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7.1.4
 Link layer aspects

7.1.4.1
Overview

A new MAC radio protocol has been designed for the NB M2M solution. The MAC protocols sits between the LLC protocol in Gb architecture or the PDCP protocol in S1 architecture and the physical layer.

The MAC protocol is optimised for Cellular IoT devices, characterised by low complexity, low throughput, extended coverage and long battery life, and follows the design principles below:

-
The procedures are minimised to reduce complexity and power consumption:

-
Simplified cell (re)selection; 

-
Optimised system information acquisition.
-
RRM provides high efficiency of resource utilisation:
-
Efficient RACH procedure;
-
Dynamic resource scheduling.
-
Basic reliability is needed for data transmission:
-
Segmentation and re-assembly;

-
Simple re-transmission mechanism.
-
Short and long sleep modes are supported to reduce power consumption. 

Unless specified otherwise, the MAC design is common to both Gb and S1 architectures.
7.1.4.2
UE Operating Modes

7.1.4.2.1
General
A NB M2M UE operates in one of three modes, an active mode or two different sleep modes:

-
Connected Mode-Active

-
Sleep Modes:

-
Idle Mode-Paging 
-
Idle Mode-PSM 
In Connected Mode–Active, the UE is receiving DCIs and allocations, MAC Control Elements, NAS Signaling and data are being transferred over the air interface.  
The UE can be configured to transition to either Idle Mode-Paging or Idle Mode-PSM from Connected Mode-Active.  The choice of mode is determined by whether Active Timer has been set and its value.

In Idle Mode-Paging, the UE can be reached from the network and the base station can trigger the UE to move back to Connected Mode-Active. The UE may also transition from Idle Mode-Paging to Idle Mode-PSM if the Active Timer is running and expires.

In Idle Mode-PSM, the UE is unreachable from the network.  The networkneeds to wait for the UE to wake and contact the base station.

In all the modes the UE can perform RACH to connect and request resource. 

An overview of the three modes and the transitions between modes is shown in Figure 7.1.4.2-1.
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Figure 7.1.4.2-1: UE Operating Modes

UEs in Connected Mode-Active are addressed by the base station though their C-RNTI. When a UE is in Idle Mode-Paging it can only be addressed via paging procedure, and when a UE is in Idle Mode-PSM it cannot be addressed.

7.1.4.2.2
Connected Mode--Active

While the UE is in Connected Mode-Active it monitors DCIs for allocations and uses those allocations for transferring data, signalling and MAC Control Elements over the air interface. 

The UE will move from Connected Mode-Active into one of the Sleep Modes, depending upon configuration.  The trigger for moving from Connected Mode-Active to Sleep Modes is FFS, but could be a timer or a MAC Control Element message.









If the UE is in Connected Mode-Active and new uplink data is to be sent but the base station is not providing scheduled resources for the UE, for example because the base station has provided all the resources indicated by the last BSR report from the UE, then the UE may use the RACH with C-RNTI procedure to request resource.


7.1.4.2.3
Idle Mode-Paging

When the UE enters Idle Mode-Paging from Connected Mode-Active it loses its assigned C-RNTI, and therefore it cannot use the RACH with C-RNTI procedure or be directly addressed by the base station in a DCI.

The UE wakes to receive paging messages from the base station at Paging Occasions. If the UE is paged then it performs the RACH with Random Number procedure, obtains a new C-RNTI value and enters Connected Mode-Active mode.

If UE has uplink traffic then the UE will either:

-
Initiate a RACH with Random Number procedure, enter Connected Mode-Active, and then transmit the uplink traffic; or

-
If the uplink traffic is latency tolerant then it may wait until more uplink traffic is available, or wait until it has to respond to paging, before transmitting it.

7.1.4.2.4
Idle Mode-PSM

When the UE enters Idle Mode-PSM from Connected Mode-Active it loses its assigned C-RNTI, and therefore it cannot use the RACH with C-RNTI procedure or be directly addressed by the base station in a DCI.

The UE wakes while in Idle Mode-PSM to perform RACH with Random Number and enters Connected Mode-Active.  While in Connected Mode-Active any signalling and data transfer can be performed.  The UE may wake to enter Connected Mode-Active, for example, to perform RAU/TAU procedures.

If the UE has uplink traffic then the UE will either:

-
Initiate a RACH with Random Number procedure, enter Connected Mode-Active, and then transmit the uplink traffic; or

-
If the uplink traffic is latency tolerant then it may wait until more uplink traffic is available, or wait until it needs to perform another procedure, for example RAU/TAU, before transmitting it. 
7.1.4.3
Channel mapping
7.1.4.3.1
Channel mapping for the Gb-based architecture

As the Gb interface is connectionless, data and signalling are terminated at the MAC layer in the radio interface. Therefore, there is no need to have additional logical channels, and the MAC layer has no channel mapping function. The channel mapping between transport channels and physical channels is performed by the physical layer as shown in Figure 7.1.4.3-1. The uplink mapping is shown with red lines, and the downlink mapping is shownwith blue lines.
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Figure 7.1.4.3-1: Channel mapping for the Gb-based architecture

-
PhysicalP channels
See subclause 7.1.2 and subclause 7.1.3.
-
TransportT channels
The transport channels are listed in Table 7.1.4.3-1. Each transport channel type defines how, and with which characteristics, data is transferred on the radio interface.
Table 7.1.4.3-1: Transport channels
	Transport channel name
	Acronym
	Downlink
	Uplink
	Description

