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1 Introduction
After RAN1#92bis, many of the issues of scheduling/UE processing time are finished. However, there are still few remaining issues to be resolved/clarified.

· UE processing time capability#2
· Back-to-back PDSCH reception

· Cross-carrier scheduling between carriers of different numerology

· PUCCH resource adaptation considering UE processing time
This contribution discusses these aspects.

2 UE processing time capability#2
Regarding to UE processing time capability#2, it was concluded in RAN1#92bis as below

Conclusion:
At least for the following conditions below, the processing times listed in Table 2 have been considered as potential candidates for specification of Capability #2, although there has been no conclusion on the final value.

· Single numerology for PDCCH, PDSCH, and PUSCH and no UCI multiplexing
· Case 1-1: PDCCH monitoring on up to three OFDM symbols at the beginning of a slot

· PDSCH allocation with at least 7 symbols is supported

· One unicast PDSCH received and/or one unicast PUSCH transmitted within the same slot

· FFS: More than one PDSCH and/or PUSCH case

· Single CC
· FFS: CA case with and without cross-carrier scheduling
· For C-RNTI only

· FFS: also applicable to the cases when C-RNTI and with other broadcast RNTIs are processed simultaneously by the UE

· FFS: whether Capability #2 relaxation is applied dynamically depending on conditions

· Note: Companies are also encouraged to provide processing times for 60kHz (FR1)

· Note: Companies are also encouraged to provide conditions under which more aggressive processing times (within the range) could be enabled
Table 1. UE Processing Times for 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]

	Frequency-first RE-mapping
	N21
	Symbols
	[2.5-6]
	[2.5-6]


· 1If 1st symbol of PUSCH is data-only or FDM data with DMRS, then add 1 symbol to N2 in table.
As in the conclusion in RAN1#92bis, Single CC is assumed for Capability#2. It shall be clarified that UE can be configured to have multiple activated CC. However, only one CC is configured to allow Capability#2 operation. 

Proposal #1: For UE processing time Capability#2, one fixed Cell is configured to UE for Capability#2 operation.

Based on the conditions, our evaluation results is shown as in Table 2

Table 2. UE Processing Time and HARQ Timing (Capability #2) based on constraint of single fixed CC
	Configuration
	HARQ Timing Parameter
	Units
	15 KHz SCS
	30 KHz SCS

	Front-loaded DMRS only
	N1
	Symbols
	4
	5

	Frequency-first RE-mapping
	N2
	Symbols
	6
	6


If 1st symbol of PUSCH is data-only or FDM data with DMRS, then add 1 symbol to N2 in table.

To achieve more aggressive N1/N2 for capability#2, more additional restriction is helpful. For example, the restriction of data rate is beneficial to reduction of UE processing time.
Proposal #2: The supported PRB number of Capability#2 in NR Rel-15 is up to 135 for both DL and UL.
In addition, there are some other constraints, which can reduce UE processing time

· 1. the restriction on BD candidates and CCE numbers for PDCCH

· 2. the simple operation for the HARQ-ACK feedback of PDSCH based on Capability#2, i.e., it is not multiplexed together with other UCI

Based on these further constraints, we have the updated evaluation results for capability#2 in Table 3.

Table 3. UE Processing Time and HARQ Timing (Capability #2) based on more constraints
	Configuration
	HARQ Timing Parameter
	Units
	15 KHz SCS
	30 KHz SCS

	Front-loaded DMRS only
	N1
	Symbols
	3
	4

	Frequency-first RE-mapping
	N2
	Symbols
	5
	6


If 1st symbol of PUSCH is data-only or FDM data with DMRS, then add 1 symbol to N2 in table.

