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CHAPTER

RADIO-INTERFACE
ARCHITECTURE

This chapter contains a brief overview of the overall architecture of an LTE radio-access
network (RAN) and the associated core network (CN), followed by descriptions of the
RAN user-plane and control-plane protocols.

4.1 OVERALL SYSTEM ARCHITECTURE

In parallel to the work on the LTE radio-access technology in 3GPP, the overall system ar-
chitecture of both the radio-access network and the core network was revisited, including the
split of functionality between the two networks. This work was known as the system archi-
tecture evolution (SAE) and resulted in a flat RAN architecture, as well as a new core-network
architecture referred to as the evolved packet core (EPC). Together, the LTE RAN and the
EPC are referred to as the evolved packet system (EPS).!

The RAN is responsible for all radio-related functionality of the overall network
including, for example, scheduling, radio-resource handling, retransmission protocols, cod-
ing, and various multi-antenna schemes. These functions are discussed in detail in the sub-
sequent chapters.

The EPC is responsible for functions not related to the radio access but needed for
providing a complete mobile-broadband network. This includes, for example, authentication,
charging functionality, and setup of end-to-end connections. Handling these functions
separately, instead of integrating them into the RAN, is beneficial as it allows for several
radio-access technologies to be served by the same CN.

Although this book focuses on the LTE RAN, a brief overview of the EPC, as well as how
it connects to the RAN, is useful. For an excellent in-depth discussion of EPC, the reader is
referred to [5].

4.1.1 CORE NETWORK

The EPC is a radical evolution from the GSM/GPRS core network used for GSM and
WCDMA/HSPA. EPC supports access to the packet-switched domain only, with no access to
the circuit-switched domain. It consists of several different types of nodes, some of which are
briefly described in the following and illustrated in Figure 4.1.

'"UTRAN, the WCDMA/HSPA RAN, is also part of the EPS.
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56 CHAPTER 4 RADIO-INTERFACE ARCHITECTURE

The mobility management entity (MME) is the control-plane node of the EPC. Its re-
sponsibilities include connection/release of bearers to a device, handling of IDLE to ACTIVE
transitions, and handling of security keys. The functionality operating between the EPC and
the device is sometimes referred to as the non-access stratum (NAS), to separate it from the
access stratum (AS) which handles functionality operating between the device and the RAN.

The serving gateway (S-GW) is the user-plane node connecting the EPC to the LTE RAN.
The S-GW acts as a mobility anchor when devices move between eNodeBs (see next section),
as well as a mobility anchor for other 3GPP technologies (GSM/GPRS and HSPA).
Collection of information and statistics necessary for charging is also handled by the S-GW.

The packet data network gateway (PDN gateway, P-GW) connects the EPC to the internet.
Allocation of the IP address for a specific device is handled by the P-GW, as well as quality-
of-service (QoS) enforcement according to the policy controlled by the PCRF (see later). The
P-GW is also the mobility anchor for non-3GPP radio-access technologies, such as
CDMA2000, connected to the EPC.

In addition, the EPC also contains other types of nodes such as policy and charging rules

function (PCRF) responsible for QoS handling and charging, and the home subscriber service

SGi
HSS P-GW
séa s5
S11
MME [~~~ S-GW

FIGURE 4.1
Core network architecture.
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4.1 OVERALL SYSTEM ARCHITECTURE 57

(HSS) node, a database containing subscriber information. There are also some additional
nodes present with regard to network support of multimedia broadcast multicast services
(MBMS) (see Chapter 19 for a more detailed description of MBMS, including the related
architecture aspects).

It should be noted that the nodes discussed earlier are logical nodes. In an actual physical
implementation, several of them may very well be combined. For example, the MME, P-GW,
and S-GW could very well be combined into a single physical node.

4.1.2 RADIO-ACCESS NETWORK

The LTE RAN uses a flat architecture with a single type of node’—the eNodeB. The eNodeB
is responsible for all radio-related functions in one or several cells. It is important to note that
an eNodeB is a logical node and not a physical implementation. One common imple-
mentation of an eNodeB is a three-sector site, where a base station is handling transmissions
in three cells, although other implementations can be found as well, such as one baseband
processing unit to which a number of remote radio heads are connected. One example of the
latter is a large number of indoor cells, or several cells along a highway, belonging to the same
eNodeB. Thus, a base station is a possible implementation of, but not the same as, an eNodeB.

As can be seen in Figure 4.2, the eNodeB is connected to the EPC by means of the S/
interface, more specifically to the S-GW by means of the S1 user-plane part, S1-u, and to the

Core Network

MME

MME

’ S1-u /St .
l/ : ! N\
’ \ U \
eNodeB |es=-- X2 ==\ -Lf------- -~ =Y eNodeB
-’\,2~\ \\I’ ,,*’fl
S =N/ -

eNodeB

FIGURE 4.2
Radio-access network interfaces.

2The introduction of MBMS (see Chapter 19) in release 9 and relaying (see Chapter 18) in release 10 bring additional node
types to the RAN.
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58 CHAPTER 4 RADIO-INTERFACE ARCHITECTURE

MME by means of the S1 control-plane part, S1-c. One eNodeB can be connected to multiple
MMEs/S-GWs for the purpose of load sharing and redundancy.

The X2 interface, connecting eNodeBs to each other, is mainly used to support active-
mode mobility. This interface may also be used for multi-cell radio-resource management
(RRM) functions such as inter-cell interference coordination (ICIC) discussed in Chapter 13.
The X2 interface is also used to support lossless mobility between neighboring cells by means
of packet forwarding.

The interface between the eNodeB to the device is known as the Uu interface. Unless
dual connectivity is used, see Chapter 16, a device is connected to a single eNodeB as a
time. There is also a PC5 interface defined for direct device-to-device communication, see
Chapter 21.

4.2 RADIO PROTOCOL ARCHITECTURE

With the overall network architecture in mind, the RAN protocol architecture for the user and
control planes can be discussed. Figure 4.3 illustrates the RAN protocol architecture (the
MME is, as discussed in the previous section, not part of the RAN but is included in the figure
for completeness). As seen in the figure, many of the protocol entities are common to the user
and control planes. Therefore, although this section mainly describes the protocol architec-
ture from a user-plane perspective, the description is in many respects also applicable to the
control plane. Control-plane-specific aspects are discussed in Section 4.3.

The LTE RAN provides one or more radio bearers to which IP packets are mapped
according to their QoS requirements. A general overview of the LTE (user-plane) protocol
architecture for the downlink is illustrated in Figure 4.4. As will become clear in the sub-
sequent discussion, not all the entities illustrated in Figure 4.4 are applicable in all situations.
For example, neither MAC scheduling nor hybrid ARQ with soft combining is used for
broadcast of the basic system information. The LTE protocol structure related to uplink

UE eNodeB MME

REEG  eem-mmmmmmmmmmmcieooe RLC
MAC e MAC
R < ~ - - - - - - - -~ -~~~ ===="=~ > PHY
User plane = Control plane User plane Control plane

FIGURE 4.3
Overall RAN protocol architecture.
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transmissions is similar to the downlink structure in Figure 4.4, although there are some
differences with respect to, for example, transport-format selection.
The different protocol entities of the RAN are summarized and described in more detail in
the following sections:

Packet data convergence protocol (PDCP) performs IP header compression, ciphering,
and integrity protection. It also handles in-sequence delivery and duplicate removal in
case of handover. There is one PDCP entity per radio bearer configured for a device.
Radio-link control (RLC) is responsible for segmentation/concatenation, retransmission
handling, duplicate detection, and in-sequence delivery to higher layers. The RLC
provides services to the PDCP. There is one RLC entity per radio bearer configured for a

device.
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60 CHAPTER 4 RADIO-INTERFACE ARCHITECTURE

e Medium-access control (MAC) handles multiplexing of logical channels, hybrid-ARQ
retransmissions, and uplink and downlink scheduling. The scheduling functionality is
located in the eNodeB for both uplink and downlink. The hybrid-ARQ protocol part is
present in both the transmitting and receiving ends of the MAC protocol. The MAC
provides services to the RLC in the form of logical channels.

e Physical layer (PHY) handles coding/decoding, modulation/demodulation, multi-
antenna mapping, and other typical physical-layer functions. The physical layer offers
services to the MAC layer in the form of transport channels.

To summarize the flow of downlink data through all the protocol layers, an example
illustration for a case with three IP packets, two on one radio bearer and one on another radio
bearer, is given in Figure 4.5. The data flow in the case of uplink transmission is similar. The
PDCP performs (optional) IP-header compression, followed by ciphering. A PDCP header is
added, carrying information required for deciphering in the device. The output from the
PDCP is forwarded to the RLC. In general, the data entity from/to a higher protocol layer is
known as a service data unit (SDU) and the corresponding entity to/from a lower protocol
layer entity is called a protocol data unit (PDU).

The RLC protocol performs concatenation and/or segmentation of the PDCP SDUs and
adds an RLC header. The header is used for in-sequence delivery (per logical channel) in the
device and for identification of RLC PDUs in the case of retransmissions. The RLC PDUs are
forwarded to the MAC layer, which multiplexes a number of RLC PDUs and attaches a MAC
header to form a transport block. The transport-block size depends on the instantaneous data
rate selected by the link-adaptation mechanism. Thus, the link adaptation affects both the

Radio Bearer 1 ; ; Radio Bearer 1 ; Radio Bearer 2

Payload |

; : b l 5 -
PDCP PDCP SDU PDCP SDU PDCP SDU

header header header

Payload |

Payload

“PDCP |
header

"PDCP
header

S |
header

RLC |I

RLC SDU | | RLC SDU | | RLC SDU |
RLC T RLC RLC
header header header
MAC MAG MAC SDU MAC, MAC SDU
header header
PHY | Transport Block CRC | | Transport Block | CRC |
FIGURE 4.5

Example of LTE data flow.
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4.2 RADIO PROTOCOL ARCHITECTURE 61

MAC and RLC processing. Finally, the physical layer attaches a CRC to the transport block
for error-detection purposes, performs coding and modulation, and transmits the resulting
signal, possibly using multiple transmit antennas.

The remainder of the chapter contains an overview of the RLC, MAC, and physical layers.
A more detailed description of the LTE physical-layer processing is given in Chapter 6
(downlink) and Chapter 7 (uplink), followed by descriptions of some specific uplink and
downlink radio-interface functions and procedures in the subsequent chapters as well as some
enhancements introduced after release 8/9.

4.2.1 PACKET-DATA CONVERGENCE PROTOCOL

The PDCP performs IP header compression to reduce the number of bits to transmit over the
radio interface. The header-compression mechanism is based on robust header compression
(ROHC) [31], a standardized header-compression algorithm also used for several other
mobile-communication technologies. PDCP is also responsible for ciphering to protect
against eavesdropping and, for the control plane, integrity protection to ensure that control
messages originate from the correct source. At the receiver side, the PDCP performs the
corresponding deciphering and decompression operations.

In addition, the PDCP also plays an important role for intra-eNodeB handover, handling
in-sequence delivery and duplicate removal.> Upon handover, undelivered downlink data
packets will be forwarded by the PDCP from the old eNodeB to the new eNodeB. The PDCP
entity in the device will also handle retransmission of all uplink packets not yet delivered to
the eNodeB as the hybrid-ARQ buffers are flushed upon handover.

