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Introduction
From RAN1 NR AdHoc #2 meeting [1], the following agreement was made in terms of characterization of the UE processing time. 
Agreements:
· 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, at the conclusion of the meeting there was email discussion  agreed to help converge upon the processing time requirements from UE perspective for NR, in response to the discussion in Error! Reference source not found..
In this contribution, we provide further discussion and example values of processing times along these lines. Considerations regarding UE capabilities are also provided for further study.
UE Processing Time
UE processing time depends on several aspects
· PDCCH processing: This is can be affected by the DMRS based channel estimation, the number of blind decodes, and the RE-mapping for the RS and information. 
· PDSCH processing: This can be affected by the DMRS based channel estimation, the position of the DMRS, and the PDSCH RE mapping.
· PUSCH construction: This can be affected by the position of the DMRS, the PUSCH RE mapping.

The UE transmission timing is advanced with respect to receive time so that the gNB reception is aligned across other UEs. A typical setting for this may be 1 round-trip-time (RTT) + 1 switching time.
As reflected in the above agreement, the fundamental processing time of the UE is best described in terms of symbols, to provide a more uniform and clear requirement for the scheduler to benefit. Slot-based timing requirements can be ambiguous given the differences the variations in guard time, transmission duration, and timing advance. For instance, consider the example below where a same-slot acknowledgement (K1=0) can be more relaxed than a cross-slot acknowledgement (K1=1).

[image: ]
Figure 1. Example of ambiguity were delayed ACK has tight UE processing requirement

Additionally, UE processing time depends on the OFDM symbol duration (and SCS), number of subcarriers to process in each OFDM symbol (i.e., bandwidth and SCS), in addition to the properties related to PDCCH, PDSCH, and PUSCH listed above. This leads to the following observation.
Observation 1: A single UE processing time assumption is inadequate given all the above dependencies. (Targeting the worst-case scenario is highly undesirable as it would unnecessarily handicap the potential of NR.)
Therefore, the following framework for specification should be considered for NR.
Proposal 1: NR processing times (N1,N2) should be a function of subcarrier spacing, DMRS pattern, and RE mapping.
The proposal further implies that certain other aspects not listed above should not affect the specification timing requirements if the values for those parameters change. For instance, in LTE the response timing for ACK is expected to be same for any TB size, even though the budgeted hardware might be able to respond faster depending on the configuration.
That said, when characterizing the processing times (N1,N2) it is important to provide nominal assumptions on other aspects for context. As an example, two sets of UE processing times are provided in Tables 2 and 3, based on nominal assumptions given in Table 1 below.
[bookmark: _Ref489979896][bookmark: _Ref489979879]Table 1. Nominal assumptions for UE processing time (N1,N2)
	
	N1
	N2

	Nominal assumptions
	Single carrier / Single BWP / Single TRP
· Max TBS (or spectral efficiency) for 4-layer MIMO and 256-QAM
PDSCH
· 14-symbol slot-based scheduling
· Frequency-first RE-mapping, no time-interleaving of CBs across TB
PDCCH
· Same numerology / BWP as PDSCH
· PDSCH does not precede PDCCH
· Single grant monitored for PDSCH
· 20 blind decodes, single symbol, single CORESET
PUSCH/PUCCH 
· Short formats for HARQ-ACK
	Single carrier / Single BWP / Single TRP
· Max TBS (or spectral efficiency) for 2-layer and 64-QAM
PUSCH
· 14-symbol slot-based scheduling
· No time-interleaving of CBs across TB
PDCCH
· Same numerology / BWP as PUSCH
· Single grant monitored for PUSCH
· 20 blind decodes, single symbol, single CORESET
PUSCH
· DFTsOFDM and OFDM
· Front loaded DMRS for low latency



[bookmark: _GoBack]The first set of processing times reflects optimizations made when pipelined processing is most efficiently enabled. In both cases, the frequency-first RE-mappings allow the DL demodulation and decoding to be pipelined, while the transmit waveform preparation can also be pipelined symbol-by-symbol. For the DL case of distributed DMRS, the assumption is that the UE would take advantage of this pilot pattern to interpolate across the slot, in which case the demodulation and decoding can still be pipelined but must start later in the slot after the pilots have been observed. Front-loaded DMRS on 3rd and 4th symbols was assumed, and distributed DMRS with last DMRS on the 11th symbol was assumed. For N2, the DMRS was not multiplexed with data in this scoping.