Based on our evaluated results in Table 2 and Table 3, we suggest NR to adopt either Table 2 based on constraint of single fixed CC or Table 3 based on more constraints
Proposal #3: To adopt the below list as the applicable conditions for UE processing time Capability#2 in NR Release 15
· Single numerology for PDCCH, PDSCH, and PUSCH and no UCI multiplexing

· Case 1-1: PDCCH monitoring on up to three OFDM symbols at the beginning of a slot
· PDSCH allocation with at least 7 symbols is supported

· One unicast PDSCH received and/or one unicast PUSCH transmitted within the same slot

· Single fixed CC for Capability#2 operation, and is semi-statically configured to UE

· Same-carrier scheduling for Capability#2 operation is assumed
· For C-RNTI only
For N1/N2 values of UE processing time Capability#2, to adopt either Table 4 without further condition or Table 5 with more constraints, which are listed in below

· The supported PRB number is up to 135 for both DL and UL

· Restriction on BDs and CCEs of PDCCH for the concerned CC

	Conditions for PDCCH
	15 KHz SCS
	30 KHz SCS

	Max no. of PDCCH BDs per slot
	22
	18

	Max no. of non-overlapped CCEs per slot
	28
	28


· HARQ-ACK feedback of PDSCH based on Capability#2 is not multiplexed together with other UCI
Table 4. 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
	4
	5

	Frequency-first RE-mapping
	N2
	Symbols
	6
	6


If 1st symbol of PUSCH is data-only or FDM data with DMRS, then add 1 symbol to N2 in table.

Table 5. 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
	3
	4

	Frequency-first RE-mapping
	N2
	Symbols
	5
	6


If 1st symbol of PUSCH is data-only or FDM data with DMRS, then add 1 symbol to N2 in table.

3 Back-to-back PDSCH reception
There was some discussion raised for back-to-back PDSCH reception in RAN1#92bis. There was no consensus yet whether relaxation on UE processing time is necessary. However, companies think it necessary for further analysis, and the conclusion was made.

Conclusion: (@RAN1#92bis)

Consider whether further handling on UE processing time may be needed in the following cases

· L1 is the length (in symbols) of a first PDSCH allocation

· L1-dmrs is location of last DMRS in the allocation 

· L2 is the length (in symbols) of a second PDSCH allocation

· L2-dmrs is location of last DMRS in the allocation 

· g is the delay (in symbols) between the first and second PDSCH allocation

· In case where L1 – L2 – g > 0

· The DMRS locations between the first and second PDSCH allocation are different

Due to the clarification, as shown in below,

Agreements: (@RAN1#92bis)
The following text proposal is adopted to clarify that N1 processing time at least follows the semi-static configuration for DMRS, and not that resulting from the allocation. 

and relaxation of UE processing time for PDSCH with duration < 7symbols, it seems back-to-back PDSCH reception no more an issue. This seems true for back-to-back unicast PDSCH reception since the consecutive PDSCH would both follow the same N1 requirement, i.e., either “N1 for No additional PDSCH DM-RS configured” or “N1 for Additional PDSCH DM-RS configured”. However, there is still issue for unicast followed by broadcast, since broadcast PDSCH always uses setting of “N1 for Additional PDSCH DM-RS configured” (Note : DL-DMRS-add-pos=2). It is found there may be concern of processing time if a broadcast PDSCH is followed by a unicast PDSCH with configuration “DL-DMRS-add-pos=0”. For example, as shown in Figure 1, there is a broadcast PDSCH of 14-symbols in slot N, and there is a unicast PDSCH of 7-symbols with configuration “DL-DMRS-add-pos=0” in slot N+1. Considering the processing for PDSCH of slot N, the remaining processing time for PDSCH of slot N+1 is only limited to around 3 symbols if N1=8 (due to “DL-DMRS-add-pos=0”) is applied. In the example, if UE can start earlier its CE processing, the issue of back-to-back PDSCH reception may be diminished. However, broadcast PDSCH, if UE has to receive, is typically more important to unicast PDSCH. To scarify reception performance of broadcast PDSCH to provide enough UE processing time for later unicast does not make sense at all. Broadcast followed by unicast may happen at least in the below two scenarios. We have to resolve such issue.
· Scenario A : In connected mode, UE trigger RACH procedure for SR. UE has to receive PDSCH of RAR, and unicast PDSCH may also be scheduled in the next slot.

