Page 1
3GPP TSG-RAN WG1 Meeting #91 	R1-1720688
November 27th  – December 1st 2017
Reno, USA
[bookmark: _Hlk495298459]
Agenda item:	7.3.3.2
Source: 	Qualcomm Incorporated
Title: 	DL/UL Scheduling, Processing Time and HARQ management
Document for:	Discussion/Decision
Introduction
In this contribution, we address remaining issues regarding the following aspects on UE processing time, DL/UL scheduling, and HARQ process management. Note that a companion contribution [4] contains details on HARQ ACK multiplexing.
UE Processing Time
In this section, we discuss the remaining open issues with respect to handling all PUCCH formats and UCI multiplexing, as well as carrier aggregation, and mixed numerologies between the uplink and downlink. The following was agreed in RAN1 #90b.
Agreements:
· Finalize Table 1 as the baseline UE processing time capability in NR Release 15 at least for slot-based scheduling in the non-CA case with single numerology for PDCCH, PDSCH, and PUSCH.
· Finalize Table 2 as the aggressive UE processing time capability in NR Release 15 at least for slot-based scheduling in the non-CA case with single numerology for PDCCH, PDSCH, and PUSCH.
· FFS: if reduced processing time is achieved with a semi-statically reduced bandwidth and throughput capability relative to the peak rate supportable by the UE.
· Further determine (N1,N2) processing times for two UE capabilities in carrier aggregation, mixed numerology, higher order modulation cases, and for mini-slot scheduling. 
· For a given configuration and numerology, a UE indicates only one capability for N1 (or N2) based on the corresponding entry for N1 (or N2) from either Table 1 or Table 2.
· FFS: if multiple capabilities can be reported with different throughput constraints for N1 (or N2).

Table 1. UE Processing Time and HARQ Timing (Capability #1)
	Configuration
	HARQ Timing Parameter
	Units
	15 KHz SCS
	30 KHz SCS
	60 KHz SCS
	120 KHz SCS

	Front-loaded DMRS only
	N1
	Symbols
	[8]
	[10]
	[14]
	[14-21]

	Front-loaded + additional DMRS
	N1
	Symbols
	[13]
	[13]
	[17]
	[21]

	Frequency-first RE-mapping
	N2
	Symbols
	[9]
	[11]
	[17]
	[31]



Table 2. UE Processing Time and HARQ Timing (Capability #2)
	Configuration
	HARQ Timing Parameter
	Units
	15 KHz SCS
	30 KHz SCS

	Front-loaded DMRS only
	N1
	Symbols
	[2.5-4]
	[2.5-6]

	Front-loaded + additional DMRS
	N1
	Symbols
	[12]
	[12]

	Frequency-first RE-mapping
	N2
	Symbols
	[2.5-6]
	[2.5-6]



N1,N2 with UCI Multiplexing
In the earlier agreed set of parameters, which are included here in Appendix for reference, only PUCCH short formats for ACK only were included in the characterization of N1. It is reasonable to assume these may be extended to all PUCCH formats carrying ACK only given the latest progress on PUCCH formats.
Proposal 1: The N1 values in Table 1 may be extended to all PUCCH formats carrying ACK only.
However, in the characterization of N2, this assumed there was no piggy back of UCI on the PUSCH transmission. We provide further details on how this may be specified.
N1 when multiplexing of PUSCH and ACK
In the case where ACK is multiplexing with data on PUSCH, there may be some additional time needed for the UE to multiplex the signals and construct the waveform. Therefore, in this case the additional time would need to be specified. One simple and efficient approach to specifying this would be to add a time delta relative to the N1 values in Tables 1 and 2. The following is illustrated below.


Figure 2. Illustration of UE processing time N1’ with UCI multiplexing

Proposal 2: The UE is expected to transmit ACK multiplexed with Data on PUSCH if the following conditions hold.
· N2 is the UE capability for sending PUSCH after receiving UL grant, and is satisfied by the signalling request and timing advance
· N1’ is the UE capability for ACK/NAK reporting of PDSCH and is satisfied by the signalling request and timing advance
· N1’ = N1 + d1 where N1 is based on the UE capability for ACK-only (i.e., as in Tables 1 and 2)
· FFS: d1
· Otherwise, the UE is not expected to transmit ACK multiplexed with PUSCH.

