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1. Introduction
At the RAN1#86 meeting, HARQ and scheduling operation for NR were discussed and following agreements were made [1]:
	Agreements:
· The following is supported for NR 
· From UE perspective, HARQ ACK/NACK feedback for multiple DL transmissions in time can be transmitted in one UL data/control region is supported
· Some or all of the following timing relationships can be indicated to a UE dynamically by the L1 DL signaling (FFS: explicit or implicit)
· Timing relationship between DL data reception and corresponding acknowledgement
· Timing relationship between UL assignment and corresponding UL data transmission
· Note: Default value, if any, for each timing relationship is FFS (agreement from RAN1 #85)
· Note: Potential values for each timing relationship has to be studied further considering e.g., UE processing capability, gap overhead, UL coverage, and etc. (agreement from RAN1 #85)
· Note: Other means of indicating the timing relationship are not precluded
· Some or all of the following timing relationships can be indicated to a UE semi-statically (FFS: explicit or implicit)
· Timing relationship between DL data reception and corresponding acknowledgement
· Timing relationship between UL assignment and corresponding UL data transmission
· Note: Default value, if any, for each timing relationship is FFS (agreement from RAN1 #85)
· Note: Potential values for each timing relationship has to be studied further considering e.g., UE processing capability, gap overhead, UL coverage, and etc. (agreement from RAN1 #85)
· Note: Other means of indicating the timing relationship are not precluded



In this contribution, we discuss possible scheduling and HARQ operations for NR. The discussion has a relation with NR time-domain frame structure, which is discussed in our companion paper [2].

2. Scheduling and HARQ operations for NR
In [2], our views of scheduling units for eMBB and URLLC and their relations with subframe/slot/mini-slot are described. In this contribution, we focus on scheduling mechanisms for these scheduling units.
For a scheduling unit having 7 symbols or more, three types of scheduling units should be defined; DL-only, UL-only, and bi-directional {DL-part + UL-part}. This can be realized by aggregating one or more of a slot containing all downlink, all uplink, or {one downlink part and one uplink part}. Assuming one slot contains 7 symbols, there is no need to support more than one switching points within a slot. 
For a scheduling unit having 2 symbols, two types of scheduling unit should be defined; DL-only and UL-only. 
Proposal 1:
· A scheduling unit having 7 symbols or more is realized by aggregating one or more of a slot.
· Each slot having 7 symbols contains all DL, all UL, or {one DL part and one UL part}.
· A scheduling unit having 2 symbols is realized by mini-slot.
· Each mini-slot having 2 symbols contains all DL or all UL.

2.1. Scheduling timing for a scheduling unit having 7 symbols or more
First, we discuss a scheduling unit having 7 symbols or more. On each scheduling unit, in principle, one DL or UL data transport block is scheduled. As a baseline, DL data is scheduled by a DL control signal within the same scheduling unit as the DL data. DL control signal scheduling DL data over multiple scheduling units can be considered as an extensional mechanism to improve the spectral efficiency further. For UL data scheduling, DL control signal in the same or different scheduling unit should be usable. For UL data scheduled on a UL-only scheduling unit, DL control signal in the other scheduling unit have to be used. For UL data scheduled on a bi-directional scheduling unit, DL control signal in the same or different scheduling unit shall be usable for scheduling. Similarly to the DL case, DL control signal scheduling UL data over multiple scheduling units can be considered as an extensional mechanism to improve the spectral efficiency further, but the need of scheduling unit aggregation is clearer for UL scheduling since per scheduling unit UL scheduling requires higher overhead compared to DL scheduling because of the DL-UL switching.
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(a) UL scheduling for a UL-only scheduling unit.
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(b) UL scheduling for a bi-directional scheduling unit.
Fig. 1	UL scheduling.

As above, at least UL scheduling timing should be flexible for NR, motivated by the following reasons:
· Possible minimum UL scheduling timing could be different among UEs.
· Minimizing UL scheduling timing is beneficial to improve the latency and flexibility in resource utilization (e.g., with shorter delay of UL scheduling, DL or UL of dynamic TDD can be determined more dynamically).
· However, mandating extremely shorter processing time (e.g., within the same scheduling unit) for all UEs results in higher cost and/or delay of market appearance.
· Unlike initial deployment of LTE, it is likely that different capabilities for processing time would be allowed for NR.
· Fixed timing for UL scheduling which is different among UEs is not desirable for gNB scheduler.
· For example, in case of unpaired spectrum, assuming gNB scheduler decide to utilize a particular scheduling unit for UL data transmission, with fixed UL scheduling timings, the gNB scheduler need to send UL grant for different UEs at different timings unless all the UEs have the same fixed timing. 
· In case of flexible UL scheduling timing, the gNB scheduler can schedule UL data transmissions for multiple UEs at the same time, even if the UEs have different capabilities of minimum UL scheduling timing.