· Scenario B : In connected mode, UE acquires SI upon being triggered by Paging DCI. UE has to receive PDSCH of SI, and unicast PDSCH may also be scheduled in the next slot.
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Figure 1. Example of broadcast PDSCH followed by unicast PDSCH

One solution is to ask NW to always follow “N1 for Additional PDSCH DM-RS configured” whenever unicast is potentially following a broadcast PDSCH. However, this is not practical at all. For example, considering NW may need to transmit RA-RNTI PDSCH very often, such solution does limit the usage of “N1 for No additional PDSCH DM-RS configured”.
It is noted that there is agreement to handle the collision of “RA-RNTI PDSCH and C-RNTI” and “SI-RNTI PDSCH and C-RNTI”.
Agreements: (@RAN1#92)
· If both RA-RNTI PDSCH and C-RNTI (or CS-RNTI) PDSCH for a given UE from the primary cell are overlapped with at least one symbol, the UE may skip decoding C-RNTI (or CS-RNTI) PDSCH.
Agreements: (@RAN1#92bis)
The previous WA is confirmed with updates:

· While UE acquires SI upon being triggered by Paging DCI

· UE is not required to decode C-RNTI PDSCH if the SI-RNTI PDSCH is overlapped with at least one symbol

C-RNTI PDSCH is not required to be decoded in such scenario. The rule shall be partially extended to the next slot, which is 
Proposal #4: If UE is receiving RA-RNTI PDSCH or UE acquires SI upon being triggered by Paging DCI in slot N-1, UE is not required to decode C-RNTI (or CS-RNTI) PDSCH in slot N if the scheduled UE processing time is smaller than N1 of additional PDSCH DM-RS configured.

With such proposal, UE’s behaviour is clear and the system degradation is quite limited, and shall be acceptable.
4 Cross-carrier scheduling between carriers of different numerology
Agreements: (RAN1#89)
· Support cross-carrier scheduling for aggregated carriers with the same and different numerology. 

· FFS: the timing relationship between DCI and the corresponding PDSCH/PUSCH

· FFS: impact on the maximum number of HARQ processes

· FFS: potential restrictions (e.g., on combination of different numerology)
Conclusions: (RAN1 NR Ad-Hoc#2)
· On the search space:

· A UE monitors PDCCH candidates in common search space(s) at least for RMSI and UE specific search space(s) on Primary Component Carrier (PCC)

· A UE monitors PDCCH candidates at least on UE-specific search space(s) for an Secondary Component Carrier (SCC)

· Support cross carrier scheduling with CIF 

· NR at least support that a carrier is scheduled by one and only one carrier

· FFS: the number of CIF bits

· FFS: BWP aspects for cross carrier scheduling

· For cross-carrier scheduling, PDCCH and the scheduled PDSCH can have the same or different numerologies.

· For self-scheduling, PDCCH and the scheduled PDSCH have the same numerology

· FFS whether for self-scheduling, PDCCH and the scheduled PDSCH can have different numerologies.

· For self and cross-carrier scheduling, PDCCH and the scheduled PUSCH can have the same or different numerologies.

· When numerology are different between PDCCH and the scheduled transmission, the time granularity indicated in the DCI for the timing relationship between the end of PDCCH and the corresponding scheduled transmission is based on the numerology of the scheduled transmission.

From the agreements in 3GPP RAN1#89 and Ad-Hoc#2 meeting, we can see that cross-carrier scheduling for aggregated carriers with the same and different numerology is supported and the time granularity indicated in the DCI is based on the numerology of the scheduled transmission. However, there are some unsolved issues.

Issue #1: unclear definition of the reference timing of K0 and K2
From the current agreements, the definition of K0=0 and K2=0 for cross-carrier scheduling across different numerology is unclear. For example, Figure 2 and Figure 3 show the issue on the definition of K0 and K2. In Figure 2(a) and Figure 3(a), the scheduling PDCCH has a smaller numerology (15kHz) than the scheduled PDSCH/PUSCH (30kHz). Assume the DCI in the PDCCH indicates K0=0. Since the reference timing is not defined, it is unclear on where to receive PDSCH or transmit PUSCH (e.g., in slot m, m+1, or other slot index in the 30kHz SCS). In Figure 2(b)(c) and Figure 3(b)(c), the scheduling PDCCH has a larger numerology than the scheduled PDSCH/ PUSCH and the DCI in the PDCCH indicates K2=0. Similarly, it is unclear on where to receive PDSCH or transmit PUSCH in the 15 kHz SCS.
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Figure 2 Issue on K0 for cross-carrier scheduling with different numerology
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Figure 3 Issue on K2 for cross-carrier scheduling with different numerology