4.2.2 RADIO-LINK CONTROL

The RLC protocol is responsible for segmentation/concatenation of (header-compressed) IP
packets, also known as RLC SDUs, from the PDCP into suitably sized RLC PDUs. It also
handles retransmission of erroneously received PDUs, as well as removal of duplicated
PDUs. Finally, the RLC ensures in-sequence delivery of SDUs to upper layers. Depending on
the type of service, the RLC can be configured in different modes to perform some or all of
these functions.

Segmentation and concatenation, one of the main RLC functions, is illustrated in
Figure 4.6. Depending on the scheduler decision, a certain amount of data is selected for
transmission from the RLC SDU buffer, and the SDUs are segmented/concatenated to create
the RLC PDU. Thus, for LTE the RLC PDU size varies dynamically. For high data rates, a
large PDU size results in a smaller relative overhead, while for low data rates, a small PDU
size is required as the payload would otherwise be too large. Hence, as the LTE data rates may

3Reordering is done in a similar way as the RLC reordering handling out-of-sequence PDUs from the hybrid-ARQ entity, see
Chapter 8.
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62 CHAPTER 4 RADIO-INTERFACE ARCHITECTURE
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FIGURE 4.6
RLC segmentation and concatenation.

range from a few kbit/s up to several Gbit/s, dynamic PDU sizes are motivated for LTE in
contrast to earlier mobile-communication technologies, which typically used a fixed PDU
size. Since the RLC, scheduler, and rate-adaptation mechanisms are all located in the eNo-
deB, dynamic PDU sizes are easily supported for LTE. In each RLC PDU, a header is
included, containing, among other things, a sequence number used for in-sequence delivery
and retransmission handling.

The RLC retransmission mechanism is also responsible for providing error-free delivery
of data to higher layers. To accomplish this, a retransmission protocol operates between the
RLC entities in the receiver and transmitter. By monitoring the sequence numbers of the
incoming PDUs, the receiving RLC can identify missing PDUs. Status reports are then fed
back to the transmitting RLC entity, requesting retransmission of missing PDUs. Based on the
received status report, the RLC entity at the transmitter can take appropriate action and
retransmit the missing PDUs if needed.

Although the RLC is capable of handling transmission errors due to noise, unpredictable
channel variations, and so on, error-free delivery is in most cases handled by the MAC-based
hybrid-ARQ protocol. The use of a retransmission mechanism in the RLC may therefore
seem superfluous at first. However, as is discussed in Section 4.2.3.3, this is not the case, and
the use of both RLC- and MAC-based retransmission mechanisms is in fact well motivated by
the differences in the feedback signaling.

The details of RLC are further described in Chapter 8.

4.2.3 MEDIUM-ACCESS CONTROL

The MAC layer handles logical-channel multiplexing, hybrid-ARQ retransmissions, and
uplink and downlink scheduling. It is also responsible for multiplexing/demultiplexing data
across multiple component carriers when carrier aggregation is used, see Chapter 12, and
clear-channel assessment for license-assisted access, see Chapter 17.

4.2.3.1 Logical Channels and Transport Channels
The MAC provides services to the RLC in the form of logical channels. A logical channel is
defined by the type of information it carries and is generally classified as a control channel,
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4.2 RADIO PROTOCOL ARCHITECTURE 63

used for transmission of control and configuration information necessary for operating an
LTE system, or as a traffic channel, used for the user data. The set of logical-channel types
specified for LTE includes:

¢ The broadcast control channel (BCCH), used for transmission of system information
from the network to all devices in a cell. Prior to accessing the system, a device needs to
acquire the system information to find out how the system is configured and, in general,
how to behave properly within a cell.

¢ The paging control channel (PCCH), used for paging of devices whose location on a cell
level is not known to the network. The paging message therefore needs to be transmitted
in multiple cells.

¢ The common control channel (CCCH), used for transmission of control information in
conjunction with random access.

e The dedicated control channel (DCCH), used for transmission of control information to/
from a device. This channel is used for individual configuration of devices such as
different handover messages.

¢ The dedicated traffic channel (DTCH), used for transmission of user data to/from a
device. This is the logical channel type used for transmission of all uplink and non-
MBSFN downlink user data.

¢ The multicast control channel (MCCH), used for transmission of control information
required for reception of the MTCH (see later).

¢ The single-cell multicast control channel (SC-MCCH), used for transmission of control
information for single-cell MTCH reception (see later).

¢ The multicast traffic channel (MTCH), used for downlink transmission of MBMS across
multiple cells.

¢ The single-cell multicast traffic channel (SC-MTCH), used for downlink transmission of
MBMS in a single cell.

¢ The sidelink broadcast control channel (SBCCH), used for sidelink synchronization.

¢ The sidelink traffic channel (STCH), used for sidelink communication (sidelink is the
link for direct device-to-device communication, compare uplink and downlink for
communication between a device and an eNodeB), see Chapter 21 for a description of
device-to-device communication.

From the physical layer, the MAC layer uses services in the form of transport channels.
A transport channel is defined by how and with what characteristics the information is
transmitted over the radio interface. Data on a transport channel is organized into transport
blocks. In each transmission time interval (TTI), at most one transport block of dynamic size
is transmitted over the radio interface to/from a device in the absence of spatial multiplexing.
In the case of spatial multiplexing (MIMO), there can be up to two transport blocks per TTL

Associated with each transport block is a transport format (TF), specifying how the
transport block is to be transmitted over the radio interface. The transport format includes
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information about the transport-block size, the modulation-and-coding scheme, and the an-
tenna mapping. By varying the transport format, the MAC layer can thus realize different data
rates. Rate control is also known as transport-format selection.

The following transport-channel types are defined for LTE:

The broadcast channel (BCH) has a fixed transport format, provided by the
specifications. It is used for transmission of parts of the BCCH system information, more
specifically the so-called master information block (MIB), as described in Chapter 11.
The paging channel (PCH) is used for transmission of paging information from the
PCCH logical channel. The PCH supports discontinuous reception (DRX) to allow the
device to save battery power by waking up to receive the PCH only at predefined time
instants. The LTE paging mechanism is also described in Chapter 11.

The downlink shared channel (DL-SCH) is the main transport channel used for
transmission of downlink data in LTE. It supports key LTE features such as dynamic
rate adaptation and channel-dependent scheduling in the time and frequency domains,
hybrid ARQ with soft combining, and spatial multiplexing. It also supports DRX to
reduce device power consumption while still providing an always-on experience. The
DL-SCH is also used for transmission of the parts of the BCCH system information not
mapped to the BCH. There can be multiple DL-SCHs in a cell, one per device*
scheduled in this TTI, and, in some subframes, one DL-SCH carrying system
information.

The multicast channel (MCH) is used to support MBMS. It is characterized by a semi-
static transport format and semi-static scheduling. In the case of multi-cell transmission
using MBSFN, the scheduling and transport format configuration are coordinated among
the transmission points involved in the MBSFN transmission. MBSFN transmission is
described in Chapter 19.

The uplink shared channel (UL-SCH) is the uplink counterpart to the DL-SCH—that is,
the uplink transport channel used for transmission of uplink data.

The sidelink shared channel (SL-SCH) is the transport channel used for sidelink
communication as described in Chapter 21.

The sidelink broadcast channel (SL-BCH) is used for sidelink synchronization, see
Chapter 21.

The sidelink discovery channel (SL-DCH) is used in the sidelink discovery process as
described in Chapter 21.

In addition, the random-access channel (RACH) is also defined as a transport channel,

although it does not carry transport blocks. Furthermore, the introduction of NB-IoT in
release 13, see Chapter 20, resulted in a set of channels optimized for narrowband operation.

Part of the MAC functionality is multiplexing of different logical channels and mapping of

the logical channels to the appropriate transport channels. The mapping between logical-

“For carrier aggregation, a device may receive multiple DL-SCHs, one per component carrier.
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FIGURE 4.7
Downlink channel mapping.

channel types and transport channel types is given in Figure 4.7 for the downlink and
Figure 4.8 for the uplink. The figures clearly indicate how DL-SCH and UL-SCH are the main
downlink and uplink transport channels, respectively. In the figures, the corresponding
physical channels, described later, are also included and the mapping between transport
channels and physical channels is illustrated. For details on the mapping of sidelink channels
see Chapter 21.

To support priority handling, multiple logical channels, where each logical channel has its
own RLC entity, can be multiplexed into one transport channel by the MAC layer. At the
receiver, the MAC layer handles the corresponding demultiplexing and forwards the RLC
PDU s to their respective RLC entity for in-sequence delivery and the other functions handled
by the RLC. To support the demultiplexing at the receiver, a MAC header, as shown in

CCCH DTCH DCCH
Logical
Channels
Transport
Channels UL-SCH RACH
ucl
Physical Pt U S

Channels

FIGURE 4.8
Uplink channel mapping.
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Figure 4.9, is used. To each RLC PDU, there is an associated subheader in the MAC header.
The subheader contains the identity of the logical channel (LCID) from which the RLC PDU
originated and the length of the PDU in bytes. There is also a flag indicating whether this is
the last subheader or not. One or several RLC PDUs, together with the MAC header and, if
necessary, padding to meet the scheduled transport-block size, form one transport block
which is forwarded to the physical layer.

In addition to multiplexing of different logical channels, the MAC layer can also insert
the so-called MAC control elements into the transport blocks to be transmitted over the
transport channels. A MAC control element is used for inband control signaling—for
example, timing-advance commands and random-access response, as described in Sections
7.6 and 11.3, respectively. Control elements are identified with reserved values in the LCID
field, where the LCID value indicates the type of control information. Furthermore, the
length field in the subheader is removed for control elements with a fixed length.

4.2.3.2 Scheduling
One of the basic principles of LTE radio access is shared-channel transmission—that is,
time—frequency resources are dynamically shared between users. The scheduler is part of the
MAC layer (although often better viewed as a separate entity as illustrated in Figure 4.4) and
controls the assignment of uplink and downlink resources in terms of so-called resource-
block pairs. Resource-block pairs correspond to a time—frequency unit of 1 ms times
180 kHz, as described in more detail in Chapter 9.

The basic operation of the scheduler is so-called dynamic scheduling, where the eNodeB
in each 1 ms interval takes a scheduling decision and sends scheduling information to the
selected set of devices. However, there is also a possibility for semi-persistent scheduling
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TF selection in (A) downlink and (B) uplink.

where a semi-static scheduling pattern is signaled in advance to reduce the control-signaling
overhead.

Uplink and downlink scheduling are separated in LTE, and uplink and downlink sched-
uling decisions can be taken independently of each other (within the limits set by the uplink/
downlink split in the case of half-duplex FDD operation).

The downlink scheduler is responsible for (dynamically) controlling which device(s) to
transmit to and, for each of these devices, the set of resource blocks upon which the device’s
DL-SCH should be transmitted. Transport-format selection (selection of transport-block size,
modulation scheme, and antenna mapping) and logical-channel multiplexing for downlink
transmissions are controlled by the eNodeB, as illustrated in the left part of Figure 4.10. As a
consequence of the scheduler controlling the data rate, the RLC segmentation and MAC
multiplexing will also be affected by the scheduling decision. The outputs from the downlink
scheduler can be seen in Figure 4.4.