	Broadcast Channel
	BCH
	X
	
	Carry basic system information 

	Extend Broadcast Channel
	E-BCH
	X
	
	Carry other system information

	Downlink Shared Channel
	DL-SCH
	X
	
	Carry downlink data and control messages 

	Paging Channel
	PCH
	X
	
	Carry paging messages 

	Uplink Shared Channel
	UL-SCH
	
	X
	Carry uplink data and control messages 

	Random Access Channel
	RACH
	
	X
	Carry random access request messages 


7.1.4.3.2
Channel mapping for the S1-based architecture

As the S1 interface is connection oriented, data and signalling are terminated in the radio interface. The PDCP and RRC protocols are maintained to avoid changes on the S1 interface and modifications to the MME. Data and signalling are carried on logical channels between the PDCP/RRC layer and the MAC layer as shown in Figure 7.1.4.3-2. The channel mapping between logical channels and transport channels is performed  by the MAC layer. The channel mapping between transport channels and physical channels is performed by the physical layer.

The uplink mapping is shown with red lines, and the downlink mapping with blue lines. Most transport channels are used by the logical channels to carry data and signalling from the upper layers; the only exception is the RACH transport channel, which carries the random access request and is terminated in the MAC layer.
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Figure 7.1.4.3-2: Channel mapping for the S1-based architecture
The definitions of transport channels and physical channels are the same as in subclause 7.1.4.3.1.
-
Logical channels
The MAC layer provides data transfer services on logical channels. Each logical channel type is defined by the type of information that is transferred. 
The logical channels are listed in Table 7.1.4.3-2.
Table 7.1.4.3-2: Logical channels

	Logical channel name
	Acronym
	Control channel
	Traffic channel
	Description

	Broadcast Control Channel
	BCCH
	X
	
	Carry system information 

	Paging Control Channel
	PCCH
	X
	
	Carry paging messages 

	Common Control Channel
	CCCH
	X
	
	Carry RRC signalling on SRB0 (TS 36.331 [8] for reference)

	Dedicated Control Channel
	DCCH
	X
	
	Carry RRC signalling on SRB1 and SRB2 (TS 36.331 [8] for reference)

	Dedicated Traffic Channel
	DTCH
	
	X
	Carry user data  


7.1.4.4
Scheduling

7.1.4.4.1
General
Base stations transmit System Information (SI) on dedicated channels that are reserved for this purpose (PBSCH and EPBCH). This enables the UE to find the base station. The SI contains the super frame number.

The SI contains identification information for the base station and network as well as timing and channel information for the Downlink Control Information (DCI). Figure 7.1.4.4-1 shows the relationship between SIBs and DCIs.
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Figure 7.1.4.4-1:  SI/DCI Relationship

DCIs are periodically transmitted on a PDSCH channel and contain scheduling information.  The interval between the DCIs is configured in the SI. DCIs provide uplink and downlink allocations, acknowledge uplink messages, and configure the random access resources.  An allocation is a physical resource on the PBSCH or PUSCH channels.  A downlink or uplink allocation description in a DCI defines the start time, length, MCS, and the physical channel for the resource. UEs receive DCIs on a particular PDSCH channel when they are not otherwise transmitting or receiving. Uplink and downlink transmissions on other physical channels can overlap with DCIs in time.

Figure 7.1.4.4.2 is an example of scheduling for a UE.
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Figure 7.1.4.4-2: Example Scheduling
In Figure 7.1.4.4-2, a UE receives the SI. The SI provides details of a DCI for the UE (1). The UE then receives the DCI, which provides the timing and channel for a downlink (DL1 (2)) and an uplink (UL1 (3)) allocations. The UE then receives DL1 and transmits UL1. UL1 contains the acknowledgement information for the burst received in DL1.

The UE then receives DCI3. DCI3 provides acknowledgement information for the burst transmitted by the UE in UL1. It also provides timing and channel information for DL2 (4) and UL2 (5). The UE will then transmit a burst in UL2. This transmission includes acknowledgement information for the burst received in DL2.

UEs are able to request resource from a base station by sending a resource request on the random access channel (RACH). The details of the RACH (its physical channel and timing information) are carried in the DCIs. Once a UE has requested resource via the RACH, the base station will attempt to allocate resources in a subsequent DCI.

7.1.4.4.2
DCI Burst Packet Format

The DCI burst packet format consists of a length, followed by a payload and CRC. Figure 7.1.4.4-3 shows the DCI packet format and Table 7.1.4.4-1 gives details of the fields.
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Figure 7.1.4.4-3:  DCI Packet Format

Table 7.1.4.4-1: DCI Packet Format

	Field
	Description

	Length
	Length of the payload field in octets.

	Payload
	Payload of the packet being transmitted

	CRC
	The CRC of the Length and Payload


The DCI Packet Payload is variable length and contains retransmission scheme processing information, downlink allocations, uplink allocations, and RACH allocations.  The information elements of the DCI Packet Payload are shown in subclause 7.1.4.8.1.

	
	

	
	

	
	







	
	

	
	







	
	

	
	

	Padding
	A variable length padding field.  The length of the field will be set so that the payload is a whole number of octets and the following CRC begins on an octet boundary.