Issue #2: extra buffer size 
Another issue for cross-carrier scheduling across different numerology is the buffer size. Figure 4 shows an example for the extra buffer size due to cross-carrier scheduling with different numerology. In this example, cell 0 with 15 kHz SCS schedules cell 1 with 60 kHz SCS. Assume the PDCCH in cell 0 occupies 3 OFDM symbols. The time for decoding the PDCCH may take 11 OFDM symbols in the unit of 60kHz SCS. The channel estimation may take 2 OFDM symbols in the unit of 60kHz SCS. Thus the total buffer size is 12+11+2 = 25 OFDM symbols. When self-scheduling is performed on cell 1, the total buffer size is about 14 OFDM symbol. As a result, in this example the extra buffer size due to cross carrier scheduling across different numerology is 11 OFDM symbols. The extra buffer size increases when

· One CC schedules multiple CCs and the scheduling CC has the smallest SCS.
For example, when a 15 kHz CC schedules four 60 kHz CCs, the extra buffer size is 44 OFDM symbols.
· The difference between the SCS of the scheduling CC and the SCS of the scheduled CC(s) increases.

For example, when a 15 kHz CC schedules 120 kHz CC, the extra buffer size is about 45 OFDM symbols.
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Figure 4 Extra buffer size for cross-carrier scheduling across different numerology

Due to the implementation difficulty of large extra buffer size, the unclarity of the definition of K0 and K2, and the tight schedule of NR to complete all remaining issues for carrier aggregation, we propose 
Proposal #5. NR adopts one of the following alternatives:

· Alt 1. Cross-carrier scheduling is not supported in Rel-15. 

· Alt 2. Cross-carrier scheduling for aggregated carriers with different numerology is not supported in Rel-15. 

· Alt 3. Divided the UE feature 6-10 cross carrier scheduling into two parts.
· 6-10a cross carrier scheduling across same numerology
· 6-10b cross carrier scheduling across same and different numerology
· Alt 4. For cross-carrier scheduling across different numerology, 
· The reference timing of K0=0 and K2=0 is defined as the first slot which is overlapped with the slot in which the scheduling PDCCH is transmitted. 
· Additional constraints on K0/K2 should be defined, i.e., K0 > X and K2 > Y. FFS: the values of X and Y depend on the numerology of the scheduling and scheduled CC.
5 PUCCH resource adaptation considering UE processing time
The PUCCH resource determination is based on a PUCCH resource indicator field in the last DL assignment. When HARQ-ACKs of different PDSCH of different time instance are to be transmitted within one slot, the PUCCH resource may be updated from UE perspective. As shown in Figure 5, in Slot#n, UE thinks it is scheduled with PUCCH resource 1. However, in Slot#(n+1), UE is re-scheduled to PUCCH resource 2. Adaptation of PUCCH resource may advance the transmission time of PUCCH. However, NW shall anyway provide enough UE processing time. As shown in the example, T2 has to be equal to or larger than 8 symbols, in case of “15KSCS, without additional DMRS”. It is noted in the figure, TA is not considered for simplicity.


[image: image5]
Figure 5. Example of the updated PUCCH resource with advanced timing

