 
RB allocations (two out of a total of 6 RBs for control signalling in 1.4 MHz system 
bandwidths). Therefore, multiplexing of CSI and ACK/NACK from different UEs in the same 
mixed PUCCH RB is supported in LTE to reduce the total control signalling overhead. 

The ZC cyclic time-shift structure facilitates the orthogonal multiplexing of channel 
quality information and ACK/NACK signals with different numbers of RS symbols. This 
is achieved by assigning different sets of adjacent cyclic time shifts to CSI and ACK/NACK 
signals [16] as shown .in Table 16.8. As can be seen from this table, N2!) E {0, 1, . .. , 7) 
cyclic time shifts are used for PUCCH ACK/NACK formats I/la/lb in the mixed PUCCH 
RB case, where N2!) is a cell-specific broadcast parameter (see [3, Section 5.4]) restricted 
to integer multiples of Li;~~CH. A guard cyclic time shift is used between the ACK/NACK 
and CSI cyclic shift resources to improve orthogonality and channel separation between 
UEs transmitting CSI and those transmitting ACK/NACK. To avoid mixing of the cyclic 
time shifts for ACK/NACK and CSI, the cyclic time shift (i.e. the PUCCH resource index 
remapping function) for the odd slot of the subframe is not used; the same cyclic time shift 
as in the first slot of the subframe is used. 

16.3.7 Scheduling Request (SR) Transmission on PUCCH (Format 1) 

The structure of the SR PUCCH format 1 is the same as that of the ACK/NACK PUCCH 
~ormat la/lb explained in Section 16.3.5, where a cyclic time shift of the base RS sequence 
18 modulated with time-domain orthogonal block spreading. The SR uses simple On-Off 
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Table 16.8: Multiplexing of ACK/NACK (format 1/la/lb) and CSI (format 2/2a/2b) from 
different UEs in the same (mixed) PUCCH RB by using different sets of cyclic time shifts. 

Cyclic shift index Cyclic shift index allocation 

0 
1 
2 

N(l) 
cs 

N~!l + 1 

N~;l +2 

10 

Fo11;1at 1/la/l b (HARQ ACK/NACK, SR) cyclic shifts 

Guard cyclic shift 

Format 2/2a/2b (CSI) cyclic shifts 

l l Guard cyclic shift 

keying, with the UE transmitting an SR using the modulation symbol d(O) = + l (i.e. the 
same con tel.la ti on point as is used for DTX/NACK or DTX/(NACK ACK) for ACK/NACK 
transmission using PUCCH fonna I a/1 b - . ee Figure 16.10) to request a PUSCH re ource 
(po itive SR tran mi ion) and tran mitting nothing when it does not request to be scheduled 
(negative SR). 

Since the HARQ ACK/NACK strucrw-e is reu ·ed for the SR, different PUCCH resource 
indices (i.e. different cyclic time hift/orthogoual code combination ) in the same PUCCH 
region can be assigned for SR (Format l) or HARQ ACK/NACK (Format la/lb) from_ 
different UE . This result in orthogonal multiplexing of SR and HARQ ACK/NACK in tile 
ame PUCCH region. The PUCCH resource index to be used by a UE for SR transmission, 

m~~cCH.SRI i configured by UE- pecific higher-layer ignal ling. 
If a UE need to transmit a positive SR in the ame subframe as a cheduled CSI 

transmission the CS! i dropped and only the SR is tran mitted, in order to maintain the loYl 
CM of the tran mir ·ignal. In the case of RS coinciding with an ACK/NACK or positive SR 
in th same subframe, the UE drops its SRS transmi sion if the parameter 'ackNackSRS~ 
Simultaneou Tran mi sion' is et to 'FALSE' and transmits the SRS otherwi e (see [6, 
Section 8.2]). 

If an SR and ACK/NACK happen to coincide in the same subframe, the UE transmits 
the ACK/NACK on the assigned SR PUCCH resource for a positive SR and traasrnHs 
ACK/NACK on its assigned ACK/NACK PUCCH resource in case of a negative SR (see (6, 
Section 7.3)). 

The expected behaviom- in some other cases of different types of UCI and SRS coinciding 
in the same subframe can be found in [17]. 

re 
D 
tr 
C 
el 
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DL@ eNB i-=:G-'-----'-'R"-'A'""'"A ......... _ _ ...__ __ ~ _ ____. __ ~----'----

UL@ eNB 

UL@ UE 

4.33 ms TA 

DL@ UE i-=:G-'---'-R"-'A'--'-R....,___ __ ...__ _ _ ~------'--~ ----'----

Figure 17.3: Timing of the message 3 transmission. 

start another one. The UE's behaviour upon reception of the contention resolution message 
therefore has three possibilities: 

• The UE correctly decodes the message and detects its own identity: it sends back a 
positive ACK.nowledgement, 'ACK'. 

• The UE correctly decodes the message and discovers that it contains another UE's 
identity (contention resolution): it sends nothing back (Discontinuous Transmission, 
'DTX'). 

• The UE fails to decode the message or misses the DL grant: it sends nothing back 
('DTX'). 

17.3.2 Contention-Free Random Access Procedure 

The slightly unpredictable latency of the random access procedure can be circumvented for 
some use cases where low latency is required, such as handover and resumption of downlink 
traffic for a UE, by allocating a dedicated signature to the UE on a per-need basis. In this case 
the procedure is simplified a shown in Figure 17.4. The procedure terminates with the RAR. 

17 .4 Physical Random Access Channel Design 

The random acces preamble part of the random access procedure is mapped at the physical 
layer onto the PRACH. The de ign of the preamble is crucial to the success of the RACH 
procedure, and therefore the next section focuses on the details of the PRACH design. 

17.4.1 Multiplexing of PRACH with PUSCH and PUCCH 

The PRACH is time- and frequency-multiplexed with PUSCH and PUCCH as illu5n-ated 
in Figure 17.5. PRACH time-frequency resources are semi-statically allocated wit~in_ tbe 
PUSCH region, and repeat periodically. The possibility of scheduling PUSCH tran 1111ssions 
within PRACH slots is left to the eNodeB 's discretion. 
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Figure 17.4: Contention-free random access procedure. Reproduced by permission of 
@3GPP. 
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17.4.2 The PRACH Structure 

17.4.2.1 DFT-S-OFDM PRACH Preamble Symbol 

Similarly to WCDMA, the LTE PRACH preamble consists of a complex sequence. However, 
it differs from the WCDMA preamble in that it is also an OFDM symbol following the 
DFT-S-OFDM tru ture of the LTE uplink, built with a CP, thus allowing for an efficient 
frequency-domain receiver at the eNodeB. As shown in Figure 17.6, the end of the sequence 
is appended at the start of the preamble, thus allowing a periodic correlation at the PRACH 
receiver (as opposed to a less efficient aperiodic correlation) [1]. 

The UE aligns the start of the random access preamble with the start of the corresponding 
uplink subframe at the UE assuming a timing advance of zero (see Section 18.2), and the 
preamble length i sho11er than the PRACH slot in order to provide room for a Guard Time 
(GT) to absorb the propagation delay. Figure 17 .6 shows two preambles at the eNodeB 
received with different timing depending on the propagation delay: as for a conventional 
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Figure 17.6: PRACH preamble received at the eNodeB. 

OFDM symbol, a single observation interval can be used regardless of the UE's delay, within 
which periodic correlation is possible. 

As further elaborated in Section 17.4.3, the LTE PRACH preamble sequence is optimized 
with respect to its periodic autocorrelation property. The dimensioning of the CP and GT is 
addressed in Section 17.4.2.4. 

17.4.2.2 PRACH Formats 

Four Random Access preamble formats are defined for Frequency Division Duplex (FDD) 
operation [2]. Each format is defined by the durations of the sequence and its CP, as listed in 
Table 17 .1. The format configured in a cell is broadcast in the System Info1mation. 

Table 17 .1: Random access preamble formats. Reproduced by permission of© 3GPP. 

Preamble 
format Tep (µs) TsEQ (µs) Typical usage 

0 103.13 800 Normal l ms random access burst with 800 µs preamble sequence, 
for small to medium cells (up to -14 km) 

684.38 800 2 ms random access burst with 800 ~1 preamble sequence, 
for large cells (up to ~ 77 km) without a link budget problem 

2 203.13 1600 2 ms random access burst with 1600 µs preamble sequeuce, 
for medium cells (up to ~29 km) supporting low data rates 

3 684.38 1600 3 ms random access burst with 1600 µs preamble sequence, 
for very large cells ( up to ~ l 00 km) 

The rationale behind these choices of sequence duration, CP and GT, are discussed belO\\I. 

1 

T 
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17.4.2.3 Sequence Duration 

The sequence duration, TsEQ, is driven by the following factors: 

• Trade-off between sequence length and overhead: a single sequence must be as long as 
possible to maximize the number of orthogonal preambles (see Section 7.2.1), while 
still fitting within a single subframe in order to keep the PRACH overhead small in 
most deployments; 

• Compatibility with the maximum expected round-trip delay; 

• Compatibility between PRACH and PUSCH subcanier spacings; 

• Coverage performance. 

Maximum round-trip time. The lower bound for TsEQ must allow for unambiguous 
round-trip time estimation for a UE located at the edge of the largest expected cell (i.e. 
100 km radius), including the maximum delay spread expected in such large cells, namely 
16.67 µs. Hence 

200 · 103 
6 

TsEQ 2':: 08 + 16.67 · 10- = 683.33 µs 
3 · 1 

(17.l) 

Subcarrier spacing compatibility. Further constraints on TsEQ are given by the Single­
Carrier Frequency Division Multiple Access (SC-FDMA- see Chapter 14) signal generation 
principle (see Section 17.5), such that the size of the OFT and IDFT3, NDFT, must be an 
integer number: 

NDFT = fsTsEQ = k, k EN (17.2) 

where fs is the system sampling rate (e.g. 30.72 MHz). Additionally, it is desirable to 
minimize the orthogonality loss in the frequency domain between the preamble subcarriers 
and the subcarriers of the surrounding uplink data transmissions. This is achieved if the 
PUSCH data symbol subcarrier spacing l"!,.f is an integer multiple of the PRACH subcarrier 
spacing l"!,.fRA: 

ls 1 1 1 
l"!,.fRA = -- = - == -- = -1"!,.1, kEN 

NDFT TsEQ kTsYM k 
(17.3) 

where TsyM == 66.67 µs is the uplink subframe symbol duration. In other words, the preamble 
duration must be an integer multiple of the uplink subframe symbol duration: 

k 
TsEQ = kTsYM == i"!,.f' k EN (17.4) 

An_ additional benefit of this property is the possibility to reuse the FFT/IFFT4 components 
tom ~e SC-FDMA signal processing for the PUSCH to implement the large DFT/IDFT 

ocks mvolved in the PRACH transmitter and receiver (see Section 17.5). 

:~i~ei:etc Fourier Transform and Inverse Discrete Fourier Transform. 
ast Fourier Transform / Inverse Fast Fourier Transform. 
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Coverage performance. In general a longer sequence gives better coverage, but better 
coverage requires a longer CP and GT in order to absorb the corresponding round-trip 
delay (Figure 17 .6). The required CP and GT lengths for PRACH format 0, for example, 
can therefore be estimated from the maximum round-trip delay achievable by a preamble 
sequence which can fit into a 1 ms subframe. 

Under a noise-limited scenario, as is typi~al of a low density, medium to large suburban or 
rural cell, coverage performance can be estimated from a link budget calculation. Under the 
assumption of the Okumura-Hata empirical model of distance-dependent path-loss L(r) [3,4] 
(where r is the cell radius in km), the PRACH signal power PRA received at the eNodeB 
baseband input can be computed as follows: 

PRA(r) = Pmax + Ga - L(r) - LF - PL (dB) 

where the parameters are listed in Table 17 .2 (mainly from [5]). 

Table 17.2: Link budget parameters for analysis of PRACH preamble coverage. 

Parameter 

Carrier frequency (f) 
eNodeB antenna height (hb) 

UE antenna height (hm) 
UE transmitter EIRP" (P max) 
eNodeB Receiver Antenna Gain (including cable loss) (G0 ) 

Receiver noise figure (N1) 

Thermal noise density (No) 

Value 

2000 MHz 
30 m/ 60 m 
1.5m 
24 dBm (250 mW) 
14 dBi 
5.0dB 
-174 dBm/Hz 
10% 

(17.5) 

Percentage of the area covered by buildings (a) 
Required Ep/N0 (eNodeB with 2 Rx antenna diversity) 18 dB (six-path Typical Urban 

channel model) 
Penetration loss (Pd 0dB 
Log-normal fade margin (LF) 0dB 

"Equivalent Isotropic Radiated Power. 

The required PRACH preamble sequence duration TsEQ is then derived from the required 
preamble sequence energy to thermal noise ratio Ep/No to meet a target missed detection and 
false alarm probability, as follows: 

NoNJ Ep 
TsEQ = PRA(r) No 

(17.6) 

where No is the thermal noise power density (in mW /Hz) and N1 is the receiver noise figure 
(in linear scale). 

Assuming that Ep/No = 18 dB is required to meet missed detection and false alartP 
probabilities of 10-2 and 10-3 respectively (see Section 17.4.3.3) Figure 17.7 plots t.he 

coverage performance of the PRACH sequence as a function of the sequence length TsEQ· 
It can be observed from Figure 17.7 that the potential coverage performance of a 1 ;'f 

PRACH preamble is in the region of 14 km. As a consequence, the required CP and 
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lengths are approximately (2 • 14000)/(3 · 108) = 93.3 µs, so that the upper bound for TsEQ is 
given by 

TsEQ::; 1000 - 2 · 93.33 = 813 µs (17.7) 

Therefore, the longest sequence simultaneously satisfying Equations (17.1), (17.4) and 
(17.7) is TsEQ = 800 µs, as used for preamble formats 0 and l. The resulting PRACH sub­
carrier spacing is l}.fRA = 1/TsEQ = 1.25 kHz. 

The 1600 µs preamble sequence of formats 2 and 3 is implemented by repeating the 
baseline 800 µs preamble sequence. These formats can provide up to 3 dB link budget 
improvement, which is useful in large cells and/or to balance PUSCH/PUCCH and PRACH 
coverage at low data rates. 

17.4.2.4 CP and GT Duration 

Having cho en TsEQ, the CP and GT dimensioning can be specified more precisely. 
For formats O and 2, the CP is dimensioned to maximize the coverage, given a maximum 

delay spread d: Tep= (1000 - 800)/2 + d/2 µs, with d ~ 5.2 µs (corresponding to the longest 
normal CP of a PUSCH SC-FDMA symbol). The maximum delay spread is used as a guard 
period at the end of CP, thus providing protection against multipath interference even for the 
eell-edge UEs. 

~ addition, for a cell-edge UE, the delay spread energy at the end of the preamble is 
~J>licated at the end of the CP (see Figure 17 .8) and is therefore within the observation 
~cyal. Consequently, there is no need to include the maximum delay spread in the GT 
s:ensiorung. Hence, instead of locating the sequence in the centre of the PRACH slot, it is 

ted later by half the maximum delay spread, allowing the maximum Round-Trip Delay 
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(RTD) to be increased by the same amount. Note that, as for a regular OFDM symbol, the 
residual delay spread at the end of the preamble from a cell-edge UE spills over into the next 
subframe, but this is taken care of by the CP at the start of the next subframe to avoid any 
Inter-Symbol Interference (ISI). 

UE close to the 
eNodeB 

UE at cell edge 

max 
delay 

max RTD I spread 

CP 

j __ 

CP 

PRACH time slot 

GT= 

max 
delay 
spread 

Figure 17 .8: PRACH CP/GT dimensioning for formats O and 2. 

For formats 1 and 3, the CP is dimensioned to address the maximum cell range in LTE, 
100 km, with a maximum delay spread of d <,; 16.67 µs. In practice, format 1 is expected to 
be used with a 3-subframe PRACH slot; the available GT in 2 subframes can only address a 
77 km cell range. It was chosen to use the same CP length for both format 1 and format 3 for 
implementation simplicity. Of course, handling larger cell sizes than 100 km with suboptimal 
CP dimensioning is still pos ible and is left to implementation. 

Table 17 .3 how the re- ulting cell radiu and delay pread ranges associated with the 
four PRACH preamble formats. The CP length are de igned to be integer multiples of the 
assumed system sampling period for LTE, Ts = l /30. 72 µs. 

Table 17 .3: Field durations and achievable cell radius of the PRACH preamble formats. 

Number of CP duration GT duration Max. delay Max. cell 
Preamble allocated as multiple as multiple spread radius 

format subframes in µs of Ts in ~IS of Ts (µs) (km) 

0 103.13 3168 96.88 2976 6.25 14.53 

1 2 684.38 21024 515.63 15840 16.67 77.34 

2 2 203.13 6240 196.88 6048 6.25 29.53 

3 3 684.38 21024 715.63 21984 16.67 100.16 
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Figure 17 .9: PRACH preamble formats and cell size dimensioning. 

These are also illustrated in Figure 17.9. 

17.4.2.5 PRACH Resource Configurations 

383 

The PRACH slots shown in Figure 17 .5 can be configured to occur in up to 16 different 
layouts, or resource configurations. Depending on the RACH load, one or more PRACH 
resources may need to be allocated per PRACH slot period. The eNodeB has to process 
the PRACH very quickly so that message 2 of the RACH procedure can be sent within 
the required window, as shown in Figure 17 .2. In case of more than one PRACH resource 
per PRACH period it is generally preferable to multiplex the PRACH resources in time 
(Figure 17 .10 - right) rather than in frequency (Figure 17. l 0 - left). This helps to avoid 
processing peaks at the eNodeB. 

~ RACH b.urst max. 

Processing, H processing latency PJOCOS$Tngl , RACH burst max, 

ruquJ,omen~,~ _..._ __ _._ ______ __._n _ _.__,_ roqulrnmen .. ~-_H~~-p-roc_•_ss~i□-9 l_•'~·•-cy--~□-~--

~ -
i i 

schedulod dalo 

- scheduled data - -
~ ~ - -

- ..,_RACH burst duration t 
RACH burst period 

1 flACli burs I p;;;J 

Figure 17 .10: Processing peaks of the random access preamble receiver. 