The start indicator in the DCI defines the  timing of the start of the physical resource for an allocation. The start indicator is the number of slots from the first slot of the DCI to the slot in which the UE is expected to transmit or receive.

The time into the future that the DCI can schedule uplink and downlink allocations is limited in order to constrain the size of the start indicator field in the DCI.

The DCI cannot schedule allocations which start before the end of the same DCI. An overview of when an allocation can start is shown in Figure 7.1.4.4-4.
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Figure 7.1.4.4-4: DCI Start Allocation Range Overview

When UEs are grouped by link budget, different MCSs for the DCIs on different PDSCH channels can be used.  For UEs in poorer link conditions, the DCI used to communicate with them will often use MCSs which include spreading and repetition factors. In this case, the DCI will take more time to be transmitted and also the interval between DCIs will typically be longer. As the interval between DCIs is longer, the start indicator will also need to have larger values. 
To keep the length of the start indicator as short as possible, a scaling factor is applied to the start indicator which is determined from the MCS of the DCI which contained the allocation. 

A slot offset value is calculated as follows:


Slot offset = Start Indicator * DCI MCS Spreading Factor * DCI MCS Repetition Factor

The slot offset is then used to calculate the start slot of the allocation.  For uplink allocations, the start slot is calculated as follows:


Uplink Start Slot = DCI Start Slot + (Slot Offset * 4)

A downlink allocation start slot is calculated as follows:


Downlink Start Slot = DCI Start Slot + Slot Offset

7.1.4.4.3
Allocated Burst Packet Format

The packet format for an uplink or downlink allocated burst is shown in Figure 7.1.4.4-5.
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Figure 7.1.4.4-5: Allocation Format

The allocation packet format does not include a length, since the length is defined in the downlink allocation or uplink allocation in the DCI that defined the allocation.

The allocation format does not need to define the octet length of the PDU payload. The format of the PDU payload allows the receiver to determine the length of the MAC headers and elements.  Padding is then added after the PDU payload and before the CRC so that the complete packet, including CRC, matches the size of a code block. The CRC is always the last 24 bits of the packet.

7.1.4.5
Random access procedure
7.1.4.5.1
RACH configuration
RACH resources are scheduled dynamically using DCI scheduling and statically using system information broadcast. Different RACH resources are allocated for each coverage class. The UE selects dynamic or statically allocated RACH according to its access cause. The UE chooses a RACH allocation based on network indication, configuration, or desired coverage class. RACH is mapped onto PUSCH.
The parameters of the RACH configuration in a DCI are described in subclause 7.1.4.8.1.

	
	

	
	

	
	

	
	

	
	



The parameters of the RACH configuration in the system information are shown in Table 7.1.4.5-1.
Table 7.1.4.5-1 RACH configuration in system information

	Field
	Description

	MCS
	MCS that the UE will use when transmitting in the RACH allocation. 

	Channel ID
	Uplink  physical channel identity.

	RACH index
	Number of RACH resources in one super frame
(the RACH resources are equally distributed in a super frame, and each RACH resource uses one RACH Allocation Unit).


7.1.4.5.2
Random access procedure with random number
When the UE is not connected to the Base Station, the UE can initiate a random access procedure with random number. This procedure establishes a radio connection between the UE and the base station, and assigns a connection identifier C-RNTI to be used for the transfer of data between the UE and the base station. An overview of the procedure is shown in Figure 7.1.4.5-1.
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Figure 7.1.4.5-1: Random access procedure with Random Number
-
Step 0: the UE chooses a coverage class and RACH resource.
Based on the received signal quality of the PBSCH, the UE is able to decide which coverage class and RACH resource to use.

-
Step 1: the UE transmits a Random Access Request message.
The UE selects a Random Number (e.g. 20 bits) which is transmitted in the Random Access Request message and is used to resolve contention ina "one phase" procedure. The access cause and the BSR provide information for the base station to schedule the required uplink resources for the UE.
The main fields of the Random Access Request message are given in subclause 7.1.4.8.4.

	
	

	
	

	
	

	
	

	
	


-
Step 2: the base station schedules a RACH response allocation

After receiving the Random Access Request message, the base station  uses a DCI to schedule a downlink radio resource allocation for the RA-RNTI. This downlink resource will be used for the transmission of the Random Access Response message. There is a one-to-one mapping between the RA-RNTI value and the physical channel used for the RACH resource. Therefore, all UEs transmitting a Random Access Request message in the same physical channel will use the same RA-RNTI value. The base station can also include a radio resource allocation for the assigned C-RNTI within the same DCI.
-
Step 3: UE receives the Random Access Response message
The Random Access Response message assigns C-RNTI values to the UEs. The Random Access Response message contains a list of Random Numbers from the Random Access Request messages transmitted by the UEs and a C-RNTI value for each Random Number. The Start Indicator indicates the time information of the used RACH resources.

The UE receives the Random Access Response message in the allocation defined in the DCI, locates its Start RACH resource and its Random Number, and then stores the C-RNTI value associated with its Random Number. The C-RNTI values are used by the base station for scheduling uplink and downlink resources for the UEs. The UE monitors DCIs for allocations associated with the assigned C-RNTI, including the DCI that allocated the Random Access Response message.
The main fields of the Random Access Response message are given in subclause 7.1.4.8.4. 
 

	
	

	
	

	
	

	
	


The Twait_RAR timer defines the maximum time the UE waits for the Random Access Response message  after the UE transmitted the Random Access Request message. The timer is started after the Random Access Request message is transmitted.

