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Introduction
In RAN1#89, the following agreements on HARQ processes and timing handling were reached [2].
Agreements:
· A set of reference parameters is used for the purpose of soft buffer dimensioning
· A reference set of parameters includes at least DL HARQ RTT [Y ms] and data rate(s) of X Gbps 
· FFS: values of X and Y
· FFS: other conditions
· This does not imply UE has to have a HARQ-ACK timing based on the reference HARQ RTT
· FFS: how different UE categories are defined
· LBRM is taken into account
· Maximum number of HARQ processes per carrier supported in NR is 8 or 16 
· This is at least for the single numerology case and a slot-level scheduling and single-TRxP transmission
· FFS: down-selection of 8 or 16
· FFS: soft-buffer handling
· FFS: the value may be different depending on a certain condition (e.g., subcarrier spacing) 

Agreements:
· All Rel. 15 UE supports minimum value of K0 equal to 0, i.e., DL assignment and the scheduled DL data are in the same slot. 

Furthermore, the following agreements on PDCCH/PDSCH from multiple TRPs were reached in RAN1 #89 [2]:
Agreements:
· Adopt the following for NR reception:
· Single NR-PDCCH schedules single NR-PDSCH where separate layers are transmitted from separate TRPs
· Multiple NR-PDCCHs each scheduling a respective NR-PDSCH where each NR-PDSCH is transmitted from a separate TRP 
· Note: the case of single NR-PDCCH schedules single NR-PDSCH where each layer is transmitted from all TRPs jointly can be done in a spec-transparent manner
· Note: CSI feedback details for the above case can be discussed separately

In this document, the minimum values for these quantities from a UE capability perspective are discussed. Note that the network for different reason may use different timing relations, e.g. hybrid-ARQ feedback later than what the UE is capable of.
Discussion
LDPC decoder throughput requirement for initial transmissions
For UE category supporting  spatial layers on a bandwidth of , the LDPC decoder hardware can be designed to support the peak rate corresponding to the highest MCS level (e.g., 256QAM @ 8/9 code rate). The hardware should be at least capable of sustaining this data rate when it is scheduled continuously at this MCS level and assuming no retransmission. However, this is in fact not enough for such UEs to operate correctly in the NR network.
As analyzed in [1], LDPC decoders requires 40% more time to decode the same number of coded bits at 2/3 code rate than at 8/9 code rate. Considering across all MCS range, it is shown in [1] (copied in Figure 1 below) that more than 10 MCSs out of 26 MCSs requires longer LDPC decoding time than for the peak MCS. If the LDPC decoder hardware is not budgeted to finish decoding these MCSs within a scheduling time unit (e.g., a slot), the UE will always report NACK when these MCSs are scheduled by the gNB. The users will observe the peak data rate only at extreme rate occasion and find the link to achieve no more than half of the advertised peak rate. The NACK feedback will cause the network to unnecessarily retransmit the entire TB(s) further degrading the network performance.

Observation 1 More than 1/3 of the MCS levels require longer LDPC decoding times than for the peak MCS level.
[bookmark: _Ref481574169][image: ]
[bookmark: _Ref481604273]Figure 1 Normalized decoding latency vs. MCS index. For the 11 MCS levels above the red dashed line, the LDPC decoder requires longer decoding time than for the peak MCS.
It is therefore necessary to set requirement such that a UE category supporting  spatial layers on a bandwidth of  shall sustain continuous reception of any MCS scheduled on these spatial layers and bandwidth assuming no retransmissions. This requirement can be enforced by designing a RAN4 throughput test for the MCS corresponding to the lowest code rate of the highest modulation order (e.g., MCS 20 in Figure 1). For this test, a 99% normalized throughput point should be checked.

Proposal 1 a UE category supporting  spatial layers on a bandwidth of W shall sustain continuous reception of any MCS scheduled on these spatial layers and bandwidth assuming no retransmissions.

Scheduling and HARQ-ACK timing
The different timing relations (in slots) are listed below, including our preference in minimum values.
· K0: Delay between DL grant and corresponding DL data (PDSCH) reception
· LTE supports K0=0 and this should obviously be supported by all NR UEs as well, i.e. all UEs are capable of receiving DL control in the same slot as the associated DL data. This has been agreed in RAN1 #89.
· K1: Delay between DL data (PDSCH) reception and corresponding acknowledgement transmission on UL
· It is important to have the possibility for ‘same slot’ ACK, i.e. K1=0. If it is agreed that some low-end UEs cannot support K1=0 the specifications must support an alternative value. Before going down in that direction it would be good to consider the aspects discussed in [3]. 
· K2: Delay between UL grant reception in DL and UL data (PUSCH) transmission
· For the same reasons, the specifications should support K2=0 while some low-end UEs may support K2=1 only. Before considering K2=1 it would be good to consider the aspects discussed in [3].
· K3: Delay between ACK/NAK reception in UL and corresponding retransmission of data (PDSCH) on DL
· This is up to the implementation; no need to specify anything.
The timing relations above are given under the assumption that the same numerology is used for control and data. If different numerologies are used, the length of a slot depends on the numerology used. 
Note that the processing times above are what a UE should be capable of. The network may for different reason use different timing relations, e.g. hybrid-ARQ feedback later than what the UE is capable in order to coexist with TD-LTE.
Finally, if multiple values of K1 and K2 are supported, the longer value should be the default during e.g. initial access before the UE has declared its capabilities.