The uplink scheduler serves a similar purpose, namely to (dynamically) control which
devices are to transmit on their respective UL-SCH and on which uplink time—frequency
resources (including component carrier). Despite the fact that the eNodeB scheduler de-
termines the TF for the device, it is important to point out that the uplink scheduling decision
is taken per device and not per radio bearer. Thus, although the eNodeB scheduler controls the
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payload of a scheduled device, the device is still responsible for selecting from which radio
bearer(s) the data is taken. The device handles logical-channel multiplexing according to
rules, the parameters of which can be configured by the eNodeB. This is illustrated in the right
part of Figure 4.10, where the eNodeB scheduler controls the TF and the device controls the
logical-channel multiplexing.

Although the scheduling strategy is implementation specific and not specified by 3GPP,
the overall goal of most schedulers is to take advantage of the channel variations between
devices and preferably schedule transmissions to a device on resources with advantageous
channel conditions. A benefit of the use of OFDM in LTE is the possibility to exploit channel
variations in both time and frequency domains through channel-dependent scheduling. This
was mentioned earlier, in Chapter 9, and illustrated in Figure 3.2. For the larger bandwidths
supported by LTE, where a significant amount of frequency-selective fading may occur, the
possibility for the scheduler to also exploit frequency-domain channel variations becomes
increasingly important compared to exploiting time-domain variations only. This is beneficial
especially at low speeds, where the variations in the time domain are relatively slow
compared to the delay requirements set by many services.

Downlink channel-dependent scheduling is supported through channel-state information
(CSI), reported by the device to the eNodeB and reflecting the instantaneous downlink
channel quality in the time and frequency domains, as well as information necessary to
determine the appropriate antenna processing in the case of spatial multiplexing. In the up-
link, the channel-state information necessary for uplink channel-dependent scheduling can be
based on a sounding reference signal transmitted from each device for which the eNodeB
wants to estimate the uplink channel quality. To aid the uplink scheduler in its decisions, the
device can transmit buffer-status information to the eNodeB using a MAC message. This
information can only be transmitted if the device has been given a valid scheduling grant. For
situations when this is not the case, an indicator that the device needs uplink resources is
provided as part of the uplink L1/L2 control-signaling structure (see Chapter 7).

4.2.3.3 Hybrid ARQ with Soft Combining
Hybrid ARQ with soft combining provides robustness against transmission errors. As hybrid-
ARQ retransmissions are fast, many services allow for one or multiple retransmissions,
thereby forming an implicit (closed-loop) rate-control mechanism. The hybrid-ARQ protocol
is part of the MAC layer, while the actual soft combining is handled by the physical layer.
Hybrid ARQ is not applicable for all types of traffic. For example, broadcast trans-
missions, where the same information is intended for multiple devices, typically do not rely
on hybrid ARQ.® Hence, hybrid ARQ is only supported for the DL-SCH and the UL-SCH,
although its usage is optional.

5The soft combining is done before or as part of the channel decoding, which clearly is a physical-layer functionality.
6 Autonomous retransmissions, where the transmitter repeats the same information several times without the receivers trans-
mitting an acknowledgment, is possible and sometimes used to obtain a soft combining gain.

Ericsson Ex. 1007, p. 19 of 52
Ericsson v. Motorola



4.2 RADIO PROTOCOL ARCHITECTURE 69

The LTE hybrid-ARQ protocol uses multiple parallel stop-and-wait processes. Upon
reception of a transport block, the receiver makes an attempt to decode the transport block and
informs the transmitter about the outcome of the decoding operation through a single
acknowledgment bit indicating whether the decoding was successful or if a retransmission of
the transport block is required. Clearly, the receiver must know to which hybrid-ARQ process
a received acknowledgment is associated. This is solved by using the timing of the
acknowledgment for association with a certain hybrid-ARQ process. Note that, in the case of
TDD operation, the time relation between the reception of data in a certain hybrid-ARQ
process and the transmission of the acknowledgment is also affected by the uplink/down-
link allocation.

The use of multiple parallel hybrid-ARQ processes, illustrated in Figure 4.11, for each
user can result in data being delivered from the hybrid-ARQ mechanism out of sequence. For
example, transport block 5 in the figure was successfully decoded before transport block 1
which required retransmissions. In-sequence delivery of data is therefore ensured by the RLC
layer.

Downlink retransmissions may occur at any time after the initial transmission—that is, the
protocol is asynchronous—and an explicit hybrid-ARQ process number is used to indicate
which process is being addressed. In an asynchronous hybrid-ARQ protocol, the retrans-
missions are in principle scheduled similarly to the initial transmissions. Uplink retrans-
missions, on the other hand, are based on a synchronous protocol, the retransmission occurs at
a predefined time after the initial transmission and the process number can be implicitly
derived. In a synchronous protocol the time instant for the retransmissions is fixed once the
initial transmission has been scheduled, which must be accounted for in the scheduling
operation. However, note that the scheduler knows from the hybrid-ARQ entity in the
eNodeB whether a retransmission needs to be scheduled or not.

To RLC for in-sequence delivery
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The hybrid-ARQ mechanism will rapidly correct transmission errors due to noise or
unpredictable channel variations. As discussed earlier in this chapter, the RLC is also capable
of requesting retransmissions, which at first sight may seem unnecessary. However, the reason
for having two retransmission mechanisms on top of each other can be seen in the feedback
signaling—hybrid ARQ provides fast retransmissions but due to errors in the feedback the
residual error rate is typically too high, for example, for good TCP performance, while RLC
ensures (almost) error-free data delivery but slower retransmissions than the hybrid-ARQ
protocol. Hence, the combination of hybrid ARQ and RLC provides an attractive combina-
tion of small round-trip time and reliable data delivery. Furthermore, as the RLC and hybrid
ARQ are located in the same node, tight interaction between the two is possible, as discussed
in Chapter 8.

4.2.4 PHYSICAL LAYER

The physical layer is responsible for coding, physical-layer hybrid-ARQ processing, mod-
ulation, multi-antenna processing, and mapping of the signal to the appropriate physical
time—frequency resources. It also handles mapping of transport channels to physical chan-
nels, as shown in Figures 4.7 and 4.8.

As mentioned in the introduction, the physical layer provides services to the MAC layer in
the form of transport channels. Data transmission in downlink, uplink, and sidelink use the
DL-SCH, UL-SCH, and SL-SCH transport-channel types, respectively. There is at most one
or, in the case of spatial multiplexing,’ two transport blocks per TTI on a DL-SCH, UL-SCH,
or SL-SCH. In the case of carrier aggregation, there is one DL-SCH (or UL-SCH) per
component carrier seen by the device.

A physical channel corresponds to the set of time—frequency resources used for trans-
mission of a particular transport channel and each transport channel is mapped to a corre-
sponding physical channel, as shown in Figures 4.7 and 4.8 for the downlink and uplink (the
sidelink is covered in Chapter 21). In addition to the physical channels with a corresponding
transport channel, there are also physical channels without a corresponding transport channel.
These channels, known as L1/L2 control channels, are used for downlink control information
(DCI), providing the device with the necessary information for proper reception and decoding
of the downlink data transmission, uplink control information (UCI) used for providing the
scheduler and the hybrid-ARQ protocol with information about the situation at the device,
and sidelink control information (SCI) for handling sidelink transmissions.

The following physical-channel types are defined for LTE:

e The physical downlink shared channel (PDSCH) is the main physical channel used for
unicast data transmission, but also for transmission of paging information.

» The physical broadcast channel (PBCH) carries part of the system information, required
by the device in order to access the network.

"There is no spatial multiplexing defined for sidelink communication.
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e The physical multicast channel (PMCH) is used for MBSFN transmission.

e The physical downlink control channel (PDCCH) is used for downlink control
information, mainly scheduling decisions, required for reception of PDSCH, and for
scheduling grants enabling transmission on the PUSCH.

e The enhanced physical downlink control channel (EPDCCH) was introduced in release
11. It essentially serves the same purpose as the PDCCH but allows for transmission of
the control information in a more flexible way.

e The MTC physical downlink control channel MPDCCH) was introduced in release 13 as
part of the improved support for massive machine-type communication, see Chapter 20.
In essence it is a variant of the EPDCCH.

e The relay physical downlink control channel (R-PDCCH) was introduced in release 10
and is used to carry L1/L2 control signaling on the donor-eNodeB-to-relay link.

* The physical hybrid-ARQ indicator channel (PHICH) carries the hybrid-ARQ
acknowledgment to indicate to the device whether a transport block should be
retransmitted or not.

e The physical control format indicator channel (PCFICH) is a channel providing the
devices with information necessary to decode the set of PDCCHs. There is only one
PCFICH per component carrier.

e The physical uplink shared channel (PUSCH) is the uplink counterpart to the PDSCH.
There is at most one PUSCH per uplink component carrier per device.

* The physical uplink control channel (PUCCH) is used by the device to send hybrid-ARQ
acknowledgments, indicating to the eNodeB whether the downlink transport block(s)
was successfully received or not, to send channel-state reports aiding downlink channel-
dependent scheduling, and for requesting resources to transmit uplink data upon. There is
at most one PUCCH per device.

e The physical random-access channel (PRACH) is used for random access, as described
in Chapter 11.

e The physical sidelink shared channel (PSSCH) is used for sidelink data transfer, see
Chapter 21.

e The physical sidelink control channel (PSCCH), used for sidelink-related control
information.

e The physical sidelink discovery channel (PSDCH), used for sidelink discovery.

e The physical sidelink broadcast channel (PSBCH), used to convey basic sidelink-related
information between devices.

Note that some of the physical channels, more specifically the channels used for downlink
control information (namely, PCFICH, PDCCH, PHICH, EPDCCH, and R-PDCCH), uplink
control information (namely, PUCCH), and sidelink control information (namely, PSCCH)
do not have a corresponding transport channel mapped to them.

The remaining downlink transport channels are based on the same general physical-layer
processing as the DL-SCH, although with some restrictions in the set of features used. This
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is especially true for PCH and MCH transport channels. For the broadcast of system infor-
mation on the BCH, a device must be able to receive this information channel as one of the first
steps prior to accessing the system. Consequently, the transmission format must be known to
the devices a priori, and there is no dynamic control of any of the transmission parameters from
the MAC layer in this case. The BCH is also mapped to the physical resource (the OFDM
time—frequency grid) in a different way, as described in more detail in Chapter 11.

For transmission of paging messages on the PCH, dynamic adaptation of the transmission
parameters can, to some extent, be used. In general, the processing in this case is similar to the
generic DL-SCH processing. The MAC can control modulation, the amount of resources, and
the antenna mapping. However, as an uplink has not yet been established when a device is
paged, hybrid ARQ cannot be used as there is no possibility for the device to transmit a
hybrid-ARQ acknowledgment.

The MCH is used for MBMS transmissions, typically with single-frequency network
operation by transmitting from multiple cells on the same resources with the same format at
the same time. Hence, the scheduling of MCH transmissions must be coordinated between the
cells involved and dynamic selection of transmission parameters by the MAC is not possible.

4.3 CONTROL-PLANE PROTOCOLS

The control-plane protocols are, among other things, responsible for connection setup,
mobility, and security. Control messages transmitted from the network to the devices can
originate either from the MME, located in the core network, or from the radio resource
control (RRC), located in the eNodeB.