7.1.4.5.3
Random access procedure with C-RNTI
The UE uses this procedure when it is connected to the base station and has been assigned a C-RNTI. An overview of the procedure is shown in Figure 7.1.4.5-2.
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Figure 7.1.4.5-2: Random access procedure with C-RNTI

-
Step 0: the UE choose a coverage class and RACH resource.
UE chooses a RACH resource according to its current coverage class and uses the transmit power of the last transmitted Random Access Request message.
-
Step 1: the UE transmits a Random Access Request message.
The UE transmits a Random Access Request message including its C-RNTI. The access cause and BSR provide information for the base station to schedule the required uplink resources for the UE. The C-RNTI is a unique UE identifier in the cell, and, therefore the base station can directly schedule an uplink resource allocation for the UE using the C-RNTI. 
The main fields of the Random Access Request message are given in subclause 7.1.4.8.4.

	
	

	
	

	
	

	
	

	
	



7.1.4.5.4
No response to Random Access Request

If the base station fails to decode a Random Access Request message or an access collision occurs, then the base station is unable to provide a response for the UE.
If the UE does not a receive response to the Random Access Request message before the timer Twait_RAR expires, then the UE considers that the random access procedure has failed and waits for a random period of time between 0 to Twait_resend before transmitting another Random Access Request. The Twait_RAR and Twait_resend timer values can be statically configured or broadcast by the base station in the system information. 
The same behaviour applies for a Random Access Request message with C-RNTI if the UE does not receive a DCI with an uplink resource allocation within timer Twait_RAR.
The procedure is shown in Figure 7.1.4.5-3.
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Figure 7.1.4.5-3: Random Access Procedure with no response

When the UE transmits a new Random Access Request message, the UE may increase the transmit power or switch to a different coverage class.
The maximum number of Random Access Request attempts that a UE may perform in a random access procedure is limited. The counter Ntrans_max is initialized on the first transmission of the Random Access Request message and incremented for each subsequent transmission. If the counter reaches a maximum value then the UE may select another cell. The maximum value of the counter can be statically configured or broadcast by the base station in the system information.

7.1.4.5.5
Random Access Reject
In case of an overload situation, the base station can send a Random Access Reject message to all UEs to stop Random Access Requests re-attempts and so help alleviate the network congestion. The main fields of the Random Access Reject message are given in subclause 7.1.4.8.4.

	
	

	
	

	
	


If the UE receives a Random Access Reject message it will wait for at least "Wait Time" before retransmitting a Random Access Request message. When the UE retransmits a Random Access Request message it can use the coverage class and transmit power of the last transmitted Random Access Request message.

If the maximum number of transmissions (Ntrans_max counter) is reached then the UE may select another cell.

During a Random access procedure with C-RNTI, the base station can send a MAC control message to release the radio connection in an overload situation. The UE will perform a random access procedure with random number to re-access the network.
The procedure is shown in Figure 7.1.4.5-4.
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Figure 7.1.4.5-4: Random Access Procedure with Random Access Reject
7.1.4.6
Data transfer procedure
7.1.4.6.1
General

The data transfer procedure applies to UEs in Connected Mode-Active operating mode, as described in subclause 7.1.4.2.

Connected Mode-Active has 2 sub-modes:

-
All DCI Reception (ADR); and
-
Reduced DCI Reception (RDR).
When the UE enters Connected Mode-Active it uses ADR.  Once data transfer and signalling is complete, the UE enters RDR. In RDR, the UE receives a subset of the DCIs transmitted by the base station. RDR allows the UE to be addressed by the base station while saving power on the UE, should there be additional data transfer, for example application acknowledgements to uplink messages.

The relationship between Connected Mode-Active, sleep modes, and the sub-modes of Connected Mode-Active is shown in Figure 7.1.4.6-1.
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Figure 7.1.4.6-1: Connected Mode-Active DCI Monitoring

The definition of the DCIs that a UE receives in a RDR, and the transition from ADR to RDR, are FFS.

7.1.4.6.2
Segmentation and re-assembly

The segmentation function is responsible for segmenting upper layer (PDCP or LLC) PDUs into MAC Data Elements and concatenating them into a MAC PDU before transmission. The reassembly function reassembles the upper layer PDUs in the proper order at the receiving end. 
 The general overview of this function is shown in Figure 7.1.4.6-2.
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Figure 7.1.4.6-2: Segmentation and re-assembly overview

Segmentation

Segmentation allows transmitting an upper layer PDU over multiple MAC PDUs, whereas concatenation allows transmitting multiple upper layer PDUs or segments of upper layer PDUs within one MAC PDU. The upper layer PDUs, or segments of upper layer PDUs, are placed in the MAC PDUs in the same order as received from the upper layers. Segmentation information is included in the data sub-header as described in subclause 7.1.4.8.3. 
Re-assembly

MAC PDUs are collected at the receiver side until all segments of an upper layer PDU have been received. The MAC headers are removed, and the MAC data elements re-assembled into an upper layer PDU. 

The received upper layer PDUs are delivered to the upper layer in the order they were originally transmitted. This is guaranteed by the single process retransmission mechanism.

Impact on upper layer

No impact on LLC/SNDCP protocols is foreseen in the Gb-based architecture.
Some PDCP timers (e.g. timer discardTimer) may need to be revisited in the S1-based architecture.

