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1.
Introduction

This contribution summarizes for email discussion the various mechanisms for downlink scheduling in LTE.

2.
Overview of various mechanisms for DL scheduling
When scheduling a UE for downlink traffic the network needs to indicate the following:
1. The resource blocks the UE has been assigned – the UE may be assigned contiguous resource blocks or the assignment can be of a distributed nature.
2. The modulation and coding rate the UE needs to use to decode the data.

3. HARQ information (process identity) – bearers utilizing asynchronous HARQ will require the HARQ process identity information.

4. Identity of the UE that is being scheduled.
In the 5 MHz carrier case, the L1/L2 control channel is estimated to be able to accommodate 12 separately coded control channels on the average, with the control channels being used for either downlink or uplink scheduling assignments. In this case, the control channel is assumed to contain all the information required for a downlink or uplink assignment. Also in this case, there are 25 resource blocks that can be individually assigned to different UEs – assuming the minimum granularity of assignment being one resource block. For certain services, the transmission payload offered by a single RB is sufficient and it is therefore beneficial to identify various approaches that would maximise the ability of the scheduler to assign the optimized resource to the UE and utilize the minimum amount of control overhead.
The various approaches to scheduling can be categorised in two main categories with variations of the two based on combinations of these two categories:

1. Dynamic Scheduling – in this case the UE monitors the L1/L2 control channel of every TTI and acts on the received control channel information accordingly. Some level of preconfiguration using L3 signaling is also possible.
2. Persistent Scheduling – in this case the UE is pre-assigned resources using L3 control signalling. The resource may simply be indication of the sub-frame the UE can be scheduled in. The UE may or may not need to additionally monitor the L1/L2 control channel. In this case, the persistence is typical of a long duration, lasting many TTIs.
Variations of above themes:

· Semi-static Scheduling – in this case the UE monitors the L1/L2 control channel (continuously) and on being scheduled for data transmission, is assigned resources for retransmissions in an a priori determined fashion, for e.g. based on L3 signalling. Retransmissions are therefore not signalled through the L1/L2 control channel. 
· Semi-persistent scheduling – in this case the UE is pre-assigned resources for the initial transmissions using, e.g., L3 control signalling. The retransmissions are scheduled dynamically via L1/L2 control channel or may be pre-assigned resources as well using L3 signaling. UE monitors the L1/L2 control channel and if there is no allocation for it, the UE still tries to (blind) decode the pre-assigned resources and transport format.

2.1 Dynamic Scheduling

In this case, a UE continuously monitors all the sub-frames. The control channel provides information about the identity of the UE being assigned, the resource blocks the UE has been assigned and the modulation/coding rate the UE needs to use to decode the data payload. The UE identity can be carried implicitly through the CRC that is masked with the UE identity. At the minimum there may be some L3 configuration of TFI sub-set babsed on UE capability, assignment of 5 MHz 

Some potential mechanisms for optimizing this option are a follows:

2.1.1 Partial L3 pre-configuration: In this case the UE is preconfigured with a limited set of possible resource blocks, modulation/coding rate that the UE can use to decode received data. The UE monitors the L1/L2 control channel in all TTIs. The L1/L2 control channel contains information on which of the previously allocated resources the UE has been scheduled. Some further optimization is possible by grouping UEs and assigning each UE an identity within the group. The L1/L2 control channel is masked with the group identity, and the control channel payload carries the identity of the UE which is being assigned resources in the group.
2.1.2 In-band signalling: Reduction of the overhead of L1/L2 control channel can be obtained by indicating only one set of contiguous resource blocks in the L1/L2 control channel plus a follow up indication that indicates presence in the assigned resource blocks of additional control information for non-contiguous resource blocks if any. 
2.2
Persistent Scheduling
At the simplest level, persistent scheduling could be viewed simply as providing indications of which 1 ms sub-frames the UE could be scheduled in, i.e. scheduling in the time domain only. Thus mobiles are assigned resources during a periodically occurring TTI instance. In principle, it is possible to also predefine a scheduling opportunity as lasting multiple (consecutive) TTIs. The UE can be configured by RRC with a valid subset of L1/L2 parameter combinations (e.g. TBS, Resource Block Locations, MCS, HARQ profile, UE identities). In order to exploit the periodic nature of persistent scheduling, synchronous HARQ is typically used.  There are various approaches possible in order to further enable persistent scheduling. 