Table 2. UE Processing Time (Case 1)
	Processing time (N symbols)
	Subcarrier Spacing

	
	15 kHz
	30 kHz
	60 kHz
	120 kHz

	N1
	Front loaded DMRS
	2.5 
(178.6 µs)
	2.5
(89.3 µs)
	4.5
	6.5

	
	Distributed DMRS
	11.5
	11.5
	11.5
	11.5

	N2
	Freq first RE mapping
	2.5
	2.5
	4.5
	6.5

	
	Time first RE mapping (if specified)
	25.5
	25.5
	25.5
	25.5


Note that “N” may not necessarily be a whole integer.
The second set of processing times in Table 3 represents a relaxed set of values, where there has been no optimization to the processing in some cases. 
Table 3. UE Processing Time (Case 2)
	Processing time (N symbols)
	Subcarrier Spacing

	
	15 kHz
	30 kHz
	60 kHz
	120 kHz

	N1
	Front loaded DMRS
	11.5
	11.5
	11.5
	11.5

	
	Distributed DMRS
	11.5
	11.5
	11.5
	11.5

	N2
	Freq first RE mapping
	11.5
	11.5
	11.5
	11.5

	
	Time first RE mapping (if specified)
	25.5
	25.5
	25.5
	25.5



Discussion on UE Capabilities
Although it is important that processing times (N1,N2) reasonable hardware complexity, there is still discussion as to how such values would be captured in specification. Ideally, having the specification based on a fixed value for N1 and N2 (i.e., using only one of the tables provided above) among all UEs, per candidate factor, would be advantageous for NR since then low latency would be ubiquitous feature of NR. 
On the other hand, if UE capabilities are defined in specification with different (N1,N2), one can envision a situation where a UE may choose to support processing times from either one of Tables II or III. Therefore, a UE implementation may choose to prioritize low latency for a particular deployment.
As example, one UE could for instance have the following set of configurations supported
· 15kHz, Case 2 Processing Times
· 30kHz, Case 1 Processing Times
· 60kHz, Case 2 Processing Times
· 120kHz, Case 2 Processing Times
 
Clearly, the complications with multiple UE capabilities needs more discussion, and this can be revisited once more details on the range of (N1,N2) values are provided. 

Implications on NR design
Example of NR TDD outdoor deployments
Consider an example corresponding to a typical outdoor macro with 200m - 3 Km ISD and 30 kHz SCS. Under this case, we can consider the following assumptions for illustration
· X symbol GP to avoid gNB-gNB interference
· 3 km ISD corresponds to 0.5 symbol timing advance for propagation and RF tuning
· Y symbol UE processing time allows self-contained subframe  Low latency

Therefore, under conditions given in table, if we have Y < X + 0.5 then the network can schedule self-contained subframes in those conditions. If lower overhead is desired, longer durations between guard periods can be introduced while still maintaining this low latency operation. The figure below shows this operation.


Figure 2. Example of UE processing time and guard time relationship in TDD

This notion where the scheduler can trade off latency and efficiency by accounting for the UE processing time can easily be generalized to other cases for TDD (e.g., indoor, smaller cell) and FDD, and offer maximum flexibility in those cases as well.
[bookmark: _Ref378529477] Conclusions
Observation 1: A single UE processing time assumption is inadequate given all the above dependencies. (Targeting the worst-case scenario is highly undesirable as it would unnecessarily handicap the potential of NR.)
Proposal 1: NR processing times (N1,N2) should be a function of subcarrier spacing, DMRS pattern, and RE mapping..
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