7.1.4.6.3
Data transmission and retransmission

A single process retransmission is proposed to reduce the buffer size while guaranteeing the reliability of data transmission.

Principle for single process retransmission

In single process retransmission, a new MAC PDU can be sent only when the previous MAC PDU has been acknowledged. Such a mechanism can be achieved by the following procedure.

-
 Each MAC endpoint transmitter will have an associated send state variable V(S). 

V(S) denotes the sequence number of the next in‑sequence MAC PDU to be transmitted. V(S) can take on the value 0 or 1. The value of V(S) will be incremented by 1 after transmission of the MAC PDU with V(S) = V(R). V(R) is defined below.
- 
Each MAC endpoint receiver will have an associated receive state variable V(R).The receive state variable denotes the sequence number of the MAC PDU which is expected by the receiver. V(R) can take on the value 0 or 1, and the value of V(R) will be informed to the transmitter. The value of V(R) will be incremented by 1 after a MAC PDU has been received correctly.
As showed in Figure 7.1.4.6-3, since the value of V(S) can either be 0 or 1, the window size of the transmitter is two which is shown by the red block. The MAC PDUs in the transmitting window are indexed as either 0 or 1. The value of V(S) is always set as the index of the MAC PDU on the right side of the transmitting window. The receiver informs the expected index of the MAC PDU according to V(R). The transmitter will select he MAC PDU indexed by value of V(R) in the transmitting window to transmit next. 
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Figure 7.1.4.6-3: Data transmission and Retransmission
Decoding Feedback and related behaviour

As shown in Figure 7.1.4.6-3, when the receiver receives the corresponding signals according to the base station scheduling, the receiver will try to combine the signal with that of the previous transmission if this is a retransmission of the MAC PDU. Then the receiver will demodulate and decode the combined signal. If the MAC PDU is decoded successfully, the receiver will increase the sequence number of V(R) by 1 (for 1-bit V(R), this is equivalent to inverting V(R)), and then send the updated V(R) to the transmitter. Otherwise if the PDU is not decoded successfully, the sequence of V(R) will be kept the same and be sent back to the transmitter.

The transmitter will check the value of V(R) from the feedback information. From the received V(R), the expected MAC PDU from the receiver can be identified by the transmitter. 

- 
If the received V(R) is different from the V(S) sent in the latest PDU transmission, this means the previous PDU has been decoded successfully by the receiver side. 

- 
Otherwise, it means a decoding failure by the receiver. 

According to the received V(R), the transmitter can choose the expected MAC PDU and the redundancy version to be sent in the next scheduled allocation.

For uplink, the V(R) will be carried in the uplink resource allocation within the content of a DCI. The first V(S) is set as the first value of V(R) during the uplink transmission. For downlink, the V(R) will be carried in the uplink MAC control element. The resource for V(R) information is scheduled by the base station. The first V(R) is set as the first value of V(S) during the downlink transmission and the V(S) is carried in the downlink resource allocation within the content of a DCI. 
Abnormal case
FFS.

7.1.4.7
Paging Procedure
7.1.4.7.1
General
The paging procedure applies to UEs in Idle Mode-Paging operating mode, as described in subclause 7.1.4.2.

Paging is initiated by the Core Network. When sending a paging request to a base station, the Core Network should provide:

- 
the UE identity used for paging the UE on the radio interface, i.e. IMSI/P-TMSI (for Gb based architecture) or S-TMSI (for S1 based architecture); and 

-
the parameter for the base station to determine the next paging occasion, i.e. IMSI (for Gb based architecture) or IMSI mod 1024 (for S1 based architecture); and

- 
the latest known Coverage Class of the UE; and  
-
optionally, the UE specific DRX cycle.
In the case when a UE specific DRX cycle is provided by the Core Network, the base stationwill always use the UE specific DRX cycle instead of the default DRX cycle broadcast in the System information to determine the next paging occasion.
The scheduling of a PAGING message is indicated in the DCI by a resource allocation for the P-RNTI. There is no need for a UE to monitor continuously the DCI for incoming PAGING messages. Discontinuous Reception (DRX) in idle mode is used in order to reduce UE power consumption. When DRX is used, the UE needs only to monitor one Paging Occasion (PO) per DRX cycle. When a UE receives a PAGING message including its UE identity, a random access procedure, as described in subclause 7.1.4.5, will be initiated.

7.1.4.7.2
Determination of Paging Occasion
A Paging Occasion (PO) is a specific DCI interval where P-RNTI is included in the DCI. A Paging Frame (PF) is one super frame containing one or multiple Paging Occasion(s). 

PF and PO are determined by the following formulae using the DRX parameters provided in System Information:

PF is given by the following equation:

super frame number mod T= (T div N)*(UE_ID mod N)

Index i_s, defining a PO, will be derived from the following calculation:

i_s = floor (UE_ID/N) mod Ns

The following parameters are used for the calculation of the PF and i_s:

-
T: DRX cycle of the UE. T is determined by the value of UE specific DRX cycle. If UE specific DRX is not configured by upper layers, the default value broadcast in the system information is applied. 

-
N: N is used to group the super frame where the DCI for PCH can only appear in PF. It is selected from {T, T/2, T/4, T/8}.