Extending thi principle, the available slot configurations are designed to facilitate a 
PRACH. receiver whkh may be used for multiple cells of an eNodeB, a um:ing a periodic 
pauern wirh period 10 ms or 20 ms. 
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A suming an operating collision probability per UE, p:1 = 1 %, one PRACH time­
frequency resource (with 64 signatures) per IO ms per 5 .MHz can handle an offered load 
G = -64 ln(l - p~

0
i) = 0.6432 average PRACH attempts, which translates into 128 

attempts per second in JO MHz. This is expected to be a typical PRACH load in LTE. 
Assuming a typical PRACH l?ad, example usages and cell allocations of the 16 available 

resource configurations are shown in Figure 17.11 for different system bandwidths and 
different numbers of cell per eNodeB. Resource configuration 0-2 and 15 use a 20 ms 
PRACH period, which can be desirable for small bandwidths (e.g. 1.4 MHz) in order to 
reduce the PRACH overhead at the price of higher waiting times. 

RA resource 
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Figure 17 .11: Random Access resource configurations. 
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As can be observed from Figure 17 .11 in a three-cell scenario, time collision of PRAC~ 
resources can always be avoided except for the 20 MHz case, where collisions can be 
minimized to two PRACH resources occurring in the same subframe. It should also be notei 
that in a scenario with six cells per eNodeB, at most two PRACH resources will occur in [he 
same subframe for bandwidths below 20 MHz. 
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The variety of configurations provided therefore enables efficient dimensioning of a 
multicell PRACH receiver. 

17.4.3 Preamble Sequence Theory and Design 
As noted above, 64 PRACH signatures are available in LTE, compared to only 16 in 
WCDMA. This can not only reduce the collision probability, but also allow for 1 bit of 
information to be carried by the preauible and some signatures to be reserved for contention­
free access (see Section 17.3.2). Therefore, the LTE PRACH preamble called for an improved 
sequence design with respect to WCDMA. While Pseudo-Noise (PN) based sequences were 
used in WCDMA, in LTE prime-length Zadoff-Chu (ZC) [6, 7] sequences have been chosen 
(see Chapter 7 for an overview of the properties of ZC sequences). These sequences enable 
improved PRACH preamble detection performance. In particular: 

• The power delay profile is built from periodic instead of aperiodic correlation; 

• The intra-cell interference between different preambles received in the same PRACH 
resource is reduced; 

• Intra-cell interference is optimized with respect to cell size: the smaller the cell size, the 
larger the number of orthogonal signatures and the better the detection performance; 

• The eNodeB complexity is reduced; 

• The support for high-speed UEs is improved. 

The 800 µs LTE PRACH sequence is built by cyclicly-shifting a ZC sequence of prime­
length Nzc, defined as 

[ 
_:,run(n + 1)] 

x,.(n) = exp -1---- , 
Nzc 

0 s n s Nzc -1 

where u is the ZC sequence index and the sequence length Nzc = 839 for FDD. 
The reasons that led to this design choice are elaborated in the next sections. 

17.4.3.1 Preamble Bandwidth 

(17 .8) 

In order to ease the frequency multiplexing of the PRACH and the PUSCH resource 
allocations, a PRACH slot must be allocated a bandwidth BWPRACH equal to an integer 
multiple of Resource Blocks (RBs), i.e. an integer multiple of 180 kHz. 

For simplicity, BWPRACH in LTE is constant for all system bandwidths; it is chosen to 
Optimize both the detection performance and the timing estimation accuracy. The latter drives 
the lower bound of the PRACH bandwidth. Indeed, a minimum bandwidth of -1 MHz is 
neoessary to provide a one-shot accuracy of about ±0.5 µs, which is an acceptable timing 
accuracy for PUCCH/PUSCH transmissions. 

b R.egai:ding the detection performance, one would intuitively expect that the higher the 
• andwidth, the better the detection performance, due to the diversity gain. However, it is 
=~i:tant to make the comparison using a constant signal energy to noise ratio, Ep/No 
fak ting from accumulation (or despreading) over the same preamble duration, and the same 

e alarm probability, Pfa, for all bandwidths. The latter requires the detection threshold 
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to be adjusted with respect to the search window size, which increases with the bandwidth. 
Indeed, it will become clear from the discussion in Section 17.5.2.3 that the larger the search 
window, the higher Pta• In other words, the larger the bandwidth the higher the threshold 
relative to the noise floor, given a false alarm target Pfa_target and cell size L; equivalently, the 
larger the cell size, the higher the threshold relative to the noise floor, given a target Pfa_target 

and bandwidth. As a result, Uf!der the above conditions, a smaller bandwidth will perform 
better than a large bandwidth in a single-path static AWGN channel, given that no diversity 
improvement is to be expected from such a channel. 

Figure 17 .12 shows simulation results for the TU-6 fading channel, 5 comparing detection 
performance of preamble bandwidths BWP.RACH of 6, 12, 25 and 50 RBs. For each bandwidth 
the sequence length is set to the large t prime number smaller than 1 / BWPRAClf lhe false 
alarm rate is set to Pfa_target = 0.1 %, the cell radius i 0.7 km and the receiver searches for 64 
signatures constructed from 64 cyclic shifts of one root ZC sequence. 

CLE 

10° r--.--~--.----r;============ 

10' 

-&- PRACH BW = 6 RBs (1.08 MHz) 
-A PRACH BW = 12 RBs (2.16 MHz) 
□ PRACH BW = 25 RBs (4.5 MHz) 
-0- PRACH BW = 50 RBs (9 MHz) 

103 .___.,____...L-_ _,__ _ _,___-'------'----'-----'--'---'~'----'l'> 
11 12 13 14 15 16 17 18 19 20 21 

E/N
0 

(dB) 

Figure 17.12: PRACH missed detection performance comparison for different BWpRACH of 
6, 12, 25 and 50 RBs. 

We can observe that the best detection performance is achieved by preambles of 6 RBs 
and 12 RBs for low and high SNRs respectively. The 25-RB preamble has the overall oesl 
performance considering the whole SNR range. Thus the diversity gain of large bandwidths 
only compensates the increased detection threshold in the high SNR region corre ponding­
to misdetection performances in the range of 10-3 and below. At a typical 10-2 decectiQD 
probability target, the 6-RB allocation only has 0.5 dB degradation with respect to the best 

case. l:i 
Therefore, a PRACH allocation of 6 RBs provides a good trade-off between PRAC 

overhead, detection performance and timing estimation accuracy. Note that for the smalle t 

5The six-path Typical Urban (TU) channel model [8] . 
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system bandwidth (1.4 MHz, 6 RBs) the PRACH overlaps with the PUCCH; it is left to 
the eNodeB implementation whether to implement scheduling restrictions during PRACH 
slots to avoid colli ion or to lel PRACH collide with PUCCH and handle the resulting 
interference. 

Finally, the exact preamble transmission bandwidth is adjusted to isolate PRACH slots 
from surrounding PUSCH/PUCGH allocations through guard bands, as elaborated in the 
following section. 

17.4.3.2 Sequence Length 

The sequence length design should address the following requirements: 

• Maximize the number of ZC sequences with optimal cross-correlation properties; 

• Minimize the interference to/from the surrounding scheduled data on the PUSCH. 

The former requirement is guaranteed by choosing a prime-length sequence. For the latter, 
since data and preamble OFDM symbols are neither aligned nor have the same durations, 
strict orthogonality cannot be achieved. At least, fixing the preamble duration to an integer 
multiple of the PUSCH symbol provides some compatibility between preamble and PUSCH 
subcarriers. However, with the 800 µs duration, the corresponding sequence length would be 
864, which does not meet the prime number requirement. Therefore, shortening the preamble 
to a prime length slightly increases the interference between PUSCH and PRACH by slightly 
decreasing the preamble sampling rate. 

The interference from PUSCH to PRACH is further amplified by the fact that the operating 
Es/No of PUSCH (where Es is the PUSCH symbol energy) is much greater than that of 
the PRACH (typically as much as 24 dB greater if we assume 13 dB Es/No for 16QAM 
PUSCH, while the equivalent ratio for the PRACH would be -11 dB assuming Ep/No = 
18 dB and adjusting by -10 log10(864) to account for the sequence length). This is illustrated 
in Figure 17.13 showing the missed detection rate (Pm) with and without data interference 
adjacent to the PRACH. The simulations assume a TU-6 channel, two receive antennas at 
the eNodeB and 15 km/h UE speed. The PRACH shows about 1 dB performance loss at 
Pm== 1%. 

The PRACH uses guard bands to avoid the data interference at preamble edges. A cautious 
design of preamble sequence length not only retains a high inherent processing gain, but also 
allows avoidance of strong data interference. In addition, the loss of spectral efficiency (by 
reservation of guard subcarriers) can also be well controlled at a fine granularity (b.JRA = 
1.25 kHz). Figure 17 .13 shows the missed detection rate for a cell radius of 0.68 km, for 
Various preamble sequence lengths with and without J 6QAM data interference. 

In the absence of interference, there is no significant performance difference between 
seq_uences of similar prime length. In the presence of interference, it can be seen that reducing 
the sequence length below 839 gives no further improvement in detection rate. No effect is 
obseJved on the false alarm rate. 

69 
~herefore the sequence length of 839 is selected for LTE PRACH, corresponding to 
•91 PUSCH subcarriers in each SC-FDMA symbol, and offers 72 - 69.91 = 2.09 PUSCH 

~~bcarriers protection, which is very close to one PUSCH subcarrier protection on each side 
0 the preamble. This is illustrated in Figure J 7. 14; note that the preamble is positioned 
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10• i====== ==-,=c-=,; .... -:::_::---,,_,,_:::,_=--,;c.,::, ___ =c-:::::;=-::::::==;- =====;i :~c-:-::::::f~--.:::· ·· N2c = 863 !:=====::1t::=====:::!- , ----+-~ Nzc = 859 
........ - .. ,.._ .. _ - .. Nzc = 853 
···-- - -· -0-- Nzc=839 

.. ___.._ ~c=829 
__ _,__ _ __, -,ie-. N

2
c = 823 

.. ___ N
2
c = 811 

_ ="-',.,.,,_0,._ ··- --+·· Nzc = 769 

~ ,o• ~;~~~ :=-,;:::::,;i_~=====:-=--- ~l=ii~ 
4 I 

10 .::.=:::::-; .. I 

•--=- ~::::r-
---···--··-·-r-··------

.. 
10 1'-5-- -,~s---,~7---~,0--- ~,e-- -~20~ - -~21 

E/N0 (dB) 

Figure 17.13: Missed detection rates of PRACH preamble with and without 16QAM 
interferer for different sequence lengths ( cell radius of 0.68 km). 

centrally in the block of 864 available PRACH subcarriers, with 12.5 null subcarriers on 
each side. 

Finally, the PRACH preamble signal s(t) can therefore be defined as follows [2]: 

Nzc-1 Nzc-1 27Tnk 
s(t) = f3PRACH I I Xu,v<n) · exp[-jN] 

k=O 11=0 ze 

X exp[j21r[k + cp + K(ko + ½)J~fRA(t - Tep)] (17.9) 

where O:::; t < TsEQ + Tep, fJPRAeH is an amplitude. caling factor and ko = n~Nrc3-
N~kNrc3 /2. The location in the frequency domain i controlled by the parameter 11~8 
expressed as an RB number configured by higher layers and fulfilling O:::; n~ ~ N~k- 6. 
The factor K = ~f / ~!RA accounts for the ratio of subcarrier pacing between the PUSCH 
and PRACH. The variable cp (equal to 7 for LTE FDD) defines a fixed offset determining the 
frequency-domain location of the random access preamble within the RBs. N;tk i the uplink 
system bandwidtl1 (in RBs) and N~ is the number of subcarriers per RB, i.e. 12. 

17.4.3.3 Cyclic Shift Dimensioning (Ncs) for Normal Cells 

Sequences obtained from cyclic shifts of different ZC sequences are not orthogonal (see 
Section 7.2.1). Therefore, orthogonal sequences obtained by cyclically shifting a single.root 
sequence should be favoured over non-orthogonal sequences· additional ZC root sequene: 
should be used only when the required number of sequences (64) cannot be general 
by cyclic shifts of a single root sequence. The cyclic shift dimensioning is therefore v,ery 
important in the RACH design. 
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Figure 17 .14: PRACH preamble mapping onto allocated subcarriers. 
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The cyclic shift offset Ncs is dimensioned so that the Zero Correlation Zone (ZCZ) 
(see Section 7.2.1) of the sequences guarantees the orthogonality of the PRACH sequences 
regardless of the delay spread and time uncertainty of the UEs. The minimum value of Ncs 
should therefore be the smallest integer number of sequence sample periods that is greater 
than the maximum delay spread and time uncertainty of an uplink non-synchronized UE, 
plus some additional guard samples provisioned for the spill-over of the pulse shaping filter 
envelope present in the PRACH receiver (Figure 17 .15). 

delay spread uard sam 1e·s next shifted 
agalnsl spi~ over sequence 

sonr window 

cyclic shift 

Figure 17 .15: Cyclic shift dimensioning. 
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Table 17.4: Cell scenarios with different cyclic shift increments. 

Number of Number of Cyclic shift Cell 
cyclic shifts ZC root size Ncs radius 

Cell scenario per ZC sequence sequences (samples) (km) 

64 13 0.7 
2 32 2 26 2.5 
3 18 4 46 5 
4 9 8 93 12 

The resulting lower bound for cyclic shift Ncs can be written as 

Ncs ~ f(20 r - Td,) Nzc l + ng 
3 TsEQ 

(17.10) 

where r is the cell size (km), Tds is the maximum delay spread, Nzc = 839 and TsEQ are the 
PRACH sequence length and duration (measured in µs) respectively, and ng is the number of 
additional guard samples due to the receiver pulse shaping filter. 

The delay spread can generally be assumed to be constant for a given environment. 
However, the larger the cell, the larger the cyclic shift required to generate orthogonal 
sequences, and consequently, the larger the number of ZC root sequences necessary to 
provide the 64 required preambles. 

The relationship between cell size and the required number of ZC root equence allow 
for some system optimization. In general, 1he e odeB should configure Ncs independently in 
each cell, because the expected inter-cell interference and load (user den ity) increases a cell 
size decreases; therefore smaller cells need more protection from co-preamble foterference 
than larger cells. 

Some practical examples of this optimization are given in Table 17.4, showing four cell 
scenarios resulting from different Ncs values configured by the eNodeB . For each scenario, 
the total number of sequences is 64, but resulting from different combinations of the number 
of root sequences and cyclic shifts. 

N set design. Given rhe sequence length of 839, allowing full flexibility in ignalling 
Ncs would lead to broadca ting a 10-bil parameter whiclt is over-dimen ioning. A a result 
in LTE the aJlowed value of Ncs are quantized to a predefined et of just 16 configurations. 
The 16 allowed values of Ncs were chosen so that the number of orthogonal preambles is 
a close as po sible to what could be obtained if Lhere were no re trictions on the value of 
Ncs [9]. This i illuslrated in Figure 17.16 (left), where the cell radii are derived a suminga 
delay spread of 5.2 ~t and 2 guard amples 11g for the pulse haping fi lter. . . 

The effect of the quantization is hown in Figure 17 . 16 (right), which plot the probabiJitY 
p2 that two UEs randomly elect two preambles on the same root equence, a a fonction °f 
the cell radius for both the quantized Ncs et and an ideal unquantized set. The larger pz, !he 
better the detection perfolll]ance. The figure al o show an ideal unquantized et. It can be 
een that the performance loss due to 1he quantization i negligible. J 

Figure J7.17 iUu trates the range of Ncs values and their usage with the variou pream: i': 
formats. Note that thi. et of Ncs values is de igned for u e in low- peed cells. LTE Sil 
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Figure 17.16: Number of orthogonal preambles (left) and probability that two UEs select 
two orthogonal preambles (right). 

provides a second Ncs set specially designed for high-speed cells, as elaborated in the 
following sections. 
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Figure 17.17: Ncs values and usage with the various preamble formats (low speed cells) . 

17.4.3.4 Cyclic Shift (Ncs) Restriction for High-Speed Cells 

1;e _support of 64 RACH preambles as described above assumes little or no frequency 
ifbng due to Doppler spread, in the presence of which ZC sequences lose their zero auto­

corre)ation property. In the presence of a frequency offset of, it can be shown that the PRACH 
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ZC sequence in Equation (17.8) is distorted as follows: 

[ 
. u(n - 1/u)(n - 1/u + l)] 

Xu(n, Of)= exp - pr--- -----
Nzc 

[ 
n ] [ jn u - I] xexp j2n-(ofTsEQ-l) exp----

Nzc Nzc u 

= xu(n - i;u) exp[J21r_!!__(of TsEQ - l)]ej<1>, 
Nzc 

A similar expression can be written for the opposite frequency offset. 

(17.11) 

As can be observed, frequency offsets as large as one PRACH subcarrier (of= ±tlfRA = 
±1/TsEQ = ±1.25 kHz) result in cyclic shifts du= (±l/u) mod Nzc on the ZC sequence xu(n). 
(Note that u · du mod Nzc = ±1.) This frequency offset of can be due to the accumulated 
frequency uncertainties at both UE transmitter and eNodeB receiver and the Doppler shift 
resulting from the UE motion in a Line of Sight (LOS) radio propagation condition. 

Figure 17 .18 illustrates the impact of the cyclic shift distortion on the received Power 
Delay Profile (PDP): it creates false alarm peaks whose relative amplitude to the correct peak 
depends on the frequency offset. The solution adopted in LTE to address this issue is referred 
to as 'cyclic shift restriction' and consists of 'masking' some cyclic shift positions in the 
ZC root sequence. This makes it possible to retain an acceptable false alarm rate, while also 
combining the PDPs of the three uncertainty windows, thus also maintaining a high detection 
performance even for very high-speed UEs. 

c_1 c+1 

PDP I li!1, h 1111111, 

sig O sig 1 sign sig n,oot 

T 
Detection C=:J Masked cyclic shifts 

Figure 17.18: Side peaks in PDP due to frequency offset. 