At least one common value (for a given SCS and for a given scheduling unit length) among UEs regardless of their capabilities should be defined. Considering the smooth migration from LTE, the reasonable common timing could be 4ms for SCS = 15kHz with 1ms duration for one scheduling unit. With this value, same processing time with LTE is allowed at UE side for UL data handling. It is FFS how to define the common timing value for SCS not queal to 15kHz and/or for scheduling unit length not equal to 1ms. 

Proposal 2:
· For DL data scheduling:
· As a baseline, a DL control signal and the scheduled DL data is within the same scheduling unit.
· For UL data scheduling:
· UL data in a UL-only scheduling unit is scheduled by a UL grant in a previous scheduling unit.
· UL data in a bi-directional scheduling unit is scheduled by a UL grant in the same or previous scheduling unit.
· Minimum timing between a UL grant and the scheduled UL data is different among UEs.
· Specification should allow the minimum value is within the same scheduling unit.
· There is at least one common value for the timing between a UL grant and the scheduled UL data.
· This is for the same SCS and the number of symbols per scheduling unit.
· For SCS = 15kHz and 14 symbols per scheduling unit, consider 4ms as the common value.

2.2. HARQ timing for a scheduling unit having 7 symbols or more
For both DL and UL, asynchronous HARQ should be the baseline. It can be assumed that one HARQ process is associated with each scheduled DL or UL data. For UL, retransmission or new data transmission is scheduled by UL grant and hence, no explicit HARQ-ACK bit feedback is necessary. The HARQ process number for the scheduled data should be indicated by the DCI [3].
For HARQ-ACK for a received DL data, UL control channel in the same or different scheduling unit should be usable. For DL data scheduled on a DL-only scheduling unit, UL control channel in the other scheduling unit is used. For DL data scheduled on a bi-directional scheduling unit, UL control channel in the same or in the other scheduling unit is used. 
Same as for UL scheduling, DL HARQ-ACK timing should be flexible. The possible minimum timing between DL data and the associated HARQ-ACK should be within the same scheduling unit but not all UEs enable this. Therefore, same as for UL scheduling, at least one common value (for a given SCS and for a given scheduling unit length) among UEs regardless of their capabilities should be defined, which could be 4ms for SCS = 15kHz with 1ms duration for one scheduling unit.
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(a) HARQ-ACK feedback at a UL-only scheduling unit.
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(a) HARQ-ACK feedback at a bi-directional scheduling unit.
Fig. 2	HARQ-ACK feedback for DL data.

At the RAN1#86 meeting, it was agreed to support HARQ-ACK feedback for multiple DL transmissions in time in one UL data/control region from UE perspective. Indeed, the above flexible HARQ-ACK feedback timing is effective/useful only if the HARQ-ACK for multiple DL data in one UL transmission is enabled altogether. For LTE, downlink assignment index (DAI) was introduced for multiple HARQ-ACK feedback in time-domain, and was extended for multiple HARQ-ACK feedback in time- and frequency-domain in Rel.13 eCA. The DAI is effective to realize reliable HARQ-ACK bundling/multiplexing on one UL channel, with reasonable control signaling overhead increase and/or scheduler complexity increase. Similar mechanisms should be considered for NR case.

Proposal 3:
· For DL HARQ-ACK:
· HARQ-ACK for DL data in a DL-only scheduling unit is transmitted at a later scheduling unit.
· HARQ-ACK for DL data in a bi-directional scheduling unit is transmitted at the same or later scheduling unit.
· Minimum timing between a DL data and its HARQ-ACK feedback is different among UEs.
· Specification should allow the minimum value is within the same scheduling unit.
· There is at least one common value for the timing between a DL data and its HARQ-ACK feedback among UEs.
· This is for the same SCS and the number of symbols per scheduling unit.
· For SCS = 15kHz and 14 symbols per scheduling unit, consider 4ms as the common value.
· Sufficiently reliable HARQ-ACK multiplexing/bundling is supported with reasonable increases in control signaling overhead and scheduler complexity.
· For UL HARQ-ACK:
· Re-transmission or new data transmission is indicated by a UL grant