NAS control-plane functionality, handled by the MME, includes EPS bearer management,
authentication, security, and different idle-mode procedures such as paging. It is also
responsible for assigning an IP address to a device. For a detailed discussion about the NAS
control-plane functionality, see [5].

The RRC is located in the eNodeB and is responsible for handling the RAN-related
procedures, including:

* Broadcast of system information necessary for the device to be able to communicate with
a cell. Acquisition of system information is described in Chapter 11.

* Transmission of paging messages originating from the MME to notify the device about
incoming connection requests. Paging, discussed further in Chapter 11, is used in the
RRC_IDLE state (described later) when the device is not connected to a particular cell.
Indication of system-information updates is another use of the paging mechanism, as is
public warning systems.

¢ Connection management, including setting up bearers and mobility within LTE. This
includes establishing an RRC context—that is, configuring the parameters necessary for
communication between the device and the RAN.

¢ Mobility functions such as cell (re)selection.
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e Measurement configuration and reporting.

¢ Handling of device capabilities; when connection is established the device (UE) will
announce its capabilities as all devices are not capable of supporting all the functionality
described in the LTE specifications, as briefly discussed in Chapter 3.

RRC messages are transmitted to the device using signaling radio bearers (SRBs), using
the same set of protocol layers (PDCP, RLC, MAC, and PHY) as described in Section 4.2.
The SRB is mapped to the CCCH during establishment of connection and, once a connection
is established, to the DCCH. Control-plane and user-plane data can be multiplexed in the
MAC layer and transmitted to the device in the same TTI. The aforementioned MAC control
elements can also be used for control of radio resources in some specific cases where low
latency is more important than ciphering, integrity protection, and reliable transfer.

4.3.1 STATE MACHINE

In LTE, a device can be in two different states from an RRC perspective,8 RRC_CON-
NECTED and RRC_IDLE, as illustrated in Figure 4.12.

In RRC_CONNECTED, there is an RRC context established—that is, the parameters
necessary for communication between the device and the RAN are known to both entities.
The cell to which the device belongs is known, and an identity of the device, the cell radio-
network temporary identifier (C-RNTI), used for signaling purposes between the device and
the network, has been configured. RRC_CONNECTED is intended for data transfer to/from
the device, but DRX can be configured in order to reduce device power consumption (DRX is
described in further detail in Chapter 9). Since there is an RRC context established in the
eNodeB in RRC_CONNECTED, leaving DRX and starting to receive/transmit data is rela-
tively fast as no connection setup with its associated signaling is needed.

Although expressed differently in the specifications, RRC_CONNECTED can be thought
of as having two substates, IN_SYNC and OUT_OF_SYNC, depending on whether the
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FIGURE 4.12
LTE states.

3There are also different core-network states for a device, but these are not described here.
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uplink is synchronized to the network or not. Since LTE uses an orthogonal FDMA/TDMA-
based uplink, it is necessary to synchronize the uplink transmission from different devices
such that they arrive at the receiver at (about) the same time. The procedure for obtaining and
maintaining uplink synchronization is described in Chapter 7, but in short the receiver
measures the arrival time of the transmissions from each actively transmitting device and
sends timing-correction commands in the downlink. As long as the uplink is synchronized,
uplink transmission of user data and L1/L2 control signaling is possible. If no uplink
transmission has taken place within a configurable time window and therefore timing
alignment has not been possible, uplink synchronization cannot be guaranteed and the uplink
is declared to be nonsynchronized. In this case, the device needs to perform a random-access
procedure to restore uplink synchronization prior to transmission of uplink data or control
information.

In RRC_IDLE, there is no RRC context in the RAN, and the device does not belong to a
specific cell. No data transfer may take place as the device sleeps most of the time in order to
reduce battery consumption. Uplink synchronization is not maintained and hence the only
uplink transmission activity that may take place is random access, discussed in Chapter 11, to
move to RRC_CONNECTED. When moving to RRC_CONNECTED the RRC context needs
to be established in both the RAN and the device. Compared to leaving DRX this takes a
somewhat longer time. In the downlink, devices in RRC_IDLE periodically wake up in order
to receive paging messages, if any, from the network, as described in Chapter 11.
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CHAPTER

PHYSICAL TRANSMISSION
RESOURCES

In Chapter 4, the overall LTE architecture was discussed, including an overview of the
different protocol layers. Prior to discussing the detailed LTE downlink and uplink trans-
mission schemes, a description of the basic time—frequency transmission resource of LTE is
provided in this chapter. An overview of the concept of antenna ports is also provided.

5.1 OVERALL TIME—FREQUENCY STRUCTURE

OFDM is the basic transmission scheme for both the downlink and uplink transmission di-
rections in LTE although, for the uplink, specific means are employed to reduce the cubic
metric' of the transmitted signal, thereby allowing for improved efficiency for the device
transmitter power amplifier. Thus, for uplink user data and higher-layer control signaling
corresponding to transmission of the PUSCH physical channel, DFT precoding is applied
before OFDM modulation, leading to DFT-spread OFDM or DFTS-OFDM, see further
Chapter 7. As will be described in Chapter 7, for other uplink transmissions, such as the
transmission of L1/L2 control signaling and different types of reference-signal transmissions,
other measures are taken to limit the cubic metric of the transmitted signal.

The LTE OFDM subcarrier spacing equals 15 kHz for both downlink and uplink. The
selection of the subcarrier spacing in an OFDM-based system needs to carefully balance
overhead from the cyclic prefix against sensitivity to Doppler spread/shift and other types of
frequency errors and inaccuracies. The choice of 15 kHz for the LTE subcarrier spacing was
found to offer a good balance between these different constraints.

Assuming an FFT-based transmitter/receiver implementation, 15 kHz subcarrier spacing
corresponds to a sampling rate fy = 15000 Nggr, where Nggr is the FFT size. It is important to
understand though that the LTE specifications do not in any way mandate the use of FFT-
based transmitter/receiver implementations and even less so a particular FFT size or sam-
pling rate. Nevertheless, FFT-based implementations of OFDM are common practice and an

'The cubic metric is a better measure than the peak-to-average ratio of the amount of additional back-off needed for a certain
signal waveform, relative to the back-off needed for some reference waveform [10].
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LTE time-domain structure.

FFT size of 2048, with a corresponding sampling rate of 30.72 MHz, is suitable for the wider
LTE carrier bandwidths, such as bandwidths of the order of 15 MHz and above. However, for
smaller carrier bandwidths, a smaller FFT size and a correspondingly lower sampling rate can
very well be used.

In addition to the 15 kHz subcarrier spacing, a reduced subcarrier spacing of 7.5 kHz,
with a corresponding OFDM symbol time that is twice as long, is also defined for LTE. The
introduction of the reduced subcarrier spacing specifically targeted MBSFN-based multicast/
broadcast transmissions (see Chapter 19). However, currently the 7.5 kHz subcarrier
numerology is only partly implemented in the LTE specifications. The remaining discussions
within this and the following chapters will assume the 15 kHz subcarrier spacing unless
explicitly stated otherwise.

In the time domain, LTE transmissions are organized into frames of length 10 ms, each of
which is divided into ten equally sized subframes of length 1 ms, as illustrated in Figure 5.1.
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Each subframe consists of two equally sized slots of length Ty = 0.5 ms, with each slot
consisting of a number of OFDM symbols including cyclic prefix.” To provide consistent and
exact timing definitions, different time intervals within the LTE specifications are defined as
multiples of a basic time unit Ts = 1/(15000-2048) s. The basic time unit T can thus be seen
as the sampling time of an FFT-based transmitter/receiver implementation with an FFT size
equal to 2048. The time intervals outlined in Figure 5.1 can thus also be expressed as
Tirame = 307200 T, Tsubframe = 30720 T, and Tgo = 15360 T for the frame, subframe, and
slot durations, respectively.

On a higher level, each frame is identified by a System Frame Number (SFN). The SFN is
used to define different transmission cycles that have a period longer than one frame, for
example, paging cycles, see Chapter 11. The SFN period equals 1024, thus the SFN repeats
itself after 1024 frames or 10.24 s.

The 15 kHz LTE subcarrier spacing corresponds to a useful symbol time T, = 2048 T or
approximately 66.7 ps. The overall OFDM symbol time is then the sum of the useful symbol
time and the cyclic prefix length Tcp. As illustrated in Figure 5.1, LTE defines two cyclic
prefix lengths, the normal cyclic prefix and an extended cyclic prefix, corresponding to seven
and six OFDM symbols per slot, respectively. The exact cyclic prefix lengths, expressed in the
basic time unit T, are given in Figure 5.1. It can be noted that, in the case of the normal cyclic
prefix, the cyclic prefix length for the first OFDM symbol of a slot is somewhat larger
compared to the remaining OFDM symbols. The reason for this is simply to fill the entire
0.5 ms slot, as the number of basic time units T per slot (15360) is not divisible by seven.

The reasons for defining two cyclic prefix lengths for LTE are twofold:

¢ Alonger cyclic prefix, although less efficient from a cyclic prefix-overhead point of view,
may be beneficial in specific environments with extensive delay spread, for example, in
very large cells. It is important to have in mind, though, that a longer cyclic prefix is not
necessarily beneficial in the case of large cells, even if the delay spread is very extensive
in such cases. If, in large cells, link performance is limited by noise rather than by signal
corruption due to residual time dispersion not covered by the cyclic prefix, the additional
robustness to radio-channel time dispersion, due to the use of a longer cyclic prefix, may
not justify the corresponding additional energy overhead of a longer cyclic prefix.

e Asis discussed in Chapter 19, the cyclic prefix in the case of MBSFN-based multicast/
broadcast transmission should not only cover the main part of the actual channel time
dispersion, but also the timing difference between the transmissions received from the
cells involved in the MBSFN transmission. In the case of MBSFN operation, the
extended cyclic prefix is therefore used.

It should be noted that different cyclic prefix lengths may be used for different subframes
within a frame in case of MBSFN subframes. As discussed further in Chapter 19, MBSFN-

2This is valid for the “normal” downlink subframes. As described in Section 5.4, the special subframe present in case of TDD
operation is not divided into two slots but rather into three fields.
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The LTE physical time—frequency resource.

based multicast/broadcast transmission is always confined to a limited set of subframes, in
which case the use of the extended cyclic prefix, with its associated additional cyclic prefix
overhead, may only be applied to these subframes.>

A resource element, consisting of one subcarrier during one OFDM symbol, is the smallest
physical resource in LTE. Furthermore, as illustrated in Figure 5.2, resource elements are
grouped into resource blocks, where each resource block consists of 12 consecutive sub-
carriers in the frequency domain and one 0.5 ms slot in the time domain. Each resource block
thus consists of 7 - 12 = 84 resource elements in the case of a normal cyclic prefix and
6 - 12 = 72 resource elements in the case of an extended cyclic prefix.

Although resource blocks are defined over one slot, the basic time-domain unit for
dynamic scheduling in LTE is one subframe, consisting of two consecutive slots. The reason
for defining the resource blocks over one slot is that distributed downlink transmission
(described in Chapter 10) and uplink frequency hopping (described in Chapter 7) are defined
on a slot basis. The minimum scheduling unit, consisting of two time-consecutive resource
blocks within one subframe (one resource block per slot), can be referred to as a resource-
block pair.

