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Introduction
In the RAN1, DL/UL scheduling and HARQ procedure has been discussed with the following agreements: 
Agreements: [1]
· NR UE supports a set of minimum HARQ processing time
· FFS: set size
· NR supports different minimum HARQ processing time at least for across UEs
· The HARQ processing time at least includes:
· Delay between DL data reception timing to the corresponding HARQ-ACK transmission timing
· Delay between UL grant reception timing to the corresponding UL data transmission timing
· NR UE is required to indicate its capability of minimum HARQ processing time to gNB
· FFS how the capability is indicated by UE
· e.g. reported processing time granularity
· e.g. dependency of DMRS pattern configuration
· FFS definition of minimum HARQ processing time

Agreements: [2]
· When a UE transmits PUSCH/PUCCH or receives PDSCH based on DCI detected in group common search space, UE applies one of FFSs: default value or value provided by SIB and/or value signalled in DCI.
· This applies at least for following.
· PDCCH to PDSCH time difference
· PDCCH to PUSCH time difference
· PDSCH to PUCCH time difference
· FFS: timing relations during random access procedure.
· In case of DCI, FFS whether some entries is modified by UE specific RRC message.
· Note that this agreement does not preclude to include values provided by SIB also in UE specific RRC configuration

In this contribution, we evaluate the challenges associated with supporting a mixture of users with different HARQ processing time.
Motivation to Support Users with Different HARQ Processing Times
From a latency point of view, it is desirable to utilize as few HARQ interlaces as possible. On the other hand, a cell may need to support a mixture of users utilizing different number of HARQ processing times due to various reasons. 
· All UEs may not be capable of supporting the same k1 and k2 (k1: delay from DL grant to HARQ response, k2: delay from UL grant to UL transmission)
· Some UEs may be capable of supporting lower k1 (i.e., k1=0), but still need to operate with higher k1 due to high Doppler. This is mainly due to the fact that the required DMRS pattern and processing to handle high Doppler may increase the decoding time
· UE application may not be latency sensitive and therefore allow the UE to operate with larger k1 and k2
· Cell edge UEs in large cells may be link budget limited and therefore require regular burst PUCCH to send back the HARQ response in subsequent slots
Scheduler Impact
DL Scheduler
DL and UL schedulers would need to take into account the HARQ processing time of each user when making scheduling decisions. The k1 parameter can accompany each DL grant to dynamically indicate the UE when to send the HARQ response. One thing to keep in mind is that on the DL, the HARQ response for DL transmissions in different slots may coincide. 
In the example shown below (Figure 1), UE1 operates with k1=0 whereas UE2 has k1=1. At slot n, UE2 gets a DL grant and transmission. At slot n+1, UE1 gets a DL grant and transmission. Both UEs would send the HARQ response within the Uplink Short Control Burst of slot n+1. As long as the HARQ design can ensure multiplexing of the ACKs being sent for DL grants of different slots, this should not be a problem. Same argument holds when different UEs support different values of k1 that are greater than or equal to 1.
Observation 1: A mixture of UEs with different HARQ timelines can be supported as long as the HARQ design can accommodate multiplexing of HARQ responses for DL grants of different slots.


[bookmark: _Ref478027861]Figure 1. DL HARQ Timeline
If we assume that both UE1 and UE2 sent a NACK, the first retransmission opportunity for these two packets may also coincide (at slot n+3). In this case, it may not be possible to schedule both of these packets at slot n+3 due to conflicting resource needs. The DL scheduler may choose to implement adaptive HARQ and try to start retransmitting both packets at the same time using modified format. Alternatively, it may choose to delay one of the retransmissions in order to resolve the conflict. This should be no different than regular scheduling decisions in case there are multiple transmission candidates in a given slot. 
Observation 2: It is straightforward for DL scheduler implementation to handle retransmission of packets for UEs with different HARQ timelines.
UL Scheduler
On the UL side, the UL scheduler would need to schedule a UE and send the corresponding UL grant k2 slots ahead of time. If there is a mixture of users, the UL scheduler may still consider all users for scheduling decision k2 slots ahead of time. If there are available resources at the end of this first scheduling attempt, users that can support smaller value of k2 can be added to the scheduling decision later on. 
As seen in the example in Figure 2, at slot n, scheduler can consider both UE1 (k2=0) and UE2 (k2=1) for slot n+1 transmission. The grant for UE2 is sent in slot n. The grant for UE1 can either be sent in slot n with an indication that it is valid for slot n+1, or sent in slot n+1. If there are still some available UL resources and new packets arrive for UE1 (or a new UE3 that can support k2=0), then the UL scheduler can also schedule that UE with k2=0 and send the grant at slot n+1. This would allow utilization of resources that would otherwise be wasted. Since UE1 is able to take advantage of this opportunity, it can clear its queue faster and therefore vacate valuable resources in subsequent slots with potential congestion.


[bookmark: _Ref478029477]Figure 2. UL HARQ Timeline
Observation 3: As long as the DL PDCCH can accommodate indication of the HARQ timeline along with the UL grant, supporting a mixture of users with varying k2 should not introduce significant complexity to the scheduler implementation.
Further Discussion on User Capabilities
It is important to note that although the analysis above was provided for some specific values of k0,k1,k2, and k3, the key issue here is not about the specific values, but instead about what is needed to multiplex users which support different values (or sets of values) for k0,k1,k2. It should be clear that once the network is able to dynamically signal the response time for each request, the scheduler complexity already increases, and the users which can provide a lower minimum response time only improve the network’s utilization of resources.
Observation 4: For networks that are able to dynamically signal the response time for each request (i.e., dynamically indicate k0,k1,k2 on a slot-by-slot basis), the users which can provide a lower minimum response time only improve the network utilization of resources.

Conclusions
Since asynchronous HARQ is being adopted for both DL and UL NR, it is straightforward for DL and UL schedulers to handle users with mixed HARQ timelines. It is also important to design UL HARQ to allow multiplexing of HARQ responses from these mixed timeline UEs for transmission across different slots. DL control design allowing indication of the slot that a particular grant is applicable to also introduces more flexibility for the DL scheduler. 
Observation 1: A mixture of UEs with different HARQ timelines can be supported as long as the HARQ design can accommodate multiplexing of HARQ responses for DL grants of different slots.
Observation 2: It is straightforward for DL scheduler implementation to handle retransmission of packets for UEs with different HARQ timelines.
Observation 3: As long as the DL PDCCH can accommodate indication of the HARQ timeline along with the UL grant, supporting a mixture of users with varying k2 should not introduce significant complexity to the scheduler implementation.
Observation 4: For networks that are able to dynamically signal the response time for each request (i.e., dynamically indicate k0,k1,k2 on a slot-by-slot basis), the users which can provide a lower minimum response time only improve the network utilization of resources.
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