It should be noted that at lofl = tlfRA, the preamble peak completely disappears at tbe 
desired location (as per Equation (17.11)). However, the false image peak begins to ap~ 
even with 1<5/1 < fl/RA - Another impact of the side peaks is that they restrict the possi~Je 
cyclic shift range so as to prevent from side peaks from falling into the cyclic shift regio: 
(see Figure 17.19). This restriction on Ncs is captured by Equations (17.12) and (17.l 3) a; 
is important for the design of the high-speed Ncs set (explained in Section 17.4.3.5) and 
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Figure 17.19: Side peaks within the signature search window. 
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(17.12) 

(17.13) 

We use C_1 and C+1 to denote the two wrong cyclic shift windows arising from the 
frequency offset, while C0 denotes the correct cyclic shift window (Figure 17.18). The cyclic 
restriction rule must be such that the two wrong cyclic shift windows C_1 and C+1 of a 
cyclicly-shifted ZC sequence overlap none of Co, C_1 or C+1 of other cyclicly-shifted ZC 
sequences, nor the correct cyclic shift window Co of the same cyclicly-shifted ZC sequence, 
nor each other [10]. Finally, the restricted set of cyclic shifts is obtained such that the 
minimum difference between two cyclic shifts is still Ncs but the cyclic shifts are not 
necessarily multiples of Ncs -

lt is interesting to check the speed limit beyond which it is worth considering a cell to be 
a high-speed cell. This is done by assessing the performance degradation of the PRACH at 
the system-level as a function of the UE speed when no cyclic shift restriction is applied. 

For this analysis, we model the RACH access attempts of multiple concurrent UEs with a 
Poisson arrival rate. A preamble detection is considered to be correct if the timing estimation 
is within 2 µs. A target Ep/No of 18 dB is used for the first preamble transmission, with 
a power ramping step of 1 dB for subsequent retransmissions. The cell radius is random 
between 0.5 and 12 km, with either AWGN or a six-path TU channel, and a 2 GHz carrier 
frequency. eNodeB and UE frequency errors are modelled randomly within ±0.05 ppm. The 
access failure rate is the measure of the number of times a UE unsuccessfully re-tries access 
attempts (up to a maximum of three retransmissions), weighted by the total number of new 
access attempts. 

Figure 17 .20 shows the access failure rate performance for both channel types as a function 
of the DE speed, for various offered loads G. It can be observed that under fading conditions, 
~e RACH failure rates experience some degradation with the UE speed (which translates 
mto Doppler spread), but remains within acceptable perfonnance even at 350 km/h. For the 
A.WGN channel (where the UE speed translates into Doppler shift) the RACH failure rate 
s:ys below 10-2 up to UE speeds in the range 150 to 200 km/h. However, at 250 km/h and 
a 0~e. the throughput collapses. Without the cyclic shift restrictions the upper bound for 
useful performance is around 150-200 km/h. 
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Figure 17 .20: Random access failure rate as a function of UE speed. 

17.4.3.5 Cyclic Shift Configuration for High-Speed Cells 

The cyclic shift dimensioning for high-speed cells in general follows the same principle 
as for normal cells, namely maximizing the sequence reuse when group quantization is 
applied to cyclic shift values. However, for high-speed cells, the cyclic shift restriction 
needs to be considered when deriving the sequence reuse factor with a specific cyclic shift 
value. Note that there is no extra signalling cost to support an additional set of cyclic shift 
configurations for high-speed cells since the one signalling bit which indicates a 'high-speed 
cell configuration' serves this purpose. 

The Ncs values for high-speed cells are shown in Figure 17.21 for the number of available 
and used preambles, with both consecutive and non-consecutive (quantized) cyclic shift 
values. The number of available preambles assumes no cyclic shift restriction at all, as in 
low-speed cells. It should be noted that with the cyclic shift restriction above, the largest 
usable high-speed cyclic shift value among all root sequences is 279 (from Equation ( 17 .12) ). 
As is further elaborated in the next section, only the preambles with Cubic Metric (CM) (see 
Section 21.3.3) below 1.2 dB are considered in Figure 17.21. 

Since for small Ncs values the sequence usage is not so tight with a generally high 
sequence reuse factor, a way to simplify design, while still achieving a high reuse factor, 
ts to reuse the small Ncs values for normal cells. In Figure 17.21 Ncs value up to 46 are 
from the normal cyclic shift values, conesponding to a cell radiu up to 5.8 km. At the h.igh 
end, the va'lue of 237 rather than 242 .is chosen to support a minimum of two high-speed cells 
when all the 838 sequences are used. The maximum supportable high- peed cell radius .is 
approximately 33 km, providing sufficient coverage for preamble formats O and 2. 

17.4.3.6 Sequence Ordering 

AUE using the contention-based random access procedure described in Section 17.3.l nee~s 
to know which sequences are available to select from. As explained in Section 17.4.3.3, 1 

· feaG11 
full set of 64 sequences may require the use of several ZC root sequences, the ident~ty ~ the 
of which must be broadcast in the cell. Given the existence of 838 root sequences, in L 
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Figure 17.21: Number of available and used preambles in low CM group. 
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signalling is streamlined by broadcasting only the index of the first root sequence in a cell, 
and the UE derives the other preamble signatures from it given a predefined ordering of all 
the sequences. 

Two factors are taken into account for the root sequence ordering, namely the CM [11, 12] 
of the sequence, and the maximum supportable cell size for high-speed cells ( or equivalently 
the maximum supported cyclic shift) . Since CM has a direct impact on cell coverage, the 
first step in ordering the root sequences is to divide the 838 sequences into a low CM group 
and a high CM group, using the CM of Quadrature Phase Shift Keying (QPSK) (1.2 dB) 
as a threshold. The low CM group would be used first in sequence planning (and also for 
high-speed cells) since it is more favourable for coverage. 

Then, within each CM group, the root sequences are classified into subgroups based on 
their maximum supportable cell radius, to facilitate sequence planning including high-speed 
cells. Specifically, a sequence subgroup g is the set of all root sequences with their maximum 
allowed cyclic shifts (S max) derived from Equation (17 .12) lying between two consecutive 
high-speed Ncs values according to 

Ncs(g):;:; S max < Ncs(g + 1), for g = 0, 1, ... , G - 2, and 

S max ~ Ncs(G - 1) (17.14) 

for G cyclic shift values, with the set of Ncs values being those for high-speed cells. 
Seq_u__ences in each subgroup are ordered according to their CM values. 
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Figure 17 .22 shows the CM and maximum allowed cyclic shift values at high speed for 
the resulting root sequence index ordering used in LTE. This ordering arrangement reflects 
a continuou CM tran ition across subgroup and groups, which ensures that consecutive 
sequences alway have close CM values when allocated to a cell. Thus, consistent cell 
coverage and preamble detection can be achieved in one cell. 
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Figure 17.22: CM and maximum allowed cyclic shift of reordered group sequences. 

The LTE specifications define the mapping from root sequence index u to a reordered 
index in a table [2] , an enhanced extract of which is given in Figure 17.23. The first 
16 subgroups are from the low CM group, and the last 16 from the high CM group. 
Figure 17 .23 shows the corresponding high-speed Ncs value for each subgroup. Note that 
sequences with S max less than 15 cannot be used by any high-speed cells, but they can be 
used by any normal cell which requires no more than 24 root sequences from this group for 
a total of 64 preambles. Note also that the ordering of the physical ZC root sequence indices 
is pairwise, since root sequence indices u and Nzc - u have the same CM and S max values. 
This helps to simplify the PRACH receiver, as elaborated in Section 17 .5.2.2. 

17 .5 PRACH Implementation 

This section provides some general principles for practical implementation of the pAACII 
function. 

g 

H 

17. 
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Radio Resource Management 

Muhammad Kazmi 

22.1 Introduction 

Radio Resource Management (RRM) encompasses a wide range of techniques and proce­
dures, including power control, scheduling, cell search, cell reselection, handover, radio link 
or connection monitoring, and connection establishment and re-establishment. Advanced 
features like interference management, location services, Self-Optimizing Networks 1 (SON) 
and some network planning methods make use of RRM-related techniques based on radio 
related measurements made by the User Equipment (UE) or eNodeB. In this chapter, we 
address the RRM techniques and reporting mechanisms that support UE mobility in the LTE 
network (E-UTRAN), including cell search, radio measurements, cell reselection, handover 
and radio link monitoring. We focus here on the performance requirement aspects, while the 
procedures themselves are described in Chapters 3, 4, 7, 12, 17 and 18. 

The RRM-related actions undertaken by the UE can be broadly divided into those relevant 
in the RRC_IDLE state and those relevant in the RRC_CONNECTED state, as illustrated in 
Figures 22.1 and 22.2 respectively. 

RRM in E-UTRAN is designed to handle the challenges posed by the fundamental 
characteristics of the LTE system, including: 

• The packet-oriented transmission ofLTE, realized by fast time- and frequency-domain 
scheduling, may lead to large and swift interference fluctuations . This may affect the 
accuracy of the signal quality estimates required for mobility decisions in certain 
scenarios. Time-domain filtering is used to help smooth out the interference variations. 

• The provision of a wide range of Discontinuous Reception (DRX) cycle lengths, 
including periods up to 2.5 seconds, yields substantial benefits in terms of UE power 
saving. However, such DRX cycles also mean that it is not feasible to enforce the same 
mobility performance in all cases. 

1 Details on user equipment positioning and self optimization of the network are described in Chapters 19 and 
25 respective! y. 

LTE - The UMTS Long Tenn Evolittion: From Theory to Practice, Second Edition. 
Stefania Sesia, Issam Toufik and Matthew Baker. 
© 2011 John Wiley & Sons, Ltd. Published 201 I by John Wiley & Sons, Ltd. 
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RRC _IDLE Mobility 

Measurement and evaluation of 
serving cell 

Measurement of neighbour cells 

Evaluation of neighbour cells for 
cell reselection 

Acquisition of the system 
Information of the target cell 

Cell reselection to the target cell 

Figure 22.1 : UE actions related to RRM Procedures in RRC_IDLE state. 

Reception of handover 
command 

Detection of the target cell 
Indicated In HO command 

Random access to the target cell 

RRC_CONNECTED Mobility 

Identification and measurement 
of neighbour cells 

Measurement reporting of 
neighbour cells 

Reception of handover 
command 

Random access to the target cell 

Monitoring of the serving cell 
downlink quality 

Detection of radio link failure 

Selection of the target (best) cell 

Acquisition of the system 
information of the target cell 

RRC re-establishment to the 
target cell 

Figure 22.2: UE actions related to RRM Procedures in RRC_CONNECTED state. 

• LTE is designed to support seamless mobility not only within itself (both intra- and 
inter-frequency) but also with the legacy 3GPP Radio Access Technologies (RATs) 
(e.g. GERAN2 and UTRAN3) and with certain non-3GPP RATs (e.g. CDMA2000 

2GSM EDGE Radio Access Network. 
3Universal Terrestrial Radio Access Network. 
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lxRTT and HRPD4). Mobility between these different RATs requires the UE to detect 
and measure cells on the target technologies as requested by the network, each with its 
own different channel structure. 

• LTE is designed to support a wide range of cell sizes (ranging from a few tens of metres 
to tens of kilometres) and deployment/propagation scenarios, yet the RRM techniques 
are required to be as generic as possible and to exhibit consistent mobility performance. 

• Despite the differences between the Frequency Division Duplex (FDD) and Time 
Division Duplex (TDD) frame.structures in LTE (see Section 6.2), and the fact that 
in FDD deployments the eNodeBs may be either synchronized or unsynchronized, 
mobility requirements are expected to be the same (or at least similar) in order to 
minimize UE implementation complexity and simplify network planning. 

• The low overall latency requirements in LTE place constraints on the time tllkP-n 
to make and report measurements and to perform handover. Additionally, to meet 
the challenges of certain specific mobility procedures, enhanced requirements with 
substantially lower latency are also specified. 

• The time-multiplexing of Multimedia Broadcast/Multicast Service (MBMS) and 
unicast data on a single LTE carrier is attractive in that it obviates the need for a 
separate carrier frequency to offer mobile broadcast services. However, it reduces the 
opportunities for the UEs to perform downlink cell measurements to i,upport mobility; 
nevertheless, the RRM performance should remain consistent. 

22.2 Cell Search Performance 

Cell search is one of the most fundamental aspects of mobility. As explained in Chapter 7, 
it enables the UE to acquire the carrier frequency, timing and cell identity of cells. In LTE 
the ceU search performance requirements relate to the case of neighhonr cell search under 
the assumption that the UE has already llcquirP-ri carrier frequency synchronization; the 
requirements are only applicable in RRC_CONNECTED. 

22.2.1 Cell Search within E-UTRAN 

The objective of cell search within E-UTRAN is to identify one of the 504 unique Physical 
Cell Identities (PCls) (see Chapter 7 and (1 , Section 6.11]) . The cell search algorithm is not 
specified and is left for UE implementation; however, typically, the UE performs cell search 
in a hierarchical manner (see Section 7.2). 

An important characteristic of the cell identification requirements is that the same 
requirements are applicable in a wide range of propagation conditions and for both FDD 
(with or without synchronization uf lhe eNodeBs) and TDD (where synchronization of the 
eNodeBs can be assumed). 

The requirements are specified in terms of the maximum permissible cell identification 
delay, which includes the time taken for Reference Signal Receiveci Power (RSRP) or Ref­
erence Signal Received Quality (RSRQ) physical layer measurements (see Sections 22.3.1.1 
and 22.3.1.2 respectively). 

4High Rate Packet Data. 
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22.2.1.1 E-UTRAN Intra-frequency Cell Search 

In case of intra-frequency cell search, the UE identifies E-UTRA cells on the same carrier 
frequency as that of the serving cell. The time required to detect a cell depends upon a number 
of factors, most notably the received quality of the synchronization signals, the received level 
of the Reference Signals (RSs) and the time available for perlorming the search. The latter 
factor stems from the fact that the available time for intra-frequency measurements may be 
reduced by measurement gaps for inter-frequency or inter-RAT measurements as explained in 
Section 22.2.1.2. The cell search delay also depends upon the configured DRX cycle period. 

If no DRX is configured, and for DRX cycles up to 40 ms,5 the UE is required to detect 
an E-UTRA FDD or TDD intra-frequency target cell within 800 ms if no inter-frequency 
measurement gaps are configured, provided that the target cell's received synchronization 
signal quality Es/lot (defined as the energy per Resource Element (RE) of the synchronization 
signals divided by the total received energy of noise and interference on the same RE) is at 
least -6 dB. This is the 'minimum', or worst case, requirement. 

The cell search delay can be shorter if the received signal quality is higher than the 
minimum cell detection threshold. The perlormance in some typical deployment conditions 
is illustrated in Figures 22.3 and 22.4. Here, scenarios covering both synchronized and 
unsynchronized eNodeBs are analysed, as summarized in Table 22.1. ETU5 (Extended 
Typical Urban with UE speed 5 km/h), ETU300 (UE speed 300 km/h) and EPA5 (Extended 
Pedestrian A with UE speed 5 km/h) propagation models are used,6 and two receive antennas 
are assumed at the UE.7 Further details of the modelled scenarios can be found in [2] . 

Table 22.1: Cell identification test parameters. 

Unit Celll Cell2 Ce113 (target cell) 

Relative delay of l st path for synchronized case ms 0 0 Half CP length 
Relative delay of 1st path for unsynchronized case ms 0 1.5 3 
SNR dB 5.18 0.29 - 0.75 (worst case) 
PSS for case of different PSS PSSl PSS2 PSS3 
PSS for case of same PSS PSSl PSS2 PSSl 

The cell search performance is measured in terms of tpe 90-percentile cell identification 
delay, i.e. the maximum time required to detect the target cell 90% of the time. 

Various scenarios are analysed to examine the impact on the detection performance of 
different combinations of PSS8 and SSS9 sequences as indicated in Table 22.2. More detailed 
perlormance results can be found in [3]. 

5This is designed to ensure robust mobility performance for delay-sensitive services like Voice over IP (VoIP), 
which typically requires short DRX cycles. 

6Further details of these propagation models are given in Chapter 20. 
7No margin is included for non-ideal UE receiver implementation or reporting delay for the RSRP measurement 

to the network. 
8Primary Synchronization Signal. 
9 Secondary Synchronization Signal. 
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Table 22.2: Cell identification test scenarios. 

Cell3 Celll Ce112 Test case I 
(synch, asynch eNodeBs) (Target) (Interference) (Interlerence) 

1,5 
2,6 
3,7 
4,8 

PSS3 SSS3a,SSS3b PSSl SSSla, SSSlb PSS2 
PSSl SSS3a,SSS3b PSSl SSSla, SSSlb PSS2 
PSSl SSSla, SSS3b PSSl SSSla,SSSlb PSS2 
PSS3 SSSla, SSSlb PSSl SSSla, SSSlb PSS2 
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Figure 22.3: Cell search performance with synchronized eNodeBs. 
Reproduced hy pennission of© NXP Semiconductors. 

SSS2a,SSS2b 
SSS2a,SSS2b 
SSS2a, SSS2b 
SSS2a,SSS2b 

When measurement gaps are configured for inter-frequency or inter-RAT measurements 
the UE has less opportunity to detect a cell. Hence, in this case the cell identification delay 
may be larger than the baseline 800 ms delay, with the actual value depending upon the 
pe1iodicity of the gaps. Furthermore, for DRX cycles larger.than 40 ms, the cell identification 
delay increases in proportion to the length of the DRX cycle, allowing UE to save battery 
power. 

22.2.1.2 E-UTRAN Inter-frequency Cell Search 

In the case of inter-frequency cell search, the UE identifies E-UTRA cells operating on 
ca1Tier frequencies other than that of the serving cell (and possibly also in different frequency 
hands and/or with clifferent clnplex mocles). Tnter-freq11enr.y me;i.~mement.~, inr.lncline r,ell 

identification, are performed during periodic measurement gaps unless the UE has more than 
one receiver. Two possible gap patterns can be configured by the network, each with a gap 
length of 6 ms : in gap pattern #0, the gap occurs every 40 ms, while in gap pattern #1 the 
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Figure 22.4: Cell search performance with unsynchronized eNodeBs. 
Reproduced by permission of© NXP Semiconductors. 

gap occurs every 80 ms, as shown in Figure 22.5. There is an obvious trade-off between 
these two gap patterns: the fonner yields a shorter cell identification delay but a greater 
interruption in data transmission and reception. Only one gap pattern can be configured at a 
time for measuring all frequency layers (both inter-frequency and inter-RAT). 

Inter-frequency 
or Inter-RAT 

Gap length measurement 

=i~~- ► ,)--, ~---- --~ ~---

+------------·---- -----+ 
Measurement gap repetition period (MGRP): 

• Gap ld#O: MGPR = 40 ms 

• Gap Id# 1: MGPR = BO ms 

Intra-frequency measurement and 
data transmission/reception 

Figure 22.5: Measurement gap patterns for inter-frequency and inter-RAT cell search and 
measurements. 

