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1	Introduction
An objective of the 5G study item [1] is to identify and develop technology components needed for new radio (NR) systems being able to use any spectrum band ranging at least up to 100 GHz. The goal is to achieve a single technical framework addressing all usage scenarios, requirements and deployment scenarios defined in TR38.913 [2]. 
This contribution relates to the open items of HARQ and scheduling timing as well as self-contained operation. The following agreements have been made in RAN1#85 and #86:

Agreements: (RAN1 #85)
· NR design should strive at least to enable the possibility for
· Corresponding acknowledgement reporting shortly (in the order of X µs) after the end of the DL data transmission
· Corresponding uplink data transmission shortly (in the order of Y µs) after reception of UL assignment
· Note: may depend on e.g. UE capability/category, payload size, etc
· FFS: X and Y in the order of a few tens of or hundreds of micro sec is feasible
· Other mechanisms/configurations in addition to fast/short corresponding acknowledgement are needed
· For example to provide coverage or enable TD-LTE coexistence
· Note: RAN1 will continue investigations about UE complexity, implementation processing time, interleaving applicability
· NR design should strive to enable the possibility for
· Corresponding retransmission shortly (in the order of Z µs) after the end of acknowledgement reporting
· FFS: Z in the order of a few tens of or hundreds of micro sec is feasible

Agreements: (RAN1 #86)
· Unless otherwise specified or indicated to the UE, the UE shall make no assumption on whether to transmit or receive at least within the data region(s) in a given time interval X
· Indication to the UE may include
· Dynamic L1 signaling
· RRC configuration
· Broadcast signaling
· …
· 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.

2	Discussion
LTE TDD operation is based on TDD UL-DL configurations with semi-statically configured DL/UL split. It is noted that when operating according to proposed slot types in the NR scenarios, there is no need for such predetermined TDD UL-DL configurations (similarly as in LTE TDD): 
· BS may dynamically select slot type among predetermined slot types. This enables creation of different TDD configurations to accommodate different use cases in fully dynamic manner.
· UE may determine the slot type from DL L1 control signaling (such as DCI).
· Obviously L1 control signaling needs to be flexible enough to support operation without predetermined TDD UL-DL configurations.

Although the new radio does not require semi-static TDD UL-DL configurations, periodical signals for downlink synchronization, cell discovery, RRM measurements, and in general for common control signalling comprising broadcast channel, paging in downlink and random access channel in uplink need to defined. Obviously, these channels/signals will set some constraints on flexibility for BS to freely select the slot type at each time instant. 
In addition to flexible TDD, it is possible for BS to assign semi-static DL/UL transmission direction by higher layer signalling as agreed in RAN1#86.

Observation #1: New radio TDD operation does not require definition of predetermined TDD UL-DL configurations.

2.1	HARQ and scheduling timing
As discussed, L1 control signaling needs to be flexible enough to support operation without predetermined TDD UL-DL configurations. This is due to the fact that different slots types have different capabilities w.r.t. control signalling:
· DL slot and bi-directional slot have an opportunity for conveying the assignment for data transmission
· UL slot and bi-directional slot have an opportunity for conveying the acknowledgement for data transmission.
Another issue is that different services and/or UEs may have different requirements and capabilities in terms of Rx/Tx processing time. 

Generally speaking, the UE processing requirements can be expressed by three parameters: 
· Delay between DL grant and DL data (PDSCH) reception, denoted as kPDSCH. Example in Figure 1a shows a scenario where kPDSCH=0 (slots).
· Delay between DL data (PDSCH) reception and corresponding acknowledgement transmission in UL, denoted as kHARQ-ACK. Example in Figure 1b shows a scenario where kHARQ-ACK  (slots).
· Delay between UL assignment reception in DL and UL data (PUSCH) transmission, denoted as kPUSCH. Example in Figure 1c shows a scenario where kPUSCH =1 (slots).
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Figure 1. Processing times (for simplicity GP is ignored here).
In order to provide smooth operation in various NR scenarios, NR should support fully flexible indication of timing relationships. The most straightforward option would be to indicate the timing relationships to UE dynamically by means of explicit L1 DL signaling included in DL and UL assignments. Explicit indication is preferred also in the cases where timing relationship is indicated to UE semi-statically.

