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Annex 1

Specification of the LTE-Advanced radio interface technology
Background
IMT-Advanced is a system with global development activity and the IMT-Advanced terrestrial radio interface specifications identified in this Recommendation have been developed by the ITU in collaboration with the GCS[footnoteRef:1] Proponents and the Transposing Organizations. It is noted from Document IMT-ADV/24(Rev.3), that: [1: 	A “GCS” (Global Core Specification) is the set of specifications that defines a single RIT, an SRIT, or a RIT within an SRIT.] 

–	The GCS Proponent must be one of the RIT[footnoteRef:2]/SRIT[footnoteRef:3] Proponents for the relevant technology, and must have legal authority to grant to ITU-R the relevant legal usage rights to the relevant specifications provided within a GCS corresponding to a technology in Recommendation ITU-R M.2012. [2: 	Radio Interface Technology.]  [3: 	Set of Radio Interface Technologies.] 

–	A Transposing Organization must have been authorized by the relevant GCS Proponent to produce transposed standards for a particular technology, and must have the relevant legal usage rights.
It is further noted that GCS Proponents and Transposing Organizations must also qualify appropriately under the auspices of Resolution ITU-R 9-5 and the ITU-R “Guidelines for the contribution of material of other organizations to the work of the Study Groups and for inviting other organizations to take part in the study of specific matters (Resolution ITU-R 9-5)”.
The ITU has provided the global and overall framework and requirements, and has developed the Global Core Specification jointly with the GCS Proponent. The detailed standardization has been undertaken within the recognized Transposing Organizations which operate in concert with the GCS Proponent. This Recommendation therefore makes extensive use of references to externally developed specifications.
This approach was considered to be the most appropriate solution to enable completion of this Recommendation within the aggressive schedules set by the ITU and by the needs of administrations, operators and manufacturers.
This Recommendation has therefore been constructed to take full advantage of this method of work and to allow the global standardization time-scales to be maintained. The main body of this Recommendation has been developed by the ITU, with each Annex containing references pointing to the location of the more detailed information.
This Annex 1 contains the detailed information developed by the ITU and “ARIB, ATIS, CCSA, ETSI, TSDSI, TTA, and TTC on behalf of 3GPP” (the GCS Proponent) and ARIB, ATIS, CCSA, ETSI, TSDSI, TTA, and TTC (the Transposing Organizations).
Such use of referencing enables timely completion and update of the high-level elements of this Recommendation, with change control procedures, transposition, and public enquiry procedures being undertaken within the external organization. This information has generally been adopted unchanged, recognizing the need to minimize duplication of work, and the need to facilitate and support an ongoing maintenance and update process.
This general agreement, noting that the detailed information of the radio interface should to a large extent be achieved by reference to the work of external organizations, highlights not only the ITU’s significant role as a catalyst in stimulating, coordinating and facilitating the development of advanced telecommunications technologies, but also its forward-looking and flexible approach to the development of this and other telecommunications standards for the 21st century.
A more detailed understanding of the process for the development of the first release of this Recommendation may be found in Document IMT-ADV/24(Rev.3) whereas details on the process for the development of revisions of this Recommendation may be found in Document IMT‑ADV/25(Rev.2).
1	Overview of the radio interface technology
1.1	Overview of the SRIT
The IMT-Advanced terrestrial radio interface specifications known as LTE-Advanced is based on LTE Release 10 and Beyond are developed by 3GPP. In 3GPP terminology, the term E-UTRA (Evolved-UTRA) is also used to indicate the LTE radio interface, and 3GPP LTE Release 13 and beyond is marked as “LTE-Advanced Pro”.
LTE-Advanced is a Set of RITs (Radio Interface Technologies) consisting of one FDD RIT and one TDD RIT designed for operation in paired and unpaired spectrum, respectively. The TDD RIT is also known as TD-LTE Release 10 and Beyond or TD-LTE-Advanced. The two RITs have been jointly developed, providing a high degree of commonality while, at the same time, allowing for optimization of each RIT with respect to its specific spectrum/duplex arrangement.
Both the FDD RIT and the TDD RIT individually, and consequently the Set of RITs (SRIT), meet all the ITU IMT-Advanced minimum requirements in all four test environments defined in all aspects of Services, Spectrum and Technical performance. Furthermore, both the FDD RIT and TDD RIT individually, and consequently the SRIT, meet the requirements of Resolution ITU‑R 57‑2, resolves 6 e) and f) in all four test environments.
The complete set of standards for the terrestrial radio interface of IMT-Advanced identified as LTE‑Advanced includes not only the key characteristics of IMT-Advanced but also the additional capabilities of LTE-Advanced both of which are continuing to be enhanced.
The radio aspects of LTE-Advanced also include the capabilities of LTE Release 8 and LTE Release 9. Information on the Radio specifications Release 8 and Release 9 is provided in § 2.2.1. Furthermore, information on system and core network specifications is also provided for a complete system perspective. These system and core network specifications address the network, terminal, and service aspects required to provide an integrated mobility solution including aspects such as user services, connectivity, interoperability, mobility and roaming, security, codecs and media, operations and maintenance, charging, etc. Information on the Radio specifications Release 8 and Release 9 as well as on the System and core Core Nnetwork specifications Release 8, Release 9, Release 10, Release 11, Release 12, Release 13, and Release 14 is provided in § 2.2.2.