If no DRX is used, or if the DRX cycle length is less than or equal to 160 ms, the UE is 
required to identify an E-UTRA FDD or TDD inter-frequency cell within 3.84 s, provided the 
received synchronization signal quality is at least -4 dB (assuming gap pattern #0) . As for 
intra-frequency cell search, for DRX cycles larger than 160 ms the cell identification delay 
increases proportionally. 
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22.2.2 E-UTRAN to E-UTRAN Cell Global Identifier Reporting 
Requirements 

In addition to the basic PCI cell search requirements specified in LTE Release 8, E-UTRAN 
Cell Global ldentifier10 (ECGI) rep01ting requirements were introduced in Release 9 for 
both FDD and TDD. The requirements are the same for FDD and TDD for their respective 
frequency bands, and therefore the description in the subsequent sections is generic for both. 

The UE is required to identify and report the ECGI of a target E-UTRA cell upon request 
from the serving eNodeB. The BCGI measurement report can be used by the eNodeB 
for various features. For instance, it can assist the eNodeB to establish the neighbour cell 
relations automatically (see Chapter 25.2) when a new neighbour cell is added or an existing 
one is removed [5]. The ECG! measurement report can also be used by the serving eNodeB 
for pe1fonning inbound mobility to a Home eNodeB 11 (HeNB) in RRC_CONNECTED state 
(see Chapter 24 for more details on HeNBs). Due to the small size of HeNB cells, it is 
not unlikely that a PCI may be used more than once among the HeNBs located within the 
coverage area of a macro-eNodeB. Hence an important objective of the ECGI report is to 
enable the serving eNodeB to identify unambiguously the target HeNB. 

The acquisition of ECGI requires the UE first to read the Master Info1mation Block 
(MIB), which is transmitted on Physical Broadcast CHannel (PBCH) with a periodicity of 
40 ms (see Section 9.2.1). This is followed by the reading of the System Information Block 
type I (SIB 1), which contains the ECGI and is transmitted with a periodicity of 80 ms on the 
DownLink Shared CHannel (DL-SCH) (see Section 3.2.2) . The UE is not required to receive 
or transmit in the serving cell while acquiring the ECGI of a target cell; a UE is permitted 
to create gaps autonomously in downlink reception and uplink transmission to read the MIB 
and SIB 1 of a target cell. 

HeNBs can be deployed on either a shared carrier or a dedicated carrier. Similarly the SON 
Automatic Neighbouring Relation (ANR) is applicable to both intra- and inter-frequency 
cells, and therefore EGCI requirements are specified for both intra-frequency and inter­
frequency ECGI reporting. 

22.2.2.1 Intra-frequency :E-lJTRAN Cell Global Identifier Reporting 

The intra-frequency ECGI reporting requirement is specified in terms of the maximum time 
allowed for the UE to identify the ECGI of a new intra-frequency target E-UTRA cell 
whose synchronization signal quality it /Ioc (as defined in Section 22.2.1.1) is at least-6 dB; 
the identification delay is not allowed to exceed 150 ms with 90% confidence, excluding 
the procedure delay of the ECGI request message. The same ECGI identification delay 
requirements are applicable with and without DRX. 

The initial autonomous gap created by the UE for correcting the frequency and for 
decoding the first MIB block of the target cell comprises 9 subframes. Each subsequent 
autonomous gap for decoding the remaining MIB and SIB 1 blocks to read the whole of the 
target cell's ECGI typically consists of 4 subframes. The maximum aggregated duration of 
autonomous gaps created by the UE is not allowed to exceed 90 subframes when identifying 

10The E-UTRAN Cell Global Identifier is a globally unique identifier broadcast by the cell. It is composed of 
3-bytes of Public Land Mobile Network (PLMN) Identity and 28 bits to identify the cell within that PLMN -
see (4, Section 6.3.4], and Chapter 25. 

11 Inbound mobility to Home eNodeB refers to the case of a lJE moving into a Home eNodeB cell. 
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an intra-frequency cell's ECGI; this is designed to ensure that certain minimum serving cell 
reception and transmission performance is maintained. 

22.2.2.2 Inter-frequency E-UTRAN Cell Global Identifier Reporting 

The inter-frequency ECGI requirements (i.e. ECGI identification delay and serving cell 
reception/transmission performance) are the same as those specified for the intra-frequency 
requirement, except that the synchronization signal quality under which the rec;uirement 
should be satisfied is relaxed to -4 dB. An autonomous gap created by the UE for decoding 
the initial MIB block of the target inter-frequency cell comprises 9 subframes, and each of 
the subsequent gaps typically consists of 4 subframes. The maximum aggregated duration 
of autonomous gaps created by the UE is likewise not allowed to exceed 90 subframes 
when identifying an inter-frequency cell's ECGI. This ensures that certain minimum serving 
cell reception and transmission performance is maintained while reading the inter-frequency 
target cell ECGI. 

22.2.3 E-UTRAN to UTRAN Cell Search 

The E-UTRAN to UTRAN cell search procedure allows the UE to identify a target FDD or 
TDD UTRA cell. The E-UTRAN-UTRAN cell search requirements apply until an explicit 
neighbour cell list is received by the UE from the serving E-UTRA cell. This list indicates the 
primary scrambling codes of up to 32 neighbour cells per UTRA FDD or TDD carrier. The 
signals provided by UTRA FDD and TDD differ, and therefore separate cell identification 
requirements are specified for each technology. In each case, the cell search algorithm is not 
specified, but the search is typically carried out in hierarchical manner. In UTRA FDD, where 

Primary and Secondary Synchronization CHannels (P-SCH and S-SCH) are provided, the 
UE typically identifies the target UTRA cell via the following steps: 

Slot timing acquisition: The UE acquires the slot timing by performing a matched filter 
correlation over the Primary Synchronization Code (PSC), which is transmitted in the first 
256 chips in every slot (0.666 ms). The PSC is common to all UTRA cells. 

Frame timing acquisition and code group identification: The UE acquires the frame 
timing and the identity of the group of 8 codes to which the cell's primary scrambling 
code belongs by performing correlations over the Secondary Synchronization Codes (SSCs) 
transmitted in the initial 256 chips of every slot (i.e. at the same time as the PSC). A sequence 
of 15 SSCs in one 10 ms radio frame uniquely identifies the code group. In good propagation 
conditions the information contained within three slots is sufficient to identify both the frame 
timing and the code group. 

Primary scrambling code identification: A given UTRA cell uses one code from the 
group indicated by the SSC as the scrambling code for all downlink channels, including the 
Primary Common Pilot CHannel (P-CPICH). The UE therefore perfom1s a simple correlation 
against the known CPICH sequence (which is the same in all UMTS cells) scrambled in turn 
by each of the eight possible scrambling sequences in the code group, in order to determine 
which primary scrambling code is being used in the cell, and hence the cell identity. 
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1n order to report an identified cell, the UE needs to measure the P-CPICH Ee/No (where 
Ee is the CPICH energy per chip and No the noise power spectral density) or Received Signal 
Code Power (RSCP) over the 'physical layer measurement period'. 

The same measurement gap patterns are used for E-UTRA inter-frequency and inter-RAT 
measurements. In both DRX and non-DRX scenarios, a target UTRA FDD cell is considered 
detectable if the CPICH Eel Io is at least -20dB and the synchronization channel SCH_Ee/ Io 
is at least -l 7dB, where Io is the power spectral density of the total input signal at the UE 
antenna connector and SCH_Ee is the transmit energy per chip of the SCH, including the 
downlink signal transmitted by the serving cell [6]. However, in terms of reporting delay, 
separate sets of UTRA cell identification requirements are specified for the cases with and 
without DRX. 

If no DRX is used, or for DRX cycles up to 40 ms, the UE is required to identify a 
detectable UTRA FDD cell within 2.4 * Ntreq seconds and 4.8 * Ntreq seconds using gap 
patterns #0 and #1 respectively (where Ntreq is the number of carrier frequencies to be 
monitored). For DRX cycles larger than 40 ms, the UTRA cell search delay increases 
proportionally and is expressed in terms of a number of DRX cycles. For example in case of 
DRX cycle length of 1.28 seconds, the maximum permissible cell search delay is 25.6 * Ntreq 

seconds or 20 * DRX cycle length* Nrreq; where the factor of 20 incorporates the required 
UTRA FDD cell search occasions and CPICH measurement samples. 

22.2.4 E-UTRAN to GSM Cell Search 

In GSM the Broadcast Control CHannel (BCCH) frequency reuse factor is greater than 
one. Therefore in principle the GSM BCCH Received Signal Strength Indicator (RSSI) 
measurement, which is measured on the BCCH carrier (see Section 22. '.Ll) can identify a 
GSM cell, since a different RSSI measurement can be reported for each carrier. However, 
if small cluster sizes are used with BCCH frequency reuse, the GSM carrier RSSI alone 
cannot always reliably identify the c01Tect GSM cell: for example, the network may not 
he ahle to <listinp;nish RSST mP-asnrP-mP.nt rP-ports for GSM cells whose BCCHs use the 
same carrier. This may lead to calls being dropped, especially in deployment scenarios with 
tight reuse. Therefore, the UE is also required to decode the Base Station Identity Code 
(BSIC) 12 . In E-UTRAN, GSM measurements are always reported together with the verified 
BSIC [4], in contrast to the legacy GSM system, where measurements can be reported with 
or without a verified BSIC. The BSIC verification comprises initial BSIC identification and 
BSIC re-confirmation. These are summarized below; A more extensive description of the 
GSM common channels is provided in [7]. 

Initial BSIC identification comprises the BSIC decoding for a GSM cell for the first time 
whtm the UE does not have any knowledge about the relative timing between the E-UTRA 
and GSM cells. The UE is required to decode the BSIC of the 8 strongest BCCH carriers 

12The BSIC allows a UE to distinguish two different GSM cells which share the same beacon frequency. It is a 
6-bit field composed of two 3- bit fields: the Base station Colour Code (BCC) and the Network Colour Code (NCC). 
The BCC is used to identify the Training Sequence Code (TSC) to be used when reading the BCCH. The NCC is 
used to differentiate between operators utilizing the same frequencies , e.g. on an international border when both 
operators have been allocated the same frequency or frequencies. 
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of the GSM cells that are provided in the GSM inter-RAT cell information list13 [4]. The 
UE decodes the BSIC of the BCCH carriers in order of decreasing RSSI. Through the BSIC 
decoding the UE acquires the initial timing information of these GSM cells. 

BSIC re-confirmation consists of the BSIC decoding of a GSM cell after the initial BSIC 
identification has been performed. The UE updates its stored values of the timing of up to 8 
identified GSM cells every time the BSIC is decoded, in order to compensate for cell timing 
drift relative to the serving cell to which the UE is locked. 

BSIC verification requirements are applicable down to the reference sensitivity level 
defined in [8]. Initial BSIC identification and BSIC re-confirmation requirements are 
expressed in terms of the time required to decode the BSIC for the first time, Tidemity,GSM and 
the time required to re-confirm the initially identified BSIC Tre-confinn,GSM under the above 
constraints, which depend on the total number of carrier frequency layers of all RATs since 
the same gap pattern is shared by all RATs. 

22.2.5 Enhanced Inter-RAT Measurement Requirements 

As mentioned earlier, the measurement requirements are generally minimum requirements 
for worst-case scenarios. In order to support Circuit-Switched Fall Back (CSFB) 14 scenarios 
in E-UTRAN, which require shorter overall delay, enhanced measurement requirements for 
UTRAN FDD and GSM were introduced in LTE Release 9. 

For both UTRA FDD and GSM, the enhanced measurement requirements are specified 
under the assumption that CSFB from a serving E-UTRA cell to a target UTRA FDD or 
GSM cell is used when the serving cell and the target cell have overlapping coverage. Under 
these conditions the received signal quality of the target cell is typically higher than the 
minimum levels specified for normal cell search. 

In the case of UTRA FDD, the enhanced UTRA FDD cell identification requirements are 
therefore specified assuming that both received CPICH Eel Io and synchronization channel 
SCH_Ec / Io levels from the UTRA FDD cell are at least -15 dB. At these levels when no 
DRX is used or when DRX :S: 40 ms, the UTRA FDD cell search delay is about 1 s (assuming 
gap pattern #0). Hence, compared to the minimum requirements, the enhanced UTRA FDD 
measurement reporting delay of an unknown UTRA FDD cell is reduced by a factor of 2. 

In the case of GSM, the enhanced BSIC verification-requirements are specified assuming 
that the target cell is received at about 10 dB above the reference sensitivity level or reference 
interference levels (as specified in [8]). Under this condition and without DRX or with DRX 
:S: 40 ms, the UE can complete initial BSIC decoding in about 1.3 s, assuming gap pattern #0 
is used only for monitoring GSM measurements. 

13When camped on an LTE cell, the 1JE is provided with a Neighbour Cell List (NCL) containing at least 32 
GSM carrier numbers (i.e. Absolute Radio Frequency Channel Numbers (ARFCNs)) indicating the frequencies of 
neighbouring cells, and optionally an associated BSIC for each GSM carrier in the NCL. 

14CSFB enables voice and other circuit-switched services to be provided to UEs served by E-UTRAN by reusing 
the existing circuit switched infrastructure such as GERAN or UTRAN (9) - see Section 2.4.2.1. 
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22.3 Mobility Measurements 

513 

In order to support mobility within E-UTRAN and between E-UTRAN and other RATs 
(UTRAN FDD and TDD, GERAN and CDMA2000), a number of radio-related UE mea­
surements are specified. All the E-UTRAN and inter-RAT measurements described in the fol­
lowing sections are reported by the UE to the serving eNodeB only in RRC_CONNECTED 
state. In RRC_IDLE, the measurements are not reported 'but may be used autonomously by 
the UE for cell reselection. Therefore although a particular measurement may be used in both 
RRC_CONNECTED and RRC_IDLE states, the corresponding requirements only apply to 
RRC_CONNECTED. 

22.3.1 E-UTRAN Measurements 

For mobility within E-UTRAN and from other RATs to E-UTRAN, two UE measurements 
are defined: RSRP and RSRQ [10]. 

22.3.1.1 Reference Signal Received Power (RSRP) 

RSRP is measured by the UE over the cell-specific Reference Signals (RSs) within the 
measurement bandwidth over a measurement period. RSRP is a type of signal strength 
measurement and is indicative of the cell coverage. It is defined as the linear average over the 
power contributions (in Watts) of the REs that carry cell-specific RSs within the considered 
measurement frequency bandwidth. Normally the RSs transmitted on the first antenna port 
are used for RSRP determination, but the RSs on the second antenna port can also be used 
if the UE can reliably determine that they are being transmitted. If receive diversity is in 
use by the UE, the combined RSRP must be at least as large as the RSRP of any of the 
individual diversity branches. It is applicable in both RRC_IDLE and RRC_CONNECTED 
states and is used for cell reselection and handover within E-UTRAN (intra-frequency and 
inter-frequency) and to E-UTRAN from any of UTRAN FDD or TDD, GSM, CDMA2000 
lxRTT or HRPD. 

RSRP is therefore considered to be the most important measurement quantity for E­
UTRAN. 

An accuracy requirement is defined for the RSRP measurement (both intra- and inter­
frequency); this is applicable for received signal quality Es/lot as low as -6 dB. A 
measurement bandwidth equivalent to the central 6 Resource Blocks (RBs) is assumed. 
In the time domain the physical layer measurement periods when no DRX is used (and 
for short DRX cycles) are 200 ms and 480 ms for intra-frequency and inter-frequency 
RS.lli' respectively. The inter-frequency measurement naturally takes longer as it can only 
be performed during the measurement gaps; furthermore, the inter-frequency RSRP physical 
layer measurement period increases linearly with the number of carrier frequencies that has to 
be measured during the gaps, Nfreq. The physical layer measurement period also increases in 
proportion to the DRX cycle for DRX cycles larger than 40 ms for intra-frequency RSRP and 
larger than 80 ms for inter-frequency RSRP. The measurement sampling rate is not specified 
but is left to the UE implementation. 
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The VE is required to be able to measure RSRP from at least 8 identified intra-frequency 
cells over the physical layer measurement period. 15 Similarly, the VE is also required to 
measure RSRP from at least 4 identified inter-frequency cells per inter-frequency canier for 
up to 3 carriers (i.e. a total of 12 inter-frequency cells). 

22.3.1.2 Reference Signal Received Quality (RSRQ) 

RSRQ is the ratio of RSRP to RSSI for an E-UTRA earner. The RSSI part of RSRQ is 
the total received power including interference from all sources, including serving and non­
serving cells, adjacent channel interference and thermal noise. Unlike RSRP, it is measured 
on all REs in the OFDM symbols containing RSs for antenna port O (not just the REs 
containing RSs themselves), within the measurement bandwidth. 16 

This interference component of RSRQ enables the UE to quantify the received signal 
quality considering both signal strength and interference, which may vary with the UE's 
location in the cell [ 11]. 

In the first release of LTE (Release 8), RSRQ was applicable only in RRC_CONNECTED 
state. It is therefore used for handover within E-UTRAN, and from other RATs to E-UTRAN. 

However, in order to prevent outages caused by high interference situations, in Release 9 
RSRQ was also introduced for RRC_IDLE state; this gives the network the option to 
configure the VE to use RSRQ as a metric for performing cell reselection, at least in the 
cases of cell reselection within E-UTRAN, from UTRAN FDD to E-UTRAN and from GSM 
toE-UTRAN. 

Both intra- and inter-frequency RSRQ measurement requirements are specified in [12). 
The RSRQ and RSRP together have been shown to be particularly beneficial for performing 
inter-frequency quality-based handover [13). RSRQ is inherently a relative quantity which 
to some extent eliminates absolute measurement errors and leads to better accuracy than is 
possible for RSRP. Like RSRP, the RSRQ accuracy requirements are applicable for Es/101 

down to .- 6 dB (based on a measurement bandwidth equivalent to the central 6 RBs). The 
time domain physical layer measurement periods for RSRP are equivalent to those of RSRP 
for the corresponding DRX cases. The measurement sampling rate is also UE implementation 
dependent. 

The UE is also required to measure RSRQ from the same number of intra- and inter­
frequency cells as for RSRP. 

22.3.2 UTRAN Measurements 

The UTRAN measurements can be categorized into those specific to UTRAN FDD and those 
for E-UTRAN TDD. For mobility to UTRAN FDD, CPICH17RSCP, CPICH Ec/N0 18 and 
RSSI measurements are defined [10). The CPICH measurements are the most important for 

15When measurement gaps are used, and depending upon the gap periodicity, the number of measured cells may be 
lower than 8 due to the fact that the measurement gaps reduce the time available for the UE to make intra-frequency 
measurements. 