2.2.1 Persistence Scheduling in Time Domain (with L1/L2 control channel)
In the first case the UE reads the corresponding L1/L2 control channel to determine if any resources have been assigned to it in the DL. The L1/L2 control channel carries information about the resource blocks, modulation and coding rate assigned to the UE. In addition the UE that has been scheduled is identified through the CRC masked by the UE identity. Even in the simplest case, the UE benefits from being able to sleep (DRX) in between sub-frames allocated persistently, irrespective of whether the UE has been assigned resources or not in the corresponding persistent allocation. In the limit, the pre-defined set of sub-frames can be allocated to one UE on a persistent basis – this would then be equivalent to a dedicated channel; however, in the case of voice this would be wasteful and rather onerous on UE battery consumption, especially for low-bit-rate services such as voice. Since the L1/L2 control channel occupy only the initial few symbols of a TTI, further savings in battery accrue, since the UE can then sleep until the next persistent allocation.
2.2.2
Persistence in Time + Blind Detection in DL (no L1/L2 control channel)
In the case of the DL, it is quite possible to do away with the associated DL control channel signaling – a UE assigned to a particular sub-frame is required to then blindly detect if there is any data transmitted to it. The UE will need upfront identification through L3 signaling of potential resource allocations in order to avoid having to hypothesize the large number of combinations possible in terms of resource blocks assigned and modulation/code rate used. As a further simplification, it is possible to assign a single UE a set of resources and fix the MCS and other L1/L2 parameters, To provide some flexibility to adapt the variation of data size, data rate or radio conditions it is possible to dynamically modify the pre-configured parameters in use for the radio resources allocated by persistence scheduling, either through:

· L1/L2  control channel signaling the new format valid permanently, or
-
through in-band signaling in one TTI, by additional control payload piggy backed onto the data payload in order to signal further assignments to the UE in the same TTI. In this case the validity is limited to the TTI instance.
In general, it is possible to use L1/L2 signaling to modify the pre-configured parameters irrespective of whether a single or multiple UEs have beeen multiplexed to a set of resources.
2.2.3
Persistent Scheduling with dynamic (per TTI) control

In this case, groups of UEs can be persistently assigned to monitor certain sub-frames of a radio frame. The individual UEs within a group are each assigned a distinct sub-frame specific identity. The L1/L2 control channel is masked with the group identity, and the control channel payload carries the identity of the UE which is being assigned resources in the group. Multiple approaches of mapping the allocations, indicating MCS and identifying the scheduled UEs are possible. The RBs assigned can be either signaled through L1/L2 or semi-statically assigned through L3 to the group. 
For example, UEs within a group can be addressed using only a control bitmap. Each bit of this control bitmap serves to identify one of the UEs assigned to the sub-frame. The status of the bit indicates whether the UE has an allocation in that subframe or not. The control bitmap is carried within the payload of one of L1/L2 control channels. A UE that determines that it has been scheduled in a given TTI, further checks how many UEs in the group have been scheduled in that TTI and uses this to partition the resource blocks set aside for the group. The location of the UE in the bitmap further signals which of the partitioned resources has been assigned to it. Alternatively, in addition to the bitmap, the control channel can also carry other information to indicate the MCS, codec rate (for VoIP) etc. It is possible to also assign multiple groups to a sub-frame.
In place of a control bitmap, another method is introduction of short UE identity within the group which is included in the control channel payload to achieve the flexibility for the resource assignment within RBs assigned for the group and to increase the number of UEs in the group.
As an alternate mechanism, the UE can be preconfigured with a limited set of possible resource blocks, modulation/coding rate that the UE can use to decode received data. The L1/L2 control channel contains information on which of the previously allocated resources the UE has been scheduled and the modulation and coding rate to use for the specific instance.
In order to support the multiplexing of multiple UEs to a single resource block, one approach would be to include the UE identity in the MAC header.
2.2.4 Persistent Scheduling for Initial Transmissions