1.2	Overview of the Radio Interface Technology (RIT)
1.2.1	Overview of the FDD RIT
The FDD RIT is the evolution of LTE FDD. The FDD RIT uses Frequency-Division Duplex operation and therefore is applicable for operation with paired spectrum. Both full-duplex and half‑duplex FDD are supported.
1.2.2	Overview of the TDD RIT
The TDD RIT, also known as TD-LTE-Advanced, is the evolution of TD-LTE. The TDD RIT uses Time-Division Duplex operation and therefore is applicable for operation with unpaired spectrum. The TDD RIT provides flexibility in terms of downlink-uplink resource allocation by supporting multiple uplink-downlink resource-allocation configurations that can be used to match different traffic scenarios. The uplink-downlink resource-allocation configuration can be adapted to the varying instantaneous traffic and interference conditions even during operation.
It is also designed to exploit the more extensive channel reciprocity inherent in case of TDD operation, e.g. for beamforming, and facilitates coexistence with TD-SCDMA as well as other TDD‑based IMT-2000 technologies.
1.3	Overview of the system aspects of the SRIT
The FDD and TDD RITs represent the evolution of the first releases of LTE FDD and TDD, respectively. The two RITs share many of the underlying structures to simplify implementation of dual-mode radio-access equipment. Transmission bandwidths up to 640 MHz are supported, yielding peak data rates up to roughly 25 32 Gbit/s in the downlink and 13.6 Gbit/s in the uplink.
The downlink transmission scheme is based on conventional OFDM to provide a high degree of robustness against channel frequency selectivity while still allowing for low-complexity receiver implementations also at very large bandwidths. 
The uplink transmission scheme is based on Discrete Fourier Transform-spread OFDM (DFTS‑OFDM). The use of DFTS-OFDM transmission for the uplink is motivated by the lower Peak‑to-Average Power Ratio (PAPR) of the transmitted signal compared to conventional OFDM. This allows for more efficient usage of the power amplifier at the terminal, which translates into an increased coverage and/or reduced terminal power consumption. The uplink numerology is aligned with the downlink numerology. The Narrow-band Internet of Things (NB-IOT) UL allows allocating a single-tone in addition to multi-tone DFTS-OFDM with the possibility of a lower subcarrier spacing in addition to the normal subcarrier spacing.
Channel coding is based on rate-1/3 Turbo coding (Tail Biting Convolutional Code for NB-IOT DL) and is complemented by Hybrid-ARQ with soft combining to handle decoding errors at the receiver side. Data modulation supports QPSK, 16QAM, 64QAM, and 256QAM for both the downlink and the uplink. For NB-IOT, additionally pi/2-BPSK and pi/4-QPSK are supported in uplink when a single-tone is allocated.
The FDD and TDD RITs support bandwidths from approximately 1.4 MHz to 640 MHz. NB‑IOT supports 200 kHz bandwidth. Carrier aggregation, i.e. the simultaneous transmission of multiple component carriers in parallel to/from the same terminal/eNB, is used to support bandwidths larger than 20 MHz. Component carriers do not have to be contiguous in frequency and can even be located in different frequency bands in order to enable exploitation of fragmented spectrum allocations by means of spectrum aggregation. Licensed-Assisted Access (LAA) allows secondary component carriers to operate in the unlicensed 5 GHz band. In order to fairly coexist, LAA uses a Listen-Before-Talk (LBT) medium access in the unlicensed frequency bands. Carrier Aggregation supports the functionality to aggregate TDD bands with different uplink and downlink allocations as well as the functionality to support multiple timing advancements. Carrier Aggregation also supports to aggregate FDD and TDD component carriers. Dual Connectivity allows aggregating component carriers of different eNBs that are connected via a non-ideal backhaul over the X2 interface. 
The RITs allow co-existence with NR and the operation of the RITs and NR on the same frequency is possible. NR is not part of this Recommendation and its description is contained in Rec ITU-R M.2150-0, Annex 1, section 1.1.
Channel-dependent scheduling in both the time and frequency domains is supported for both downlink and uplink with the base-station scheduler being responsible for (dynamically) selecting the transmission resource as well as the data rate. The basic operation is dynamic scheduling, where the base-station scheduler takes a decision for each 1 ms Transmission Time Interval (TTI), but there is also a possibility for semi-persistent scheduling. Semi-persistent scheduling (SPS) enables transmission resources and data rates to be semi-statically allocated to a given User Equipment (UE) for a longer time period than one TTI to reduce the control-signalling overhead. For low latency UL transmissions, the SPS periodicity can be as low as 1 ms and UEs are allowed to skip the UL grant. For better uplink coverage, TTI bundling allows UEs to transmit in four consecutive TTIs. NB-IOT and enhanced Machine-type Communication (eMTC) allows for widespread coverage extension by means of scheduling multiple TTIs (up to several thousands).
For low latency communication there is support for reduced processing time as well as TTI shorter than 1 ms in the form of subslot or slot transmission, also referred to as short TTI (sTTI). The TTI for subslot transmission is 2 or 3 symbols and the TTI for slot transmission is half a subframe.
For increased reliability and lower latency the SRIT provides functionality for transmission repetition and for packet duplication whereby packets can be transmitted over two paths using carrier aggregation or dual connectivity. The SRIT also supports provisioning of granular time reference.