The LTE physical-layer specifications allow for a carrier to consist of any number of
resource blocks in the frequency domain, ranging from a minimum of six resource blocks
up to a maximum of 110 resource blocks. This corresponds to an overall transmission
bandwidth ranging from roughly 1 MHz up to in the order of 20 MHz with very fine
granularity and thus allows for a very high degree of LTE bandwidth flexibility, at least
from a physical-layer-specification point of view. However, as mentioned in Chapter 3,
LTE radio-frequency requirements are, at least initially, only specified for a limited set of
transmission bandwidths, corresponding to a limited set of possible values for the number

3The extended cyclic prefix is then actually applied only to the so-called MBSFN part of the MBSFN subframes; see
Section 5.2.
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Frequency-domain structure for LTE.

of resource blocks within a carrier. Also note that, in LTE release 10 and later, the total
bandwidth of the transmitted signal can be significantly larger than 20 MHz, up to
100 MHz in release 10 and 640 MHz in release 13, by aggregating multiple carriers, see
Section 5.5.

The resource-block definition above applies to both the downlink and uplink transmission
directions. However, there is a minor difference between the downlink and uplink in terms of
where the carrier center frequency is located in relation to the subcarriers.

In the downlink (upper part of Figure 5.3), there is an unused DC subcarrier that coincides
with the carrier center frequency. The reason why the DC subcarrier is not used for downlink
transmission is that it may be subject to disproportionately high interference due to, for
example, local-oscillator leakage.

On the other hand, in the uplink (lower part of Figure 5.3), no unused DC subcarrier is
defined and the center frequency of an uplink carrier is located between two uplink sub-
carriers. The presence of an unused DC-carrier in the center of the spectrum would have
prevented the assignment of the entire cell bandwidth to a single device and while still
retaining the assumption of mapping to consecutive inputs of the OFDM modulator, some-
thing that is needed to retain the low-cubic-metric property of the DFTS-OFDM modulation
used for uplink data transmission.

5.2 NORMAL SUBFRAMES AND MBSFN SUBFRAMES

In LTE, each downlink subframe (and the DwWPTS in the case of TDD; see Section 5.4.2 for a
discussion of the TDD frame structure) is normally divided into a control region, consisting of
the first few OFDM symbols, and a data region, consisting of the remaining part of the
subframe. The usage of the resource elements in the two regions is discussed in detail in
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Table 6.2 Second Gap Size for Different Cell Bandwidth
(Only Applicable for Cell Bandwidths of 50 RBs and Beyond)

Bandwidth 50—63 64—110

Gap size 9 16

Due to the constraint that the gap size should be a multiple of P?, the gap size will in most
cases deviate from exactly half the cell bandwidth. In these cases, not all resource blocks
within the cell bandwidth can be used for distributed transmission. As an example, for a cell
bandwidth corresponding to 25 resource blocks (the example in Figure 6.7) and a corre-
sponding gap size equal to 12 according to Table 6.1, the 25th resource-block pair cannot be
used for distributed transmission. As another example, for a cell bandwidth corresponding to
50 resource blocks (gap size equal to 27 according to Table 6.1) only 46 resource blocks
would be available for distributed transmission.

In addition to the gap size outlined in Table 6.1, for wider cell bandwidths (50 RBs and
beyond), there is a possibility to use a second, smaller frequency gap with a size of the order
of one-fourth of the cell bandwidth (see Table 6.2). The use of the smaller gap enables re-
striction of the distributed transmission to only a part of the overall cell bandwidth. Selection
between the larger gap according to Table 6.1 and the smaller gap according to Table 6.2 is
indicated by an additional bit in the resource allocation.

6.2 DOWNLINK REFERENCE SIGNALS

Downlink reference signals are predefined signals occupying specific resource elements
within the downlink time—frequency grid. The LTE specification includes several types of
downlink reference signals transmitted in different ways and intended to be used for different
purposes by a receiving device:

e Cell-specific reference signals (CRS) are transmitted in every downlink subframe and in
every resource block in the frequency domain. CRS are intended to be used by devices
for channel estimation for coherent demodulation of all downlink physical channels
except PMCH, PDSCH in case of transmission modes 7—10, and the EPDCCH control
channel introduced in LTE release 11 (see Section 6.4).6 CRS are also assumed to be
used to acquire channel-state information (CSI) by devices configured in transmission
modes 1—8. Finally, device measurements on CRS are assumed to be used as the basis
for cell-selection and handover decisions.

¢ Demodulation reference signals (DM-RS), also sometimes referred to as UE-specific
reference signals, are intended to be used by devices for channel estimation for coherent

6See Section 6.3.1 for more details on LTE transmission modes.
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demodulation of PDSCH in case of transmission modes 7—10.” DM-RS are also to be
used for demodulation of the EPDCCH physical channel. The alternative label “UE-
specific reference signals” relates to the fact that a specific demodulation reference signal
is typically intended to be used for channel estimation by a specific device (UE). The
reference signal is then only transmitted within the resource blocks specifically assigned
for PDSCH/EPDCCH transmission to that device.

e CSI reference signals (CSI-RS) are intended to be used by devices to acquire CSI. More
specifically, CSI-RS are intended to be used to acquire CSI by devices configured in
transmission modes 9 and 10. CSI-RS have a significantly lower time—frequency density,
thus implying less overhead, and a higher degree of flexibility compared to the CRS.

e  MBSFN reference signals are intended to be used by devices for channel estimation for
coherent demodulation in case of MCH transmission using MBSFN (see Chapter 19 for
more details on MCH transmission).

¢ Positioning reference signals were introduced in LTE release 9 to enhance LTE
positioning functionality, more specifically to support the use of device measurements on
multiple LTE cells to estimate the geographical position of the device. The positioning
reference symbols of a certain cell can be configured to correspond to empty resource
elements in neighboring cells, thus enabling high-SIR conditions when receiving
neighbor-cell positioning reference signals.

6.2.1 CELL-SPECIFIC REFERENCE SIGNALS

CRS, introduced in the first release of LTE (release 8), are the most basic downlink reference
signals in LTE. There can be one, two, or four CRS in a cell, defining one, two, or four
corresponding antenna ports, referred to as antenna port 0 to antenna port 3 in the LTE
specifications.

6.2.1.1 Structure of a Single Reference Signal

Figure 6.8 illustrates the structure of a single CRS. As can be seen, it consists of reference
symbols of predefined values inserted within the first and third last® OFDM symbol of each
slot and with a frequency-domain spacing of six subcarriers. Furthermore, there is a
frequency-domain staggering of three subcarriers for the reference symbols within the third
last OFDM symbol. Within each resource-block pair, consisting of 12 subcarriers during one
1 ms subframe, there are thus eight reference symbols.

In general, the values of the reference symbols vary between different reference-symbol
positions and also between different cells. Thus, a CRS can be seen as a two-dimensional
cell-specific sequence. The period of this sequence equals one 10 ms frame. Furthermore,
regardless of the cell bandwidth, the reference-signal sequence is defined assuming the

"In the LTE specifications, these reference signals are actually referred to as UE-specific reference signals, although they are
still “abbreviated” DM-RS.
8This corresponds to the fifth and fourth OFDM symbols of the slot for normal and extended cyclic prefixes, respectively.

Ericsson Ex. 1007, p. 32 of 52
Ericsson v. Motorola



6.2 DOWNLINK REFERENCE SIGNALS 105
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FIGURE 6.8
Structure of CRS within a pair of resource blocks.
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FIGURE 6.9

Different CRS frequency shifts.

maximum possible LTE carrier bandwidth corresponding to 110 resource blocks in the fre-
quency domain. Thus, the basic reference-signal sequence has a length of 8800 symbols.® For
cell bandwidths less than the maximum possible value, only the reference symbols within that
bandwidth are actually transmitted. The reference symbols in the center part of the band will
therefore be the same, regardless of the actual cell bandwidth. This allows for the device to
estimate the channel corresponding to the center part of the carrier, where, for example, the
basic system information of the cell is transmitted on the BCH transport channel, without
knowing the cell bandwidth. Information about the actual cell bandwidth, measured as
number of resource blocks, is then provided on the BCH.

There are 504 different reference-signal sequences defined for LTE, where each sequence
corresponds to one of 504 different physical-layer cell identities. As described in more detail
in Chapter 11, during the so-called cell-search procedure the device detects the physical-layer
identity of the cell as well as the cell frame timing. Thus, from the cell-search procedure, the
device knows the reference-signal sequence of the cell (given by the physical-layer cell
identity) as well as the start of the reference-signal sequence (given by the frame timing).

The set of reference-symbol positions outlined in Figure 6.8 is only one of six possible
frequency shifts for the CRS reference symbols, as illustrated in Figure 6.9. The frequency
shift to use in a cell depends on the physical-layer identity of the cell such that each shift
corresponds to 84 different cell identities. Thus, the six different frequency shifts jointly cover
all 504 different cell identities. By properly assigning physical-layer cell identities to different
cells, different reference-signal frequency shifts may be used in neighboring cells. This can be
beneficial, for example, if the reference symbols are transmitted with higher energy compared

°Four reference symbols per resource block, 110 resource blocks per slot, and 20 slots per frame.
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Structure of CRS in case of multiple reference signals: two reference signals corresponding to two antenna
ports (left) and four reference signals corresponding to four antenna ports (right).

to other resource elements, also referred to as reference-signal power boosting, in order to
improve the reference-signal SIR. If reference signals of neighboring cells were transmitted
using the same time—frequency resource, the boosted reference symbols of one cell would be
interfered by equally boosted reference symbols of all neighboring cells,' implying no gain in
the reference-signal SIR. However, if different frequency shifts are used for the reference-
signal transmissions of neighboring cells, the reference symbols of one cell will at least
partly be interfered by nonreference symbols of neighboring cells, implying an improved
reference-signal SIR in the case of reference-signal boosting.

6.2.1.2 Multiple Reference Signals
Figure 6.10 illustrates the reference-signal structure in the case of multiple, more specifically
two and four, CRS, and corresponding multiple antenna ports, within a cell:"'

¢ In the case of two reference signals within a cell (left part of Figure 6.10), the second
reference signal is frequency multiplexed with the first reference signal, with a
frequency-domain offset of three subcarriers.

¢ In the case of four reference signals (right part of Figure 6.10), the third and fourth
reference signals are frequency multiplexed and transmitted within the second OFDM
symbol of each slot, thus being time multiplexed with the first and second reference
signals.

Obviously, the reference-symbol density for the third and fourth reference signals is lower,
compared to the density of the first and second reference signals. The reason for this is to

'This assumes that the cell transmissions are frame-timing aligned.
"It is not possible to configure a cell with three CRS.
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reduce the reference-signal overhead in the case of four reference signals. More specifically,
while the first and second reference signals each correspond to a relative overhead of about
5% (4 reference symbols within a resource block consisting of a total of 84 resource ele-
ments), the relative overhead of the third and fourth reference signals is only half of that or
about 2.5%. This obviously has an impact on the possibility for the device to track very fast
channel variations. However, this can be justified based on an expectation that, for example,
high-order spatial multiplexing will mainly be applied to scenarios with low mobility.

