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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

From RAN1 #90, a further agreement on the processing time characterization assumptions was made below.

Agreements:
The candidate factors for (N1,N2) processing time characterization (Step 3) are given in following table
· Nominal assumptions are provided for this characterization in the table, for which the (N1,N2) values are evaluated
· Additional candidate factors indicated in [] can be optionally considered for (N1,N2).
· It is understood that if nominal assumptions change, the (N1,N2) characterization can be modified accordingly.
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.

Characterization of the (N1,N2) processing times of the UE can allow better understanding of when the specification should consider HARQ timing requirements as shown below in Figure 1, where the timelines could either be relaxed or tight depending on the overall slot structure and timing response.

[image: ]
Figure 1. Same slot and cross-slot ACK with different UE processing time requirements

In this contribution, we provide further candidate processing time values under the agreed assumptions. Considerations regarding UE capabilities are also provided for further study. We then discuss the impact to TDD HARQ timing and FDD HARQ timing, and illustrate the importance of carefully considered the timing advances to be supported in conjunction with the (N1,N2) values that may be available.
Note that this is a modified revision based on the two contributions from RAN1 #90, R1-1713448 “HARQ feedback timing in FDD” and R1-1713977 “UE processing Time”.
[bookmark: _Ref492916100]UE Processing Time
In this section we begin with a characterization of the processing times (N1,N2) based on the nominal assumptions given by the table in the introduction. 
Latency optimized and relaxed processing times
Note that were, we provide two sets. The first set of processing times in Table 1 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. The second set of processing times in Table 2 represents a relaxed set of values, where there has been no optimization to the processing in some cases. 
Table 1. 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.
Table 2. 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



Proposal 1: The processing times (N1,N2) given in Tables 1 and 2 should be considered when determining the HARQ timelines to be supported by NR specification.
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. 
Note that for cases where there may be differentiation of processing time based on the configuration or the UE capability, it is also important to allow the number of HARQ processes to reflect this optimization whenever available. More discussion on the benefits of this from a soft buffer standpoint are given in [3].
TDD Timeline Considerations
NR TDD outdoor deployments
Consider an example corresponding to a typical outdoor macro with 200m - 3 Km ISD and 30 kHz SCS. Assume this if for wideband NR spectrum for which there are no adjacent LTE neighbors, in which case a frame and slot structure can be deployed which is better optimized for this use case. 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.
NR TDD Indoor deployments
For indoor TDD deployments, e.g., 100m ISD with 30kHz SCS, the potential isolation of cells and reduction of intercell interference could allow the guard period in the frame structure to be reduced to the timing advance, or the same frame structure as shown in Figure 2 could be re-used. Note that there are two tradeoffs which can result from these approaches.
1. Low overhead transmissions
· 1 symbol GP
· 1 GP per 2 slots (28 symbols)
· 3% GP overhead
· Not sufficient processing time for self-contained operation, 1ms additional latency
· Higher latency transaction due to ACK timeline
2. Dynamic TDD
· 3 symbol GP
· 1 GP per 2 slots (28 symbols)
· 10% GP overhead
· 100ms ISD corrections to < 2 symbol timing advance, and 2.8 symbol UE processing time allows self-contained acknowledgement
· Lower latency transaction from dynamic TDD

[bookmark: _Ref378529477] FDD Timeline Considerations
The slot structure for FDD is compared with that of TDD in Figure 1, and it can be seen that FDD full slot for DL and UL can be considered equivalent to TDD DL only slot and TDD UL only slot respectively. It should be noted that the length of PDCCH/PDSCH/PUCCH and PUSCH can vary depending on the configuration. Given flexible design in NR for each control and data channel, it is worth pointing out that we can also achieve the DL portion of TDD DL centric slot and the UL portion of TDD UL centric slot in FDD, as illustrated in Figure 2. Therefore, it can be concluded that no new slot structure needs to be introduced for FDD.



Figure 1: TDD and FDD slot structure comparison


Figure 2: FDD partial slot comparison with TDD DL and UL centric slot

For both DL and UL PHY channels, TDD and FDD can share the same design. No new channel design is expected for FDD compared to TDD. Even synchronization signals share the exactly the same design between TDD and FDD unlike LTE. Therefore, the detection of PSS/SSS will not provide information on TDD/FDD. RMSI can provide this information.
Observation 1: For both DL and UL PHY channels, TDD and FDD can share the same design. RMSI can provide TDD/FDD information.
Considering very flexible design in HARQ design, we can assume that the same framework can be utilized for both TDD and FDD. Current HARQ framework allows configurable timing for:
· DL grant to DL data
· DL data to ACK on UL
· UL grant to UL data
· UL data to ACK on DL
Next, we will take a look at HARQ timeline for FDD which can leverage same processing times reported in Section 2.
TDD-like timeline
In order to fully reuse the implementation in TDD, exactly the same HARQ timeline can be achieved with FDD partial slots shown in Figure 2. Both DL and UL HARQ timeline is shown with short PUCCH in Figure 3 and with long PUCCH in Figure 4. It can be assumed that the timing in Figure 3 and Figure 4 is at gNB (i.e., after TA and propagation delay). The blank part in both DL and UL spectrum can be utilized by mini-slots (for same or different UEs) to maximize spectral efficiency of the spectrum. It should be noted that lax timeline via cross slot scheduling/acknowledgement with more HARQ processes can be also supported.