2.3. gNB processing for HARQ process of a scheduling unit having 7 symbols or more
Similar to UE side, gNB may have different latency capabilities for (1) scheduling UL new data or re-transmission for a HARQ process after receiving UL data of the HARQ process, and (2) scheduling DL new data or re-transmission for a HARQ process after receiving HARQ-ACK feedback of the HARQ process. Assuming both DL and UL are asynchronous HARQ, gNB has a flexibility for these timings. However, the necessary timing for (1) and (2) may impact on the necessary number of HARQ processes. The number of HARQ processes would have some impact of DCI design (e.g., a certain number of bits may be allocated in HARQ process number indicator). Therefore, RAN1 should study and identify feasible values for (1) and (2).

Proposal 4:
· Identify reasonable range of gNB processing time for DL/UL HARQ handling.

2.4. Scheduling timing for a scheduling unit having 2 symbols
Next, we discuss a scheduling unit having 2 symbols [2]. This scheduling unit is for eMBB latency reduction and for URLLC. For URLLC, U-plane latency requirement is 0.5ms. HARQ/scheduling mechanisms for a scheduling unit having 2 symbols should be designed to meet this requirement.
It is reasonable to consider that URLLC is serviced at either FDD carrier, or dedicated TDD carrier. On the FDD carrier, eMBB and URLLC can be multiplexed without serious problem. On TDD carrier, there is a tradeoff between latency reduction by allowing frequent UL-DL switching and spectral efficiency improvement by restricting UL-DL switching periodicity. Therefore, multiplexing eMBB and URLLC on one TDD carrier may not be a good approach. Detailed analysis is found in [3]. 
Below, U-plane latency for URLLC is briefly analyzed. A scheduling unit having 2 symbols with SCS = 15kHz (~143.23us) is assumed. Roughly 10 times faster processing at both gNB and UE are assumed. DL U-plane latency is calculated in Table 1. It can be seen that total one-way delay can be within 0.5ms. Table 2 summarizes total delay of UL. For UL, three cases are assumed; case 1 is normal UL procedure which includes scheduling request procecedure; case 2 is UL pre-scheduling procedure in which UL grant is transmitted regardless of actual data buffered at UE; case 3 is SPS/grant-free procedure in which UE can transmit UL data whenever it wants in 2-symbol granularity. As can be seen in the table, if UL pre-scheduling or SPS/grant-free is utilized, the U-plane latency can be roughly 0.5ms or shorter.

Table 1.	DL latency for a scheduling unit having 2 symbols with SCS = 15kHz.
	Step
	Procedure
	Duration

	1
	BS processing delay
	100us (roughly 10x by LTE)

	2
	Frame Alignment
	71.62us

	3
	TTI duration
	143.23us

	4
	UE processing delay
	150us (roughly 10x by LTE)

	Total one way delay
	464.9us (< 500us)



Table 2.	UL latency for a scheduling unit having 2 symbols with SCS = 15kHz.
	Step
	Procedure
	Duration

	1
	Average delay to next SR
	71.62us (SR periodicity = 143.23us)

	2
	UE sends SR
	71.62us (SR duration = 71.62us)

	3
	BS processing delay
	143.23us (roughly 10x by LTE)

	4
	UL grant transmission
	71.62us (UL grant on 1 symbol)

	5
	UE processing delay
	143.23us (roughly 10x by LTE)

	6
	UE transmits UL data
	143.23us (UL data on 2 symbol)

	7
	eNB processing delay
	143.23us (roughly 10x by LTE)

	
Total one way delay
	SR-based UL procedure (step 1-7)
	787.78us (>500us)

	
	UL pre-scheduling (step 4-7)
	501.31us (~500us)

	
	SPS/grant-free (step 6-7)
	286.46us (<500us)



Proposal 5:
· HARQ/scheduling mechanisms for a scheduling unit having 2 symbols is defined such that URLLC U-plane latency requirement is satisfied.