N3 processing time for CSI feedback
Before we continue, it is important to characterize a remaining processing time for CSI feedback first introduced at slot granularity in RAN1 AdHoc #2.
Agreements:
· For aperiodic CSI-RS triggering offset X, X is fixed to zero. 
· For aperiodic CSI reporting on PUSCH, Y is indicated by DCI.
· DCI to be used for indicating the timing for PUSCH is also used to indicate Y.
· This applies to both UCI only and UCI+Data PUSCH
· The set of values is configured by higher layer
· The candidate set of values of Y is selected according to restricted conditions inferred from configuration of CSI related settings.
· The condition include at least;
· CSI parameter
· Number of CSI-RS antenna ports if PMI is included
· CSI-RS location
· Frequency granularity of CSI
· FFS: number of simultaneous CSI calculations
· FFS on mechanisms to relax CSI report timing according to number of simultaneous CSI calculations
· FFS different or same candidate Y value for the cases of UCI multiplexed with data and UCI only 

To characterize which Y can be supported, it can be beneficial to specify this similarly to N1 and N2 as a processing time the UE requires relative to the last CSI-RS needed for the report. This N3 may be a capability upon which UE is not expected to report CSF if the Y indicated in DCI is beyond the UE capability.
Proposal 3: NR should specify UE capability for processing time N3 for reporting CSF, associated with additional conditions (e.g., CSI parameter, number of antenna ports, sub-carrier spacing), in terms of symbols. If the Y indicated in DCI for CSF reporting exceeds the capability of the UE (after accounting for timing advance) then the UE is not expected to report CSF, otherwise the UE reports CSF.

N2 when multiplexing of CSF and Data
Once N3 has been defined, a similar methodology for multiplexing ACK and Data could be extended to the case of multiplexing CSF and data on PUSCH when specifying the processing time requirements. 


Figure 2. Illustration of UE processing time N1’ with UCI multiplexing

Proposal 4: The UE is expected to transmit CSF multiplexed with Data on PUSCH if the following conditions hold
· N2 is the UE capability for sending PUSCH after receiving UL grant, and is satisfied by the signalling request and timing advance
· N3’ is the UE capability for CSI reporting and is satisfied by the signalling request and timing advance
· N3’ = N3 + d3 where N3 is based on the UE capability for reporting CSF only
· FFS: d3
· Otherwise, the UE is not expected to transmit CSF multiplexed with Data

N1 with multiplexing of CSF and ACK
Finally, this approach can be extended to the multiplexing of CSF and ACK.


Figure 2. Illustration of UE processing time N1’ with UCI multiplexing

Proposal 5: The UE is expected to transmit CSF multiplexed with ACK if the following conditions hold.
· N3’ is the UE capability for CSI reporting and is satisfied by the signalling request and timing advance
· N3’ = N3 + d3 where N3 is based on the UE capability for reporting CSF only
· FFS: d3
· N1’ is the UE capability for ACK/NAK reporting of PDSCH and is satisfied by the signalling request
· N1’ = N1 + d1 where N1 is based on the UE capability for ACK-only (i.e., as in Tables 1 and 2)
· FFS: d1
· Otherwise, the UE is not expected to jointly report ACK and CSF

Processing time with SRS triggering
In the case of non-codebook based UL MIMO, there is an additional UE processing timeline very similar to CSI reporting. This is discussed in more detail in [5]. Essentially, in this procedure the UE is given a CSI-RS for which to measure and determine the best UL precoder to use for transmission of SRS. The processing time needed for precoder selection is also subject to UE capability, and need not necessarily be as small as N3’.
Proposal 6: The duration from the last symbol of a CSI-RS to the first symbol of the aperiodic SRS which is associated with the CSI-RS shall be at least N3’ symbols, where N3’ is the duration from the last symbol of a CSI-RS to the first symbol of the PUSCH carrying the UCI.