For example, 

when N= T, the DCI for PCH may appear in each super frame;

when N= T/2, the DCI for PCH may appear every two super frames;

-
Ns: All the DCI blocks are separated into Ns groups for each Coverage Class. The UE can select one of the Ns groups based on its IMSI for the DCI monitoring for Paging. Parameter Ns is calculated by the following equation, where the DCI interval is the number of frames for the corresponding Coverage Class:
Ns= 64/DCI interval
-
UE_ID: IMSI mod 1024 (for S1 based architecture) or IMSI (for Gb based).
Figure 7.1.4.7-1 shows the position of the paging occasions whenwhere the DCI interval is four frames. 
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Figure 7.1.4.7-1: PO Locations example for Paging, Ns=16

7.1.4.7.3
Reception of Paging on the Radio Interface
The PAGING message is transmitted on the Paging Channel (PCH), which is coverage class specific. 
The transmission of the PAGING message for a specific coverage class is indicated by the scheduling of a downlink resource allocation for the P-RNTI in the DCI associated with the coverage class. The parameters of a downlink resource allocation are described in subclause 7.1.4.8.1. The start indicator and the duration indicate when to receive the PAGING message, and the channel ID  indicates where to receive the paging message.

	
	

	
	

	
	

	
	

	
	

	
	


A PAGING message can page several UEs at the same time. A list of UE identities is included in the PAGING message as shown in Table 7.1.4.7-1:
Table 7.1.4.7-1: Content of the PAGING Message 
	Field
	Description

	UE identity List
	

	>UE identity
	NAS identity of the UE being paged.

IMSI/P-TMSI (for Gb based architecture) or S-TMSI (for S1 based architecture) 


7.1.4.8
Formats and structures
7.1.4.8.1
DCI Packet Payload
Table 7.1.4.8-1: DCI Packet Payload Elements

	Field
	Description

	DL Number
	The number of scheduled downlink users.

	DL Allocation[]
	List of DL Allocations. One for each scheduled transmission. Included in this field:

- RNTI  (C-RNTI, P-RNTI or RA-RNTI)
- Channel ID

- MCS

- Start indicator

- Duration

- PDU identification

	UL Number
	The number of scheduled uplink users.

	UL Allocation[]
	List of UL Allocations. One for each scheduled uplink user. Included in the field:

- C-RNTI of UE

- Channel ID

- MCS

- Start indicator

- Duration

- Acknowledgement information

	RACH Number
	The number of scheduled random access resources.

	RACH Config[]
	List of RACH Configs.  Once for each scheduled random access resource. Included in this field:
- MCS

- Channel ID

- Start indicator

- SZ: Number of slots of RACH: 2SZ * RACH Allocation Unit


	Padding
	A variable length padding field.  The length of the field will be set so that the payload is a whole number of octets and the following CRC begins on an octet boundary.


7.1.4.8.2
MAC PDU General structure

 The MAC design allows multiplexing of MAC signalling and data within one MAC PDU to increase the resource utilization efficiency. Generally, a MAC PDU consists of a MAC header and a MAC payload. The MAC header is a list of MAC sub-headers which define the contents of the MAC payload. The MAC payload is a list of MAC payload elements. 
Each MAC payload element is either a MAC data element (i.e. a segment of an upper layer PDU or a complete upper layer PDU) or a MAC control element, containing data or MAC signalling respectively. The MAC control elements are included before the MAC data elements. The length of a MAC PDU is variable, and the maximum size depends on the code block size used in the physical layer. Padding and a CRC are appended to the MAC PDU to form an allocation burst packet as described in subclause 7.1.4.4.2.
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Figure 7.1.4.8-1: Example of MAC PDU payload

Each MAC sub-header corresponds to a MAC payload element, and the ordering is retained. The MAC sub-header defines the contents of  the MAC payload element. An overview of the relationship between the MAC sub-headers and the MAC payload elements is shown in Figure 7.1.4.8-2.
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Figure 7.1.4.8-2: Relationship between MAC sub-headers and MAC payload elements
7.1.4.8.3
MAC Control Elements

Control sub-header structure
A control sub-header in the MAC header indicates a corresponding MAC control element in the MAC payload. An example of the fields of a control sub-header is shown in Table 7.1.4.8-2. 

Table 7.1.4.8-2: MAC control sub-header

	Field
	Description

	E
	Extension. Set to 1 if more sub-headers follow, or set to 0 in the last sub-header of the MAC header.

	C
	Set to 1 to indicate that the associated MAC payload element is a MAC control element.

	Type
	MAC Control Element type


Control element structure
Uplink and downlink control elements carry control messages. The type of the control element is indicated in the control sub-header. Different core network architectures may need different control elements.
7.1.4.8.4
MAC Data Elements
Data sub-header structure
A data sub-header in the MAC header indicates a corresponding MAC data element in the MAC payload. An example of the fields of a data sub-header is shown in Table 7.1.4.8-3.

Table 7.1.4.8-3: MAC data sub-header

	Field
	Description

	E
	Extension. Set to 1 if more sub-headers follow, or set to 0 in the last sub-header of the MAC header.

	C
	Set to 0 to indicate that the associated MAC payload element is a data element.

	Type
	S1-based: Type of data in the data element. At least upper layer signalling and user data need to be differentiated in order to allow the use of different security mechanisms in the upper layer. 

Gb-based: set to a reserved value.

	SN
	Might be included to indicate the segment sequence number in the upper layer PDU.

	FI
	Indication of the last segment of an upper layer PDU.

