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1 Introduction
In 3GPP RAN1 NR AH#2, the following is agreed for the evaluation of UE processing time.
· For NR, RAN1 should consider the UE processing time(s) in terms of symbols (N1, N2) together with absolute time (in us), instead of slots (K)

· N1: the number of OFDM symbols required for UE processing from the end of NR-PDSCH reception to the earliest possible start of the corresponding ACK/NACK transmission from UE perspective.

· N2: the number of OFDM symbols required for UE processing from the end of NR-PDCCH containing the UL grant reception to the earliest possible start of the corresponding NR-PUSCH transmission from UE perspective.

· Note the timing advance is not included in N1 and N2

· FFS whether other aspects, e.g. UE UL/DL switching time, etc. are included in N1 and N2

· FFS between the following for each combination defined in the next slide

· Opt 1: UE reports N1 and N2 as UE capability

· Opt 2: Fixed values of N1 and N2
· UE is not expected transmit anything in uplink if the network set the values of K1 and/or K2 without leaving sufficient time for UE processing
Furthermore, a work plan is concluded for the evaluation.
· Email discussion about followings – Joseph (Qualcomm)
· Step 1: identify the candidate factors for processing time (until 4th Aug.)
· Step 2: identify the table (until 4th Aug.)
· Based on the proponents’ input for step 1 and step 2, following work will be done:

· Step 3: fill-in the table

· Targeting finishing step 3 until September meeting.

· Note: companies are encouraged to bring up initial numbers for the table to the August meeting

· Note: fill-in the table does not necessarily results in defining some UE capabilities or exact values of K1 and K2 in the specification.
This paper provides our views on HARQ-ACK timing for DL & scheduling timing for UL and initial estimation of N1 and N2 values.
2 Discussion
2.1 Candidate factors affecting UE processing time
For N1, from our views, at least the following are the candidate factors affecting processing time.

· SCS & corresponding slot duration of the slot for PDSCH
· Slot/mini-slot size of NR-PDSCH (in number of OFDM symbols)

· It’s related to the maximal DL information bits for a UE to process, assuming the same DL peak data rate
· Total bandwidth of NR-PDSCH
· MIMO layers of NR-PDSCH
· RE mapping (time or frequency first) of NR-PDSCH

· Frequency-first RE mapping can be assumed for NR-PDSCH
· DMRS pattern (front-loaded DMRS only vs. front-loaded DMRS plus additional DMRS)

· It impacts when UE can start NR-PDSCH decoding after the completion of channel estimation

· NR-PDCCH time duration (1, 2 or 3 OFDM symbols)

· It impacts when UE can start NR-PDCCH decoding if time-first mapping is applied to NR-PDCCH

· Total NR-PDCCH blind decoding complexity, considering the number of aggregated component carriers in CA
· It impacts when UE can start NR-PDSCH decoding
· Timing offset across component carriers in CA
· Single or multiple code blocks within a TB in NR-PDSCH & whether there is time-domain interleaving across code blocks in NR-PDSCH when there are multiple code blocks within a TB in NR-PDSCH

· Multiple code blocks within a TB & no time-domain interleaving across the code blocks allows UE to start the TB decoding before the end of NR-PDSCH

· NR-PUCCH/PUSCH time length for HARQ-ACK (1/2 OFDM symbols or more than 2 OFDM symbols)
· It mainly impacts K1 value, probably not N1

· Whether HARQ-ACK is piggybacked in NR-PUSCH

· HARQ-ACK processing may be impacted by the processing UL information bits & piggybacked CSI report

· Number of TRPs (single or multiple) for NR-PDSCH

· It’s related to PDCCH blind decoding complexity, channel estimation complexity, scheduled DL information bits within a slot

· The ratio of the scheduled DL information bits within a slot/mini-slot over maximal DL information bits within a slot based on the UE category

· UE DL data processing capability is designed targeting at DL peak data rate so it’s possible for a UE to process the scheduled DL information bits within a slot/mini-slot faster with the same hardware if the ratio is lower than 100%

For N2, from our views, at least the following are candidate factors affecting processing time.

· SCS & corresponding slot duration of the slot for NR-PUSCH

· Slot/mini-slot size of NR-PUSCH (in number of OFDM symbols)
· It’s related to the maximal UL information bits for a UE to process, assuming the same UL peak data rate

· Total bandwidth of NR-PUSCH
· MIMO layers of NR-PUSCH

· RE mapping (time or frequency first) of NR-PUSCH
· Frequency-first RE mapping is more beneficial for latency while time-first RE mapping is more beneficial for performance
· NR-PDCCH time duration (1, 2 or 3 OFDM symbols)
· It impacts when UE can start NR-PDCCH decoding if time-first mapping is applied to NR-PDCCH
· Total NR-PDCCH blind decoding complexity, considering the number of aggregated component carriers in CA

· It impacts when UE can start NR-PUSCH encoding

· Timing offset across component carriers in CA
· Single or multiple code blocks within a TB in NR-PUSCH & whether there is time-domain interleaving across code blocks in NR-PUSCH when there are multiple code blocks within a TB in NR-PUSCH

· Multiple code blocks within a TB & no time-domain interleaving across the code blocks allows UE to continue the TB encoding after the start of NR-PUSCH
· Whether CSI reporting is piggybacked in NR-PUSCH; if yes, CSI reporting configuration including CSI-RS port number, CSI process number etc.
· If UL data rate matching around CSI reporting is applied, UE can’t start UL information bits encoding before obtaining exact number of REs for CSI reporting

