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Cellular IoT Scheduling
Introduction
This document describes the scheduling used by the MAC layer of the “clean-slate” proposal for Cellular IoT, based on the “single-tone” approach.

The MAC is responsible for transferring Protocol Data Units (PDUs) from the higher layers in the uplink direction from the User Equipment (UE) to a base station or the downlink direction from a base station to the UE. The MAC provides a single reliable packet stream for use by the higher layers.Thelayers. The receiving device reassembles PDUs before passing them to the higher layers (see [1]). The size of the segments is determined by the physical resource and scheduling for a UE.

The MAC provides a reliable PDU transfer mechanism.  The MAC will request retransmission of PDUs that are not received successfully.  All MAC PDUs are processed by the retransmission scheme (HARQ) and there are no unreliable channels. HARQ The retransmission scheme for the MAC is described in [2]. Once an higher layer SDU PDU has been presented to the MAC for transmission the MAC will complete the transfer of the SDUhigher layer PDU.

The base station provides a system information channel that is used by the UE to determine timing and scheduling information,information see [3].  

Physical resource allocation for uplink and downlink are provided by the base station.  The base station can provide prioritization of UEs through physical resource allocations. The resource allocations are either dedicated for a single UE or are shared between UEs.  The UE performs random access to access the shared resources.

The MAC is a half-duplex system: the UEs only transmit or receive at any particular time. 
This proposal updates the Cellular IoT Scheduling submitted for Telco #6 on Cellular IoT.  It adds to the original description of scheduling with additional details about the timings and duration of the allocations that are scheduled.
Key features
· A Slot is the minimum time unit for resource scheduling. One slot lasts for 10 ms.
· A Frame is the minimum time unit used for DCI intervals (see below). One frame consists of eight slots. And each frame lasts for 80 ms. 
· A Super frame consists of sixty-four frames and each super frame lasts for 5120 ms. The maximum DRX period can be several hours. 
The relationship between slot, frame, and super frame is shown in Figure 1.


[bookmark: _Ref402451181]Figure 1 Super Frame Overview
Scheduling
Base stations transmit a System Information Block (SIB) on a single channel that is reserved for this purpose. This enables the UE to find the base station. The SIB is repeated several times, eg 32 times, in a super frame. Each SIB in a super frame is identical. The SIB contains the super frame number.
The SIB contains identification information on for the base station and network as well as timing and channel information for the Downlink Control Messages Information (DCI). Figure 2 Figure 2  shows the relationship between SIBs and DCIs.
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[bookmark: _Ref402451226]Figure 2 SIB/DCI Relationship
DCIs are periodically transmitted on a PDSCH channel and contain scheduling information.  The interval between the DCIs is configured in the SIB. DCIs provide uplink and downlink allocate data resourcesions, acknowledge uplink messages and configure the random access resources.  An Aallocations is a  may be on any physical resource on the PBSCH or PUSCH channels.  A downlink or uplink allocation description in a DCI defines the start time, length and which physical channel the resource is on. . UEs receive DCIs in a chain when they are not otherwise transmitting or receiving. Uplink and downlink transmissions on other physical channels can overplapoverlap with DCIs in time.
Figure 3Figure 4 gives an example of scheduling for a UE.
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[bookmark: _Ref402451262]Figure 3 Example Scheduling 1
FIGURE 4 EXAMPLE SCHEDULING 1
In fingureFigure 3 4, a UE receives the SIB. The SIB 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.
Afterwards, the UE 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 DL 2.
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.
Coverage Classes
UEs with similar link budgets are grouped together and scheduled by a chain of DCIs for that logical grouping; this is called a coverage class, see [5]. The system can transmit DCIs at a Modulation & Coding Scheme (MCS) appropriate to the link budget of the group. The SIB contains information for all the DCI chains for different link budgets and the MCS used for the DCI.

