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1 Introduction
In 3GPP RAN1 NR AH#2, the following work plan is concluded for UE processing time 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.
In 3GPP RAN1 Session #90, Step 1 & Step 2 in the work plan are completed with concluded nominal assumptions and candidate conditions in the chairman’s notes.
To complete Step 3, this paper provides our results of N1 and N2 values and our views on HARQ-ACK timing for DL & scheduling timing for UL.
2 Discussion
2.1 Key factors affecting N1/N2 & K1/K2
For N1, from our views, the following are key factors affecting UE processing time for DL and should be considered in the evaluation to draw a conclusion.

· SCS & corresponding slot duration of the slot for 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

· Percentage of DL peak data rate or percentage of maximal resource element (RE) number to achieve DL peak data rate
· 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%

· Compared to percentage of DL peak data rate, percentage of max RE number to achieve DL peak data rate can match UE processing capability better, especially for MIMO de-mapper or advanced receiver (e.g. interference cancellation)

· PDCCH blind decoding complexity
· It impacts when UE can start NR-PDSCH decoding so smaller PDCCH blind decoding complexity allow a UE to shorten the total processing time for DL
For N2, from our views, the following are key factors affecting UE processing time for UL and should be considered in the evaluation to draw a conclusion.
· SCS & corresponding slot duration of the slot for 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

· Percentage of UL peak data rate or percentage of maximal resource element (RE) number to achieve UL peak data rate
· 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%

· Compared to percentage of UL peak data rate, percentage of max RE number to achieve UL peak data rate can match UE processing capability better, especially for MIMO mapper
· PDCCH blind decoding complexity

· It impacts when UE can start NR-PUSCH encoding so smaller PDCCH blind decoding complexity allow a UE to shorten the total processing time for UL
For K1, from our views, in addition to the above key factors for N1, the following are additional key factors for DL and should be considered jointly in the evaluation to draw a conclusion on HARQ-ACK timing.
· NR-PUCCH time length for HARQ-ACK (1 or 2 OFDM symbols vs. more than 2 OFDM symbols)
· Short NR-PUCCH (1 or 2 OFDM symbols) allows more UE processing time (i.e. 12~13 OFDM symbols) for HARQ-ACK
For K2, from our views, key factors are the same as those for N2 and can be used to draw a conclusion on UL scheduling timing.
2.2 Nominal assumptions & candidate conditions
Table 1. Nominal assumptions for N1/N2 & K1/K2 evaluation
	Nominal Assumptions for N1
	Nominal Assumptions for N2

	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 subcarriers

PDCCH

· Same numerology / BWP as PDSCH

· Single grant monitored for PDSCH

· 20 or 44 blind decoding, 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
	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

· 20 or 44 blind decoding, single symbol CORESET

PUSCH

· 14-symbol slot-based scheduling

· No time-interleaving of CBs across TB 

· DFT-s-OFDM or OFDM

· Front loaded DMRS for low latency

· No UCI multiplexing

	Additional Nominal Assumptions for K1
	Additional Nominal Assumptions for K2

	Timing advance

· No larger than 33.3 µsec (round-trip time for 5km) for sub6
PUCCH

· Short formats for HARQ-ACK
Guard period

· 1 OFDM symbol for 15KHz SCS

· 2 OFDM symbols for 30KHz SCS

· 3 OFDM symbols for 60KHz SCS

· 3 OFDM symbols for 120KHz SCS
	Timing advance

· No larger than 33.3 µsec (round-trip time for 5km)
Guard period

· 1 OFDM symbol for 15KHz SCS

· 2 OFDM symbols for 30KHz SCS

· 3 OFDM symbols for 60KHz SCS

· 3 OFDM symbols for 120KHz SCS


Table 2. Candidate conditions for N1/N2 & K1/K2 values

	Candidate Conditions for N1
	Candidate Conditions for N2

	· SCS

· DMRS configuration (front-loaded DMRS vs. front-loaded + additional DMRS)

· Percentage of DL peak data rate (or percentage of maximal resource element (RE) number to achieve DL peak data rate)
· Number of PDCCH blind decoding candidates (20 vs. 44)
	· SCS

· RE-mapping (frequency-first vs, time-first)
· Percentage of UL peak data rate (or percentage of maximal resource element (RE) number to achieve UL peak data rate)
· Number of PDCCH blind decoding candidates (20 vs. 44)

	Candidate Conditions for K1
	Candidate Conditions for K2

	· SCS

· DMRS configuration (front-loaded DMRS vs. front-loaded + additional DMRS)

· Percentage of DL peak data rate (or percentage of maximal resource element (RE) number to achieve DL peak data rate)
· Number of PDCCH blind decoding candidates (20 vs. 44)
· PUCCH time duration for HARQ-ACK (1 or 2 OFDM symbols vs. more than 2 OFDM symbols)
	· SCS