	L
	Length of the data element in bytes


Data element structure
Uplink and downlink data elements have the same structure. In S1-based architecture, a data element can contain data or upper layer (RRC) signalling. In Gb-based architecture, a data element can only contain data.

7.1.4.8.5
MAC PDU (for random access messages)
Uplink
The Random Access Request message has a format different from the other control messages. The control sub-header is omitted and a field "Type" is added to the payoad to indicate the type of random access procedure (i.e. with random number or with C-RNTI).
Table 7.1.4.8-4: Random Access Request

	Field
	Description

	Type
	Random access type (i.e. with random number or with C-RNTI)

	UE Identity
	Random number or C-RNTI

	BSR
	Buffer Status Report: Level of uplink data (in bytes) buffered in the UE.

	Access Cause
	Random access cause


Downlink
The downlink messages for the random access procedure include Random Access Response and Random Access Reject. 
The design is similar to the uplink message. The MAC PDU consists of one or more Random Access Response Control Elements or of one Random Access Reject Control Element. The control sub-headers are omitted, and a field "Type" is added to the payload to indicate the MAC Control Element type.
Table 7.1.4.8-5: Random Access Response

	Field
	Description

	Type
	Set to 0 to indicate a Random Access Response message

	Random Number
	Random number

	C-RNTI
	Cell Radio Network Temporary Identity

	Start Indicator
	Start position of the RACH resource.


Table 7.1.4.8-6: Random Access Reject

	Field
	Description

	Type
	Set to 1 to indicate a Random Access Reject message

	Wait Time
	Period after which the UE is allowed to transmit a new Random Access Request message

	Reject Cause
	Reject cause


7.1.4.8.6
MAC PDU (for System Information and Paging)
System information and paging are carried on dedicated transport channels, i.e. BCH, E-BCH and PCH, thus the control sub-header can be omitted. The contents of these MAC PDUs are described in subclauses 7.1.5.1and 7.1.4.7.
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Figure 7.1.4.8-3: MAC PDU for SI and paging

7.1.5
Radio resource management

7.1.5.1
System Information

7.1.5.1.1
System Information Distribution

The downlink physical channels PBSCH and EPBCH carry the system information.

PBSCH carries the Broadcast Information block 1 over eight consecutive synchronization and broadcast bursts, see subclause 7.1.2.1.1.3.




EPBCH carries the Broadcast Information block 2, block 3 and block 4, see subclause 7.1.2.1.1.3. 



There are four types of Broadcast Information block, and four System Information types can be  transmitted in parallel. If additional System Information types are needed, System Information types can be time-multiplexed in Broadcast Information blocks 3 and 4.The scheduling information for the multiplexed System Information types can be provided in the System Information Type carried in Broadcast Information block 1.

7.1.5.1.2 
System Information Type
There are four System Information types carried over two physical broadcast channels, as shown in Table 7.1.5.1-1.
Table 7.1.5.1-1: System Information Type

	Type
	Content
	Broadcast channel
	Broadcast Information block type

	System Information Type 1
	- Super frame number

- Indication of the change of other SIs

- PLMN identity

- Cell identity

- Tracking area code (S1 architecture option) or Routing Area ID (Gb architecture option)

- Cell barred (to prevent access to all MS)

- Access control parameters for PLMN to prevent initial access (RACH procedures) by a group of devices

- A threshold for signal level for cell selection

- Indication of existence of system information in EPBCH
	PBSCH
	Broadcast Information block 1

	System Information Type 2
	- RACH configuration including: common RACH allocation and RACH control parameter, 
- DCI configuration for each coverage category

- Default Paging DRX cycle and parameters for UE to calculate paging occasion

- Timers and counters for L2/L3 

- Uplink power control
	EPBCH
	Broadcast Information block 2

	System Information Type 3
	- Network sharing information
	EPBCH
	Broadcast Information block 3

	System Information Type 4
	- Cell reselection parameters

- Neighbour cell information
	EPBCH
	Broadcast Information block 4


7.1.5.1.3
System Information Reading
During cell selection, the UE will read the System Information Type 1 of the candidate cell to obtain the cell selection threshold.
When cell reselection occurs, the UE will read the full set of System Information types for the re-selected cell.
When the UE wakes up from Power Saving Mode, the UE will always read the System Information Type 1. If there is an indication that other System Information types have changed, the UE will read the other System Information types.

When the UE wakes for the paging occasion, the reception of the System Information Type 1 is optional depending on the length of the paging cycle.

7.1.5.2
Cell selection and reselection procedure
7.1.5.2.1
Cell selection
Initial cell selection
The cell selection starts when the UE is powered-on or cannot find any suitable cells by the cell reselection procedure. 
The general procedure of initial cell selection is as follows:

-
Firstly, the UE performs the cell search procedure on one carrier frequency to find all the cells on that frequency, and then performs cell measurement of each cell to find the strongest cell on the carrier frequency.

-
Secondly, the UE reads the system information for the strongest cell on the carrier frequency. If the cell is a suitable cell, the UE will try to camp on that cell. 

-
If the UE can camp on that cell successfully, then the UE will stop searching for other carrier frequencies. Otherwise, the UE needs to search for the strongest cell on the next carrier frequency, in order.

Stored information cell selection

In the case where the UE has stored information on some cells, the UE does not need to start from the initial cell selection procedure, and instead can perform cell selection using the stored information. If no suitable cell is found according to the stored information, then the initial cell selection procedure will be started.