16Note that in Release 10 the RSRQ can be configured to be measured on all OFDM symbols if mechanisms for 
time-domain inter-cell interference coordination are configured - see Section 31.2.4.2. 

17 Common Pilot CHannel. 
18Energy per chip divided by the noise power spectral density. 
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mobility between E-UTRAN and UTRAN FDD systems. For mobility to UTRAN TDD P­
CCPCH19 RSCP and RSSI measurements are used. 

All these UTRAN 111easu1eme11ls can be used in both RRC_IDLE and KKC_CUNNECTED 
states. However, the network has the freedom to configure specific measurements in different 
mobility scenarios. Therefore, all the measurement requirements (such as accuracies) are 
applicable only in RRC_CONNECTED state. 

22.3.2.1 UTRAN FDD CPI CH RSCP 

UTRAN FDD CPICH RSCP is measured on the Primary-CPICH of the target UTRAN cell 
and is used for both cell reselection and handover from E-UTRAN. For inter-RAT mobility, 
the CPICH RSCP absolute accuracy requirement should be fulfilled over the physical layer 
measurement period, whose length depends upon the gap pattern and DRX cycle (e.g. 480 ms 
fur gap pattern #0 with DRX cycle not greater than 40 ms). The UE is required to measure 
the CPICHs from 6 identified UTRA FDD cells. 

22.3.2.2 UTRAN FDD CPICH Ee/No 

The UTRAN FDD CPICH Ee/No is the ratio of the CPICH RSCP to the UTRA carrier RSSI. 
CPICH Ee/No can be used for both cell reselection and handover. 

The measurement periods for CPICH Ee/Nu with and without DRX are Ll1e same as for 
CPICHRSCP. 

22.3.2.3 UTRAN FDD Carrier RSSI 

The UTRJ\N FDD currier RSSI is the total received widebam.l power, including thermal 
noise and noise generated in the receiver, within the bandwidth defined by the receiver pulse 
shaping filter. In practice this measurement quantity is rarely used in RRC_IDLE, and its 
usage is mainly for performing RRC_CONNECTED handovcrs between E-UTRAN and 
UTRAN FDD. The measurement periods are the same as those described in Section 22.3 .2.1 . 

22.3.2.4 UTRAN TDD P-CCPCH RSCP 

The UTRAN TDD P-CCPCH RSCP is the received power of the P-CCPCH of a UTRA 
TDD neighbour cell. It is considered to be the most fundamental measurement quantity 
for all mobility scenarios between E-UTRAN and UTRAN TDD. It is therefore used for 
performing both cell reselection and handover to UTRA TDD. The P-CCPCH RSCP physical 
layer measurement period depends on the configured gap periodicity and the DRX cycle in 
the same way as for UTRAN FDD. 

22.3.2.5 UTRAN TDD carrier RSSI 

The UTRAN TDD carrier RSSI is the total received wideband power, including thermal 
noise and noise generated in the receiver, within the bandwidth defined by the receiver pulse 
shaping filter within a specified timeslot. In principle it can be used for both cell reselection 

19Primary Common Control Physical CHannel. 

199



516 LTE - THE UMTS LONG TERM EVOLUTION 

and handover from E-UTRAN to UTRAN TDD. The measurement periods of UTRAN TDD 
carrier RSSI with and without DRX are the same as for the P-CCPCH RSCP measurement. 

22.3.3 GSM Measurements: GSM Carrier RSSI 

For mobility from E-UTRAN to GSM in RRC_IDLE mode (i.e. cell reselection) and 
RRC_CONNECTED mode (i.e. handover) the GSM carrier RSSI is used. 

The GSM carrier RSSI is measured on a GSM BCCH carrier [10]. In accordance with the 
GSM core specification [14] the UE is required to take at least 3 GSM carrier RSSI samples 
per GSM carrier as evenly spaced as possible during the physical layer measurement period. 
The GSM carrier RSSI physical layer measurement period without DRX and for DRX cycles 
up to 80 ms is 480 ms regardless of the gap pattern, and increases linearly with the number 
of carrier frequencies, Nrreq, monitored during the measurement gaps. For DRX cycles larger 
than 80 ms, the measurement period increases with the length of the DRX cycle. 

22.3.4 CDMA2000 Measurements 

For mobility from E-UTRAN to CDMA2000 systems the CDMA2000 lxRTT pilot strength 
and CDMA2000 High Rate Packet Data (HRPD) Pilot Strength measurement quantities are 
used in RRC_IDLE and RRC_CONNECTED states. 

22.3.4.1 CDMA2000 lxRTT Pilot Strength 

CDMA2000 lxRTT Pilot Strength is the strength of the received pilot signals as defined 
in [15, Section 2.6.6.2.2]. The required measurement accuracy, specified in [16, Section 3.2.4], 
is to be fulfilled over the measurement periods of about 1.1 * Nfreq seconds and 2.1 * 
Ntreq seconds for gap patterns #0 and #1 respectively. It is used for cell reselection and 
handover from E-UTRAN to CDMA2000 lxRTT. A CDMA20000 lxRTT-capable UE is 
required to monitor CDMA2000 lxRTT Pilot Strength of CDMA2000 lxRTT cells for up to 
five CDMA2000 lxRTT carriers. 

22.3.4.2 CDMA2000 HRPD Pilot Strength 

CDMA2000 HRPD pilot strength is the strength of the received pilot signals as defined 
in [17, Section 8.7.6.1.2.3]. It is used for cell reselection and handover from E-UTRAN to 
CDMA2000 HRPD. An HRPD-capable UE is requireg to monitor CDMA2000 HRPD Pilot 
Strength of HRPD cells for up to five HRPD carriers. 

22.4 UE Measurement Reporting Mechanisms and 
Requirements 

As explained in Section 22.3, in LTE the UE reports measurements to the serving eNodeB 
only in RRC_CONNECTED state using the Dedicated Control CHannel (DCCH). The 
measurement reporting mechanism can be periodic, event-triggered or event-triggered and 
periodic. 
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These reporting mechanisms are applicable both with and without DRX. The interval 
between periodic reports is configurable by the eN odeB and ranges from 120 ms to 3600 s [ 4]. 
The events which cau trigger reporting by the UE are described m Section J.2.5. l. 

The total number of measurement reporting criteria which can be evaluated by the UE 
in parallel is limited to 21. This includes 9 E-UTRA intra-frequency reporting criteria, 7 
E-UTRA inter-frequency reporting criteria and 5 inter-RAT reportine crite:ri;:i. The actual 
number and types of reporting criteria are configured by the network and can he hase:ci on 
any of the three possible reporting mechanisms mentioned above. 

The event triggered reporting delay requirements, which also apply to the first report in 
event-triggered periodic reporting, are explained in the following sections for different E­
UTRA and inter-RAT cases. 

22.4.1 E-UTRAN Event Triggered Reporting Requirement~ 

The E-UTRAN event-triggered reporting consists of intra- and inter-frequency event report­
ing. Five such events (Al-A5) and their corresponding triggering thresholds are configured 
in the UE by the serving eNodeB as explained in section 3.2.5.2. When an event is triggered, 
the UE reports the event to the eNodeB, which may take an appropriate mobility decision. 

For both intra-frequency and inter-frequency event-triggered measurements , the reporting 
delay20 is less than the cell search delay (see Sections 22.2.1.1 and 22.2.1.2) for the 
corresponding cases. Due to signal variations and user mobility, the mea:;u1eu y_uality of a 
cell may vary between detectable and undetectable threshold levels. 

To cater for this typical scenario, requirements are specified for both intra- and inter­
frequency event reporting as follows : Regardless of the number of times the cell quality varies 
between the detectable and undetectable levels, whenever an event (i.e. any of the intra- or 
inter-frequency events Al-A5) is triggered the UE is required to send the event-triggered 
measurement report within a duration less than the relevant physical layer measurement 
period without layer 3 filtering (e.g. within 200 ms RSRP/RSRQ for the intra-frequency non­
DRX case), provided certain conditions are met. When layer 3 filtering is used, a reporting 
delay longer than the physical layer measurement period is expected. For an intra-frequency 
event reporting, these conditions require that the cell which has been detectable over the 
intra-frequency cell search delay, does not become undetectable for more than 5 s. It is also 
required that the timing to the intra-frequency cell does not change by more than ±50Ts.21 In 
case of inter-frequency event reporting the corresponding condition requires that the timing 
to the inter-frequency cell does not change by more than ±S0Ts during periods when the 
measurement gaps are not available (i.e. between successive measurement gaps). This is 
because in the absence of measurement gaps the UE cannot appropriately track the timing of 
an inter-frequency cell. 

22.4.2 Inter-RAT Event-Triggered Reporting 

Event-triggered reporting requirements are specified for E-UTRAN to UTRAN FDD, E­
UTRAN to UTRAN TDD and E-UTRAN to GSM inter-RAT scenarios. Two inter-RAT 

20Here we refer to the delay for the transmitted measurement reports without layer 3 filtering being applied. 
The behaviour of the Layer 3 filters is standardized and their configuration provided by RRC signalling. See [ 4, 
Section 5.5.3.2] for more details. 

2 1 Ts is the basic time unit and is equal to 1 / (15000 x 2048) s. 
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events (B 1 and B2) and their c01Tesponding triggering thresholds are also configured in the 
UE by the serving eNodeB as explained in section Section 3.2.5.2. When one of these events 
is triggered, the UE reports it to the eNodeB, allowing it to take an approp1iate inter-RAT 
mobility decision. 

E-UTRAN to UTRAN event-triggered reporting. The UTRA FDD and TDD event­
triggered measurement reporting delays without Layer 3 filtering are less than the cone­
sponding cell search delays (see Section 22.2.3). However, if a UTRA FDD cell, which was 
previously detectable over a period equal to the UTRA FDD cell search delay, enters or 
leaves the reporting range, then the event-triggered measurement reporting delay is less than 
the UTRA FDD physical layer measurement period without layer 3 filtering provided that the 
timing to that UTRA FDD cell has not changed more than ± 32 chips when the measurement 
gap has not been available. Note also that the inter-RAT physical layer measurement period 
is typically a few times shorter than the corresponding inter-RAT cell search delay. 

E-UTRAN to GSM event-triggered reporting. The event-triggered measurement report­
ing delay for a GSM cell with BSIC verified without layer 3 filtering is less than twice the 
GSM measurement period (see Section 22.3.3). 

22.5 Mobility Performance 

The mobility procedures comprising of cell selection and cell reselection in RRC_IDLE state 
and handover in RRC_CONNECTED state are described in Chapter 3. Here we focus on the 
performance requirements for these mobility procedures. 

22.5.1 Mobility Performance in RRC_IDLE State 

The performance requirements for mobility in RRC_IDLE state aim to ensure that a UE 
camps on a cell which guarantees good paging reception, that substantial UE battery power 
saving is achieved and that the interruption in paging reception during cell reselection is 
minimized. 

All intra-frequency, inter-frequency and inter-RAT cell reselection requirements have the 
following characte1istics: 

• Requirements are specified for a selected set of typical DRX cycles: 0.32 s, 0.64 s, 
1.28 s and 2.56 s; 

• Cell reselection involves detection of new neighbour cells (both E-UTRA and inter­
RAT), and measurement of those cells and of previously detected neighbour cells; 

• Measurement and evaluation of cells are carried out at specific rates, which depend 
upon the DRX cycle in use; 

• Cell reselection decisions are autonomously taken by the UE but are governed by pre­
defined standardized rules, network control parameters and perfo1mance requirements; 

• No performance requirements are specified for E-UTRA or inter-RAT cell identifica­
tion, RSRP/RSRQ or inter-RAT measurements in RRC_IDLE, since in RRC_IDLE 
the UE is not required to report any event or measurement to the network. 
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The key elements of cell reselection in E-UTRAN arc described m the following 
subsections. 

22.5.1.1 Measurement and Evaluation of Serving Cell 

The UE is required to measure both RSRP and RSRQ of the serving cell in order to evaluate 
the serving cell selection criterion (the 'S-criterion' - see Section 3.3) at least once every 
DRX cycle. 

Failure of the S-criterion may imply that the UE is on the verge of losing the serving cell 
and it is therefore important that"the UE identifies a potential new serving cell. Therefore 
if the S-criterion for the serving cell is not met over a certain number of consecutive DRX 
cycles (depending on the DRX cycle length in use), the UE initiates measurements of all the 
neighbour cells (i.e. over all frequency layers indicated by the serving cell) regardless of the 
measurement rules. For example in case of a 1.28 s DRX cycle, the UE starts measuring all 
the neighbour cells if the S-criteric,m for the serving cell is not met for 2 consecutive DRX 
cycles (i.e. for 2.56 s). 

22.5.1.2 Intra-frequency Cell Reselection 

Cell reselection to a neighbour cell on the same frequency is governed by a set of 
requirements for measurement and evaluation of intra-frequency cells. 

Measurement of intra-frequency cells. Unlike the measurement of the serving cell, the 
neighbour cell measurements may not be performed every DRX cycle. The UE initiates the 
measurement of intra-frequency neighbour cells when the serving cell's RSRP or RSRQ fall 
below their respective thresholds. 

However, the cell ranking for cell reselection is only based on RSRP. The UE is required 
to detect and measure the RSRP of neighbour cells whose received quality is above the 
following thresholds, without an explicit intra-frequency neighbour cell list: 

• Synchronization signal Es/lot;::: -,1 dB 

• RSRP and synchronization signal received power ~ respective thresholds, which 
depend on the frequency band e.g. -124 dBm for Band 1. 

The RSRP of the identified intra-frequency cells is measured once every T measure, E-UTRA_intra, 

as shown in Table 22.3. 

Table 22.3: Measurement, detection and evaluation rates for intra-frequency cells. 

DRX cycle Tde1ec1,EUTRAN_intra (s) T measure,EUTRAN_incra ( S) T evaluate,EUTRAN_inlrn ( S) 

length (s) (number of DRX cycle3) (number of DR,'{ cycles) (number of DRX cycles) 

0.32 11.52 (36) 1.28 (4) 5.12 (16) 
0.64 17.92 (28) 1.28 (2) 5.12 (8) 
1.28 32(25) 1.28 (1) 6.4 (5) 
2.56 58.88 (23) 2.56 (1) 7.68 (3) 
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Evaluation of intra-frequency cells. The measured intra-frequency cells are evaluated for 
possible cell reselection based on cell ranking (see Section 3.3.4.3) .. 

If an intra-frequency cell is detectable but not yet detected then the UE is required to 
evaluate whether it meets the reselection criteria based on ranking within Tdetect,EUTRAN_lntra 
(see Table 22.3) when Treselection = 0. On the other hand if the cell is already detected then 
the UE is required to evaluate whether this intra-frequency cell meets the reselection criteria 
based on ranking within Tevaluate,EUTRAN_Intra (see Table 22.3) when Treselection = 0, provided 
that the target intra-frequency cell is ranked at least 3 dB above the serving cell. If the timer 
Trese!ection bas a non-zero value and the target intra-frequency cell is found to be better ranked 
than the serving cell over the Treselection time, then that intra-frequency cell is selected. 

22.5.1.3 Inter-frequency Cell Reselection 

Similarly to the reselection of intra-frequency cells, requirements are also defined for 
measurement and evaluation of inter-frequency cells. 

Measurement of inter-frequency cells. An inter-frequency layer may have a lower, equal 
or higher priority than that of the serving frequency layer. The UE is required to detect and 
measure the relevant measurement quantity under the same conditions as are applicable for 
intra-frequency cells . 

If the serving cell's RSRP and RSRQ are above their respective thresholds the UE searches 
higher-priority inter-frequency layers at least once every Thigher_priori ty_search: 

Thigher_priority_search = (60 * N1ayers) seconds (22.l) 

where N1ayers is the total number of configured higher-priority inter-frequency and inter-RAT 
frequency layers . The relevant measurement quantities should be measured at least every 
Tmeasure, E-UTRAN_Inter as defined in Table 22.4. 

If the serving cell's RSRP and RSRQ become equal to or fall below their respective 
thresholds, the UE searches and measures all inter-frequency cells regardless of their priority. 
The relevant measurement quantity of the identified inter-frequency cells is measured every 
Kcan-ier * Tmeasure, E-UTRA_Inler seconds, as shown in Table 22.3, where Kcarrier is the number of 
inter-frequency carriers configured by the serving cell. 

Table 22.4: Measurement and Evaluation of Inter-frequency Cells. 

DRX cycle Tdetect,EUTRAN_Inter (s) T measure,EUTRAN_lnter ( S) Tevaluate,EUTRAN_Inter ( S) 

length (s) (number of DRX cycles) (number ofDRX cycles) (number of DRX cycles) 

0.32 11.52 (36) 1.28 (4) 5.12 (16) 
0.64 17.92 (28) 1.28 (2) 5.12 (8) 
1.28 32 (25) 1.28 (1) 6.4 (5) 
2.56 58.88 (23) 2.56 (1) 7.68 (3) 

204



RADIO RESOURCE MANAGEMENT 521 

Evaluation of inter-frequency cells. The evaluation of inter-frequency cells for possible 
cell reselection is based on cell ranking for layers of equal priority and on absolute priorities 
for layers of different priority. Only RSRP is allowed for cell ranking, while the network Ciln 

configure either RSRP or RSRQ for the evaluation of cells with unequal priorities [18]. 
If an inter-frequency cell of lower or equal priority is detectable but not yet detected then 

the UE is required to evaluate whether it meets the reselection criteria (see Sections 3.3.4.2 
and 3.3.4.3) within Kcarrier * Tctetect,EUTRAN_Inter seconds (see Table 22.4) provided that the cell 
reselection criteria can be met by a certain margin (5 dB for cell ranking and 6 dB for absolute 
priority based reselection) and t~e timer value Treselection is zero. 

However, if an inter-frequency cell is already detected then the UE is required to evaluate 
whether it meets the reselection criteria within a shorter duration, Kcarrier * Tevaluate,EUTRAN_Inter 
seconds (see Table 22.4) provided the same two conditions above are satisfied. 

If the timer Treselection has a non-zero value and the target inter-frequency cell is found to 
be better ranked than the serving cell over the time Treselection, then that inter frequency cell is 
reselected. 