· Whether HARQ-ACK for NR-PDSCH is piggybacked in NR-PUSCH

· If UL data rate matching around HARQ-ACK is applied, UE can’t start UL information bits encoding before obtaining exact number of REs for HARQ-ACK

· Number of TRPs (single or multiple) for NR-PUSCH

· It’s related to PDCCH blind decoding complexity, channel estimation complexity, scheduled UL information bits within a slot
· The ratio of the scheduled UL information bits within a slot/mini-slot over maximal UL information bits within a slot based on the UE category
· UE UL data processing capability is designed targeting at UL peak data rate so it’s possible for a UE to process the scheduled UL information bits within a slot/mini-slot faster with the same hardware if the ratio is lower than 100%
2.2 Assumptions & candidate conditions for evaluation
The candidate factors shown in Section 2.1 can be divided into two categories for UE processing time evaluation.

· Evaluation assumptions
· Without assumptions on some of candidate factors, it’s very difficult to give an estimation of UE processing time

· (N1, N2) values should be revisited if the agreed design or the applied scenario doesn’t align with the evaluation assumptions

· Candidate conditions for specification together with corresponding values of (K1, K2)

· (K1, K2) values are specified together with the corresponding conditions

· UE is not expected transmit anything in uplink if the network set the values of K1 and/or K2 if the specified corresponding conditions are not met

Table 1. Evaluation assumptions for UE processing time evaluation
	Evaluation Assumptions for N1
	Evaluation Assumptions for N2

	Single component carrier for DL
	Single component carrier for UL

	Single-TRP operation for DL
	Single-TRP operation for UL

	Slot size for PDSCH = 14 OFDM symbols
	Slot size for PUSCH = 14 OFDM symbols

	PDCCH + PDSCH = 14 OFDM symbols
	PDCCH = 2 OFDM symbols; PUSCH = 14 OFDM symbols

	Bandwidth of NR-PDSCH = 50 MHz (for 15KHz SCS); 100 MHz (for 30/60KHz SCS); 400MHz (for 120KHz SCS)
	Bandwidth of NR-PUSCH = 50 MHz (for 15KHz SCS); 100 MHz (for 30/60KHz SCS); 400MHz (for 120KHz SCS)

	Max MIMO layers of NR-PDSCH = 4
	Max MIMO layers of NR-PUSCH = 2

	Frequency-first RE mapping for NR-PDSCH
	Total NR-PDCCH blind decoding complexity is 44 blind decoding candidates

	First OFDM symbol of NR-PDSCH starts later than the last OFDM symbol of the scheduling NR-PDCCH
	No time-domain interleaving across code blocks in the case of multiple code blocks within a TB in NR-PUSCH

	Total NR-PDCCH blind decoding complexity is 44 blind decoding candidates
	Single CSI process reporting if piggybacked with UL data

	No time-domain interleaving across code blocks in the case of multiple code blocks within a TB in NR-PDSCH
	

	HARQ-ACK transmission in either NR-PUCCH or NR-PUSCH
	

	Single CSI processing reporting if piggybacked with HARQ-ACK
	


Table 2. Candidate conditions for N1/N2 values

	Candidate Conditions for N1
	Candidate Conditions for N2

	SCS & corresponding slot duration of the slot for NR-PDSCH
	SCS & corresponding slot duration of the slot for NR-PUSCH

	DMRS pattern (front-loaded DMRS only vs. front-loaded DMRS plus additional DMRS)
	RE mapping (time or frequency first) of NR-PUSCH

	The ratio of the scheduled DL information bits within a slot/mini-slot over maximal DL information bits within a slot based on the UE category
	The ratio of the scheduled UL information bits within a slot/mini-slot over maximal UL information bits within a slot based on the UE category


Table 3. Candidate conditions for K1/K2 values
	Candidate Conditions for K1
	Candidate Conditions for K2

	SCS & corresponding slot duration of the slot for NR-PDSCH
	SCS & corresponding slot duration of the slot for NR-PUSCH

	Slot/mini-slot size of NR-PDSCH (in number of OFDM symbols)
	Slot/mini-slot size of NR-PUSCH (in number of OFDM symbols)

	DMRS pattern (front-loaded DMRS only vs. front-loaded DMRS plus additional DMRS)
	RE mapping (time or frequency first) of NR-PUSCH

	NR-PUCCH/PUSCH time length for HARQ-ACK (1/2 OFDM symbols or more than 2 OFDM symbols)
	Potential UCI (e.g. HARQ-ACK, CSI) in NR-PUSCH, considering multiple CSI process number reporting

	The ratio of the scheduled DL information bits within a slot/mini-slot over maximal DL information bits within a slot based on the UE category
	The ratio of the scheduled UL information bits within a slot/mini-slot over maximal UL information bits within a slot based on the UE category


2.3 Initial evaluation results of N1
Table 4 shows our initial evaluation results for N1. The values could change in the final evaluation by September meeting.
Table 4. Initial evaluation results for N1
	DMRS for CE
	Scheduled DL Data Rate
	15 KHz SCS
	30 KHz SCS
	60 KHz SCS
	120 KHz SCS

	Front-loaded DMRS only
	20% DL peak data rate 
	~3 symbols
	~6 symbols
	~17 symbols
	~42 symbols

	
	DL peak data rate
	~14 symbols
	~18 symbols
	~27 symbols
	~52 symbols

	Front-loaded + additional DMRS
	DL peak data rate
	~24 symbols
	~31 symbols
	~37 symbols
	~60 symbols