It can also be noted that in a resource element carrying reference signals for a certain
transmission port, nothing is being transmitted on the antenna ports corresponding to the
other reference signals. Thus, a CRS is not interfered by transmissions on other antenna ports.
Multi-antenna transmission schemes, such as spatial multiplexing, to a large extent rely on
good channel estimates to suppress interference between the different layers at the receiver
side. However, in the channel estimation itself there is obviously no such suppression.
Reducing the interference to the reference signals of an antenna port is therefore important in
order to allow for good channel estimation, and corresponding good interference suppression,
at the receiver side.

Note that, in MBSFN subframes, only the reference signals in the two first OFDM symbols
of the subframe, corresponding to the control region of the MBSFN subframe, are actually
transmitted. Thus, there is no transmission of CRS within the MBSFN part of the MBSFN
subframe.

6.2.2 DEMODULATION REFERENCE SIGNALS

In contrast to CRS, a demodulation reference signal (DM-RS) is intended to be used for
channel estimation by a specific device and is then only transmitted within the resource
blocks assigned for transmission to that device.

DM-RS was supported already in the first release of LTE (release 8). However, the use of
DM-RS was then limited to the demodulation of single-layer PDSCH transmission—that is,
no spatial multiplexing—corresponding to transmission mode 7. In LTE release 9, trans-
mission based on DM-RS was extended to support dual-layer PDSCH transmission corre-
sponding to transmission mode 8, requiring up to two simultaneous reference signals (one for
each layer). Transmission based on DM-RS was then further extended in LTE release 10 to
support up to eight-layer PDSCH transmission (transmission mode 9 and, from release 11,
also transmission mode 10), corresponding to up to eight reference signals.'?

Actually, the dual-layer-supporting DM-RS structure introduced in LTE release 9 was not
a straightforward extension of the release 8 single-layer-limited DM-RS structure but rather a
new structure, supporting both single-layer and dual-layer transmission. Already at the time
of finalizing LTE release 9 it was relatively clear that the LTE radio-access technology should

'>Transmission mode 10 is a release 11 extension of transmission mode 9 introducing improved support for multi-point co-
ordination/transmission (CoMP), see also Section 6.3.1.
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Structure of DM-RS for the case of one or two reference signals including size-two OCC to separate the two
reference signals.

be further extended to support up to eight-layer spatial multiplexing in release 10. It was also
quite clear that this extension would be difficult to achieve based on the release 8 DM-RS
structure. Rather than extending the release 8 structure to support two reference signals
and then introduce a completely new structure for release 10, it was instead decided to
introduce a new, more future-proof structure already in release 9. Here we focus on the DM-
RS structure introduced in LTE release 9 including the release 10 extension to support up to
eight simultaneous reference signals.

The structure of the DM-RS for EPDCCH is very similar to that of DM-RS for PDSCH
although with some limitations such as support for a maximum of four reference signals.

6.2.2.1 DM-RS for PDSCH

Figure 6.11 illustrates the DM-RS time—frequency structure for the case of one or two
reference signals.'> As can be seen, there are 12 reference symbols within a resource-block
pair. In contrast to CRS, for which the reference symbols of one reference signal correspond
to unused resource elements for other reference signals (see Figure 6.10), in the case of two
DM-RS all 12 reference symbols in Figure 6.11 are transmitted for both reference signals.
Interference between the reference signals is instead avoided by applying mutually orthog-
onal patterns, referred to as orthogonal cover codes (OCC), to pairs of consecutive reference
symbols as illustrated in the lower right part of the figure.

Figure 6.12 illustrates the extended DM-RS structure introduced in LTE release 10 to
support up to eight reference signals. In this case, there are up to 24 reference-symbol po-
sitions within a resource-block pair. The reference signals are frequency multiplexed in
groups of up to four reference signals while, within each group, the up to four reference
signals are separated by means of OCC spanning four reference symbols in the time domain
(two pairs of consecutive reference symbols). It should be noted that orthogonality between

"3In the case of TDD, the DM-RS structure is slightly modified in the DwPTS due to the shorter duration of the DWPTS
compared with normal downlink subframes.
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FIGURE 6.12

Demodulation reference signal structure for the case of more than two reference signals including size-four
OCC to separate up to four reference signals.

the full set of eight reference signals requires that the channel does not vary over the four
reference symbols spanned by the cover codes. As the four reference symbols that the cover
codes span are not consecutive in time, this implies somewhat stronger constraints in terms of
the amount of channel variations that can be tolerated without seriously impacting the
reference-signal orthogonality. However, more than four DM-RS are only transmitted in case
of spatial multiplexing with more than four layers, which is typically only applicable to low-
mobility scenarios. Also note that the cover codes are defined such that, for four or less
reference signals, orthogonality is achieved already over pairs of reference symbols. Thus, for
three and four reference signals, the constraints on channel variations are the same as for two
reference signals (Figure 6.11).

The up to eight different PDSCH DM-RS that can be configured for a device correspond to
antenna port 7 up to antenna port 14 in the LTE specification, with antenna port 7 and antenna
port 8 corresponding to the release 9 DM-RS supporting up to two-layers spatial
multiplexing.'*

The DM-RS reference-signal sequence—that is, the values to be taken by the DM-RS
reference symbols—repeats itself every frame. Up to and including LTE release 10, the
reference-signal sequence was independent of what device the DM-RS transmission was
intended for but depended on the physical-layer cell identity. The reference-signal sequence
thus differed between cells. Furthermore, there was the possibility to dynamically—that is, on
a subframe basis—select between two different reference-signal sequences. Information
about the selected sequence was then signaled to the device by means of a one-bit indicator in

'“The single DM-RS supported already in release 8 corresponds to antenna port 5.
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the scheduling assignment (see also Section 6.4.6). The reason for having the possibility to
dynamically select between two reference-signal sequences was to be able to use the same
resource block for PDSCH transmission to two different devices and rely on spatial sepa-
ration, for example, by means of beam-forming, to separate the two transmissions. Such
spatial separation, in 3GPP referred to as multi-user multi-input—multi-output (MU-MIMO),
is typically not perfect in the sense that there will remain some interference between the
transmissions. By applying different reference-signal sequences for the two spatially sepa-
rated transmissions, interference randomization is achieved for the channel estimation.
Downlink MU-MIMO is discussed in more detail in Section 6.3 together with the different
means to separate the DM-RS of different transmissions.

However, in LTE release 11, the possibility for device-specific reference-signal sequences
was introduced. This was done by introducing the possibility for the network to explicitly
configure a device with a parameter that, if configured, should replace that cell identity when
deriving the reference-signal sequence to be used by the device. If no device-specific
parameter is configured, the device should assume cell-specific reference-signal sequences
in line with releases 9/10 as previously discussed.'®

The reason for introducing the possibility for device-specific reference-signal sequences
was to be able to spatially separate significantly more devices within a cell. Especially in the
case of so-called shared-cell heterogeneous deployments there may be situations with a large
number of low-power transmission points, all being part of the same cell. In such a case one
typically wants to be able to reuse the same physical resources—that is, the same resource
blocks, for simultaneous PDSCH transmission to different devices from several of the
transmission points. For robust channel estimation, the reference signals of each of these
transmissions should preferably be based on unique reference-signal sequences, thus making
device-specific reference signal sequences desirable. Heterogeneous deployments for LTE is
extensively discussed in Chapter 14.

When DM-RS are transmitted within a resource block, PDSCH mapping to the time—
frequency grid of the resource block will be modified to avoid the resource elements in which
the reference signals are transmitted (the 12 and 24 resource elements in Figures 6.11 and
6.12, respectively). Although this modified mapping is not “understood” by earlier-release
devices not supporting DM-RS, this is not a problem as DM-RS will only be transmitted
in resource blocks that are scheduled for PDSCH transmission to devices of later releases
supporting DM-RS and thus “understanding” the modified PDSCH mapping.

As the number of transmitted layers may vary dynamically, the number of transmitted
DM-RS may also vary. Thus, the transmission may dynamically change between the DM-RS
structures outlined in Figures 6.11 and 6.12, respectively. The device is informed about the
number of transmitted layers (the “transmission rank”) as part of the scheduling assignment
and will thus know the DM-RS structure and associated PDSCH mapping for each subframe.

3Cell-specific reference-signal sequences for DM-RS should not be mixed up with CRS.
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6.2.2.2 DM-RS for EPDCCH

As mentioned earlier, as part of LTE release 11, a new L1/L2 control channel structure was
introduced based on the so-called enhanced PDCCH (EPDCCH). The EPDCCH is exten-
sively described in Section 6.4.4. Here it can just be said that, in contrast to the legacy control-
channel structure (PDCCH), the EPDCCH is transmitted within resource blocks in a similar
way as PDSCH. Furthermore, in contrast to the PDCCH, EPDCCH demodulation is assumed
to be based on DM-RS transmitted together with the EPDCCH, similar to the use of DM-RS
for PDSCH.

The structure of DM-RS for EPDCCH is very similar to the PDSCH DM-RS structure
described previously. Especially, the time—frequency structure of the EPDCCH DM-RS is
the same as that for PDSCH. However, for EPDCCH, there can only be up to four DM-RS,
compared to up to eight DM-RS in case of PDSCH transmission. Thus the four orthogonal
covers corresponding to DM-RS 4—7 in Figure 6.11 are not supported for EPDCCH trans-
mission. Furthermore, the EPDCCH reference-signal sequence is always device specific—
that is, the device is explicitly configured with a parameter that is used to derive the reference-
signal sequence. It should be noted that this configuration of the DM-RS reference-signal
sequence for EPDCCH is done independently of the corresponding configuration for the
PDSCH DM-RS.

The antenna ports corresponding to up to four DM-RS for EPDCCH are, in the LTE speci-
fications, referred to as antenna port 107 to antenna port 110. It should be noted that, although up
to four different DM-RS and corresponding antenna ports can be defined for EPDCCH, a specific
EPDCCH s only transmitted from a single antenna port in case of localized transmission and two
antenna ports in case of distributed transmission (see Section 6.4.4). Thus, in some sense it is
somewhat misleading for the specification to talk about up fo four antenna ports for EPDCCH
as a device will only see one or two DM-RS-related antenna port(s).

6.2.3 CSI REFERENCE SIGNALS

CSI-RS were introduced in LTE release 10. CSI-RS are specifically intended to be used by
devices to acquire CSI—for example, for channel-dependent scheduling, link adaptation, and
transmission settings related to multi-antenna transmission. More specifically, CSI-RS were
introduced to acquire CSI for devices configured with transmission mode 9 and 10,'¢ but in
later releases also serve other purposes.

As mentioned early in Section 6.2, the CRS, available since the first release of LTE, can
also be used to acquire CSI. The direct reason to introduce CSI-RS was the introduction of
support for up to eight-layers spatial multiplexing in LTE release 10 and the corresponding
need for devices to be able to acquire CSI for, at least, up to eight antenna ports.

'$The reason why CSI-RS are not used for transmission modes 7 and 8 despite the fact that these transmission modes assume
DM-RS for channel estimation, was simply that these transmission modes were introduced in LTE releases 8 and 9, respec-
tively, while CSI-RS was not introduced until LTE release 10.

Ericsson Ex. 1007, p. 39 of 52
Ericsson v. Motorola



CHAPTER

ACCESS PROCEDURES

The previous chapters have described the LTE uplink and downlink transmission schemes.
However, prior to transmission of data, the device needs to connect to the network. This
chapter describes the procedures necessary for a device to be able to access an LTE-based
network.