22.5.1.4 Inter-RAT Cell Reselection 

Inter-RAT cell reselection covers reselection to UTRAN FDD, UTRAN TDD, GSM, 
CDMA2000 lxRTT and CDMA2000 HRPD. 

As for inter- and intra-frequency reselection, cell reselection to an inter RAT neighbour 
cell is also governed by the measurement and evaluation of the inter-RAT cells . 

Measurement of inter-RAT cells. An inter-RAT frequency layer may have either lower or 
higher priority than that of the serving frequency layer. Tf the quality of the serving cell is 
above the threshold 'Snonintrasearch' 22 the UE searches higher priority inter-RAT frequency 
layers at least once every Thigher_priority_search according to Equation (22.1) . The detected 
higher-priority inter-RAT cells of RATi are to be measured at least every Tmeasure,RAT,j as 
defined in Table 22.5. 

If the serving cell quality becomes equal to or falls below the Snonintrasearch threshold 
the UE searches and measures all inter-RAT cells of RAT i (i .e. cells of higher, lower or equal 
priority frequency layers of RAT j)- The relevant measurement quantity of the identified inter­
RAT cells is measured every NRAT,i * Tmeasure, RAT,j, as illustrated in Table 22.5, where NRAT,i 
is the number of frequency layers of RAT i configured by the serving cell (for GSM, NRAT = 
1). The relevant inter-RAT measurement quantities in RRC_IDLE states are described in 
Section 22.3. 

Evaluation of inter-RAT cells. Evaluation of inter-RAT cells for possible cell reselection 
is based only on priority (see Section J .J.4.2) . 

If an inter-RAT cell is detectable but not yet detected then the UE is required to evaluate 
whether it meets the reselection criteria within NRAT,i * Tctetect, RAT,j (see Table 22.5) provided 
that the cell reselection criteda can be met by a 6 dB margin (in the case of UTRA) and the 
timer value Treselection = 0. 

22See Section 3.3.4.1; 'Snonintrasearch' is defined in (18, Section 5.2.4.7] . 
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Table 22.5: Measurement and Evaluation oflnter-RAT Cells . 

DR.Xcycle apply to UTRA Tdetect, RATj (s); Tmeasure,RATj (s) Tevaluate, RATj (s) 
length (s) FDD and TDD (number of DRX cycles); (number ofDRX cycles); 

apply to all RATs apply to UTRA FDD, 
TDD and CDMA2000 

0.32 30 5.12 (16) 15.36 (48) 
0.64 30 5.12 (8) 15.36 (24) 
1.28 30 6.4 (5) 19.2 (15) 
2.56 60 7.68 (3) 23.04 (9) 

For an inter-RAT cell that has already been detected, the UE is required to evaluate that it 
meets the reselection criteria within a shorter duration, NRAT,j * Tevaluate, RAT,j (see Table 22.4) 
provided that the cell reselection criteria of the respective RAT are satisfied. 

22.5.1.5 Paging Interruption during Cell Reselection 

During intra-frequency, inter-frequency or inter-RAT cell reselection procedures, the UE 
monitors the serving cell for paging messages until the UE is able to monitor the paging 
channels of the target cell. In order to complete the cell reselection successfully and camp 
on the new cell the UE has to acquire the relevant system information of the target cell. 
Therefore, during this period paging interruption might occur as the UE is not required 
simultaneously to receive paging and acquire the system information of the target cell. 

The interruption in paging reception should not exceed T1nterrupc = Ts1-RAT + 50(ms), where 
TsI-RAT is the time required for acquiring all the relevant system information of the target 
RAT. 

22.5.2 Mobility Performance in RRC_CONNECTED State 

In E-UTRAN, only hard handovers are possible (see Section 3.2.3.4) resulting in a delay 
including a short interruption. In order to limit the length of the interruption, requirements 
are specified for various E-UTRAN handover scenarios as described in the following 
subsections. These requirements are expressed in terms of handover delay, which is the 
sum of the RRC procedure delay and the interruption time. This principle applies whether 
the target cell is known to the UE (referred to as non.-blind handover), or unknown (blind 
handover). The interruption time is defined as the time from the end of the last subframe 
containing the handover command on the Physical Downlink Shared CHannel (PDSCH) 
from the serving cell and the moment the UE starts transmission on the relevant uplink 
physical channel in the target cell. Figure 22.6 illustrates the radio interface signalling of 
the handover procedure to a known target. 

As explained in Section 3.2.3.4, the network does not require measurement reports from 
target cells for pe1forrning a blind handover. This is particularly useful in case of multiple 
frequency layers, which can only be monitored using the same gap pattern (i.e. either 
pattern #0 or pattern #1). In such a scenario the network may request the UE to pe1form 
measurements on only a subset of the frequency layers while relying on blind handovers for 
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Figure 22.6: Handover to a known target cell. 
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the remaining ones. Handover to an unknown target cell results in a longer interruption time 
since the UE has to detect the target cell prior to accessing it. The process of handover to an 
unknown target cell is shown in Pigure 22.7. 

Serving cell1 

HO command for HO t Deel/ 

Time to detect 
target cell 

UE 

, Time to process 
' HO command 

Target cell2 

RACH transmission 

Figure 22.7: Handover to an unknown target cell. 

22.5.2.1 E-UTRAN to E-UTRAN Handover 

An E-UTRAN to E-UTRAN handover is completed when the UE starts transmission on the 
Physical Random Access CHannel (PRACH) in the target E-UTRA cell. The intem1ption 
time is expressed as Tinte=pt = Tsearch + T ru + 20 (ms), where: 
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• Tsearch is the cell search delay, which is 0 for known target cells and 80 ms for unknown 
target cells. The target cell is considered to be known if the cell search requirements 
were met in the last 5 s; otherwise the cell is considered to be unknown. 

• Tru is the timing uncertainty due to the timing of the PRACH occasions, and thus 
depends upon the PRACH configuration (see Section 17.4.2.5). 

As an example, suppose the PRACH is allowed once in the middle of every frame (i.e. in 
every 4th subframe). If the target cell is known, the total intra-frequency or inter-frequency 
handover delay is 50 ms including 15 ms ofRRC procedure delay (see [4, Section 11.2]). For 
the same PRACH configuration, in case of blind handover, the total handover delay is 130 ms 
including the 15 ms RRC procedure delay. In this case the cell search is much shorter than 
the usual cell search requirements (see Section 22.2.1) due to the fact that it is assumed that 
the target cell is sufficiently strong to be detected by the UE on the first correlation attempt. 

22.5.2.2 Handover to Other 3GPP RA.Ts 

E-UTRAN to UTRAN handover 

UTRA FDD or TDD cells can be known or unknown for the purposes of handover. The 
target cell is known if it has been measured by the UE during the last 5 s; otherwise it is 
considered unknown. An E-UTRAN-UTRAN FDD handover is completed when the UE 
starts transmission on the uplink Dedicated Physical Control CHannel (DPCCH) in the target 
cell. An E-UTRAN-UTRAN TDD handover is completed when the UE starts transmission 
of either the uplink DPCCH or an uplink synchronization code ('SYNC-UL') in the target 
cell. 

Depending upon the choice of parameters, the interruption time when the target cell 
is known is typically in the order of 100-150 ms. When the target cell is unknown, the 
interruption increases by about 100 ms for UTRA FDD and 160 ms for UTRA TDD. The 
RRC procedure delay is 50 ms (see [12, Sections 5.3.1 and 5.3.2]) as this requirement is 
based on the UTRAN requirement [19]. Hence the overall handover delay can be of the 
order of 150-200 ms when the target UTRA (FDD or TDD) cell is known and 250-300 ms 
when the target cell is unknown. The exact handover delay can be derived from the relevant 
expressions in [12, Sections 5.3.1 and 5.3.2]. 

E-UTRAN to GSM handover 

Handovers from the serving eNodeB to both known· and unknown target GSM cells are 
supported in E-UTRAN. A handover to GSM is completed when the UE starts uplink 
transmission in the target GSM cell. 

The total handover delays to known and unknown target GSM cells are 90 ms and 190 ms 
respectively, which includes 50 ms delay for processing the handover command (see [12, 
Section 5.3.3.1]). 

22.5.2.3 Handover to CDMA2000 lxRTT or HRPD 

Non-3GPP RAT handovers defined from E-UTRAN are for CDMA2000 lxRTT and HRPD. 
Handovers to both known and unknown target CDMA2000 lxRTT or HRPD cells are 
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pu~~iLk. lu Loth of these CDMA2000 technologies, a cell is considered known if it has been 
measured by the UE during the last 5 s. When performing handover to CDMA2000 lxRTI 
or HRPD the interruption time is influenced primarily by the following factors : 

• Uncertainty due to changing the timing from the old E-UTRA serving cell to the new 
CDMA2000 lxRTT or HRPD cell (the delay can be up to one frame, i.e. 20 ms for 
CDMA2000 lxRTT and 26.7 ms for HRPD; 

• The number of known and unknown target cells, which is signalled to the UE in the 
E-UTRAN System Information Block 8 (SIB8); 

• The search window sizes for searching the known and unknown target cells; this is 
expressed in CDMA2000 lxRTI chips and signalled to the UE in SIB8. 

The RRC procedure delay for prnrFssing thf'. hanrlovF.r mmmi'inrl i.s 110 ms for rnM A ?.000 
1 xRTT and 50 ms for HRPD. In order to derive the handover delay for different combinations 
of parameters, the reader is referred to [12, Section 5.4.2]. As a typical example the handover 
delay can be about 200 ms for CDMA2000 lxRTT and 130 ms for HRPD, assuming one 
target cell (regardless of whether it is known or unknown) and a typical window size of 60 
chips. 

22.6 RRC Connection Mobility Control Performance 

In LTE the establishment and maintenance of the RRC connection is governed by the two 
main control plane functions: RRC Connection Re-establishment and Random Access. 

22.6.1 RRC Connection Re-establishment 

RRC connection re-establishment is initiated when a UE in RRC_CONNECTED state loses 
its RRC connection (e.g. due to radio link failure, handover failure or RRC connection 
reconfiguration failure), as specified in [4, Section 5.3.7.3]. The UE tries to re-establish the 
RRC connection with the strongest E-UTRA cell. Successful RRC re-establishment means 
that the UE is able to send the 'RRCConnectionReestablishmentRequest' message within 
Tre-establish_delay, including the delay in acquiring the uplink grant for sending the message and 
T UE-re-establish_ctelay which is defined as the delay from the moment when the UE detects the 
need for RRC re-establishment until it transmits a random access signal to the target cell: 

T UE-re-establish_delay = 50ms + Nfreq * Tsearch + T SI + T PRACH (22.2) 

where Nfreq is the total number of E-UTRA carrier frequencies available for RRC re­
establishment,Tsearch is the target cell search delay and depends upon whether the target cell 
is known or unknown to the UE, T SI is the time required to read the target cell System 
Information (SI) and T PRACH is the delay due to random access . 

22.6.2 Random Access 

In LTE the random access procedure serves several purposes as described in Sections 17 .2 
and 17.3. Requirements are specified for both contention-based and contention-free random 
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access. The primary objectives of the requirements are to ensure the conect UE behavior 
when performing random access, and that the UE transmit power accuracy and transmit 
timing error when sending random access are within suitable limits. These requirements 
include: 

• If the UE does not receive a random access response matching its PRACH preamble 
identity within the random access response window, it should retransmit a preamble, 
up to and not exceeding the maximum number of preamble transmissions configured 
by the eNodeB. 

• The transmit power accuracy of the UE's PRACH preamble transmissions should fulfil 
the requirements defined in [20, Sections 6.3.5.1 and 6.3 .5.2]. 

• The required transmit timing accuracy of the UE's PRACH preamble transmissions 
depends upon the transmission bandwidth, since at lower bandwidth the UE typically 
uses lower sampling rate. The transmit timing enor due to all PRACH transmissions 
(initial and subsequent preamble transmissions) should be within ± 24Ts and± 12Ts 
for system bandwidths equal to 1.4 MHz and ?: 3 MHz respectively, as specified in [12, 
Section 7.1.2]. 

22. 7 Radio Link Monitoring Performance 

The purpose of the radio link monitoring function in the UE is to monitor the downlink 
radio link quality of the serving cell in RRC_ CONNECTED state and is based on the cell­
specific RSs (see Section 8.2.1). This in turn enables the UE when in RRC_CONNECTED 
state to determine whether it is in-sync or out-of-sync with respect to its serving cell (see [21, 
Section 4.2.1]). 

In case of a certain number of consecutive out-of-sync indications (called 'N310'), the UE 
starts a network-configured radio link failure timer 'T310'. The timer is stopped if a number 
'N3 ll' of consecutive in-sync indications are reported by the UE's physical layer. Both the 
out-of-sync and in-sync counters (N310 and N311) are configurable by the network. Upon 
expiry of the timer T3 l 0, Radio Link Failure (RLF) occurs. As a consequence the UE turns 
off its transmitter to avoid interference and is required to re-establish the RRC connection 
within T UE-re-establish_delay as explained in Section 22.6.1. The various actions pertaining to 
radio link monitoring and the subsequent RRC re-esta_blishment to the target cell are shown 
in Figure 22.8. 

22.7.1 In-sync and Out-of-sync Thresholds 

The UE's estimate of the downlink radio link quality is compared with out-of-sync and in­
sync thresholds, Qout and Qin, for the purpose of radio link monitoring. These thresholds are 
expressed in terms of the BLock Error Rate (BLER) of a hypothetical Physical Downlink 
Control Channel (PDCCH) transmission from the serving cell (see [12, Section 7.6] for 
details). Specifically, Q 00 c corresponds to a 10% BLER while Qin conesponds to a 2% BLER. 
The same threshold levels are applicable with and without DRX. 
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Figure 22.8: Radio link monitoring of the serving cell follower! hy RRr. re-est11hli .~hment to 
the target cell. 

The mapping between the cell specific RS based downlink quality and the hypothetical 
PDCCH BLER is up to the lJE implementation. However, the performance is verified by 
conformance tests defined for various environments [22]. 

22.7 .2 Requirements without DRX 

When no DRX is configured, out-of-sync occurs when the downlink radio link quality 
estimated over the last 200 ms period becomes worse than the threshold Qout· Similarly 
without V!<X the in-sync occurs when the downlink radio link quality estimated over the 
last 100 ms period becomes better than the threshold Qin · Upon detection of out-of-sync, 
the lJE initiates the evaluation of in-sync. The occurrences of out-of-sync and in-sync are 
reported internally by the UE's physical layer to its higher layers, which in tum may apply 
layer 3 (i.e. higher layer) filtering for the evaluation of RLF. 

22.7.3 Requirements with DRX 

When DRX is in use, in order to enable sufficient UE power saving the out-of-sync and in­
sync evaluation periods are extended and depend upon the configured DRX cycle length. 
The UE starts in-sync evaluation whenever out-of-sync occurs. Therefore the same period 
(TEvaluate_Qout_DRX) is used for the evaluation of out-of-sync and in-sync. However, upon 
starting the RLF timer (T310) until its expiry, the in-sync evaluation period is shortened 
to 100 ms, which is the same as without DRX. If the timer T310 is stopped due to N3 ll 
consecutive in-sync iuJicaliuus, lhe UE performs in-synt: evaluation according to the DRX­
based period (TEvaluate_Qout_DRX), 

22. 7 .4 Requirements during Transitions 

In LTE a transition phase is caused by switching between DRX and non-DRX operation or 
switching between short and long DRX or vice versa. These scenarios can occur often, and 
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therefore the UE behaviour is specifically defined for the evaluation of the radio link quality 
during the transition period. There are two main aspects of the requirements: 

• Length of the transition period, T p; 

• Evaluation period, TEvaluate_Transition, during the transition. 

The transition pe1iod T p is equal to the evaluation period of the mode after the transition. 
Dming this phase the evaluation period TEvaluate_Transition is defined as follows: 

T Evaluate_Transition ~ rnin(T Evaluate_model, T Evaluate_mode2) (22.3) 

where TEvaluate_modeI and TEvaluate_mode2 correspond to the evaluation periods of the first and 
the second mode respectively. 

Equation (22.3) applies to both in-sync and out-of-sync evaluations. After the transition 
period, the UE uses an evaluation period corresponding to the second mode. The evaluation 
periods during the transition from short to long DRX and vice versa are illustrated in 
Figure 22.9. 

DRX cycle length 

Point of transition from DRX 
mode 1 to DRX mode 2 DRX cycle length 

DRX ON before transition; , after transition; DRX ON 
T Evalua1e_mode1 ;T Evatua1e_lransilion = T Evaluale_mode2 second mode period period first mode 

IT I n I I I I 111 11111111 n I I 11 !Tl I, 
Transition from long DRX to short DRX Time 

T Evaluale_lransition = T Eva!uate.,.modc2; T Evalualc_modo2 < T Evalu;,Le_mod111 

(a) 

DRX cycle length Point of transition from DRX DRX cycle length 
DRX ON before transition; mode 1 to D~ mode 2 after transition; DRX ON 

111111 mr 1'mi1 11 111 ,~-i I i'~r-·1··T"Fr I f: 
Transition from short DRX to long DRX Time 

T Evaluate_transilion = T Evaluate_mode1; T Evaluale_mode1 < T Evsluale_mode2 

(b) 

Figure 22.9: Radio link monitoring evaluation period (a) during transition from long DRX 
to short DRX, and (b) during transition from short DRX to long DRX. 

22.8 Concluding Remarks 

In this chapter we have explained the main aspects of the LTE RRM performance require­
ments. These requirements play a key role in ensuring that the UE meets the desired mobility 
performance in a wide range of practical scenarios envisaged for LTE. More specifically, by 
virtue of these requirements, robust mobility in both RRC_IDLE and RRC_CONNECTED 
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states is ensured, both within E-UTRAN and between E-UTRAN and other RATs including 
UTRAN FDD(TDD, GSM and CDMA2000 technologies. 
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Multiple Antenna Techniques for 
LTE-Advanced 

Alex Gorokhov, Amir Farajidana, Kapil Bhattad, Xiliang 
Luo and Stefan Geirhofer 

Multiple antenna techniques play a key role in LTE-Advanced. In the downlink, the goals 
are to support higher data rates than LTE Releases 8 and 9 through high-order Single-User · 
Multiple-Input Multiple-Output (SU-MIMO), and higher spectral efficiency via enhanced 
Multi-User MIMO (MU-MIMO) technique. To support these advances, new reference 
signals and enhanced UE feedback aJe introduced. In the uplink, SU-MIMO is introduced, 
and the control channel performance i enhanced using transmit diversity. 