To increase robustness and minimize interruption time during mobility, the SRIT supports techniques such as Dual Active Protocol Stack, where the UE maintains connectivity with the source eNB until successful completion of handover (HO) to the target eNB, and Conditional HO, where the UE maintains the connectivity with the source eNB until one or more HO execution conditions are met.
Multi-antenna transmission schemes are an integral part of both RITs. Multi-antenna precoding with dynamic rank adaptation supports both spatial multiplexing (single-user MIMO) and beam‑forming. Beam-forming by means of two-dimensional antenna arrays can exploit the horizontal as well as the vertical domain. Spatial multiplexing with up to eight layers in the downlink and four layers in the uplink is supported. Multi-user MIMO, where multiple users (up to eight) are assigned the same time-frequency resources, is also supported. Coordinated MultiPoint (CoMP) operation is also supported, where multiple transmission points or reception points are coordinated in their transmission or reception respectively. The coordinated transmission points can belong to the same cell, to different cells of the same eNB or to different cells of different eNBs. A discovery reference signal can be used to identify transmission points or cells for CoMP and/or Carrier aggregation operation. In addition, non-coherent joint transmission is supported, where the transmission of the multiple MIMO layers is performed from two transmission points (TPs) without joint precoding across the TPs. Finally, transmit diversity based on Space-Frequency Block Coding (SFBC) or a combination of SFBC and Frequency Switched Transmit Diversity (FSTD) is supported. Large antenna arrays are efficiently supported, e.g. through codebook based channel state information (CSI) feedback for up to 32 eNB antenna ports or beamformed CSI reference signals.
Inter-cell interference coordination (ICIC), where neighbour cells exchange information aiding the scheduling in order to reduce interference, is supported for the RITs. ICIC can be used for homogenous deployments with non-overlapping cells of similar transmission power, as well as for heterogeneous deployments where a higher-power cell overlays one or several lower-power nodes. In order to increase the potential of cell range expansion, functionality for terminal‑side interference mitigation of reference and synchronization signals as well as the broadcast channel exists. A terminal-side mitigation of inter-cell interference caused by the data channel is supported with network assistance. A network-side interference mitigation technique is supported, which is based on the ability to turn on and off secondary cells. Another network-based interference mitigation technique is also supported, in which the bandwidth of Cell Specific Reference Symbol (CRS) can be reduced when UEs do not perform any DL or UL operation requiring CRS.
Relaying functionality is included in both the FDD and TDD RITs. The relay node appears as a conventional eNB to terminals but is wirelessly backhauled to the remaining part of the radio-access network using the LTE Release 10 radio-interface technology.
Both RITs support various types of machine-type communication. In order to better address the low-cost segment, a low-complexity terminal (Category 0) is supported, which approximately 50% has reduced modem complexity as compared to the least complex ‘normal’ UE (Category 1), e.g. by a single receive antenna, half-duplex operation and greatly reduced peak data rate support.
With the introduction of LTE-M, complexity is further reduced, e.g. by reducing the UE bandwidth down to 1.4 or 5 MHz and a lower UE power classes (20 dBm/14 dBm). Two coverage extension modes have been added to LTE/LTE-M, one for moderate and another for large coverage extension basically using repetitions. 
NB-IoT is introduced aiming at extreme low complexity, e.g. by reducing the UE bandwidth down to 200 kHz, by even further limiting the UE peak data rate, and by introducing low UE power classes (20 dBm/14 dBm). Coverage extension of ~20 dB is enabled also basically through repetitions. NB‑IoT can operate inband in LTE, in the LTE guardband, or standalone.
[bookmark: _Hlk57649046]In order to improve UE power consumption, a Power Saving State mode was introduced, and extended Discontinuous Reception (eDRX) cycles range up to 10.24 s in connected mode, and 43.69 min in idle mode for LTE-M and 2.91 h in idle mode for NB-IoT. For NB-IoT and LTE-M, further reduced UE power consumption has been enabled with support for: Wake-Up Signals (WUS) allowing the UE to reduce control channel processing before a WUS is detected; Early Data Transmission (EDT) and Transmission using Pre-configured UL Resource (PUR) which enable UEs to transmit and receive small data with minimal signaling; and relaxed monitoring for cell reselection when mobility is low. For LTE-M and NB-IOT, it is possible to configure an additional uplink and an additional downlink carrier for traffic which is dedicated to a particular User Equipment, whilst common transmissions such as synchronization signals, and uplink transmissions during cell access, occur on a the same carrier for all User Equipments.
In order to enhance data offloading, both RITs support LTE/Wi-Fi interworking functionality via RAN-assisted and RAN-controlled WLAN interworking. Based on configurable rules or eNB command, the UE steers its data traffic to the most appropriate radio access. Additionally, from Release 13 onwards, both RITs support LTE-WLAN aggregation (LWA) and LTE-WLAN Radio Level Integration with IPSec Tunnel (LWIP). LWA allows utilizing both LTE and WLAN in the unlicensed 2.4 GHz and 5 GHz bands simultaneously under the control of eNB.