Sometime, adaptation of PUCCH resource may postpone the transmission time of PUCCH. However, NW shall also anyway provide enough UE processing time. As shown in Figure 6, T2 has to be equal to or larger than (8+3) symbols, in case of “15KSCS, without additional DMRS”. Additional processing time of 3 symbols are added since the PDSCH in Slot#(n+1) had duration as 4 symbols. It seems fine from UE processing time perspective. However, in the example, to have a valid transmission of PUCCH resource 1, UE may need to start its preparation before UE decode the PDCCH in Slot#(n+1). If UE is assigned an updated PUCCH resource with additional HARQ-ACK bit to be multiplexed together, UE has to give up on-going preparation and change to prepare another PUCCH resource, which introduces UE’s design burden. There is no strong motivation for NR to support such flexibility. Hence, NR shall define a timing threshold that UE is not expected to be scheduled to have additional HARQ-ACK bit to be multiplexed together based on the DCI that is no earlier than the current PUCCH resource by “Timing threshold”. N2 requirement is for PUSCH scheduling, including PDCCH decoding and PUSCH preparation. Although the processing time for PDCCH decoding plus PUCCH preparation may not be exactly the same as N2, N2 is a good reference as the timing threshold. Therefore, we have the proposal :

Proposal #6: UE is not expected to have additional HARQ-ACK bit to be multiplexed together based on the DCI that is no earlier than the current PUCCH resource by N2 symbols

[image: image6]
Figure 6. Example of the updated PUCCH resource with postponed timing

6 Conclusion
UE processing time is evaluated and we have the below proposals :

Proposal #1: For UE processing time Capability#2, one fixed Cell is configured to UE for Capability#2 operation.

Proposal #2: The supported PRB number of Capability#2 in NR Rel-15 is up to 135 for both DL and UL.
Proposal #3: To adopt the below list as the applicable conditions for UE processing time Capability#2 in NR Release 15

· Single numerology for PDCCH, PDSCH, and PUSCH and no UCI multiplexing

· Case 1-1: PDCCH monitoring on up to three OFDM symbols at the beginning of a slot
· PDSCH allocation with at least 7 symbols is supported

· One unicast PDSCH received and/or one unicast PUSCH transmitted within the same slot

· Single fixed CC for Capability#2 operation, and is semi-statically configured to UE

· Same-carrier scheduling for Capability#2 operation is assumed
· For C-RNTI only
For N1/N2 values of UE processing time Capability#2, to adopt either Table 4 without further condition or Table 5 with more constraints, which are listed in below

· The supported PRB number is up to 135 for both DL and UL

· Restriction on BDs and CCEs of PDCCH for the concerned CC

	Conditions for PDCCH
	15 KHz SCS
	30 KHz SCS

	Max no. of PDCCH BDs per slot
	22
	18

	Max no. of non-overlapped CCEs per slot
	28
	28


· HARQ-ACK feedback of PDSCH based on Capability#2 is not multiplexed together with other UCI
Table 4. 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
	4
	5

	Frequency-first RE-mapping
	N2
	Symbols
	6
	6


If 1st symbol of PUSCH is data-only or FDM data with DMRS, then add 1 symbol to N2 in table.

Table 5. 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
	3
	4

	Frequency-first RE-mapping
	N2
	Symbols
	5
	6


If 1st symbol of PUSCH is data-only or FDM data with DMRS, then add 1 symbol to N2 in table.

Proposal #4: If UE is receiving RA-RNTI PDSCH or UE acquires SI upon being triggered by Paging DCI in slot N-1, UE is not required to decode C-RNTI (or CS-RNTI) PDSCH in slot N if the scheduled UE processing time is smaller than N1 of additional PDSCH DM-RS configured.

Proposal #5. NR adopts one of the following alternatives:

· Alt 1. Cross-carrier scheduling is not supported in Rel-15. 

· Alt 2. Cross-carrier scheduling for aggregated carriers with different numerology is not supported in Rel-15. 

· Alt 3. Divided the UE feature 6-10 cross carrier scheduling into two parts.
· 6-10a cross carrier scheduling across same numerology
· 6-10b cross carrier scheduling across same and different numerology
· Alt 4. For cross-carrier scheduling across different numerology, 
· The reference timing of K0=0 and K2=0 is defined as the first slot which is overlapped with the slot in which the scheduling PDCCH is transmitted. 
· Additional constraints on K0/K2 should be defined, i.e., K0 > X and K2 > Y. FFS: the values of X and Y depend on the numerology of the scheduling and scheduled CC.
Proposal #6: UE is not expected to have additional HARQ-ACK bit to be multiplexed together based on the DCI that is no earlier than the current PUCCH resource by N2 symbols
7 Reference
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