N1, N2 with Carrier Aggregation
The values and Table 1 and Table 2 apply to the largest possible component carrier for NR Release 15. One important detail left open for confirming these values is the CORESET configuration over which the UE must search for the scheduling grant. The following proposal can allow for confirmation of the values in these tables.
Proposal 7: The N1,N2 values in Table 1 are supported for NR Release 15 for single carrier and carrier aggregation, at least under the following conditions
· The number of PDCCH blind decoders per slot per component carrier does not exceed X 
· The value of X is given in the Table 3 below.
· The number of CCEs that require channel estimation and demodulation per component carrier does not exceed Y
· The value of Y is given in the Table 4 below
· If PUSCH has FDM DMRS and Data (or data only) on the 1st symbol, then the values in Table 1 are increased by 1 symbol.
· Further conditions in the case of CA
· N1 (and resp. N2) are measured relative to downlink PDSCH (and resp. PDCCH) transmission of the latest component carrier.
· Each component carrier is self-scheduled
· FFS: Conditions for cross-carrier scheduling

Table 3. Maximum number of blind decodes
	No. of PDCCH BDs per slot
	SCS

	
	15kHz
	30kHz
	60kHz
	120kHz

	Periodicity of 14 or more symbols
	44
	32
	16
	16

	Periodicity of less than 14 symbols
	44
	32
	16
	16



Table 4. Maximum number of CCEs that require channel estimation and demodulation
	No. of CCEs that the UE can perform channel estimation per slot
	SCS

	
	15kHz
	30kHz
	60kHz
	120kHz

	Periodicity of 14 or more symbols
	48
	48
	24
	24

	Periodicity of less than 14 symbols
	48
	48
	24
	24



For further details on the values in Tables 3 and 4, see the related contribution [3].

Mixed Numerology between Uplink and Downlink
For the case of mixed numerology between the uplink and downlink, note that there can be a complicated assessment of timeline since some of the processing involved may take place at the shorter symbol length (larger SCS) while other aspects are at the longer symbol length (smaller SCS). It is more straightforward to adopt the same N1,N2 with the understanding that the processing time now applies to units of the smaller SCS.
Proposal 8: In the case of mixed numerology between the uplink and downlink, the values of N1 and N2 for the UE capability should be applied to symbol lengths according to the smaller SCS between the uplink and the downlink.

HARQ Management
In this section, we discuss several aspects on HARQ timing and management.
HARQ Timing
Recall the following agreement was made in RAN1 #90bis.
Agreements:
· The timing between DL data transmission and acknowledgement is determined based on 0 or [2] bits in DCI 
· For both slot and non-slot scheduling, the timing provides the indication to determine the slot and the symbol(s) for the HARQ-ACK transmission
· In case of [2]-bits, FFS the actual set of values for slot-based scheduling and non-slot based scheduling, respectively
· In case of 0-bit, FFS how to determine the single timing (e.g., UE capability dependent, whether or not to have RRC configuration, the interactions with different cases (e.g., initial access), etc.)
· FFS whether or not to have separate information fields or a same information field for HARQ-ACK resource determation and HARQ-timing determination

Since dynamic timing support is the basis for NR, the signaling of HARQ ACK affect the maximum number of full downlink to uplink-centric slots which can be supported in NR. One can see that from the Figure 3 below. Here, we see a radio of 3:1 can be accomplished with 2 bits DCI and 4 HARQ processes; but when we increase utilization by removing one uplink centric slot, we increase the round trip latency as well as the number of required HARQ processes, in addition to requiring one more bit in the DCI. On the other hand, by simply changing the uplink-centric slot to a downlink centric slot, we can increase the downlink utilization without sacrificing latency, overhead in bitwidths of signaling, and number of HARQ processes.


Figure 3. Example of 3:1 and 7:1 ratio with full downlink to partial uplink slots



Figure 4. Alternative for higher downlink utilization with low latency and low overhead

Proposal 9: Latency, overhead, and complexity should be taken into account when designing for higher downlink utilization and the corresponding range of k1,k2, and maximum number of HARQ processes.
Out-of-order HARQ
Another aspect of dynamic HARQ timing is how to handle the flexibility. Note that because there are no constraints on the DCI and there can be cases whether the signalling is allowed to be fully dynamic, the following odd timing relationships could arise.


Figure 5. Example of Out-of-Order HARQ
Proposal 10: Out-of-order HARQ behaviour should be considered further in cases of fully dynamic signalling of HARQ timing.