From Release 12 onwards, sidelink transmissions are defined for Proximity based Services (ProSe) Direct Discovery and ProSe Direct Communication between terminals. ProSe Direct Communication is targeting only Public Safety applications and allows terminals to communicate with each other directly without routing the data via the eNB. ProSe Direct Discovery allows discovering other terminals in close proximity. Direct communication is also supported when a terminal is out of LTE coverage. The sidelink has been further enhanced in order to address direct vehicle-to-vehicle (V2V) communication. The sidelink supports carrier aggregation and transmit diversity. 
1.3.1	Network architecture
The LTE-Advanced radio-access network has a flat architecture with a single type of node, the eNodeB, which is responsible for all radio-related functions in one or several cells. The eNodeB is connected to the core network by means of the S1 interface, more specifically to the serving gateway (S-GW) by means of the user-plane part, S1-u, and to the Mobility Management Entity (MME) by means of the control-plane part, S1-c. One eNodeB can interface to multiple MMEs/S‑GWs for the purpose of load sharing and redundancy. MMEs/S-GWs can be (re)selected for support of separate dedicated core networks that are designed to meet the requirements of a certain group of devices/customers.
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 ICIC or CoMP. The X2 interface is also used to support lossless mobility between neighbouring cells by means of packet forwarding. 
Figure 1.1
Radio-access network interfaces
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[bookmark: _GoBack]E-UTRA also supports other architectures. These other architectures are not part of this Recommendation and their description is contained in Rec ITU-R M.2150-0, Annex 1, section 1.1.
1.3.2	Layer 2 protocol architecture
Layer 2 (L2) consists of several sub-layers: Packet Data Convergence Protocol (PDCP), Radio Link Control (RLC) and Medium Access Control (MAC). The downlink and uplink protocol structures are illustrated in Fig. 1.2 and Fig. 1.3, respectively. Layer 2 provides one or more Radio Bearers to higher layers to which IP packets are mapped according to their Quality-of-Service (QoS) requirements. L2/MAC PDUs, also referred to as transport blocks, are created according to instantaneous scheduling decisions and delivered to the physical layer on one or several transport channels (one transport channel of the same type per component carrier). 
[bookmark: _Ref275440680]Figure 1.2
Downlink L2 protocol structure
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[bookmark: _Ref275440686]Figure 1.3
Uplink L2 protocol structure
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In Dual Connectivity, a data radio bearer can be configured as Master Cell Group (MCG) bearer, Secondary Cell Group (SCG) bearer or a split bearer. The MCG bearer is served by the Master eNB (MeNB), SCG bearer by the Secondary eNB (SeNB) and the split bearer is served by both eNBs. For a split bearer, a common PDCP entity is located in the MeNB, but there are two RLC entities, one terminating in the MeNB and one in the SeNB.
1.3.2.1	Packet Data Convergence Protocol (PDCP)
Except for NB-IOT, the main services and functions of the PDCP sublayer for the user plane include:
–	Header compression and decompression of IP data flows using ROHC.
–	Header compression and decompression of Ethernet packet streams.
–	Compression and decompression of uplink PDCP SDUs: DEFLATE based UDC only;
–	Transfer of user data.
–	In-sequence delivery of upper layer PDUs at PDCP re-establishment procedure for RLC AM.
–	For split bearers in Dual Connectivity (only support for RLC AM) and LWA bearers (only support for RLC AM and RLC UM): PDCP PDU routing for transmission and PDCP PDU reordering for reception.
–	Duplicate detection of lower layer SDUs at PDCP re-establishment procedure for RLC AM.
–	Retransmission of PDCP SDUs at handover and, for split bearers in DC and LWA bearers, of PDCP PDUs at PDCP data-recovery procedure, for RLC AM.
–	Ciphering and deciphering.
–	Timer-based SDU discard in uplink;
–	Duplication of PDCP PDUs;
–	For PDCP duplication, reordering and duplicate detection at the receiver.
For NB-IOT UE when AS security is activated, the main services and functions of the PDCP sublayer for the user plane include:
–	Header compression and decompression: ROHC only;
–	Transfer of user data;
–	In-sequence delivery of upper layer PDUs at PDCP re-establishment procedure for RLC AM;
–	Duplicate detection of lower layer SDUs at PDCP re-establishment procedure for RLC AM;
–	Ciphering and deciphering;
–	Timer-based SDU discard in uplink.
The main services and functions of the PDCP for the control plane include:
–	Ciphering and Integrity Protection and Verification.
–	Transfer of control plane data.
Except for NB-IoT, the main services and functions of the PDCP sublayer for the control plane also include:
–	Duplication of PDCP PDUs;
–	For PDCP duplication, reordering and duplicate detection at the receiver.
For a NB-IOT UE that supports Control Plane CIoT EPS optimizations only, PDCP is bypassed. For a NB-IOT UE that supports both Control Plane CIoT EPS optimizations and User Plane CIoT EPS optimizations PDCP is not used until AS security is activated.
PDCP uses the services provided by the RLC sub-layer. There is one PDCP entity per radio bearer configured for a UE.
1.3.2.2	Radio Link Control (RLC)
Radio Link Control (RLC) is responsible for:
–	Transfer of upper layer PDUs.
–	Error correction through ARQ (only for AM data transfer).
–	Concatenation, segmentation and reassembly of RLC SDUs (only for UM and AM data transfer).
–	Resegmentation of RLC data PDUs (only for AM data transfer).
–	Reordering of RLC data PDUs (only for UM and AM data transfer).
–	Duplicate detection (only for UM and AM data transfer).