In this case the UE is preconfigured with a limited set of time/frequency resources where initial transmissions can be sent to the UE without sending the L1/L2 control channel. All the retransmissions are scheduled dynamically using the L1/L2 control channel. The UE monitors the L1/L2 control channel in all or in preconfigured TTIs. If no valid allocation is given to the UE, the UE is required to blindly detect if there is any initial data transmission to it on the pre-assigned resources. Since the retransmissions are always scheduled, the HARQ combining is never done blindly. Furthermore, this scheme allows using asynchronous HARQ. 
As a further optimization of this approach retransmissions also can be transmitted without sending the L1/L2 control channel by extending the validity of the pre-configuration for retransmissions as well. The UE monitors the L1/L2 control channel (in all or) in preconfigured TTIs. If no valid allocation is given to the UE, the UE is required to blindly detect if there is any data transmission to it on the pre-assigned resources including HARQ retransmissions. 
2.3
Semi-static Scheduling
In this case UEs can be instructed to monitor certain sub-frames or all sub-frames of the radio frame for the initial transmission. The initial transmission of every data packet is scheduled explicitly using the L1/L2 control channel. All subsequent retransmissions are implicitly scheduled using the same resources assigned to the first transmission. It is possible for the retransmissions to be sent using different a priori signaled IR versions, modulation, etc, i.e. using a known pattern. No control channel information is therefore sent for the retransmissions. In this case, the persistence is of short duration, lasting as long as a successful transmission of a single data packet and thus the scheduling is of semi-static nature. Only synchronous HARQ is supported.
Annex A 
Text summary of proposals for Dec. 12, 2006 conference call
Given the two-dimensional nature of the resource space in LTE, it is beneficial to categorize the resource assignment in the most general fashion in the following two categories:

1. Dynamic Scheduling – UE monitors the L1/L2 control channel of every TTI.

2. Persistent Scheduling – UE is pre-assigned a sub-set of TTIs/sub-frames as the potential set of TTIs when it might receive DL transmissions.

There are two primary vehicles for signaling:

· use of L3 (this includes both BCH and dedicated RRC signaling) and,

· use of L1/L2 control channels. 
In addition some of the signaling such as the identification of the UE being scheduled may be implicitly carried on the data channel through the CRC (masking with UE id).
In order to schedule a UE the following minimum information needs to be available at the UE:

1. UE identity
2. Modulation and coding scheme

3. Resource Blocks assigned

4. HARQ Information (Asynchronous HARQ) 

Various options for the signaling mechanisms for scheduling the DL transmissions are possible. The primary differences lie in how often the UE reads the L1/L2 control channel, the role of L1/L2 and L3 signaling, and the carrier of the UE identity. These options fall into the following categories – dynamic scheduling, persistent scheduling and combinations of dynamic and persistent scheduling. In general, all the dynamic scheduling and combinations of dynamic + persistent scheduling options support asynchronous HARQ by definition. Given the inherent optimizations with the persistent scheduling option, these support synchronous HARQ.
Dynamic Scheduling
· Complete dynamic scheduling, with minimal L3 pre-configuration. UE identified through L1/L2 control channel (CRC masked with UE id). Supports Asynchronous HARQ.
· L3 pre-configuration of resource blocks, MCS sub-set. UEs can be grouped and UE identified within group. L1/L2 CRC masked with group identity. Supports Asynchronous HARQ.
Persistent Scheduling
· In general, relies on pre-defined TTIs being defined as the sub-set of TTIs when UE will be scheduled. Supports synchronous HARQ by definition.
· With L1/L2 control channel: Only time domain indicating which TTIs are potential scheduling candidates; L1/L2 provides all details of MCS, etc.; UE identified through L1/L2 control channel CRC masked with UE id; As a further enhancement it is possible to signal additional resources through in-band signaling.
· Without L1/L2 control channel: UE preconfigured with all information using L3. Single or multiple MCS pre-configuration supported. UE detects scheduled resource block blindly based on payload CRC masked with UE id. 