11.1 ACQUISITION AND CELL SEARCH

Before an LTE device can communicate with an LTE network it has to do the following:

¢ Find and acquire synchronization to a cell within the network.
¢ Receive and decode the information, also referred to as the cell system information,
needed to communicate with and operate properly within the cell.

The first of these steps, often simply referred to as cell search, is discussed in this section.
The next section then discusses, in more detail, the means by which the network provides the
cell system information.

Once the system information has been correctly decoded, the device can access the cell by
means of the random-access procedure as described in Section 11.3.

11.1.1 OVERVIEW OF LTE CELL SEARCH

A device does not only need to carry out cell search at power-up—that is, when initially
accessing the system, but, to support mobility, it also needs to continuously search for,
synchronize to, and estimate the reception quality of neighboring cells. The reception quality
of the neighboring cells, in relation to the reception quality of the current cell, is then
evaluated to conclude if a handover (for devices in RRC_CONNECTED) or cell reselection
(for devices in RRC_IDLE) should be carried out.

LTE cell search consists of the following basic steps:

¢ Acquisition of frequency and symbol synchronization to a cell.

¢ Acquisition of frame timing of the cell—that is, determination of the start of the
downlink frame.

¢ Determination of the physical-layer cell identity of the cell.
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FIGURE 11.1
Time-domain positions of PSS and SSS in case of FDD and TDD.

As already mentioned, for example, in Chapter 6, there are 504 different physical-layer
cell identities defined for LTE. The set of physical-layer cell identities is further divided
into 168 cell-identity groups, with three cell identities within each group.

To assist the cell search, two special signals are transmitted on each downlink component
carrier, the primary synchronization signal (PSS) and the secondary synchronization signal
(SSS). Although having the same detailed structure, the time-domain positions of the syn-
chronization signals within the frame differ somewhat depending on whether the cell is
operating in FDD or TDD:

¢ In the case of FDD (upper part of Figure 11.1), the PSS is transmitted within the last
symbol of the first slot of subframes O and 5, while the SSS is transmitted within the
second last symbol of the same slot—that is, just prior to the PSS.

¢ In the case of TDD (lower part of Figure 11.1), the PSS is transmitted within the third
symbol of subframes 1 and 6—that is, within the DwPTS—while the SSS is transmitted
in the last symbol of subframes O and 5—that is, three symbols ahead of the PSS.

It should be noted that the difference in PSS/SSS time-domain structure between FDD and
TDD allows for the device to detect the duplex mode of the acquired carrier if this is not
known in advance.

Within one cell, the two PSSs within a frame are identical. Furthermore, the PSS of a cell
can take three different values depending on the physical-layer cell identity of the cell. More
specifically, the three cell identities within a cell-identity group always correspond to
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different PSS. Thus, once the device has detected and identified the PSS of the cell, it has
found the following:

¢ Five-millisecond timing of the cell and thus also the position of the SSS which has a fixed
offset relative to the PSS."

¢ The cell identity within the cell-identity group. However, the device has not yet
determined the cell-identity group itself—that is, the number of possible cell identities
has been reduced from 504 to 168.

Thus, from the SSS, the position of which is known once the PSS has been detected, the
device should find the following:

¢ Frame timing (two different alternatives given the found position of the PSS)
e The cell-identity group (168 alternatives)

Furthermore, it should be possible for a device to do this by the reception of one single
SSS. The reason is that, for example, in the case when the device is searching for cells on
other carriers, the search window may not be sufficiently large to cover more than one SSS.

To enable this, each SSS can take 168 different values corresponding to the 168 different
cell-identity groups. Furthermore, the set of values valid for the two SSSs within a frame
(SSS1 in subframe 0 and SSS2 in subframe 5) are different, implying that, from the detection
of a single SSS, the device can determine whether SSS1 or SSS2 has been detected and thus
determine frame timing.

Once the device has acquired frame timing and the physical-layer cell identity, it has
identified the cell-specific reference signal. The behavior is slightly different depending on
whether it is an initial cell search or cell search for the purpose of neighboring cell
measurements:

¢ In the case of initial cell search—that is, the device state is in RRC_IDLE mode—the
reference signal will be used for channel estimation and subsequent decoding of the BCH
transport channel to obtain the most basic set of system information.

¢ In the case of mobility measurements—that is, the device is in RRC_CONNECTED
mode—the device will measure the received power of the reference signal. If the
measurement fulfills a configurable condition, it will trigger sending of a reference signal
received power (RSRP) measurement report to the network. Based on the measurement
report, the network will conclude whether a handover should take place. The RSRP
reports can also be used for component carrier management,” for example, whether an

'This assumes that the device knows if it has acquired an FDD or a TDD carrier. Otherwise the device needs to try two
different hypotheses regarding the SSS position relative to the PSS, thereby also indirectly detecting the duplex mode of
the acquired carrier.

2As discussed in Chapter 5, the specifications use the terms primary and secondary “cells” instead of primary and secondary
“component carriers.”
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additional component carrier should be configured or if the primary component carrier
should be reconfigured.

11.1.2 PSS STRUCTURE

On a more detailed level, the three PSSs are three length-63 Zadoff—Chu (ZC) sequences (see
Section 11.2) extended with five zeros at the edges and mapped to the center 73 subcarriers
(center six resource blocks) as illustrated in Figure 11.2. It should be noted that the center
subcarrier is actually not transmitted as it coincides with the DC subcarrier. Thus, only 62
elements of the length-63 ZC sequences are actually transmitted (element ng‘s is not
transmitted).

The PSS thus occupies 72 resource elements (not including the DC carrier) in subframes
0 and 5 (FDD) and subframes 1 and 6 (TDD). These resource elements are then not available
for transmission of DL-SCH.

11.1.3 SSS STRUCTURE

Similar to PSS, the SSS occupies the center 72 resource elements (not including the DC
carrier) in subframes 0 and 5 (for both FDD and TDD). As described earlier, the SSS should
be designed so that:

¢ The two SSSs (SSS1 in subframe 0 and SSS2 in subframe 5) take their values from sets
of 168 possible values corresponding to the 168 different cell-identity groups.

¢ The set of values applicable for SSS2 is different from the set of values applicable for
SSS1 to allow for frame-timing detection from the reception of a single SSS.

The structure of the two SSSs is illustrated in Figure 11.3. SSS1 is based on the frequency
interleaving of two length-31-m sequences X and Y, each of which can take 31 different
values (actually 31 different shifts of the same m-sequence). Within a cell, SSS2 is based on
exactly the same two sequences as SSS1. However, the two sequences have been swapped in
the frequency domain, as outlined in Figure 11.3. The set of valid combinations of X and Y
for SSS1 has then been selected so that a swapping of the two sequences in the frequency

Fi '
ive zeros 0 62 subcarriers (not including DC carrier)
X:SS
Lengthes | Xi*°
! OFDM
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Fi ]
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FIGURE 11.2

Definition and structure of PSS.
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Definition and structure of SSS.

domain is not a valid combination for SSS1. Thus, the earlier described requirements are
fulfilled:

¢ The set of valid combinations of X and Y for SSS1 (as well as for SSS2) are 168,
allowing for detection of the physical-layer cell identity.

¢ As the sequences X and Y are swapped between SSS1 and SSS2, frame timing can be
found.

11.2 SYSTEM INFORMATION

By means of the basic cell-search procedure described in Section 11.1, a device synchronizes
to a cell, acquires the physical-layer identity of the cell, and detects the cell frame timing.
Once this has been achieved, the device has to acquire the cell system information. This is
information that is repeatedly broadcast by the network and which needs to be acquired by
devices in order for them to be able to access and, in general, operate properly within the
network and within a specific cell. The system information includes, among other things,
information about the downlink and uplink cell bandwidths, the uplink/downlink config-
uration in the case of TDD, detailed parameters related to random-access transmission,
and so on.

In LTE, system information is delivered by two different mechanisms relying on two
different transport channels:

¢ A limited amount of system information, corresponding to the so-called master-
information lock (MIB), is transmitted using the BCH.

¢ The main part of the system information, corresponding to different so-called system-
information blocks (SIBs), is transmitted using the downlink shared channel (DL-SCH).

It should be noted that system information in both the MIB and the SIBs corresponds to the
BCCH logical channel. Thus, as also illustrated in Figure 8.7, BCCH can be mapped to both
BCH and DL-SCH depending on the exact BCCH information.

Ericsson Ex. 1007, p. 44 of 52
Ericsson v. Motorola



290 CHAPTER 11 ACCESS PROCEDURES

11.2.1 MIB AND BCH TRANSMISSION

As mentioned in the previous section, the MIB transmitted using BCH consists of a very
limited amount of system information, mainly such information that is absolutely needed for
a device to be able to read the remaining system information provided using DL-SCH. More
specifically, the MIB includes the following information:

¢ Information about the downlink cell bandwidth. Three bits are available within the MIB
to indicate the downlink bandwidth. Thus, up to eight different bandwidths, measured in
number of resource blocks, can be defined for each frequency band.

¢ Information about the PHICH configuration of the cell. As mentioned in Section 6.4.2,
the device must know the PHICH configuration to be able to receive the L.1/L.2 control
signaling on PDCCH. The PDCCH information, in turn, is needed to acquire the
remaining part of the system information which is carried on the DL-SCH, see later.
Thus, information about the PHICH configuration (three bits) is included in the
MIB—that is, transmitted using BCH, which can be received and decoded without first
receiving any PDCCH.

¢ The system frame number (SFN) or, more exactly, all bits except the two least significant
bits of the SFN are included in the MIB. As described in the following, the device can
indirectly acquire the two least significant bits of the SFN from the BCH decoding.

The MIB also includes ten unused or “spare” information bits. The intention with such bits
is to be able to include more information in the MIB in later releases while retaining back-
wards compatibility. As an example, LTE release 13 uses five of the ten spare bits to include
additional eMTC-related information in the MIB, see Chapter 20 for more details.

BCH physical-layer processing, such as channel coding and resource mapping, differs
quite substantially from the corresponding processing and mapping for DL-SCH outlined in
Chapter 6.

As can be seen in Figure 11.4, one BCH transport block, corresponding to the MIB, is
transmitted every 40 ms. The BCH transmission time interval (TTI) thus equals 40 ms.

The BCH relies on a 16-bit CRC, in contrast to a 24-bit CRC used for all other downlink
transport channels. The reason for the shorter BCH CRC is to reduce the relative CRC
overhead, having the very small BCH transport-block size in mind.

BCH channel coding is based on the same rate-1/3 tail-biting convolutional code as is used
for the PDCCH control channel. The reason for using convolutional coding for BCH, rather
than the Turbo code used for all other transport channels, is the small size of the BCH
transport block. With such small blocks, tail-biting convolutional coding actually out-
performs Turbo coding. The channel coding is followed by rate matching, in practice,
repetition of the coded bits, and bit-level scrambling. QPSK modulation is then applied to the
coded and scrambled BCH transport block.