This chapter explain the techniques adopted for Relea e 10 and gives some insight into 
additional MIMO enhancement features that may be developed in future releases of LTE­
Advanced. 

29.1 Downlink Reference Signals 

As discussed in detail in Section 8.2, LTE Release 8 provides cell-specific Reference Signals 
(RSs), also known as Common Reference Signals (CRSs) for up to 4 antenna ports. Cell­
specific RSs are used by UEs both to perform channel estimation for demodulation of data 
and to derive feedback on the quality and spatial properties of the downlink radio channel. 
Together with signalling of the precoder used for data transmissions to the UE, the four 
cell-specific RS ports enable spatial multiplexing of up to four layers using codebook­
based precoding, as explained in Section 11.2.2.2. LTE Release 9 additionally supports 
two-layer beamforming spatial multiplexing using precoded VE-specific RSs, which enable 
non-codebook-based precoding to be used, as explained in Section 11.2.2.3. 

LTE - The VMTS Long Term Evolution: From Theory to Practice, Second Edition. 
Stefania Sesia, Issam Toufik and Matthew Baker. 
© 2011 John Wiley & Sons, Ltd. Published 2011 by John Wiley & Sons, Ltd. 
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For LTE-Advanced, downlink SU-MIMO transmission is extended to support up to 
eight spatial layers, and for this purpose the precoded DE-specific RS approach is further 
developed for the data demodulation. This has the advantage that transmission of the new 
Release 10 DE-specific RSs can be limited to only those Resource Blocks (RBs) where 
they are needed for demodulation, thus avoiding incurring a large overhead across the whole 
system bandwidth (as would have been the case with an extension to the cell-specific RSs, 
which would also have adversely impacted 'legacy' pre-Release 10 DEs that are unaware of 
the new RS structure). 

In addition, in order to enable the DE to estimate and feed back the Channel State 
Information (CSI) corresponding to up to eight antenna ports across a wide bandwidth, new 
RSs referred to as CSI-RSs are provided. Since CSI-RSs are used only for feedback purposes 
they can be sparse and incur only a small overhead. 

These two new types of RS are explained in detail in the following subsections. 

29.1.1 Downlink Reference Signals for Demodulation 

In the same way as the DE-specific RSs of earlier releases (see Sections 8.2.3 and 8.2.3), the 
extended DE-specific RSs of LTE-Advanced are embedded in the RBs used for the Physical 
Downlink Shared CHannel (PDSCH) for a specific DE. The DE-specific RSs for each layer 
undergo the same precoding as the data symbols, and therefore there is no need for explicit 
signalling of precoding information to the DE. A variety of multi-antenna beamforming 
techniques can therefore be supported efficiently and transparently to the DE. 

The pattern of Resource Elements (REs) designed for the new DE-specific RSs had to 
satisfy certain criteria. Firstly, it had to avoid overlapping with the cell-specific RSs and the 
control channels in order to ensure backward compatibility. Secondly, the DE-specific RSs 
of different layers should be orthogonally multiplexed to avoid inter-layer RS interference 
degrading the channel estimation accuracy; this could in principle be achieved by assigning 
different sets of REs to the RSs of different layers (by Frequency-Division and/or Time­
Division Multiplexing FDM/TDM), and/or by Code Division Multiplexing (CDM). CDM 
has the advantages of more flexible power balancing across different layers and potentially 
better interference estimation accuracy in MD-MIMO scenarios. 

For Release 10, the DE-specific RS pattern for up to 2 layers (referred to as 'rank-
2' transmission) is identical to that defined in Release 9, in order to ensure backward 
compatibility. For up to 4 layers, the pattern is obtained by extending the Release 9 rank-
2 DE-specific RS pattern in a hybrid CDM/FDM fashion, as shown in Figure 29.l(a) (for the 
case of the normal Cyclic Prefix (CP) length)'. The four precoded layers (antenna ports 7-10) 
are grouped into two groups of 2 REs, with the same length-2 Walsh-Hadamard Orthogonal 
Cover Codes (OCC) as in Release 9 (i.e. [l, 1] and [l, -1]) being used to multiplex the 
layers within each group. The DE-specific RSs in different groups are frequency-multiplexed 
on adjacent subcarriers. This pattern has been shown to provide reasonable performance for 
a variety of channel conditions and DE speeds [2, 3]. 

1 By following the same principles, similar patterns are defined in Release 10 for the case of the extended CP and 

for the Downlink Pilot TimeSlot (DwPTS) field of the special mixed downlink-uplink subframe in T DD operati~n 
- see [I, Section 6.10.3]. Use of the extended CP with more than two DE-specific antenna ports is not supported 10 

Release 10. 
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For 8-layer transmission (antenna ports 7-14), the UE- pecific RS structure of Figure 
29.l(a) is further extended using hybrid CDM/FDM with two CDM groups each u ing a 
Walsh-Hadamard OCC of length 4 as shown in Figure 29.l(b). Exactly U1e same et of REs 
are used as for the rank-4 case, witb lbe DE-specific RSs for each layer now being pread 
across four REs, all having ilie ame frequency location but different time location within 
the subframe. This approach maintain the power-balancing property of the rank-4 de ign 
and is optimized for pedestrian mobility- the most likely scenario for 8-layer SU-MIMO. 

The length-2 and length-4 OCCs have a nested structure (the OCC of length two is nested 
into the OCC of length four) which ensures backward compatibility with the Release 9 
design. 

The mapping of the OCCs to REs is shown in Figure 29 .2 for the case of normal CP. The 
mapping for odd and even RB (in the frequency domain) is different in order to provide 
orthogonality in botl1 Lime and frequency. Such orthogonality improve the performance of 
channel estimation in higher Doppler scenarios and reduces the inter-subcarrier interference 
across the two CDM groups in the presence of frequency offsets. Thi OCC mapping also 
enables power balancing across OPDM2 symbols by peak power randomization (4). 

The RS sequence for up to 8 layers is the same as in Release 9 (as described in Section 
8.2.3), except that for antenna ports 9-14 only one equence initialization is possible. 

2Orthogonal Frequency Division Multiplexing. 
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Figure 29.2: Length-4 OCC mapping to REs. 

29.1.2 Downlink Reference Signals for Estimation of Channel State 
Information (CSI-RS) 

The main goal of CSI-RSs is to obtain channel state feedback for up to eight transmit antenna 
ports to assist the eNodeB in its precoding operations. Release 10 supports transmission of 
CSI-RS for 1, 2, 4 and 8 transmit antenna ports. CSI-RSs also enable the UE to estimate the 
CSI for multiple cells rather than just its serving cell, to support future multicell cooperative 
transmission schemes (see Section 29.5.1). 

The following general design principles can be identified for the CSI-RS: 

• In the frequency domain, uniform spacing of CSI-RS locations is highly desirable, as 
explained in Chapter 8. 

• In the time domain, it is desirable to minimize the number of subframes containing 
CSI-RS, so that a UE can estimate the CSI for different antenna ports and even different 
cells with a minimal wake-up duty cycle when the UE is in Discontinuous Reception 
(DRX) mode, to preserve battery life. 

• The overall CSI-RS overhead involves a trade-off between accurate CSI estimation for 
efficient operation and minimizing the impact on legacy pre-Release 10 UEs which 
are unaware of the presence of CSI-RS and whose data are punctured by the CSI-RS 
transmissions. Figure 29.3 shows that a CSI-RS density of one RE per RB per antenna 
port is a good choice, as the throughput degradation compared to ideal CSI estimation 
is negligible. 

• CSI-RSs of different antenna ports within a cell, and, as far as possible, from different 
cells, should be orthogonally multiplexed to enable accurate CSI estimation. 
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• To ensure backward compatibility, CSI-RSs should avoid REs used for cell-specific 
RSs and control channels, as well as avoiding REs used for the Release 10 DE-specific 
RSs. 

TU channel, 3 km/h, 8x2 
4500 

- A - 1.0 RE/RB/AP 
4000 - * - Perfect 

3500 

i 3000 
-"' .'< i 2500 
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j2000 
2 
~ 1500 

1000 
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0 
-5 0 5 JO 15 20 25 

Average subcarrier SNR per Rx Antenna ( dB) 

Figure 29.3: Throughput performance with a CSI-RS density of 1 RE per RB per antenna 
port: uncon-elated 8x2 SU-MIMO, 5 MHz, Typical Urban channel model, 3 km/h. 

Taking lhese considerations into account, the CSI-RS patterns selected for Release 10 are 
shown in Figw·e 29.4. CDM codes of length 2 are used, so that CSI-RSs on two antenna ports 
share two REs on a given ubcanier. 

The pattern shown io Figure 29.4(a) can be u ed in both frame tructure I (FDD)3 and 
frame structure 2 (TDD).4 In Figure 29.4 the RE used for CSI-RSs are labelled u ing Lwo 
letters the first indicating the cell index and the second refen-ing to the antenna ports of the 
CSI-RS tran mitted on that RE. These pattern follow a nested' structure, meaning that the 
REs used in the case of two CSI-RS antenna port are a subset of tho e used for four and 
eight antenna ports; this helps to implify the implementation. The total number of supported 
antenna po1ts is 40, which can be used to give a frequency-reuse factor of 5 between cell 
with 8 antenna ports. per ceU, OJ a factor of 20 in the ca e of 2 antenna ports. It can be een 
that colli ion may occur with RE u ed for the UE-specific RS antenna port defined in 
Relea e 8 for PDSCH transmi sion mode 7 (see Section 8.2.2); i.t may therefore be desirable 
to avoid scheduling UE in u-an mission mode 7 in ubframes containing CST-RS. 

The pattern shown in Figure 29.4(b) can only be u ed for frame structure 2 for TDD 
operation. Thi pattern is designed to avoid coUi ions with the Relea e 8 UE-speci.fic RS 
antenna port, as this port is more suited to TDD operation where channel reciprocity can 
be more effectively exploited to upport lhe beamforming. However, thi pattern only offers 
frequency reu e factors of between 3 and 12 depending on the number of antenna port per 
cell. 

3Frequency Division Duplex. 
41'ime Division Duplex. 
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Figure 29.4: CSI-RS patterns for LTE-Advanced. 

Similar CSI-RS patterns are provided for the case of the extended CP and the DwPTS field 
of the special mixed downlink-uplink subframe in frame structure 2 (see [l, Section 6.10.5]). 

The CSI-RS configuration is DE-specific. When configured, CSI-RSs are present only in 
some specific subframes following a given duty cycle and subframe offset. The duty cycle and 
offset of the subframes containing CSI-RSs and the CSI-RS pattern used in those subframes 
are provided to a Release 10 UE through RRC signalling. The duty cycle and subframe 
offset are jointly coded, while the CSI-RS pattern is configured independently of these two 
parameters. 

It should be noted that, in subframes containing CSI-RSs, rate-matching (see Section 
10.3.2.4) for PDSCH transmissions to Release 10 UEs assumes that the CSI-RS REs are 
oot available for POSCH data, and the coded POSCH data is only mapped to the surrounding 
REs. However POSCH transmjssions to Release 8 and 9 UEs are punctured by CSI-RS 
transmissions. The density and periodicity of lhe CSI-RSs should .therefore be chosen such 
that the impact of puncturing on the performance of these users is acceptable. 

In the context of cooperative MIMO, it may be po sible to improve the performance 
of channel estimation, and especially interference estimation, by coordinating CSI-RS 
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transmissions aero s multiple cell . In Release 10 it i therefore possible to 'mute' a specific 
set of REs in data transmi sions from a cell. The location of these REs, known as the muting 
pattern ' can be cbo en to avoid colliding wrth CSI-RS transmi sions from other cells and 
hence improve the inter-cell mea urement quality. The muting pattern is indicated to the 
UEs by a 16-bit bitmap where each bit corresponds to a 4-port CSI-RS configuration for 
frame tructure 1 or 2 as shown in Figure 29.4(a). All the REs in an indicated 4-port CSI­
RS configuration are muted, and the UE can assume zero transmission power on those REs 
unless they are used to transmit CSI-RSs. -

In subframes in which muting is configured, data transmissions for Release 10 UEs are 
rate-matched around the muted REs in the same way as for CSI-RSs. Data transmitted to 
Release 8 and 9 UEs is punctured in the muted REs. 5 

29.2 Uplink Reference Signals 

In Chaptel' 15, the LTE Release 8 uplink RS design is explained, including DeModulation 
RSs (DM-RSs) and Sounding RSs (SRSs). In Relea e 10, the uplink DM-RSs are extended 
to support uplink SU-MIMO transmission with up to four spatial layers, and the SRSs are 
enhanced to provide improved support for channel sounding. 

29.2.1 Uplink DeModulation Reference Signals (DM-RS) 

In order to support uplink SU-MIMO transmission with up to 4 spatial layers, DM-RSs for 
all patial layers need to be multiplexed together to enable channel estimation of each layer 
at the eNodeB. Like the downlink UE- pecific RSs~ the uplink DM-RSs are precoded u ing 
the ame precoding as the Physical Uplink Shared CHannel (PUSCH) data tran mission ill 
the ame RBs wben multiple an'tenna trnnsmj sion is used. 

Release 10 uses different Cyclic Shifts (CSs) of the DM-RS base sequence to multiplex the 
DM-RSs for the different layers. For example, in a rank-4 SU-MIMO transmission, CS offsets 
0, 6, 3 and 9 are used relative to the base sequence, for layers 1, 2, 3 and 4 respectively. In 
addition to separation of the antenna ports by selection of different CSs, two length-2 OCCs 
can be applied to the two DM-RS symbols in the two slots of one subframe to further separate 
the multiplexed DM-RSs. The codes used are [ + 1, + 1] and [ + 1 - 1] ; they enable better 
orthogonality to be achieved between DM-RSs that use close CSs. Figure 29.5 shows an 
example of the link-level throughput performance improvement that can be achieved thanks 
to the better orthogonality provided by the use of the OCCs in addition to the CS separation. 

Different OCCs can also be assigned to different UEs for uplink MU-MIMO transmission. 
In this way, the DM-RSs from different UEs can be kept orthogonal to each other even if the 
PUSCH transmission bandwidths differ between the UEs (provided that there is no sequence 
group hopping (see Section 15.3.1) between the two slots within one subframe). 

In order to reduce the control signalling overhead and make the benefits of the OCCs 
available to both SU-MIMO and MU-MIMO UEs, the identities of the OCCs applied to 
each spatial layer are implicitly derived from the 3-bit cyclic shift index signalled in the 
corresponding PDCCH uplink grants (see Section 9.3 .5.1). The cyclic shift indices are 
divided into two groups: one group of 4 cyclic shift indices is targeted for SU-MIMO, and 

5See [5 , 6] for more background. 
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Figure 29.5: The benefit of the uplink DM-RS OCCs in terms of link throughput. 

the layers with close CSs are assigned different OCCs; the other group is optimized for MU­
MIMO, and the same OCC is applied to the different layers. 

29.2.2 Sounding Reference Signals (SRSs) 

The SRSs are important for uplink channel sounding to supp01i dynamic uplink resource 
allocation, as well as for reciprocity-aided beamforming in the downlink, especially in TDD 
operation. 

As explained in Section 15.6, the Release 8 SRSs allow for uplink sounding from a 
single transmit antenna only. With the introduction of uplink multiple-antenna transmission 
in Release 10, SRS transmission from all the uplink antenna ports is needed in order to 
enable all the spatial dimensions of the channel to be sounded. The same mechanisms as are 
available in Release 8 are used to separate the SRS transmissions from different antenna ports 
- i.e. different CSs and different transmission comb indices of the IFDMA6 structure. 

Nevertheless, the need for SRSs from up to four antenna ports increases the demand 
on SRS resources if all transmit antennas are to be sounded at a reasonable rate, and 
therefore semi-static configuration of the resources via higher layer (RRC) ignalling is 
less appropriate than it was for Release 8. Therefore Release IO introduces the po sibility 
of dynamically tiiggering aperiodic SRS tran mis ion via the Phy ical Downlink Control 
CHannel (PDCCH); these dynamic aperiodic SRS t:ran mis ions are known as ' type 1 SRSs, 
while the Release 8 RRC-configured SRSs described in Section 15.6 are known as ' type 0 
in Release 10. 

6Interleaved Frequency Division Multiple Access. 
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An indicator in an uplink re ource grant on the PDCCH can be u ed Lo trigger a single 
type 1 SRS transmi sion. This facilitate rapid channel sounding to re pond to change in 
traffic or channel condition , without tying up SRS resource for a longpe1iod. ln DCI Format 
0, one new bit can indicate activation of a type I SRS7 according to a set of parameters that 
i configured beforehand by RRC signalling. 1Jl DCI Format 4, which is used for scheduling 
uplink SU-MIMO transmissions two new bits allow one of three ets of RRC-configured 
type 1 SRS transmission parameters to be triggered (the remaining state indicates no type 1 
SRS activation). 

In the case of uplink multiple-antenna transmission (see Section 29.4), SRSs may be 
triggered on multiple antenna ports simultaneously. 

Other enhancements to the SRSs, including coordination of SRS transmission resource 
configurations and frequency-hopping patterns, may also be considered for cooperative 
MIMO schemes and inter-cell interference coordination in the future (see, for example, [7] 
and references therein). 

29.3 Downlink MIMO Enhancements 

The main enhancements to the downlink multiple antenna transmission schemes in Release 10 
are the extension of SU-MIMO to support 8-layer transmission, and improved support 
for MU-MIMO. These are introduced in a new PDSCH transmission mode, known as 
Transmission Mode 9. 

29.3.1 Downlink 8-Antenna Transmission 

The new RSs to support transmissions from 8 antenna ports in Release 10 are explained in 
Section 29 .1. 

For the data transmissions from 8 antenna ports, the Release 8/9 transmit diversity and 
spatial multiplexing modes are extended. For transmit diversity, no new schemes are specified 
in Release 10. Instead, if an eNodeB has more than four antennas and wishes to use transmit 
diversity, the Release 8 SFBC/FSTD8 schemes are re-used via 'antenna virtualization'; this 
means that multiple antennas are treated as a single port by the application of suitable 
precoding, with a single Release 8 cell-specific RS being transmitted from all the antennas 
comprising the antenna port. The antenna virtualization is thus transparent to the UE. 