7.1.5.2.2
Cell reselection

While camping on a cell, the UE may search for a better cell based on the measurements rules. If a better cell is found according to the cell reselection criteria, then that cell is selected.

Measurements for cell reselection

The measurements include both serving cell and neighbour cells.

-
Measurement on the serving cell

If PSM is used, the measurements on the serving cell will be performed when the UE wakes up. If DRX/paging is used, the measurements will be done for each paging cycle, as with the legacy mechanism.

-
Measurement on neighbour cells

The neighbour cell measurements need not be periodic, in order to save power consumption in the UE. Instead, the UE can initiate the neighbour cell measurements when the receiver signal level of the serving cell is lower than a threshold or after several decoding failures.
Cell reselection criteria

After measurements of the neighbour cells, the UE performs ranking of all cells and reads the necessary system information of the best ranked cell. If the cell is suitable for camping and the following reselection conditions are met, then the UE will reselect this cell:

-
The new cell is better ranked than the serving cell during a time interval Treselection (during this period, the UE needs to measure the serving cell and the neighbour cells), where the timer value can be broadcast in system information;
-
The UE has camped on the current serving cell for a defined period.
If the best cell is not a suitable cell, the UE can reselect the second best cell.
7.1.5.3
Coverage class

7.1.5.3.1
Definition of coverage class

Multiple coverage classes are supported to adapt to different path and penetration losses experienced by different UEs. This allows UEs with better than worst case coupling loss to benefit from improved battery life and lower latency, and also benefits the network in terms of improved capacity. 

A one-to-one mapping is constructed between coverage class and DCI configuration, i.e. each coverage class is associated with one and only one broadcast DCI configuration, consisting of DCI MCS, DCI channel index, and DCI interval. The DCI configurations to be supported in a cell are indicated by the information element DCI configuration list contained in the broadcast system information.
Table 7.1.5.3-1 shows an example of the relationship between coverage class, DCI MCS, DCI channel index, and DCI interval, where three DCI configuration combinations X, Y and Z are configured in the system informationinformation.

Table 7.1.5.3-1: Mapping of coverage class and DCI configuration combination X, Y and Z, where Xmcs ≥ Ymcs ≥ Zmcs
	Coverage class index
	DCI MCS index 
	DCI channel index
	DCI interval

	0
	Xmcs
	Xch
	Xinterval

	1
	Ymcs
	Ych
	Yinterval

	2
	Zmcs
	Zch
	Zinterval


The coverage class is indexed in an ascending order with respect to the level of coverage extension, which means that higher coverage class implies greater coverage extension.
7.1.5.3.2
Initial coverage class selection
The UE selects an appropriate coverage class for DCI monitoring based on its estimate of downlink signal quality. A typical procedure for the initial coverage class selection is:
Step-1: The UE performs measurements on PSS/SSS contained in PBSCH. 
Step-2: The UE acquires the DCI configuration (i.e., the association of DCI MCS, DCI channel index and DCI interval) from the information element DCI configuration list carried by the system information.
Step-3: The UE chooses a candidate coverage class as the most probable class based on the downlink measurement results. 
Step-4: The UE attempts to decode the DCI bursts corresponding to the candidate coverage class, and then applies the following decision process:
1> if a predefined decoding criterion (e.g., a predefined number of successive successful DCI decodes, or a predefined portion of successful DCI decodes) is met, the candidate coverage class is selected for subsequent communications;  
1> else 
2> if the candidate coverage class index is lower than the highest available value, the UE alters the candidate coverage class to a higher index and returns to Step-4. 
2> else the UE enters the process of coverage class selection failure (i.e. cell (re)selection is triggered).
An illustration of the initial coverage class selection procedure is shown in Figure 7.1.5.3-1.
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Figure 7.1.5.3-1: An overall diagram of the initial coverage class selection
7.1.5.3.3
Coverage class notification

The UE notifies its coverage class selection to the base station prior to communicating with the network. There are two alternative methods for the notification: 
-
Option 1: The index of the selected coverage class is conveyed explicitly within the Random Access Request message.
-
Option 2: The index of the selected coverage class is implicitly indicated by the RACH resource mapping, or the selected RACH MCS, or a hybrid of resource mapping and MCS. 
7.1.5.3.4
Coverage class adaptation
The UE will adapt its coverage class according to changes in its downlink signal quality. The adaptation to a higher coverage class can be configured by the network or originated by the UE itself. The adaptation to a lower coverage class is preferred to be configured by the network. The procedure for the UE originated coverage class adaptation is:

The UE in connected mode will periodically decode the DCI at the current coverage class to determine if there is scheduling information addressed to it. 
1> if the DCI decoding is successful:

2> if the DCI is addressed to the UE:

3> start data transmission process.
2> else 
3> continue the DCI decoding.
1> else 
2> if a certain failure criterion is met (e.g. the number of DCI decoding failures reaches a threshold):

3> if the coverage class already corresponds to the highest index

4> the UE enters the cell (re)selection procedure

3> else
4> the UE adapts to a more suitable coverage class and proceeds with the DCI decoding at the new coverage class

2> else
3> continue the DCI decoding.
An illustration of the coverage class adaptation in the connected mode is shown in Figure 7.1.5.3-2.
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Figure 7.1.5.3-2: Diagram of coverage class adaptation
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7.1.6
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