Proposal 2 Adopt the following timing relations for NR:
· K1=0
· K2=0
· No need to specify K3.

The number of HARQ processes
Retransmissions are scheduled in a similar way as the original transmission. Hence, upon reception of a negative acknowledgement (for downlink data transmissions) or detection of incorrectly received uplink data (for uplink data transmission), the gNodeB needs to schedule a retransmission.
The number of hybrid ARQ processes depends on the overall roundtrip time. For downlink data transmission this includes the UE processing time to generate the acknowledgement, network-side processing time for scheduling the retransmission, and front-haul delays in case remote radio units are used to separate the baseband processing from the actual transmission site. 
The speed of light in an optical fiber is approximatively 2·108 m/s. Hence, for a 15 km distance, which is not an unlikely distance, the two-way delay is 150 μs. The scheduling delays can be in a similar range, depending on implementation, network load, scheduling complexity in terms of quality-of-service handling, exploitation of channel conditions, multi-user MIMO aspects, etc. As a comparison, the slot length is 125 μs assuming 14 symbol slots and 120 kHz subcarrier spacing.
Coexistence with TD-LTE is another example where multiple hybrid-ARQ processes are needed as there, for coexistence reasons, can be multiple slots (corresponding to LTE subframes) where it is not possible to transmit an uplink acknowledgement. For a typical case of TDD uplink-downlink allocation #2, there are four downlink slots followed by one uplink slot. In principle, four processes would be sufficient to handle this if the UE is capable of ‘same slot’ ACK, otherwise a couple of more processes are needed. Furthermore, LTE supports several uplink-downlink allocations, many of which are not used in practice, and it can be considered if coexistence with all these possibilities need to be able to support the peak data rate.
From the simplified discussion above, it is seen that the time from transmission to retransmission can be in the order of several slots, motivating multiple hybrid-ARQ processes. At the same time, it is beneficial to keep the number of hybrid-ARQ processes small as NR is supposed to provide low latency. Furthermore, supporting different number of hybrid-ARQ processes for different numerologies would complicate the overall structure and a single number is preferable. It is therefore recommended to support 8 hybrid-ARQ processes in NR, i.e. use 3 bits for the hybrid-ARQ process number in the DCI.
Slots and mini-slot
For the scheduling purpose either a slot or mini-slot can be scheduled on a specific carrier. To allow full flexibility in scheduling within a single carrier it would make sense to have the same HARQ processes being applicable for both mini-slots and slots. This allows the gNodeb to dynamically move between slot and mini-slot transmission and is in line with the general intention in RAN1 to harmonize slots and mini-slots into the same framework. 
To be able to support different services it is assumed in the discussion currently that the UE can be assigned with multiple PDSCH within the same subframe. To get sufficient flexibility we see that it is sufficient to be able to handle to PDSCH for unicast simultaneously on one carrier for the UE. To provide sufficient flexibility in the design no restriction should be made on the allocated frequency resource and time resource for the two PDSCH(s). Note however that a UE can be assigned with many consecutive PDSCH(s) in time within a slot if they do not overlap in time.

Proposal 3: 
· In total the UE can receive two PDSCH(s) that overlap in time on the same carrier for unicast
· Note they may also overlap in frequency
Carrier aggregation
An additional aspect to consider is whether a single HARQ processes can be moved across component carriers or not. It can be noted that this aspect has been discussed for LTE and not introduced there. There are multiple aspects to consider for this topic. Firstly, how to address the HARQ processes on L1 and the MAC handling for this. The specific gains for the feature in itself is at the same time not directly clear, although increased frequency diversity gains could potentially be achieved. It is noted further that if the feature is not supported on L1 and MAC it will be supported on RLC level. 
Conclusion
We analyzed the processing time and made the following observation:
Observation 1 More than 1/3 of the MCS levels require longer LDPC decoding times than for the peak MCS level.
We hence propose
Proposal 1 a UE category supporting ν spatial layers on a bandwidth of W shall sustain continuous reception of any MCS scheduled on these spatial layers and bandwidth assuming no retransmissions.
Proposal 2 Adopt the following timing relations for NR:
· K1=0
· K2=0
· No need to specify K3.
Proposal 3:
· In total the UE can receive two PDSCH(s) that overlap in time on the same carrier for unicast
· Note they may also overlap in frequency
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