3. Factors for UE/gNB processing time
There are common and independent factors that potentially impact on the necessary processing times between UE and gNB:
· For UE side,
· UE processing time to encode UL data/UL control and to decode DL control/DL data
· Maximum TA value
· For gNB side,
· gNB processing time to encode DL control/DL data and to decode UL data/UL control
· Maximum time delay due to front-haul (between baseband unit and remote radio head)

For UE/gNB processing time, channel/RS structures have some impact. Enabling pipeline processing at least part of the channels would be very beneficial for latency reduction. However, completely pipeline structure would not be beneficial from performance point of view. For example, if the scheduled number of PRBs is quite a few, e.g., 1PRB as an extreme case, enabling symbol-by-symbol processing requires to segment data into code-blocks, each having 12 (or 16, depending on the number of REs per PRB) symbols. Considering that the delay critical parts are the beginning and/or the last of each channel, partial pipeline processing should be studied.
For maximum supported TA value, there is a tradeoff between UE processing time and network deployment flexibility. In case of LTE, TA = 666us (100km distance) was supported; however, it was agreed in RAN1#86 that for shortened processing time for 1ms TTI in LTE, the max TA value is reduced at least to 333us (50km distance) when the shortened processing time is enabled. The reasonable value of max TA could depend on the target carrier frequencies and use-cases.
Last factor mentioned above is the time delay due to front-haul (between baseband unit and remote radio head). Larger front-haul delay could have impact on either or both of (1) max TA value at the UE side, or (2) available processing time at the gNB side. In a certain network deployment strategy, it would be preferable for operators/networks to deploy/concentrate BBUs at one place, while distribute RRHs connected with the BBU via optical fiber. Depending on how this front-haul delay is assumed, gNB side processing delay would be impacted.
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Fig. 3	Time delay due to front-haul.

Proposal 6:
· Study following components to identify feasible timings for scheduling/HARQ at UE/gNB.
· For UE side,
· UE processing time to encode UL data/UL control and to decode DL control/DL data
· Maximum TA value
· For gNB side,
· gNB processing time to encode DL control/DL data and to decode UL data/UL control
· Maximum time delay due to front-haul (between baseband unit and remote radio head) 

4. Conclusion
In this contribution we discussed scheduling HARQ operation for NR and proposed the following:
Proposal 1:
· A scheduling unit having 7 symbols or more is realized by aggregating one or more of a slot.
· Each slot having 7 symbols contains all DL, all UL, or {one DL part and one UL part}.
· A scheduling unit having 2 symbols is realized by mini-slot.
· Each mini-slot having 2 symbols contains all DL or all UL.
Proposal 2:
· For DL data scheduling:
· As a baseline, a DL control signal and the scheduled DL data is within the same scheduling unit.
· For UL data scheduling:
· UL data in a UL-only scheduling unit is scheduled by a UL grant in a previous scheduling unit.
· UL data in a bi-directional scheduling unit is scheduled by a UL grant in the same or previous scheduling unit.
· Minimum timing between a UL grant and the scheduled UL data is different among UEs.
· Specification should allow the minimum value is within the same scheduling unit.
· There is at least one common value for the timing between a UL grant and the scheduled UL data.
· This is for the same SCS and the number of symbols per scheduling unit.
· For SCS = 15kHz and 14 symbols per scheduling unit, consider 4ms as the common value.
Proposal 3:
· For DL HARQ-ACK:
· HARQ-ACK for DL data in a DL-only scheduling unit is transmitted at a later scheduling unit.
· HARQ-ACK for DL data in a bi-directional scheduling unit is transmitted at the same or later scheduling unit.
· Minimum timing between a DL data and its HARQ-ACK feedback is different among UEs.
· Specification should allow the minimum value is within the same scheduling unit.
· There is at least one common value for the timing between a DL data and its HARQ-ACK feedback among UEs.
· This is for the same SCS and the number of symbols per scheduling unit.
· For SCS = 15kHz and 14 symbols per scheduling unit, consider 4ms as the common value.
· Sufficiently reliable HARQ-ACK multiplexing/bundling is supported with reasonable increases in control signaling overhead and scheduler complexity.
· For UL HARQ-ACK:
· Re-transmission or new data transmission is indicated by a UL grant
Proposal 4:
· Identify reasonable range of gNB processing time for DL/UL HARQ handling.
Proposal 5:
· HARQ/scheduling mechanisms for a scheduling unit having 2 symbols is defined such that URLLC U-plane latency requirement is satisfied.
Proposal 6:
· Study following components to identify feasible timings for scheduling/HARQ at UE/gNB.
· For UE side,
· UE processing time to encode UL data/UL control and to decode DL control/DL data
· Maximum TA value
· For gNB side,
· gNB processing time to encode DL control/DL data and to decode UL data/UL control
· Maximum time delay due to front-haul (between baseband unit and remote radio head) 
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