· RE-mapping (frequency-first vs, time-first)
· Percentage of UL peak data rate (or percentage of maximal resource element (RE) number to achieve UL peak data rate)
· Number of PDCCH blind decoding candidates (20 vs. 44)


2.3 Evaluation results of N1/N2 & K1/K2
Table 3 ~ Table 6 show our evaluation results for N1/N2 & K1/K2. Scheduled RE number for DL/UL in Table 3 ~ Table 6 is equal to scheduled RE number per MIMO layer times the number of scheduled MIMO layers for DL/UL.
Table 3. Evaluation results for N1 & K1 (44 PDCCH blind decoding candidates)
	DMRS for CE
	Scheduled RE Number for DL
	15 KHz SCS
	30 KHz SCS
	60 KHz SCS
	120 KHz SCS

	Front-loaded DMRS only
	20% RE number corresponding to DL peak data rate
	N1=3
K1=1
	N1=3

K1=1
	N1=3

K1=1
	N1=8.5

K1=1

	
	RE number corresponding to DL peak data rate
	N1=8

K1=1
	N1=9.5

K1=1
	N1=13.5

K1=1
	N1=21

K1=2

	Front-loaded + additional DMRS
	RE number corresponding to DL peak data rate
	N1=15

K1=2
	N1=16
K1=2
	N1=16.5
K1=2
	N1=21

K1=2


Table 4. Evaluation results for N1 & K1 (20 PDCCH blind decoding candidates)
	DMRS for CE
	Scheduled RE Number for DL
	15 KHz SCS
	30 KHz SCS
	60 KHz SCS
	120 KHz SCS

	Front-loaded DMRS only
	20% RE number corresponding to DL peak data rate
	N1=3
K1=1
	N1=3

K1=1
	N1=3

K1=1
	N1=4.5

K1=1

	
	RE number corresponding to DL peak data rate
	N1=7.5

K1=1
	N1=8.5

K1=1
	N1=11.5

K1=1
	N1=16.5

K1=2

	Front-loaded + additional DMRS
	RE number corresponding to DL peak data rate
	N1=14.5

K1=2
	N1=15

K1=2
	N1=15.5

K1=2
	N1=16.5

K1=2


Table 5. Evaluation results for N2 & K2 (44 PDCCH blind decoding candidates)

	RE Mapping
	Scheduled RE Number for UL
	15 KHz SCS
	30 KHz SCS
	60 KHz SCS
	120 KHz SCS

	Frequency-first
	20% RE number corresponding to UL peak data rate
	N2=7
K2=1
	N2=10
K2=1
	N2=17
K2=2
	N2=31
K2=3

	
	RE number corresponding to UL peak data rate
	N2=9
K2=1
	N2=11
K2=1
	N2=17
K2=2
	N2=31
K2=3

	Time-first
	RE number corresponding to UL peak data rate
	N2=23
K2=2
	N2=26
K2=2
	N2=30
K2=3
	N2=43
K2=4


Table 6. Evaluation results for N2 & K2 (20 PDCCH blind decoding candidates)
	RE Mapping
	Scheduled RE Number for UL
	15 KHz SCS
	30 KHz SCS
	60 KHz SCS
	120 KHz SCS

	Frequency-first
	20% RE number corresponding to UL peak data rate
	N2=6
K2=1
	N2=9
K2=1
	N2=15
K2=2
	N2=27
K2=3

	
	RE number corresponding to UL peak data rate
	N2=8
K2=1
	N2=10
K2=1
	N2=15
K2=2
	N2=27
K2=3

	Time-first
	RE number corresponding to UL peak data rate
	N2=23
K2=2
	N2=25
K2=2
	N2=29
K2=3
	N2=39
K2=4


Observation #1: Reduced PDCCH blind decoding complexity is beneficial to reduce UE processing time.
Observation #2: Reduced total scheduled RE number in PDSCH(s) is beneficial to reduce UE processing time for DL.
· Compared to percentage of DL peak data rate, percentage of max RE number to achieve DL peak data rate can match UE processing capability better, especially for MIMO de-mapper or advanced receiver (e.g. interference cancellation)
Observation #3: Reduced total scheduled RE number in PUSCH(s) is beneficial to reduce UE processing time for UL.
· Compared to percentage of UL peak data rate, percentage of max RE number to achieve UL peak data rate can match UE processing capability better, especially for MIMO mapper
Observation #4: Frequency-first RE mapping is beneficial to reduce UE processing time for both DL and UL.
2.4 Proposed designs to support low latency

Based on the evaluation results & observations in previous section, we propose the following.
Proposal #1: Strive to reduce PDCCH blind decoding complexity in NR for the support of low latency, compared to LTE.
Proposal #2: Support only frequency-first RE mapping for PDSCH & PUSCH in R15.