Proposal #1: Support explicit indication of timing relationships

Proposal #2: Timing relationships for HARQ and scheduling are expressed in multiple of slots (mini-slot case is FFS)

Timing relationship between DL assignment and corresponding DL data is fixed in LTE, both are conveyed in the same subframe (kPDSCH = 0). From latency point of view, this can be seen as the preferred mode of operation also for NR. It would minimize also the amount of L1 DL signaling needed. On the other hand, kPDSCH >0 could provide some further possibilities for UE energy saving. For example, if the UE has not been scheduled for DL data reception in the current slot, the UE might need to create baseband data (including FFT processing) only for DL control symbols, and not for DL data.

Observation #2: Introduction of DL delay could provide further possibilities for UE energy saving.

There is a need to define the set of legal values for parameters kPDSCH, kHARQ-ACK and kPUSCH. Especially the minimum values for parameters need to be defined since they impact heavily to UE processing requirements. We think that at least the following options need to be supported.
· DL assignment and corresponding DL data are conveyed in the same slot ( kPDSCH = 0)
· DL data and corresponding acknowledgement are conveyed in different slots ( kHARQ-ACK ≥ 1)
· UL assignment and corresponding UL data are conveyed in different slots ( kPUSCH ≥ 1)

Observation #3: UE processing requirements depend on the minimum HARQ and scheduling timing relationships.

Proposal #3: There is a need to define UE processing time capabilities related to:
· Delay between PDSCH reception in DL and HARQ-ACK transmission in UL (i.e. parameter X)
· Delay between UL grant reception in DL and PUSCH transmission in UL (i.e. parameter Y)

2.2	On the self-contained operation
Self-contained operation is considered as NR –specific mode of operation for HARQ and scheduling timing. In principle, self-contained operation could allow to minimize DL/UL latency. Furthermore, it has inbuilt support for forward compatibility due to the fact that DL/UL scheduling does not impact outside the slot. The third advantage is that it allows to minimize the number of HARQ processes. On the other hand, self-contained operation is not a free lunch, as discussed below, and also in [4]:

Self-contained operation is based on the usage of bi-directional slots, where HARQ and scheduling times are defined in the following way: 
· DL assignment and corresponding DL data are conveyed in the same slot: kPDSCH =0
· DL data and corresponding acknowledgement are conveyed in the same slot: kHARQ-ACK =0
· UL assignment and corresponding UL data are conveyed in the same slot: kPUSCH =0.

As said, based on the previous agreements, NR should strive at least to enable the possibility for 
· Corresponding acknowledgement reporting shortly (in the order of X µs) after the end of the DL data transmission
· Corresponding uplink data transmission shortly (in the order of Y µs) after reception of UL assignment
· FFS: X and Y in the order of a few tens of or hundreds of micro sec is feasible

Figure 2 visualizes parameters X and Y in a TDD scenario with self-contained operation. It assumes subcarrier spacing 60 kHz and slot length of 7 OFDMA symbols, respectively. In this scenario, self-contained operation would require that:
· Minimum processing time for PDSCH detection and preparing HARQ-ACK after the end of DL data is less than 9 µs (assuming that only one symbol/slot is allocated to GP)
· Minimum processing time for PUSCH preparation after the end of PDCCH is less than 9 µs.
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	a) Bi-directional slot with DL data
	b) Bi-directional slot with UL data
	


Figure 2. UE processing time with self-contained operation
Generally speaking, in order to minimize overhead from GP with self-contained operation, X and Y must be dimensioned according to Rx-Tx switching time at the UE. This may create excessive requirements for the UE’s processing capability, e.g. compared to LTE baseline. It should be noted that discussion related to UE’s processing capabilities is taking place also in the LTE side, see e.g. [5], [6]. 

There are also some alternative solutions that can be considered as part of the self-contained operation:
· Limit the maximum TA value for UEs with self-contained operation. The problem is that the cell range will reduce accordingly.
· Increase the GP length. The problem is that spectrum efficiency will reduce accordingly. For example, in the example shown in Figure 2, increasing GP length by one additional symbol will create 14% extra overhead. At the same time, the processing time will increase only by 18 µs.
· Increasing the slot length allows increase of the GP length while keeping the GP overhead unchanged. This will improve also the UL coverage. The problem of this approach is that latency performance will reduce accordingly.   
· Limit the maximum payload when operating according to self-contained operation. 

Based on the above issues, it is quite clear that that self-contained operation cannot be seen as the baseline scheme for all scenarios. Instead, it may be feasible only for certain UE categories and/or service types. Furthermore, when operating according to flexible HARQ and scheduling timing, it is not necessary to introduce self-contained operation in the first NR release. 