TB and Slot Boundaries
It was previously agreed that transmissions which span multiple slots may be composed of slot-repetitions of the same TB. Similar behaviour was allowed also for mini-slots. 
Agreements:
· For grant-based DL or UL, transmissions where a TB spans multiple slots or mini-slots can be composed of repetitions of the TB
· The repetitions follow an RV sequence 
· FFS how the sequence is defined in specification
· FFS if there is one repetition of the TB per slot in the case of repetitions using mini-slots
· FFS for grant-based DL or UL transmissions, if a TB can span multiple slots without repetitions

Additionally, the largest TB supported by UE can be expected to be defined with respect to a slot.
Agreements:
· Single maximum TB size is defined for the reference case, and is not exceeded.
· Reference case is a slot with 14 symbols.

From a HARQ management standpoint, it is beneficial for UE implementation to manage HARQ processes efficiently. One important aspect is being able to leverage the slot-based receiver architecture for shorter transmissions and mini-slot transmissions, with either mini-slot PDCCH or slot-based PDCCH monitoring. Therefore, we have the following proposal.
Proposal 11: From the UE Perspective, transport blocks should not cross slot boundaries.

 Conclusions
The table below is relevant to the following proposals on UE processing time.

Table 1. UE Processing Time and HARQ Timing (Capability #1)
	Configuration
	HARQ Timing Parameter
	Units
	15 KHz SCS
	30 KHz SCS
	60 KHz SCS
	120 KHz SCS

	Front-loaded DMRS only
	N1
	Symbols
	[bookmark: _GoBack][8]
	[10]
	[14]
	[14-21]

	Front-loaded + additional DMRS
	N1
	Symbols
	[13]
	[13]
	[17]
	[21]

	Frequency-first RE-mapping
	N2
	Symbols
	[9]
	[11]
	[17]
	[31]



Proposal 1: The N1 values in Table 1 may be extended to all PUCCH formats carrying ACK only.
Proposal 2: The UE is expected to transmit ACK multiplexed with Data on PUSCH if the following conditions hold.
· N2 is the UE capability for sending PUSCH after receiving UL grant, and is satisfied by the signalling request and timing advance
· N1’ is the UE capability for ACK/NAK reporting of PDSCH and is satisfied by the signalling request and timing advance
· N1’ = N1 + d1 where N1 is based on the UE capability for ACK-only (i.e., as in Tables 1 and 2)
· FFS: d1
· Otherwise, the UE is not expected to transmit ACK multiplexed with PUSCH.

Proposal 3: NR should specify UE capability for processing time N3 for reporting CSF, associated with additional conditions (e.g., CSI parameter, number of antenna ports, sub-carrier spacing), in terms of symbols. If the Y indicated in DCI for CSF reporting exceeds the capability of the UE (after accounting for timing advance) then the UE is not expected to report CSF, otherwise the UE reports CSF.
Proposal 4: The UE is expected to transmit CSF multiplexed with Data on PUSCH if the following conditions hold
· N2 is the UE capability for sending PUSCH after receiving UL grant, and is satisfied by the signalling request and timing advance
· N3’ is the UE capability for CSI reporting and is satisfied by the signalling request and timing advance
· N3’ = N3 + d3 where N3 is based on the UE capability for reporting CSF only
· FFS: d3
· Otherwise, the UE is not expected to transmit CSF multiplexed with Data

Proposal 5: The UE is expected to transmit CSF multiplexed with ACK if the following conditions hold.
· N3’ is the UE capability for CSI reporting and is satisfied by the signalling request and timing advance
· N3’ = N3 + d3 where N3 is based on the UE capability for reporting CSF only
· FFS: d3
· N1’ is the UE capability for ACK/NAK reporting of PDSCH and is satisfied by the signalling request
· N1’ = N1 + d1 where N1 is based on the UE capability for ACK-only (i.e., as in Tables 1 and 2)
· FFS: d1
· Otherwise, the UE is not expected to jointly report ACK and CSF

Proposal 6: The duration from the last symbol of a CSI-RS to the first symbol of the aperiodic SRS which is associated with the CSI-RS shall be at least N3’ symbols, where N3’ is the duration from the last symbol of a CSI-RS to the first symbol of the PUSCH carrying the UCI.