–	Protocol error detection (only for AM data transfer).
–	RLC SDU discard (only for UM and AM data transfer).
–	RLC re-establishment, except for a NB-IOT UE that only uses Control Plane CIoT EPS optimizations.
Depending on the mode-of-operation, an RLC entity may provide all, a subset of, or none of the services above. The RLC can operate in three different modes:
–	Transparent mode (TM), where the RLC is completely transparent and is in essence bypassed. This configuration is used for control-plane broadcast channels such as Broadcast Control Channel (BCCH), Common Control Channel (CCCH) and Paging Control Channel (PCCH) only where the information should reach multiple users. 
–	Unacknowledged mode (UM), where the RLC provides all the functionality above except error correction, is used when error-free delivery is not required, for example for Multicast Control Channel (MCCH) and Multicast Traffic Channel (MTCH) using Multimedia Broadcast over a Single Frequency Network (MBSFN) and for Voice-over-IP (VoIP).
–	For NB-IOT, RLC UM is not supported.
–	Acknowledged mode (AM), where the RLC provides all the services above, is the main mode-of-operation for TCP/IP packet data transmission on the Downlink Shared Channel (DL‑SCH). Segmentation/reassembly, in-sequence delivery and retransmissions of erroneous data are all supported.
The RLC offers services to the PDCP in the form of radio bearers and uses services from the MAC layer in the form of logical channels. There is one RLC entity per radio bearer configured for a terminal, except for radio bearers configured with PDCP duplication and for DAPS bearers, for which there are two for UL and DL, respectively.
1.3.2.3	Medium access control (MAC)
The MAC layer is responsible for:
–	Mapping between logical channels and transport channels.
–	Multiplexing/demultiplexing of MAC SDUs belonging to one or different logical channels into/from transport blocks delivered to/from the physical layer on transport channels.
–	Scheduling information reporting.
–	Error correction through N-process stop-and-wait hybrid-ARQ (HARQ) with synchronous (for the uplink) and asynchronous (for the downlink and optionally for the uplink) retransmissions.
–	Priority handling between logical channels of one UE.
–	Priority handling between UEs by means of dynamic scheduling.
–	Multimedia Broadcast/Multicast Service (MBMS) identification.
–	Transport format selection.
–	Padding.
The ProSe specific services and functions of the MAC sublayer include:
–	Radio resource selection;
–	Packet filtering for Prose Direct Communication.
In case of Dual Connectivity, the UE is configured with two independent MAC entities, one for MCG and one for SCG.
The MAC offers 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, used for transmission of control and configuration information necessary for operating an LTE-Advanced system, or as a traffic channel, used for the user data. The set of logical-channel types specified for LTE-Advanced includes:
–	Broadcast Control Channel (BCCH), used for broadcasting system control information.
–	Bandwidth Reduced Broadcast Control Channel (BR-BCCH), used for broadcasting system control information to bandwidth limited eMTC UEs.
–	Paging Control Channel (PCCH), a downlink channel used for paging when the network is not aware of the location of the UE and for system information change notifications.
–	Common Control Channel (CCCH), used for transmission of control information between UEs and network when the UE has no RRC connection.
–	Dedicated Control Channel (DCCH), used for transmission of control information to/from a mobile terminal when the UE has a RRC connection.
–	Multicast Control Channel (MCCH), used for transmission of control information required for reception of the MTCH.
–	Single-Cell Multicast Control Channel (SC-MCCH), used for transmission of control information required for reception of MBMS using single-cell point-to-multipoint (SC‑PTM).
–	Sidelink Broadcast Control Channel (SBCCH) used for broadcasting sidelink system information from one UE to other UE(s). This channel is used only by ProSe Direct Communication capable UEs and V2X sidelink communication capable UEs.
–	Dedicated Traffic Channel (DTCH), used for transmission of user data to/from a mobile terminal. This is the logical channel type used for transmission of all uplink and non‑MBSFN downlink user data. DTCH is not supported for a NB-IOT UE that only uses Control Plane CIoT EPS optimizations.
–	Multicast Traffic Channel (MTCH), used for downlink transmission of MBMS services.
–	Single-Cell Multicast Traffic Channel (SC-MTCH), used for downlink transmission of MBMS services using SC-PTM.
–	Sidelink Traffic Channel (STCH) is a point-to-multipoint channel, for transfer of user information from one UE to other UEs. This channel is used only by Prose Direct Communication capable UEs and V2X sidelink communication capable UEs.
For a NB-IOT UE that only uses Control Plane CIoT EPS optimizations there is only one dedicated logical channel per UE.
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 or two (in case of spatial multiplexing) transport blocks are transmitted per component carrier.
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 information about the transport-block size, the modulation scheme, and the antenna mapping. The scheduler is responsible for (dynamically) determining the uplink as well as downlink transport format in each TTI.
The following transport-channel types are defined:
–	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).
–	Paging Channel (PCH) is used for transmission of paging information from the PCCH logical channel. The PCH supports discontinuous reception (DRX) to allow the mobile terminal to save battery power by waking up to receive the PCH only at predefined time instants.
–	Downlink Shared Channel (DL-SCH) is the main transport-channel type used for transmission of downlink data in LTE-Advanced. It supports dynamic rate adaptation and channel-dependent scheduling, hybrid-ARQ with soft combining, and spatial multiplexing. It also supports DRX to reduce mobile-terminal 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. In case of transmission to a terminal using multiple component carriers the UE receives one DL-SCH per component carrier.