Proposal #3: For HARQ-ACK timing, at least for slot-based scheduling, support the following in UE capability signalling.

· Supported HARQ-ACK timing (i.e. K1 value)
· Corresponding maximal resource element (RE) number for PDSCH(s) within a slot for each supported HARQ-ACK timing (i.e. K1 value)
Proposal #4: For HARQ-ACK timing, at least for slot-based scheduling, the following is supported in NR.
· For 15 KHz SCS, K1 = 1~4 are supported

· A UE can be configured to apply K1 = 1 or 2 with the following conditions

· Front-loaded DMRS for PDSCH decoding

· HARQ-ACK using PUCCH/PUSCH with time length of 1 or 2 OFDM symbols

· Frequency-first RE mapping in PDSCH

· Scheduled RE number no larger than the corresponding max RE number for PDSCH(s) within a slot for the configured K1 value in UE capability signaling

· TA value (including TA offset for TDD) no larger than 2*5e3/3e8 sec (round-trip time for 5km)

· Otherwise, a UE should be configured to apply K1 = 3 or 4

· A UE is not expected to transmit HARQ-ACK in UL if K1 value is configured to be less than 3
· For 30 KHz SCS, K1 = 1~4 are supported

· A UE can be configured to apply K1 = 1 or 2 with the following conditions

· Front-loaded DMRS for PDSCH decoding

· HARQ-ACK using PUCCH/PUSCH with time length of 1 or 2 OFDM symbols

· Frequency-first RE mapping in PDSCH

· Scheduled RE number no larger than the corresponding max RE number for PDSCH(s) within a slot for the configured K1 value in UE capability signaling
· TA value (including TA offset for TDD) no larger than 2*5e3/3e8 sec (round-trip time for 5km)

· Otherwise, a UE should be configured to apply K1 = 3 or 4

· A UE is not expected to transmit HARQ-ACK in UL if K1 value is configured to be less than 3

· For 60 KHz SCS, K1 = 3~6 are supported

· A UE can be configured to apply K1 = 3 or 4 with the following conditions

· Front-loaded DMRS for PDSCH decoding

· HARQ-ACK using PUCCH/PUSCH with time length of 1 or 2 OFDM symbols

· Frequency-first RE mapping in PDSCH

· Scheduled RE number no larger than the corresponding max RE number for PDSCH(s) within a slot for the configured K1 value in UE capability signaling
· TA value (including TA offset for TDD) no larger than 2*5e3/3e8 sec (round-trip time for 5km)

· Otherwise, a UE should be configured to apply K1 = 5 or 6

· A UE is not expected to transmit HARQ-ACK in UL if K1 value is configured to be less than 5
· FFS K1 values for 120 KHz SCS
Proposal #5: For UL scheduling timing, at least for slot-based scheduling, support the following in UE capability signalling.

· Supported UL scheduling timing (i.e. K2 value)
· Corresponding maximal resource element (RE) number for PUSCH(s) within a slot for each supported UL scheduling timing (i.e. K2 value)
Proposal #6: For UL scheduling timing, at least for slot-based scheduling, the following is supported in NR.

· For 15 KHz SCS, K2 = 1~4 are supported

· A UE can be configured to apply K2 = 1 or 2 with the following conditions

· Frequency-first RE mapping in PUSCH

· Scheduled RE number no larger than the corresponding max RE number for PUSCH(s) within a slot for the configured K2 value in UE capability signaling

· TA value (including TA offset for TDD) no larger than 2*5e3/3e8 sec (round-trip time for 5km)

· Otherwise, a UE should be configured to apply K2 = 3 or 4

· A UE is not expected to transmit PUSCH in UL if K2 value is configured to be less than 3

· For 30 KHz SCS, K2 = 1~4 are supported

· A UE can be configured to apply K2 = 1 or 2 with the following conditions

· Frequency-first RE mapping in PUSCH

· Scheduled RE number no larger than the corresponding max RE number for PUSCH(s) within a slot for the configured K2 value in UE capability signaling

· TA value (including TA offset for TDD) no larger than 2*5e3/3e8 sec (round-trip time for 5km)

· Otherwise, a UE should be configured to apply K2 = 3 or 4

· A UE is not expected to transmit PUSCH in UL if K2 value is configured to be less than 3

· For 60 KHz SCS, K2 = 3~6 are supported

· A UE can be configured to apply K2 = 3 or 4 with the following conditions

· Frequency-first RE mapping in PUSCH

· Scheduled RE number no larger than the corresponding max RE number for PUSCH(s) within a slot for the configured K2 value in UE capability signaling

· TA value (including TA offset for TDD) no larger than 2*5e3/3e8 sec (round-trip time for 5km)

· Otherwise, a UE should be configured to apply K2 = 5 or 6

· A UE is not expected to transmit PUSCH in UL if K2 value is configured to be less than 5
· FFS K2 values for 120 KHz SCS