In order to maximize opportunities for self-contained operation, there should be some practical enablers which could facilitate signification processing time reduction e.g. compared to LTE. Those include for example [7]:
· Front loaded RS already agreed in RAN1 #85 can be seen as such enabler
· Frequency-first and time-second mapping
· Code block segmentation that facilitates symbol-by-symbol processing
· Support HARQ-ACK feedback before decoding the entire data packet


Observation #4: When operating according to flexible HARQ and scheduling timing, it is not necessary to introduce self-contained operation in the first NR release.


2.3	Minimum number of HARQ processes
As discussed, NR design should strive to enable the possibility for 
· Corresponding retransmission shortly (in the order of Z µs) after the end of acknowledgement reporting
· FFS: Z in the order of a few tens of or hundreds of micro sec is feasible

Figure 3 and Figure 4 visualize parameter Z in an exemplary TDD scenario where consecutive slots are allocated to DL data. We assume 60 kHz subcarrier spacing, slot length of 7 OFDMA symbols and self-contained operation for PDSCH HARQ ACK feedback, respectively. It can be noted that design with a single HARQ process results in a very tough processing requirements for the BS.
· Maximum BS processing time for HARQ-ACK detection, DL scheduling and preparing DL packet, Z, is less than 9 µs in the current example (i.e. at the level of time needed to perform Rx-Tx switching at the BS)
· BS could provide more processing time by increased GP length and increasing the timing advance value accordingly. Again, the problem of this approach is that spectrum efficiency will reduce accordingly. For example, puncturing one symbol for GP will create 14% extra overhead. At the same time, the BS processing time will increase only by 18 µs.

Increasing the number of HARQ processes is much more efficient way to relax BS processing time requirements without increasing the GP overhead, as indicated in Figure 4. This is due to the fact that each HARQ process will increase the BS processing time, Z, by the slot length (125 µs in the current example). 
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Figure 3. BS processing time with one HARQ process in DL.
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Figure 4. BS processing time with two HARQ processes in DL.

Based on the discussion above, it is quite clear that operation with only one HARQ process cannot be seen as the baseline scheme for NR DL, provided that continuous DL transmission is needed. Multiple HARQ processes are needed also when BS wants to tradeoff between latency and GP/UL control overhead. An example for this is shown in Figure 5. This is also inline with the agreement made in RAN1#86: 
· From UE perspective, HARQ ACK/NACK feedback for multiple DL transmissions in time can be transmitted in one UL data/control region is supported
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Figure 5. Operation with reduced GP/UL control overhead. 

When using asynchronous HARQ, it’s up-to BS to schedule different UEs and HARQ processes for different slots. The specification may support allocation of the same HARQ process into consecutive slots. Following this logic, there is no need to define the exact value for parameter Z. On the other hand, it may be beneficial for UE to have sufficient processing time between slots assigned to the same HARQ process. This may be needed e.g. to facilitate parallel processing of consecutive DL slots. Hence, there is a need to discuss the related UE capability in the new radio. Nevertheless, in order to support continuous DL transmission as well as minimizing the GP/UL overhead by means of DL only slots, multiple HARQ processes need to be supported in the NR downlink. 


Observation #5: There is no need to define the exact value for the parameter Z

Observation #6: There is a need to discuss UE’s capability for reception of consecutive slots allocated to the same HARQ process in DL.

Proposal #4: Multiple DL HARQ processes are supported to facilitate continuous DL transmission in NR  

3	Conclusions
In this contribution we have discussed the HARQ and scheduling timing as well as self-contained operation for NR. Based on the discussion, we make the following observations and proposals:
Observation #1: New radio TDD operation does not require definition of predetermined TDD UL-DL configurations.
Observation #2: Introduction of DL scheduling delay could provide further possibilities for UE energy saving.
Observation #3: UE processing requirements depend on the minimum HARQ and scheduling timing relationships.
Observation #4: When operating according to flexible HARQ and scheduling timing, it is not necessary to introduce self-contained operation in the first NR release.
Observation #5: There is no need to define the exact value for the parameter Z
Observation #6: There is a need to discuss UE’s capability for reception of consecutive slots allocated to the same HARQ process in DL.

Proposal #1: Support explicit indication of timing relationships
Proposal #2: Timing relationships for HARQ and scheduling are expressed in multiple of slots (mini-slot case is FFS)
Proposal #3: There is a need to define UE processing time capabilities related to:
· Delay between PDSCH reception in DL and HARQ-ACK transmission in UL (i.e. parameter X)
· Delay between UL grant reception in DL and PUSCH transmission in UL (i.e. parameter Y)
Proposal #4: Multiple DL HARQ processes are supported to facilitate continuous DL transmission in NR.  
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