–	Multicast Channel (MCH) is used to support MBMS. It is characterized by a semi-static transport format and semi-persistent scheduling. In case of multi-cell transmission using MBSFN, the scheduling and transport format configuration is coordinated among the cells involved in the MBSFN transmission.
–	Uplink Shared Channel (UL-SCH) is the uplink counterpart to the DL-SCH, i.e. it is the uplink transport channel used for transmission of uplink data.
–	Random Access Channel (RACH) is also defined as an uplink transport channel although it does not carry transport blocks. The RACH is used in the uplink to respond to the paging message or to initiate the move to the RRC_CONNECTED state according to terminal data transmission needs.
–	Sidelink broadcast channel (SL-BCH) uses a pre-defined transport format.
–	Sidelink discovery channel (SL-DCH) supports both UE autonomous resource selection and scheduled resource allocation by eNodeB; it uses a fixed size, pre-defined format periodic broadcast transmission. 
–	Sidelink shared channel (SL-SCH) supports both UE autonomous resource selection and scheduled resource allocation by eNodeB; it supports HARQ combining and dynamic link adaptation by varying the transmit power, modulation and coding.
The mapping between logical channels, transport channels and physical channels (described in § 1.1.3.3) is illustrated in Fig. 1.4 for the downlink, Fig. 1.5 for the uplink, Fig. 1.6 for the sidelink, Fig. 1.6A for the NB-IOT downlink and Fig. 1.6B for the NB-IOT uplink.
Figure 1.4
Downlink channel mapping
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Figure 1.5
Uplink channel mapping
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Figure 1.6
Sidelink channel mapping
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Figure 1.6a
NB-IOT DL channel mapping
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Figure 1.6b
NB-IOT UL channel mapping
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1.3.3	Physical layer
The physical layer is responsible for: 
–	Modulation and demodulation of physical channels.
–	Error detection on the transport channel and indication to higher layers.
–	Forward Error Correction (FEC) encoding and decoding of transport channels.
–	Rate matching of the coded transport channel to physical channels.
–	Mapping of the coded transport channel onto physical channels according to Fig. 1.4 (downlink) and Fig. 1.5 (uplink).
–	Hybrid ARQ soft-combining.
–	Frequency and time synchronization.
–	Power weighting of physical channels.
–	Multi-antenna processing and beamforming.
–	Characteristic measurements and indication to higher layers.
–	RF processing.
A simplified overview of the processing for the DL-SCH is given in Fig. 1.7.
Figure 1.7
Simplified physical-layer processing for DL-SCH on one component carrier
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1.3.3.1	Physical channels
The following different types of physical channels are defined for the downlink:
–	Physical Downlink Shared Channel (PDSCH): Used for transmission of user and control plane data services.
–	Physical Multicast Channel (PMCH): Used for transmission of control and user-plane broadcast services during MBSFN subframes.
–	Physical Downlink Control Channel (PDCCH): Used for transmission of control information such as resource allocation, transport format and HARQ related information.
–	Enhanced Physical Downlink Control Channel (EPDCCH): Used for transmission of control information such as resource allocation, transport format and HARQ related information.
–	MTC physical downlink control channel (MPDCCH): Used for transmission of control information in bandwidth-reduced operation and/or using coverage extension mode.
–	Short physical downlink control channel (SPDCCH): Used for transmission of control information such as resource allocation, transport format and HARQ related information.
–	Physical Broadcast Channel (PBCH): Used for conveying cell and/or system specific information.
–	Physical Control Format Indicator Channel (PCFICH): It indicates to the UE the control format (number of symbols comprising PDCCH, PHICH) of the current subframe.
–	Physical Hybrid ARQ Indicator Channel (PHICH): It conveys the ACK/NAK information for UL (PUSCH) transmissions received at the eNodeB.
Three different types of physical channels are defined for the uplink:
–	Physical Random Access Channel (PRACH): It conveys a preamble which is used to trigger a random-access procedure in the eNodeB.
–	Physical Uplink Shared Channel (PUSCH): It conveys both user data and upper layer control information. 
–	Physical Uplink Control Channel (PUCCH): It conveys control information (scheduling requests, CQI, PMI, RI, HARQ ACK/NAK for PDSCH, etc.).
–	Short physical uplink control channel (SPUCCH): It conveys control information (scheduling requests, HARQ ACK/NAK for PDSCH, etc.).
The following types of physical channels are defined for the sidelink:
–	Physical sidelink broadcast channel (PSBCH): Carries system and synchronization related information, transmitted from the UE.
–	Physical sidelink discovery channel (PSDCH): Carries ProSe Direct Discovery message from the UE.
–	Physical sidelink control channel (PSCCH): Carries control from a UE for ProSe Direct Communication.
–	Physical sidelink shared channel (PSSCH): Carries data from a UE for ProSe Direct Communication.
The following types of physical channels are defined for NB-IOT:
–	Narrowband Physical broadcast channel (NPBCH): Carries the BCH for NB-IOT UEs. Used for conveying cell and/or system specific information using a transport block mapped to sixty four subframes within a 640 ms interval.
–	Narrowband Physical downlink shared channel (NPDSCH): Carries the DL-SCH and PCH for NB-IOT UEs.