For 8-layer spatial multiplexing, two aspects of the codeword-to-layer mapping needed 
to be considered, namely the number of codewords and the mapping of the codewords 
to layers. An increase in the number of codewords from the two supported in Release 8 
could in theory have provided a throughput gain for some receivers such as those based 
on Minimum Mean Squared Error Serial Interference Cancellation (MMSE-SIC), but on 
the other hand a larger signalling overhead would have been incuned in both downlink 
and uplillk, and the complexity of link adaptation would have been increased. Figure 29.6 
show the throughput performance of an 8x8 SU-MIMO transmission scheme with different 
numbers of codewords for a SIC receiver and a Linear MMSE (LMMSE) receiver. It can 
be seen that the performance gain from increasing the number of codewords beyond two is 
small even for the MMSE-SIC receiver. 

7Only applicable if I.he DCI message is sent in the UE-specific search space - see Section 9.3.5.5. 
8Space-Frequem:.y Block Code / Frequency Switched Transmit Diversity (SFBC/FSTD). 
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Figure 29.6: Throughput performance of LMMSE and MMSE-SIC receivers with different 
numbers of codewords. 

Therefore Release IO continues to use a maximum of two codewords even in the case 
of eight antenna ports. The codeword-to-layer mapping for 5 to 8 layers is illustrated in 
Figure 29.7. Note that, for up to 4 antenna ports, the mapping is the same as in Release 8. 

Slayers 6 Layers 7 Layers 8 Layers 

Figure 29.7: Codeword-to-layer mapping for up to 8 antenna ports. 

As noted in Section 29.1, the Release 10 high-rankPDSCH transmi sions u e UE- pecific 
RSs. This mean that they are not constrained to being tran mitred in subframes where the 
Relea e 8 cell- pecific RSs are n·an mitted, and POSCH tran mission mode 9 in Release IO 
therefore allows the PDSCH to be transmitted in the data region of 'MBSFN' 9 subframes, 
provided that those subframes are not actually used for MBMS 10 transmissions. 

The use of non-codebook-based precoding for the PDSCH means that the eNodeB has 
a substantial degree of freedom in determining the actual precoding to apply for each UE 

9Multimedia Broadcast Single Frequency Network. 
10Multimedia Broadcast/Multicast Service. 
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and for each RB. However, in some cases the eNodeB 111ay u e the same precoding matrix 
across several RBs. For example, when a UE is configured to feed back sub-band Precoding 
Matrix Indicators (PMis), the eNodeB i quite Likely to u e the same precoding matrix aero 
the RBs in a sub-band in the absence of other relevant information. In this case, the UE 
can improve it channel e timation quality if it has iJ1formation about the RB on which the 
same precocling matrix is applied. Therefore, in Release 10 it i specified that when the UE 
is configured to feed back PW, it can as~ume that the precoder is the same across all the 
RB within a Precoding Resource block Group (PRG). In resource allocation type O (see 
Section 9.3.5.4), the data allocation to the UE is performed in groups of contiguous RBs 
called Resource Block Group (RBG); in this case, the PRG ize is chosen such that it is a 
factor of die RBG size, in order to be consistent with the resource allocations to individual 
UEs. The sizes of the PMI ub-band , RBGs and PRGs for different bandwidths are shown 
in Table 29.l. 

System bandwidth 

<10 
11-26 
27-63 

64-110 

Table 29.1: PRG sizes. 

Sub-band size RBG size PRG size 

4 1 1 
4 2 2 
6 3 3 
8 4 2 

29.3.2 Enhanced Downlink Multi-User MIMO 

MU-MIMO was introduced in LTE Releases 8 and 9 as explained in Section 11.1.4. Further 
enhancements to MU-MIMO operation are included in PDSCH transmission mode 9 in 
Relea e IO. 

Like PDSCH transmis ion mode 8 in Release 9, transmi sion mode 9 in Release JO 
supports dynamic witching between SU-MilvfO and MU-MIMO. The provision of UE­
specific RS pattern with rank greater than one enables the scheduling of more than one 
spatial stream lO UE participating in MU-MJMO. Cell-specifi.c scrambling of the UE­
specific RS sequences, a well as orthogonal multiplexing of UE-specific RS port a igned 
to co- cheduled UEs, enable accurate channel e timalion and improved interference nulling 
at the UE. 

AJthough Relea e 10 support ord1ogonal multiplexing of up to 8 layers, the maximum 
intended multi-user multiplexing order i 4 in Release 10. The gains, if any, of supporting 
more than 4 layers with MU-MIMO are expected to be mall since the channel estimation 
quality is expected to dra ticaUy decrease and feedback inaccuracie make efficient selection 
of UEs for co-schedu)jng difficult. 

Another salient aspect ofMU-MIMO that was introduced in LTE Release 9 and is carried 
over into LTE-Advanced is the transparency of MU-MIMO operation from the point of 
view of the UE. Specifically, no signalling is provided lo infonn UEs of the presence of 
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co-scheduled transmissions, nor of any parameters of such transmissions (such as rank, 
antenna port, RB allocation or power offset); in particular, the use of DE-specific RSs whose 
amplitude can be varied along with the data symbols means that the Release 8 signalling of 
a power offset to indicate that the eNodeB's transmit power in an RB is divided between 
multiple DEs is no longer necessary. Control signalling is limited to indicating the set of 
DE-specific RS ports allocated to the lJ.E itself. As in Release 9, the 4-layer multiplexing is 
achieved by using two scrambling sequences and the rank-2 DE-specific RS pattern. 

A new DCI format (Format 2C) is introduced in PDSCH transmission mode 9 to 
support dynamic switching between SD-MIMO transmission (up to rank 8) and MD-MIMO 
transmission (up to rank 4). DCI Format 2C is based on Format 2B with the addition of 2 new 
bits; also, the SCrambling IDentity (SCID) bit of Format 2B is reused to encode jointly the 
number of layers, DE-specific RS SCID and antennna port mapping. The encoding is shown 
in Table 29.2. 11 

Table 29.2: Encoding of antenna ports, layers and SCID in DCI Format 2C. 

One codeword: Two codewords: 
Codeword 0 enabled, Codeword 1 disabled Both codewords enabled 

State Message State Message 

0 1 layer, port 7, SCID=0 0 2 layers, ports 7-8, SCID=0 
1 1 layer, port 7, SCID=l 1 2 layers, ports 7-8, SCID=l 
2 1 layer, port 8, SCID=0 2 3 layers, ports 7-9 
3 1 layer, port 8, SCID= 1 3 4 layers, ports 7-10 
4 2 layers, ports 7-8 4 5 layers, ports 7-11 
5 3 layers, ports 7-9 5 6 layers, ports 7-12 
6 4 layers, ports 7-10 6 7 layers, ports 7-13 
7 Reserved 7 8 layers, ports 7-14 

It is also well known that the system capacity of MD-MIMO is highly dependent on the 
accuracy of the CSI feedback from the DEs. Therefore, improved feedback is also a key 
factor for improved MD-MIMO performance; this is discussed in the next section. 

29.3.3 Enhanced CSI Feedback 

In Release 10, the same CQI/PMI/Rl 12 feedback types are used as in Release 8. As explained 
in Section 11.2.3, this is often described as implicit feedback, as it provides an implicit 
representation of the channel consisting of an indication of the data rate that could be 
achieved if the eNodeB used a certain precoder. 

11 Note that transmissions with more than one layer but a single codeword only occur in the case of retransmissions 
of SU-MIMO transmissions. Hence, for transmission with one codeword and 2 layers, only one scrambling sequence 
is used. 

12Channel Quality Indicator/ Precoding Matrix Indicator/ Rank Indicator. 
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The concept of implicit (i.e. recommended precoder) feedback can be compared to what 
is sometimes called explicit feedback (not supported in LTE or LTE-Advanced), whereby a 
UE would instead explicitly report a quantized representation of the physical CSI without 
making assumptions about the nature of the eNodeB precoder. Since the capacity achieved 
by MU-MIMO is very dependent on the accuracy of the CSI at the transmitter, explicit 
feedback mechanisms are often favoured in theoretical studies. However, the use of implicit 
feedback for MU-MIMO in LTE does have some practical advantages, including minimizing 
the implementation effort required to support both SU- and MU-MIMO. Furthermore, the 
accuracy of a UE's implicit feedback can very easily be tested, by transmitting data to the 
UE using the UE's recommended precoder and the Modulation and Coding Scheme (MCS) 
corresponding to the UE's CQI report. 

Moreover, it can be argued that, under certain assumptions, implicit and explicit feedback 
schemes have similar results. As an example, in the case of rank-I feedback, an explicit 
short-term CSI report would signal the direction of the highest channel gain, i.e. the strongest 
eigenvector of the channel matrix, after some form of quantization to reduce the overhead to 
a reasonable level. On the other hand, with implicit feedback, a UE would select the vector 
from the precoding codebook that yields the largest Signal-to-Interference-plus-Noise Ratio 
(SINR), which is necessarily an approximation of the strongest eigenvector, since the latter 
identifies the direction of maximum beamforming gain of the channel. 

29.3.3.1 PMI Feedback Codebook Enhancements 

Enhanced spatial feedback in PDSCH transmission mode 9 is available for the case when 8 
CSI-RS ports are configured. 

The principle of this enhanced feedback is based on an observation that large antenna 
arrays at the eNodeB typically comprise two cross-polarized subarrays, in which each sub­
array is a Uniform Linear Array (ULA). A close spacing of the antenna elements (of the 
order of half a wavelength) gives rise to fairly strong long-term correlation within a subarrny, 
which is seen in particular in many practical scenarios in macrocellular networks where the 
angular spread at the eNodeB is relatively small. A high long-term correlation within each 
suba1Tay can be exploited to reduce the rate of feedback required for each subarray, in time 
and/or frequency. 

In general, the relatively persistent nature of the spatial signatures of the subarrays facil­
itates robust MU-MIMO scheduling with predictable multi-user interference. Conversely, 
the low correlation between the cross-polarized subarrays yields improved diversity for SU­
MIMO scheduling. Following these principles, the PMI feedback codebooks for 8 CSI-RS 
antenna ports have been designed such that precoders within each 4-element ULA subarray 
are represented by a grid of beams, with the number of available beams from which to choose 
being 32 when 1- or 2-layer transmission is preferred, 16 for 3 or 4 layers, 4 for 5 to 7 layers 
and only one for 8 layers. Cross-polarized dimensions (corresponding to low correlation) are 
combined with co-phasing factors represented by quaternary symbols, following the same 
codebook design principle as in Release 8 for uncorrelated antennas. 

An example of the resulting Release 10 codebook design for the case of 2-layer 
transmission being preferred is shown in Table 29.3.3.1. Full details of the PMI feedback 
codebooks for 8 CSI-RS antenna ports when other transmission ranks are preferred can be 
found in [l, Section 6.3.4.2.3]. 
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Table 29.3: PMI feedback codebook design for the case of 2-layer feedback with 8 CSI-RS 
antenna ports. 

i2 0 2 3 

Codebook W2;,,2;1.o W2i1,2i1.I W2i1+1,2i1+t,O W2;1 +1,2;1 +1,1 

i2 4 5 6 7 

Codebook W2;1+2,2;1+2,o W2i1+2,2i1+2,l W2;1 +3,2;1 +3.o W2;1+3,2i1+3,1 

i2 8 9 10 11 

Codebook W2;1 ,2;1 +1,0 W2;1,2i1 +l,l W2;1+1,2;1+2,o W2;1+l,2i1+2,1 

i2 12 13 14 15 

Codebook W2; 1 ,2;1 +3,o W2;1,2;1+3,1 W2;1+1,2;1+3,o W2;1+1,2;1+3,1 

I [ Vm 
Wm,k,11 = 4 Jm1 /2 v e Ill 

The index O ::s; i1 ::s; 15 selects a cluster of beams from a set of partially 
overlapping clusters in a co-polarized subarray. The LSB of the index O ::s; 
i2 ::s; 15 selects one of the two co-phasing factors while the 3 MSBs of i2 

select one of 8 pairs of beams within a cluster. 

This codebook structure can be viewed as a two-stage codebook, in which the precoding 
matrix W corresponding to the UE's CSI feedback can be decomposed into a product of 
two matrices, such that W = W 1 • W2, where W 1 corresponds to the ULA grid-of-beams 
component of the PMI and W 2 corresponds to the frequency-selective co-phasing component 
of the PMI. The codebooks for PMI feedback when less than 8 CSI-RS antenna ports are 
configured, and indeed the Release 8/9 codebooks, can be considered to have the same 
structure with W I being set to the identity matrix. 

29.3.3.2 Periodic and Aperiodic CSI Reporting Enhancements 

Aperiodic CSI feedback on the Physical Uplink Shared Channel (PUSCH) as described in 
Section 10.2.1.1 follows the same design in Release 10 as in Release 8, except for the use 
of the new PMI codebooks described above if 8 CSI-RS ports are configured. However, 
the periodic feedback on the PUCCH (Physical Uplink Control CHannel) described in 
Section 10.2.1.2 is extended in Release l O to take advantage of the new two-stage PMI 
feedback codebook structure explained above. 

As spatial signatures within a co-polarized subarray are not expected to change much in 
the frequency domain, sub-band PMI feedback for this component (referred to as W, above) 
was not considered to be necessary. On the other hand, sub-band reporting can be useful 
for the spatial component that captures co-phasing across polarizations (referred to as W2)-
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These, together with the aim of keeping the uplink overhead as low as possible, led to the 
following PUCCH feedback modes being supported for the case of 8 CSI-RS ports: 

Wideband periodic feedback. The RI/PMI/CQI information is carried in two separate 
types of PUCCH feedback report: the first contains the RI, while the second contains 
associated PMI and CQI information. T~o alternative modes of operation exist in this case, 
known a submode 1 and submode 2, which are selected by means of an RRC signalling 
parameter 'PUCCH_fonnatl -l_CSIJeporting_mode' . In submode I , the wideband grid-of­
beams component of the PMJ is included in the first feedback report together with the RI. 
In ubmode 2, all of the PMI information (i.e. including both the grid-of-beams component 
and the sub-array co-phasing component) is contained in the second PUCCH report; in order 
to achieve this the PMI feedback codebook has to be sub arnpled (l.e. only certain specified 
entries are available from which the UE may select) so that the second report can fit within 
the available number of bits on the PUCCH. Submode 2 minimizes the code rate for the RI, 
whereas submode 1 avoids the need for subsampling of the PMI codebook. 

Sub-band periodic feedback. Thi mode allow t11e fact that the grid-of-beams component 
of the feedback may be relatively time-invariant [8) to be exploi ted, by reducing th.e feedback 
rate for that component and thereby making some feedback bits available for ub-band 
reporting of the co-phasing component. The Rl/PMI/CQI information i carried in three 
separate types of PUCCH feedback report. A one-bit Precoder Type Indication (PTI) report 
is added to the RI reports so that the UE can indicate the contents of the second and third 
reports. If the PTI is set to 'O', the second report contains the grid-of-beams PMI component 
and the third report contains the wideband co-pha ing component of the PMI together with 
the associated CQI; on the other hand, if the UE estimates that the grid-of-beams component 
has not changed since the previous time it was reported, the PTI is set to '1', the second report 
contains wideband co-phasing PMI feedback together with associated CQI, and the third 
report contains ub-band co-phasing PMI and associated CQI; multiple such third reports are 
transmitted, one for each sub-band. An example of thi sub-band periodic feedback using 
the PTI i illu trated in Figure 29.8, showing how the sub-band resolution of the co-phasing 
feedback i increased if the grid-of-beams rate is ·tatic. 

~ 
~ ■ 

W2sb1 
CQlsb1 

W2sb2 
CQlsb2 

Legend W1 estimated to be unchanged; 
W1: Wideband grid-of-beams component of PMI PT! set to '1' 
W2wb: Wideband co-phasing component of PM! 
W2sbi : Co-phasing component of PMI for sub-band ; 
CQlwb: Wideband CQI 
CQlsbi: CQI for sub-band i 

Figure 29.8: Example of a possible sequence of PUCCH CSI feedback reports when 8 
CSI-RS ports and sub-band PMI feedback are configured. 

229



230



SECOND EDITION Including Release 10 for LTE-Advanced 

LT E The UMTS Long Term Evolution 

FROM THEORY TO PRACTICE 

Edited by: 

Stefania Sesia, ST-Ericsson, France 
Issam Toufik, ETSI, France 
Matthew Baker, Alcatel-Lucent, UK 

r-
1 

I 

"Where this book is exceptional is that the reader will learn not just how LTE works but why it works." 
Adrian Scrase, ETSI Vice-President, International Partnership Projects 

The first edition of this book is globally recognised as the ultimate reference book on LTE. Following 
the success of its predecessor, this second edition is fully updated, covering the latest additions to LTE and 
a full description of LTE-Advanced. 

LTE - The UMTS Long Term Evolution, second edition offers a comprehensive system-level understanding built 
on explanations of the underlying theory. It includes complete coverage of Release 9 and the first release of 
LTE-Advanced, Release 10. The book is a collaborative effort of more than 40 key experts representing over 20 
companies actively participating in the development of LTE, as well as academia. The book highlights practical 
implications, illustrates the expected performance, and draws comparisons with the well-known 
WCDMA/HSPA standards. The authors not only pay special attention to the physical layer, giving an insight 
into the fundamental concepts of OFDMA, SC-FDMA and MIMO, but also cover the higher protocol layers 
and system architecture to enable the reader to gain an overall _u_nderstanding of the system. 

Key Features: 
• Comprehensively updated with the latest changes of the LTE Release 8 and 9 specifications, including 

improved coverage of Radio Resource Management, RF aspects and performance requirements 
• Provides detailed coverage of the new CTE Release 9 features, .including: eMBMS, dual-layer beamforming, 

user equipment positioning, home eNodeBs/femtocelJs, picocells and Self-Optimizing Networks (SON) 
• Evaluates the LTE system performance 
• :Explains LTE-Advam:i:d, bt:ginning with its context and motivation, and covering the key new features 

of carrier aggregation and high-order MIMO, as well as relaying, enhanced Inter-Cell Interference 
Coordination ( eICIC), network energy saving and minimization of drive tests 

• Discusses future developments such as Cooperative Multi-Point (CoMP) transmission and Machine­
Type Communications (MTC) 

• Includes an accompanying website containing a complete list of acronyms related to LTE and 
LTE-Advanced, with a brief description of each (http://www.wiley.com/go/sesia_theumts) 

This book is an invaluable reference for all research and development engineers involved in implementation 
of LTE or LTE-Advanced, as well as graduate and PhD students in wireless communications. Network 
operators, service providers and R&D managers will also find this book insightful. 
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