· With grouping: Possible to change MCS, indicate allocation of resource blocks, code rate, etc. Possible to pre-configure resource blocks, sub-set of MCS, etc. using L3. L1/L2 control channel CRC masked with group identity. Potential enhancement: UE multiplexing onto single RB with UE identity through MAC header.
Combinations of dynamic + persistent scheduling

· Semi-static scheduling: Continuous monitoring of L1/L2 for initial transmission followed by a priori pre-configured pattern of L1/L2 parameters (e.g. IR version) for synchronously transmitted HARQ retransmissions

· Semi-persistent scheduling: Preconfigured resource assignments in time and frequency domain and L1/L2 parameters for initial transmissions, followed by continuous monitoring of L1/L2 for retransmissions. Another optimization would involve pre-configuration being extended for retransmissions as well. In both cases, UE monitors L1/L2 and if no scheduling found checks the pre-configured resources for scheduling.
1. Annex B
Summary of Proposals (Dec. 12, 2006)
	Option
	Type
	Potential Role of L3

[Note 1]
	Role of L2
	UE identity carrier
	UE Monitoring

	Dynamic
	1. Regular
	Minimum
	Complete L1/L2 parameter
	L1/L2 CRC
	Continuous

	
	2. Semi-Dynamic
	Pre-config of sub-set of resource block sets, modulation/coding, etc. 
	Per TTI setting of modulation/coding, resource block, etc. 

Grouping with L1/L2 identifying UE within group.

L1/L2 CRC masked with group identity
	L1/L2 CRC for group + explicit UE Id 
	Continuous

	Persistent
	3. Time domain only
	Time domain resource identification
	Complete set of L1/L2 parameters
	L1/L2 CRC
	Periodic



	
	4. Blind
	Preconfigured resource set, MCS, etc.
	None

Optionally L1/L2 can be used to modify preconfigured resource set.
	Data payload CRC
	Periodic

	
	5.Dynamic
	Pre-config of resource block set, MCS, etc
	Dynamic resource block assignment, MCS setting, UE identity
	- L1/L2 CRC for group identity with individual UE identity
- Optional MAC header in case of fractional RB assignment.
	Periodic

	Combo
	6. Semi-static
	Pre-config of retransmission L1/L2 parameters (IR version, etc.)
	None for retransmission
	L1/L2 CRC for initial transmission; none for retransmission
	Continuous

	
	7. Semi-persistent
	Pre-config of initial transmission resource set, MCS, etc.
	None for initial transmission; dynamic resource block assignment, MCS for retransmission
	Data Payload CRC or L1/L2 CRC
	Continuous

	
	8. Semi-persistent 2
	Pre-config of initial transmission and retransmission resource set, MCS, etc.
	Complete L1/L2 parameter
	Data Payload CRC or L1/L2 CRC
	Continuous


Note 1: In all cases, L3 provides some minimum configuration, for e.g. compete set of allowed TFI, etc.

Annex C
Summary from Riga

UE can be allocated a sub-set of cell resources by RRC, in time and frequency domain on which it can have access to DL-SCH resources i.e. it operates DTX, DRX if time domain is used

- RRC message may contain an initial L1/L2 allocation for the dynamic scheduling operation.

- UE may be configured by RRC with valid subset of L1/L2 parameter combinations (e.g. TBS, Resource Block Locations, MCS, HARQ profile)

- L1/L2 DL scheduling


- L1/L2 control channel based
. Dynamic L1/L2 control channel signalling transmitted on per TTI basis 

- L1/L2 control channel needs to be transmitted for each first transmission and retransmission(s)
- L1/L2 control channel may signal multiple (at least up to two) MAC PDU transmissions 

- L1/L2 signalling may consist of a sub-set of L1/L2 parameters (e.g. Modulation, Resource Block assignment, UE Identity, etc.) 

- Some parameters may be signalled through RRC during initial semi-static allocation.
- L1/L2 signalling may indicate allocation as being valid for multiple TTIs
-  TTIs can be contiguous (different HARQ processes) or non-contiguous



- Semi-static L1/L2 control channel signalling :
- L1/L2 control channel transmitted for first transmission only

- Explicit L1/L2 resource release 

- Implicit resource release
- MAC PDU controlled
- Dynamic in-band MAC control information piggybacked with Data PDUs

- MAC control information may indicate additional resource blocks in the same TTI

RRC Explicit release