–	Narrowband Physical downlink control channel (NPDCCH): Informs the NB-IOT UE about the resource allocation of PCH and DL-SCH. Carries the uplink scheduling grant for the NB‑IOT UE. Carries the direct indication information.
–	Narrowband Physical uplink shared channel (NPUSCH): Carries the UL-SCH and Hybrid ARQ ACK/NAKs in response to downlink transmission for the NB-IOT UE.
–	Narrowband Physical random access channel (NPRACH): Carries the random access preamble for the NB-IOT UE.
1.3.3.2	Time-domain structure and duplex schemes
Figure 1.8 illustrates the high-level time-domain structure for transmission, with each (radio) frame of length 10 ms consisting of ten equally sized subframes of length 1 ms. Each subframe consists of two equally sized slots of length Tslot = 0.5 ms with each slot consisting of a number of OFDM symbols including cyclic prefix.
Figure 1.8
LTE-Advanced time-domain structure
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LTE-Advanced can operate in both FDD and TDD as illustrated in Fig. 1.9. Although the time‑domain structure is, in most respects, the same for FDD and TDD there are some differences between the two duplex modes, most notably the presence of a special subframe in case of TDD. The special subframe is used to provide the necessary guard time for downlink-to-uplink switching.
Figure 1.9
Uplink/downlink time/frequency structure in case of FDD and TDD
[image: ]
In case of FDD operation (upper part of Fig. 1.9), there are two carrier frequencies for each component carrier, one for uplink transmission (fUL) and one for downlink transmission (fDL). During each frame, there are thus ten uplink subframes and ten downlink subframes and uplink and downlink transmission can occur simultaneously within a cell. Half-duplex operation at the UE side is supported by the scheduler ensuring non-simultaneous reception and transmission at the UE.
In case of TDD operation (lower part of Fig. 1.9), there is only a single carrier frequency per component carrier and uplink and downlink transmissions are always separated in time also on a cell basis. As seen in the Figure, some subframes are allocated for uplink transmissions and some subframes for downlink transmission with the switch between downlink and uplink occurring in the special subframe. The special subframe is split into three parts: a downlink part (DwPTS), a guard period (GP) where the switch occurs, and an uplink part (UpPTS). The DwPTS is in essence treated as a normal downlink subframe, although the amount of data that it is possible to transmit is smaller due to the reduced length of the DwPTS. The UpPTS can be used for UL data transmission, channel sounding or random access. The DwPTS, GP, and UpPTS have configurable individual lengths to support different deployment scenarios, and a total length of 1 ms.
Different asymmetries in terms of the amount of resources allocated for uplink and downlink transmission, respectively, are provided through seven different downlink/uplink configurations as shown in Fig. 1.10. In case of carrier aggregation, the downlink/uplink configuration is identical across component carriers in the same band and may be the same or different across component carriers in different bands.
Coexistence between the TDD RIT and other (IMT-2000) TDD systems such as TD-SCDMA is catered for by aligning the switch points between the two systems and selecting the appropriate special subframe configuration and uplink-downlink asymmetry. 
Figure 1.10
Uplink-downlink asymmetries supported by the TDD RIT
[image: ]
Sidelink transmissions use the same frame structure as the frame structure that is defined for uplink and downlink when UEs are in network coverage. However, the sidelink transmissions are restricted to a sub-set of the uplink resources in time and frequency domain. 
The physical channel structure is similar to uplink transmissions and the same basic transmission scheme as the UL transmission scheme is used. However, sidelink is limited to single cluster transmissions and it uses a 1 symbol gap at the end of each sidelink subframe.
1.3.3.3	Physical layer processing
To the transport block(s) to be transmitted on a DL-SCH or UL-SCH, a CRC is attached, followed by rate-1/3 Turbo coding for error correction (Tail Biting Convolutional Code for NPDSCH). Rate matching is used not only to match the number of coded bits to the amount of resources allocated for the DL-SCH/UL-SCH transmission, but also to generate the different redundancy versions as controlled by the hybrid-ARQ protocol. In case of spatial multiplexing, the processing is duplicated for the two transport blocks. After rate matching, the coded bits are modulated (QPSK, 16QAM, 64QAM, 256QAM, 1024QAM). In case of multi-antenna transmission, the modulation symbols are mapped to multiple layers and precoded before being mapped to the different antenna ports. Alternatively, transmit diversity can be applied. Finally, the (precoded) modulation symbols are mapped to the time-frequency resources allocated for the transmission.
[bookmark: _Hlk522626805][bookmark: _Hlk522626557]Downlink transmission is based on conventional OFDM with a cyclic prefix. The subcarrier spacing is f = 15 kHz and two cyclic prefix lengths are supported: normal cyclic prefix 4.7 µs and extended cyclic prefix 16.7 µs. In the frequency domain, the number of resource blocks can range from 6 to 100 per component carrier (for channel bandwidths ranging from 1.4 to 20 MHz respectively), where a resource block is 180 kHz in the frequency domain. There can be up to 32 component carriers transmitted in parallel implying an overall bandwidth up to 640 MHz. In inband mode NB-IOT allocates a single resource block. In standalone mode, NB-IOT uses a channel bandwidth of 200 kHz. MBSFN subframes can use subcarrier spacings of f = 7.5 kHz or f = 1.25 kHz with an extended cyclic prefix of 33.4 µs and 200 µs, respectively. PMCH additionally supports 100 µs cyclic prefix and f = 2.5 kHz subcarrier spacing for support of high mobility scenarios (up to 250km/h) and 300 µs cyclic prefix and approximately f  0.37kHz subcarrier spacing for support of rooftop reception.