The MAC supports the concept of coverage classes. A coverage class is a logical grouping of UEs with similar link budgets. Each coverage class is scheduled by a chain of DCIs. A UE in a coverage class receives the DCIs in the chain assigned to its class. The SIB contains the information for all coverage classes supported in the cell. 
Figure 1Figure 5 shows the process of allocating UEs with similar link budgets to coverage classesdifferent DCI chains.
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[bookmark: _Ref402451137]Figure 4 Coverage Class Overview
Using coverage classes DCI chains allows the MAC to schedule more than one set of UEs concurrently in a cell. This has a number of advantages. It allows the system to make more efficient use of the available time on air. All coverage classes coverage classes share a SIB PBSCH channel, which means that it is not necessary to allocate a separate physical channel to allow for transmission of a SIB for each coverage classDCI chain.  In addition, the system can broadcast control information at a Modulation & Coding Scheme (MCS) appropriate to the link budget of the coverage class. Without this ability the MAC would need to transmit the DCIs to UEs at the lowest MCS which would take more time on air and therefore not allow as many UEs to be scheduled.
Figure 5Figure 6 shows multiple DCI supporting multiple coverage classesDCI chains  in a single cell.
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[bookmark: _Ref402451303]Figure 5 DCI Allocations
DCI Burst Packet Formats
The DCI burst packet format consists of a length, followed by a payload and CRC. Figure 6Figure 7 shows the DCI burst packet format and Table 1Table 1 gives details of the fields.


[bookmark: _Ref402451347]Figure 6 DCI Packet Format
FIGURE 7 DCI PACKET FORMAT
	Field
	Length (bits)
	Description

	Length
	8
	Length of the payload field in octets. 

	Payload
	Length * 8
	Payload of the packet being transmitted 

	CRC
	24
	The CRC of the Length and Payload


[bookmark: _Ref402451385]Table 1 DCI Burst Packet Format
The DCI Packet Payload is variable length and contains HARQ retransmission scheme processing information, downlink allocations, uplink allocations and RACH allocations.  The format of the DCI Packet Payload is defined in Table 2 Table 2 and an overview shown in Figure 7Figure 8.


[bookmark: _Ref402451431][bookmark: _Ref402451428]Figure 7 DCI Burst Packet Payload Overview
FIGURE 8 DCI PACKET OVERVIEW
	Field
	Length (bits)
	Description

	R
	8
	Reserved bits. Set to 0 on transmission, ignored on receipt.

	Reserved
	32
	Reserved

	DL Number
	4
	The number of scheduled downlink users.

	DL Allocation[]
	48 * DL Number
	List of DL Allocations. One for each scheduled downlink user. Included in this field:
· C-RNTI of UE
· Channel ID
· MCS
· Start indicator
· Duration
· PDU identification

	UL Number
	4
	The number of scheduled uplink users.

	UL Allocation[]
	48 * UL Number
	List of UL Allocations. One for each scheduled uplink user. Included in the filedfield:
· C-RNTI of UE
· Channel ID
· MCS
· Start indicator
· Duration
· Acknowledgement information

	RACH Number
	4
	The number of scheduled random access resources.

	RACH Config[]
	16 * RACH Number
	List of RACH Configs.  Once for each scheduled random access resource.

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


[bookmark: _Ref402451553][bookmark: _Ref402451498]Table 2 DCI Packet Payload
Start Indicator
The start indicator in the DCI defines when the physical resource an allocation uses starts. 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 the DCI can schedule uplink and downlink allocations is limited to keep the size of the start allocation field in the DCI short.
The DCI cannot schedule allocations which start before the end of the DCI. An overview of when an allocation can start is shown in Figure 1. 


[bookmark: _Ref402451106]Figure 8 DCI Start Allocation Range Overview
When UEs are grouped by link budget different MCSs for the DCI can be used.  For UEs in poorer conditions the DCI used to communicate with them will often use MCSs which include spreading and repetition factors see [4], therefore the DCI will take more time to be transmitted and the interval between DCIs will be longer. As the DCI will take more time slots, 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
Allocation Packet Format and Duration
Uplink and downlink allocations have common packet format; a PDU payload is followed by an optional padding field and a CRC, as shown in Figure 9.


[bookmark: _Ref402513605]Figure 9 Allocation Format
The allocation packet format does not include a length.  The length is defined in the DL or UL Allocation field in the DCI that defined the allocation.
[bookmark: _GoBack]The allocation format does not need to define the octet length of the PDU payload. The format of the PDU payload, see [1], 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 the complete packet, including CRC, matches the size if an interleaver block. The CRC is always the last 24 bits of the packet.
The block interleaver, see [5], defines a range of bit sizes for transmitted bursts, K, and each K value is assigned an index, i.  The index value i is used as the duration field in uplink and downlink allocations in the DCI.
The allocation information in the DCI uses the index, i, as it is the most compact description of the length of the allocation.  The duration in time of the allocation can be determined from the interleaver block size and the MCS use for the transmission.
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