Figure 3: TDD-like HARQ timeline with short PUCCH in FDD (2 DL and 2 UL HARQ processes)


Figure 4: TDD-like HARQ timeline with long PUCCH in FDD (3 DL and 2 UL HARQ processes)

Timeline full slots
HARQ timeline with FDD full slots are shown with short PUCCH in Figure 5 and with long PUCCH in Figure 6. Compared to TDD-like HARQ timeline in subsection 3.1.1, One additional HARQ is needed for both DL and UL with one slot delay. Lax timeline via cross slot scheduling/acknowledgement with more HARQ processes can be also supported.



Figure 5: FDD full slot HARQ timeline with short PUCCH in FDD (3 DL and 3 UL HARQ processes)


Figure 6: FDD full slot HARQ timeline with long PUCCH in FDD (4 DL and 3 UL HARQ processes)

Observation 2: TDD-like HARQ timeline can be achieved in FDD with UL and DL slot boundaries aligned at the gNB.
Half Duplex FDD
This section looks into half duplex FDD (HD-FDD) operation for NR. Similar to LTE, we assume the same rule of operation for HD-FDD UE in NR, i.e., UE listens to DL unless transmitting on UL.
Motivation for HD-FDD
There are a few areas where HD-FDD has advantages compared to FD-FDD: 
1. Potentially lower cost for multi-bands device
2. Potentially better coverage for “tough bands”
3. Potentially lower power consumption for “tough bands”

Many FDD bands are “tough” for full-duplex RF implementation due to small duplexing gaps, which require duplexers with large insertion losses. For example, bands 2, 3, 5, 7, 8, 12, 13, 14, 17, 20, 22, 25, 26, 27, 28, 30, 31, 68 all have significantly higher Tx power consumption and REFSENS loss. 
HD-FDD devices do not have duplexer, hence also avoid the duplexer cost and insertion loss. Duplexer cost could add up with 10-20 duplexers in phones with roaming capabilities. 
LTE HD-FDD is specified, however is not used in smartphones. This is mainly due to large switching overhead and 1ms frame structure, which leads to < 1/3 of FD-FDD peak rate. In NR, optimized HD-FDD frame structure could potentially achieve 80% of peak rate, which makes HD-FDD much more appealing. 
Frame Structure and processing time for HD-FDD
Figure 9 and Figure 10 shows DL and UL HARQ timeline for HD-FDD with aligned UL. For DL HARQ, 2 DL HARQ processes can be used. With short PUCCH, TDD-like timeline can be achieved. With long PUCCH, toggling of DL slot and UL slot can be naturally adopted. Blank portion can be utilized by full-duplex UEs. For UL HARQ, 2 UL HARQ processes with TDD-like timeline can be fulfilled. Blank portion can also be utilized by full-duplex UEs.
On the other hand, in the case of UL with an offset relative to DL slot, it would be trickier to operate HD-FDD compared to the timeline shown in Figure 9 and 10. Due to the nature of mis-alignment, it may be necessary to puncture data when ACK is transmitted. This may require additional signalling to indicate the puncturing. Also the operation is not quite clean compared to the aligned UL case.



Figure 9: HD-FDD DL HARQ timeline with aligned UL


Figure 10: HD-FDD UL HARQ timeline with aligned UL

Observation 3: HD-FDD can be easily adopted for FDD when UL and DL slot boundaries are aligned at the gNB.
Observation 4: HD-FDD can achieve 78.5% duty cycle with 1 symbol RF switching, 1 symbol control and 1 symbol RF switching in a 14-symbol slot structure when UL and DL slot boundaries are aligned at the gNB.
Proposal 2: RMSI should provide TDD/FDD information to allow UL and DL slot boundaries to be aligned at the gNB.
Note that in all of these cases, the HARQ timelines assumed that timing advance was budgeted mainly for the RTT. In this case, the (N1,N2) processing times of the UE allowed for lower latency application and efficient use of guard periods. 
Proposal 3: For the HARQ timelines considered in NR specification, the maximum timing advance used in combination with the processing times (N1,N2) given in Tables 1 and 2 should be based on the maximum RTT of the cell.
Other consideration
For FDD, an offset between UL slot and DL slot can also be introduced via TA given there are parallel DL and UL spectrum, and with an appropriate offset, it can provide more evenly distributed processing time between UE and gNB. However, it will introduce deviation from TDD design and there would be issues with half-duplex FDD as discussed in the previous section. It also should be noted that if UE and gNB is already budgeted for TDD timeline, no additional margin for processing time may be necessary with the same implementation.
Conclusions
Proposal 1: The processing times (N1,N2) given in Tables 1 and 2 should be considered when determining the HARQ timelines to be supported by NR specification.
Observation 1: For both DL and UL PHY channels, TDD and FDD can share the same design. RMSI can provide TDD/FDD information.
Observation 2: TDD-like HARQ timeline can be achieved in FDD with UL and DL slot boundaries aligned at the gNB.
Observation 3: HD-FDD can be easily adopted for FDD when UL and DL slot boundaries are aligned at the gNB.
Observation 4: HD-FDD can achieve 78.5% duty cycle with 1 symbol RF switching, 1 symbol control and 1 symbol RF switching in a 14-symbol slot structure when UL and DL slot boundaries are aligned at the gNB.
Proposal 2: RMSI should provide TDD/FDD information to allow UL and DL slot boundaries to be aligned at the gNB.
Proposal 3: For the HARQ timelines considered in NR specification, the maximum timing advance used in combination with the processing times (N1,N2) given in Tables 1 and 2 should be based on the maximum RTT of the cell.
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