Uplink transmission is based on DFT-spread OFDM (DFTS-OFDM). DFTS-OFDM can be seen as a DFT precoder, followed by conventional OFDM with the same numerology as in the downlink. The NB-IOT UL allows allocating a single-tone with f = 3.75 kHz or f = 15 kHz subcarrier spacing. Multiple DFT precoding sizes, corresponding to transmission with different scheduled bandwidths, can be used.
The remaining downlink transport channels (PCH, BCH, MCH) are based on the same general physical-layer processing as DL-SCH, although with some restrictions in the set of features used.
1.3.3.4	Multi-antenna transmission
A wide range of multi-antenna transmission schemes are supported in the downlink:
–	Single-antenna transmission using a single cell-specific reference signal. 
–	Closed-loop spatial multiplexing, also known as codebook-based beam-forming or precoding, of up to four layers using cell-specific reference signals. Feedback reports from the terminal are used to assist the eNodeB in selecting a suitable precoding matrix.
–	Open-loop spatial multiplexing, also known as large-delay cyclic delay diversity, of up to four layers using cell-specific reference signals. 
–	Spatial multiplexing of up to eight layers using UE-specific reference signals. The eNodeB may use feedback reports or exploit channel reciprocity to set the beam-forming weights.
–	Transmit diversity based on space-frequency block coding (SFBC) or a combination of SFBC and Frequency Switched Transmit Diversity (FSTD).
–	Multi-user MIMO where multiple terminals are assigned overlapping time-frequency resources.
–	Non-precoded CSI-RS operation is supported, which comprises schemes where different CSI-RS ports have the same wide beam width and direction and hence generally cell wide coverage.
–	Beamformed CSI-RS operation is supported, which comprises schemes where (at least at a given time/frequency) CSI-RS ports have narrow beam widths and hence not cell wide coverage, and (at least from the eNB perspective) at least some CSI-RS port‑resource combinations have different beam directions.
–	Downlink Coordinated MultiPoint (DL-CoMP) operation where multiple transmission points are coordinated. 
The following multi-antenna transmission schemes are supzported in the uplink:
–	Single-antenna transmission.
–	Precoding supporting rank-adaptive spatial multiplexing with one up to four layers.
–	Uplink Coordinated MultiPoint (UL-CoMP) operation where multiple reception points are coordinated. 
1.3.3.5	Link adaptation and power control
According to the radio channel conditions, the Modulation and Coding Scheme (MCS) can be adapted flexibly. The same modulation and coding is applied to all resource units assigned to the same transport block within a TTI. Uplink power control determines the average power over a DFTS‑OFDM symbol in which the physical channel is transmitted.
1.3.3.6	L1/L2 control signalling
Downlink control information (DCI) is transmitted on either a PDCCH or, an EPDCCH or an SPDCCH. In bandwidth-reduced operation and/or when using coverage extension mode, a DCI is transmitted on an MPDCCH. For NB-IOT, a DCI is transmitted on NPDCCH. 
The PDCCH is transmitted in the first one to three OFDM symbols of each downlink subframe in each component carrier with the number of OFDM symbols being indicated on the PCFICH. Downlink and uplink scheduling grants (consisting of UE identity, time-frequency resources and transport format) and hybrid-ARQ acknowledgements are transmitted on the PDCCH and PHICH, respectively. Each grant is transmitted on a separate PDCCH using QPSK modulation and cell‑specific reference signals. 
The EPDCCH/MPDCCH is transmitted in pairs of Physical Resource Blocks (PRBs) multiplexed in frequency with the PDSCH; it carries downlink and uplink scheduling grants (consisting of UE identity, time‑frequency resources and transport format). The EPDCCH/MPDCCH uses QPSK modulation and demodulation reference signals, and it may use either frequency-localized or frequency-distributed transmission. 
The SPDCCH is transmitted in UE-specifically configured physical resource blocks and carries downlink and uplink scheduling grants.
For NB-IOT, the NPDCCH is transmitted in all available OFDM symbols of pairs of PRBs, with no multiplexing with NPDSCH; it carries downlink and uplink scheduling grants (consisting of UE identity, time‑frequency resources and transport format). The NPDCCH uses QPSK modulation and narrowband reference signals.
Sidelink resource allocation can be transmitted on the PDCCH/EPDCCH.
Uplink control information (UCI), consisting of channel-state information (CSI), scheduling requests and hybrid-ARQ acknowledgements, is transmitted at the band edges of the primary uplink component carrier. Alternatively, parts of the control signalling can be multiplexed with data on PUSCH. To support downlink CoMP transmission, a UE may be configured with multiple CSI processes.
1.3.3.7	MBSFN operation
Multicast/Broadcast over Single Frequency Network (MBSFN) transmission, where the same signal is transmitted from multiple, time-synchronized cells, is supported by the MCH transport channel. One component carrier can support simultaneous unicast and broadcast support through time-domain multiplexing of MCH and DL-SCH transmissions, where the MCH can be configured on up to 80% of the DL resources.
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