BCH multi-antenna transmission is limited to transmit diversity—that is, SFBC in the case
of two antenna ports and combined SFBC/FSTD in the case of four antenna ports. Actually, as
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Channel coding and subframe mapping for the BCH transport channel.

mentioned in Chapter 6, if two antenna ports are available within the cell, SFBC must be used
for BCH. Similarly, if four antenna ports are available, combined SFBC/FSTD must be used.
Thus, by blindly detecting what transmit-diversity scheme is used for BCH, a device can
indirectly determine the number of cell-specific antenna ports within the cell and also the
transmit-diversity scheme used for the L1/L.2 control signaling.

As can also be seen from Figure 11.4, the coded BCH transport block is mapped to the first
subframe of each frame in four consecutive frames. However, as can be seen in Figure 11.5
and in contrast to other downlink transport channels, the BCH is not mapped on a resource-
block basis. Instead, the BCH is transmitted within the first four OFDM symbols of the
second slot of subframe 0 and only over the 72 center subcarriers.® Thus, in the case of FDD,
BCH follows immediately after the PSS and SSS in subframe 0. The corresponding resource
elements are then not available for DL-SCH transmission.

The reason for limiting the BCH transmission to the 72 center subcarriers, regardless of
the cell bandwidth, is that a device may not know the downlink cell bandwidth when
receiving BCH. Thus, when first receiving BCH of a cell, the device can assume a cell

*Not including the DC carrier.
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FIGURE 11.5
Detailed resource mapping for the BCH transport channel.

bandwidth equal to the minimum possible downlink bandwidth—that is, six resource blocks
corresponding to 72 subcarriers. From the decoded MIB, the device is then informed about
the actual downlink cell bandwidth and can adjust the receiver bandwidth accordingly.

The total number of resource elements to which the coded BCH is mapped is very large
compared to the size of the BCH transport block, implying extensive repetition coding or,
equivalently, massive processing gain for the BCH transmission. Such large processing gain
is needed, as it should be possible to receive and correctly decode the BCH also by devices in
neighboring cells, implying potentially very low receiver signal-to-interference-and-noise
ratio (SINR) when decoding the BCH. At the same time, many devices will receive BCH in
much better channel conditions. Such devices then do not need to receive the full set of four
subframes over which a BCH transport block is transmitted to acquire sufficient energy for
correct decoding of the transport block. Instead, already by receiving only a few or perhaps
only a single subframe, the BCH transport block may be decodable.

From the initial cell search, the device has found only the cell frame timing. Thus, when
receiving BCH, the device does not know to what set of four subframes a certain BCH
transport block is mapped. Instead, a device must try to decode the BCH at four possible
timing positions. Depending on which decoding is successful, indicated by a correct CRC
check, the device can implicitly determine 40 ms timing or, equivalently, the two least
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significant bits of the SFN.* This is the reason why these bits do not need to be explicitly
included in the MIB.

11.2.2 SYSTEM-INFORMATION BLOCKS

As already mentioned, the MIB on the BCH only includes a very limited part of the system
information. The main part of the system information is instead included in different SIBs
that are transmitted using the DL.-SCH. The presence of system information on DL-SCH in a
subframe is indicated by the transmission of a corresponding PDCCH marked with a special
system-information RNTI (SI-RNTI). Similar to the PDCCH providing the scheduling
assignment for “normal” DL-SCH transmission, this PDCCH also indicates the transport
format and physical resource (set of resource blocks) used for the system-information
transmission.

LTE defines a number of different SIBs characterized by the type of information that is
included within them:

¢ SIB1 includes information mainly related to whether a device is allowed to camp on the
cell. This includes information about the operator/operators of the cell, if there are
restrictions with regard to which users may access the cell, and so on. SIB1 also includes
information about the allocation of subframes to uplink/downlink and configuration of
the special subframe in the case of TDD. Finally, SIB1 includes information about the
time-domain scheduling of the remaining SIBs (SIB2 and beyond).

¢ SIB2 includes information that devices need in order to be able to access the cell. This
includes information about the uplink cell bandwidth, random-access parameters, and
parameters related to uplink power control.

¢ SIB3 mainly includes information related to cell reselection.

¢ SIB4—SIB8 include neighboring-cell-related information, including information related
to neighboring cells on the same carrier, neighboring cells on different carriers, and
neighboring non-LTE cells, such as WCDMA/HSPA, GSM, and CDMA2000 cells.

¢ SIB9 contains the name of the home-eNodeB.

¢ SIB10—SIB12 contain public warning messages, for example, earthquake information.

¢ SIB13 contains information necessary for MBMS reception (see also Chapter 19).

e SIB14 is used to provide enhanced access barring information, controlling the
possibilities for devices to access the cell.

¢ SIB15 contains information necessary for MBMS reception on neighboring carrier
frequencies.

e SIB16 contains information related to GPS time and coordinated universal time (UTC).

¢ SIB17 contains information related to interworking between LTE and WLAN

“BCH scrambling is defined with 40 ms periodicity, hence even if the device successfully decodes the BCH after observing
only a single transmission instant, it can determine the 40 ms timing.
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e SIB18 and SIB19 contain information related to sidelink (direct device-to-device)
connectivity, see Chapter 21.
¢ SIB20 contains information related to single-cell point to multipoint, see Chapter 19.

Not all the SIBs need to be present. For example, SIB9 is not relevant for an operator-
deployed node and SIB13 is not necessary if MBMS is not provided in the cell.

Similar to the MIB, the SIBs are broadcasted repeatedly. How often a certain SIB needs to
be transmitted depends on how quickly devices need to acquire the corresponding system
information when entering the cell. In general, a lower-order SIB is more time critical and is
thus transmitted more often compared to a higher-order SIB. SIB1 is transmitted every 80 ms,
whereas the transmission period for the higher-order SIBs is flexible and can be different for
different networks.

The SIBs represent the basic system information to be transmitted. The different SIBs are
then mapped to different system-information messages (SIs), which correspond to the actual
transport blocks to be transmitted on DL-SCH. SIB1 is always mapped, by itself, on to the
first system-information message SI-1,> whereas the remaining SIBs may be group-wise
multiplexed on to the same SI subject to the following constraints:

¢ The SIBs mapped to the same SI must have the same transmission period. Thus, as an
example, two SIBs with a transmission period of 320 ms can be mapped to the same SI,
whereas an SIB with a transmission period of 160 ms must be mapped to a different SI.

¢ The total number of information bits that are mapped to a single SI must not exceed what
is possible to transmit within a transport block.

It should be noted that the transmission period for a given SIB might be different in
different networks. For example, different operators may have different requirements con-
cerning the period when different types of neighboring-cell information needs to be trans-
mitted. Furthermore, the amount of information that can fit into a single transport block very
much depends on the exact deployment situation, such as cell bandwidth, cell size, and so on.

Thus, in general, the SIB-to-SI mapping for SIBs beyond SIB1 is flexible and may be
different for different networks or even within a network. An example of SIB-to-SI mapping
is illustrated in Figure 11.6. In this case, SIB2 is mapped to SI-2 with a transmission period of
160 ms. SIB3 and SIB4 are multiplexed into SI-3 with a transmission period of 320 ms,
whereas SIB5, which also requires a transmission period of 320 ms, is mapped to a separate
SI (SI-4). Finally, SIB6, SIB7, and SIB8 are multiplexed into SI-5 with a transmission period
of 640 ms. Information about the detailed SIB-to-SI mapping, as well as the transmission
period of the different Sls, is provided in SIB1.

Regarding the more detailed transmission of the different SIs there is a difference between
the transmission of SI-1, corresponding to SIB1, and the transmission of the remaining Sls.

3Strictly speaking, as SIB1 is not multiplexed with any other SIBs, it is not even said to be mapped to an SIL. Rather, SIB1 in
itself directly corresponds to the transport block.
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FIGURE 11.6
Example of mapping of SIBs to Sls.

The transmission of SI-1 has only a limited flexibility. More specifically, SI-1 is always
transmitted within subframe 5. However, the bandwidth or, in general, the set of resource
blocks over which SI-1 is transmitted, as well as other aspects of the transport format, may
vary and is signaled on the associated PDCCH.

For the remaining SIs, the scheduling on DL-SCH is more flexible in the sense that each SI
can, in principle, be transmitted in any subframe within time windows with well-defined
starting points and durations. The starting point and duration of the time window of each
SI are provided in SIB-1. It should be noted that an SI does not need to be transmitted on
consecutive subframes within the time window, as is illustrated in Figure 11.7. Within the
time window, the presence of system information in a subframe is indicated by the SI-RNTI
on PDCCH, which also provides the frequency-domain scheduling as well as other param-
eters related to the system-information transmission.

Different SIs have different nonoverlapping time windows. Thus, a device knows what SI
is being received without the need for any specific identifier for each SI.

In case of a relatively small SI and a relatively large system bandwidth, a single subframe
may be sufficient for the transmission of the SI. In other cases, multiple subframes may be
needed for the transmission of a single SI. In the latter case, instead of segmenting each SI
into sufficiently small blocks that are separately channel coded and transmitted in separate
subframes, the complete SI is channel coded and mapped to multiple, not necessarily
consecutive, subframes.

Similar to the case of the BCH, devices that are experiencing good channel conditions may
then be able to decode the complete SI after receiving only a subset of the subframes to which

Start of transmission window

S

Repetition period, e.g 160 ms

FIGURE 11.7
Transmission window for the transmission of an SI.
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the coded SI is mapped, while devices in bad positions need to receive more subframes for
proper decoding of the SI. This approach has two benefits:

¢ Similar to BCH decoding, devices in good positions need to receive fewer subframes,
implying the possibility for reduced device power consumption.

¢ The use of larger code blocks in combination with Turbo coding leads to improved
channel-coding gain.

Strictly speaking the single transport block containing the SI is not transmitted over
multiple subframes. Rather, the subsequent SI transmissions are seen as autonomous hybrid-
ARQ retransmissions of the first SI transmission—that is, retransmissions taking place
without any explicit feedback signaling provided on the uplink.

For devices capable of carrier aggregation, the system information for the primary
component carrier is obtained as discussed. For secondary component carriers, the device
does not need to read the SIBs but assumes that the information obtained for the primary
component carrier also holds for the secondary component carriers. System information
specific for the secondary component carrier is provided through dedicated RRC signaling as
part of the procedure to configure an additional secondary component carrier. Using dedi-
cated signaling instead of reading the system information on the secondary component carrier
enables faster activation of secondary component carriers as the device otherwise would have
to wait until the relevant system information had been transmitted.

11.3 RANDOM ACCESS

A fundamental requirement for any cellular system is the possibility for the device to request
a connection setup, commonly referred to as random access. In LTE, random access is used
for several purposes, including:

 for initial access when establishing a radio link (moving from RRC_IDLE to
RRC_CONNECTED; see Chapter 4 for a discussion on different device states);

¢ to reestablish a radio link after radio-link failure;

¢ for handover when uplink synchronization needs to be established to the new cell;

¢ to establish uplink synchronization if uplink or downlink data arrives when the device is
in RRC_CONNECTED and the uplink is not synchronized;

 for the purpose of positioning using positioning methods based on uplink measurements;

¢ as a scheduling request if no dedicated scheduling-request resources have been
configured on PUCCH (see Chapter 9 for a discussion on uplink scheduling procedures).

Acquisition of uplink timing is a main objective for all these cases; when establishing an
initial radio link (i.e., when moving from RRC_IDLE to RRC_CONNECTED), the random-
access procedure also serves the purpose of assigning a unique identity, the C-RNTI, to the
device.
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