Proposal 7: The N1,N2 values in Table 1 are supported for NR Release 15 for single carrier and carrier aggregation, at least under the following conditions
· The number of PDCCH blind decoders per slot per component carrier does not exceed X 
· The value of X is given in the Table 3 below.
· The number of CCEs that require channel estimation and demodulation per component carrier does not exceed Y
· The value of Y is given in the Table 4 below
· If PUSCH has FDM DMRS and Data (or data only) on the 1st symbol, then the values in Table 1 are increased by 1 symbol.
· Further conditions in the case of CA
· N1 (and resp. N2) are measured relative to downlink PDSCH (and resp. PDCCH) transmission of the latest component carrier.
· Each component carrier is self-scheduled
· FFS: Conditions for cross-carrier scheduling

Table 3. Maximum number of blind decodes
	No. of PDCCH BDs per slot
	SCS

	
	15kHz
	30kHz
	60kHz
	120kHz

	Periodicity of 14 or more symbols
	44
	32
	16
	16

	Periodicity of less than 14 symbols
	44
	32
	16
	16



Table 4. Maximum number of CCEs that require channel estimation and demodulation
	No. of CCEs that the UE can perform channel estimation per slot
	SCS

	
	15kHz
	30kHz
	60kHz
	120kHz

	Periodicity of 14 or more symbols
	48
	48
	24
	24

	Periodicity of less than 14 symbols
	48
	48
	24
	24



Proposal 8: In the case of mixed numerology between the uplink and downlink, the values of N1 and N2 for the UE capability should be applied to symbol lengths according to the smaller SCS between the uplink and the downlink.
Proposal 9: Latency, overhead, and complexity should be taken into account when designing for higher downlink utilization and the corresponding range of k1,k2, and maximum number of HARQ processes.
Proposal 10: Out-of-order HARQ behaviour should be considered further in cases of fully dynamic signalling of HARQ timing.
Proposal 11: From the UE Perspective, transport blocks should not cross slot boundaries.
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Appendix
The following Table A.1 from R1-1716865 is provided for reference. The purpose of this table originally was to provide reasonable scope for understanding processing times achievable in NR. The current proposals in this summary considering widening the scope such that slot-based scheduling is covered in the set of operations, which may mean additional changes the such as the CORESET configuration.

Table A.1. Candidate factors for UE processing time (N1,N2)
	
	N1
	N2

	Nominal assumptions
	Single carrier / Single BWP / Single TRP
· Full range of MCS and multi-layer support up to the 4-layer MIMO and 256-QAM
· Up to 3300 active subcarriers2
PDCCH
· Same numerology / BWP as PDSCH
· Single grant monitored for PDSCH
· 44 blind decodes, single symbol CORESET
PDSCH
· PDSCH does not precede PDCCH
· 14-symbol slot-based scheduling
· Frequency-first RE-mapping, no time-interleaving of CBs across TB
PUCCH 
· Short formats for HARQ-ACK
	Single carrier / Single BWP / Single TRP
· Full range of MCS and multi-layer support up to the 2-layer MIMO and 64-QAM
· Up to 3300 active subcarriers
PDCCH
· Same numerology / BWP as PUSCH
· Single grant monitored for PUSCH
· 44 blind decoding, single symbol CORESET
PUSCH
· 14-symbol slot-based scheduling
· No time-interleaving of CBs across TB 
· DFTsOFDM or OFDM
· Front loaded DMRS for low latency4
· No UCI multiplexing

	Candidate factors 
	· SCS
· DMRS configuration3
· [Percentage of peak rate]
· [RE-mapping1]
	· SCS
· RE-mapping (depending on specification)1 
· [Percentage of peak rate]



1Preferred RE-mappings may be specified in cases where decisions are pending.
2Some consideration can also be given to N1 when the 3300 active subcarriers are achieved with carrier aggregation. 
3Front loaded and distributed patterns are assumed. For front loaded, the 3rd and 4th symbols have DMRS. 
4N2 is measured from the start of DMRS (since front-loaded assumption is made). One DMRS is TDM with PUSCH.
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