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1. Introduction

In the RAN1#86bis meeting, discussions on timing relationship between different channels were triggered [1]:

Agreements:
· For slot-based scheduling, NR specification should support the following

· DL data reception in slot N and corresponding acknowledgment in slot N+K1

· All UEs should support K1≥1 with exact values for K1 FFS

· Some UEs may support K1=0 (FFS conditions)

· UL assignment in slot N and corresponding uplink data transmission in slot N+K2

· All UEs should support K2≥1 with exact values for K2 FFS

· Some UEs may support K2=0 (FFS conditions)

In the RAN1 AH1 NR meeting, it is agreed that the timing differences between control channels and data channels are indicated in the DCI from a set of values configured by higher layer [2]:
Agreement: 

· Timing between DL assignment and corresponding DL data transmission is indicated by a field in the DCI from a set of values 
· The set of values is configured by higher layer
· Timing between UL assignment and corresponding UL data transmission is indicated by a field in the DCI from a set of values
· The set of values is configured by higher layer
· Timing between DL data reception and corresponding acknowledgement is indicated by a field in  the DCI from a set of values
· The set of values is configured by higher layer
· Timing(s) is (are) defined at least for the case where the timing(s) is (are) unknown to the UE

· FFS the value for the timing

And in the RAN1#88, it was also agreed that the default values can be set for the timing differences [3]:

Agreements:
· 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 

According to the discussion procedure, we assume the above agreements defined the timing difference in unit of slot. In other words, if the first channel is in Slot N, the second channel is located in Slot N+K. Different values of K can be used to define PDCCH(PDSCH, PDCCH(PUSCH and PDSCH(PUCCH timing differences respectively in number of slots.

However, in RAN1#88bis, it was agreed that NR specs will support symbol-based-monitored DL control channel and data channel having minimum duration of 1 OFDM symbol and starting at any OFDM symbol [4].

Agreements:
· UE can be configured to “monitor DL control channel” in terms of slot or OFDM symbol with respect to the numerology of the DL control channel
· Specification supports occasion of “DL control channel monitoring” per 1 symbol with respect to the numerology of the DL control channel
· Note: This may not be applied to all type of the UEs and/or use-cases
· FFS whether or not total number of blind decodings in a slot when a UE is configured with “DL control channel monitoring” per symbol can exceed the total number of blind decodings in a slot when a UE is configured with “DL control channel monitoring” per slot
· Data channel (PDSCH, PUSCH) duration and starting position
· Specification supports data channel having minimum duration of 1 OFDM symbol of the data and starting at any OFDM symbol to below-6GHz, in addition to above-6GHz
· Note: This may not be applied to all type of UEs and/or use-cases
· UE is not expected to blindly detect the presence of DMRS or PT-RS
· FFS: Whether a 1 symbol data puncturing can be indicated by preemption indication
· FFS: combinations of data duration and granularities of data position
· Specification supports data having frequency-selective assignment with any data duration
· FFS: relations between “DL control channel monitoring” occasions and data channel durations
· Note: this is addition to the agreements at RAN1#86.
· Note : 1-symbol case may be restricted depending on the BW.
This brings new problems to the timing difference indication. In the first part of this paper, we develop an analysis on timing difference indication for symbol-based resource allocation.

Also in the RAN1#88bis meeting, we also agreed that the duration of the data channels can be flexibly configured for the symbol-based resource allocation [4]:

Agreements:
· The duration of a data transmission in a data channel can be semi-statically configured and/or dynamically indicated in the PDCCH scheduling the data transmission
· FFS: the starting/ending position of the data transmission
· FFS: the indicated duration is the number of symbols
· FFS: the indicated duration is the number of slots
· FFS: the indicated duration is the numbers of symbols + slots
· FFS: in case cross-slot scheduling is used
· FFS: in case slot aggregation is used
· FFS: rate-matching details
· FFS: whether/how to specify UE behavior when the duration of a data transmission in a data channel for the UE is unknown
Both the starting position and duration indication may become more complicated in multiple numerologies are involved. According to current agreements, a PDSCH may be scheduled by a PDCCH in the same or a different BWP. If the PDCCH and PDSCH are in the BWPs with different subcarrier spacings (SCS), it needs to be determined which SCS would be used to define the timing differenc between PDCCH and PDSCH. This issue will be discussed in the second part of this paper.

In RAN1 NR AH#2 meeting, it was agreed that both slot-based and non-slot-based scheduling are supported [5]: 

Agreements:
· For downlink, UE can be informed about the first DMRS position of the PDSCH between the following:

· Fixed on the 3rd or 4th symbol of the slot (for, a.k.a, slot-based scheduling)

· 1st symbol of the scheduled data (for a.k.a non-slot-based scheduling)

· FFS: if special handling is needed for the case where some of the PRBs of the symbol of the scheduled data is overlapped with the other signals/channels

· FFS: When the UE is configured both slot-based scheduling and non-slot-based scheduling, the first DMRS position of the PDSCH can be changed between the 3rd or 4th symbol of the slot and 1st symbol of the scheduled data

Agreements:
· For uplink, the first DMRS position of the PUSCH is fixed relative to the start of the scheduled data.

· FFS: Additional possibility of the another fixed position relative to the start of slot

· The exact fixed position can be changed depending on the duration of the scheduled data
The third part of this paper discusses how to inform which scheduling mode is used.
2. Symbol-level timing difference indication
For slot-based scheduling, the control channels and data channels are located in a relatively fixed position in a slot, e.g. PDCCH is located at beginning of the slot and PDSCH, PUSCH span over the whole available time duration in a slot. Hence the timing difference can be simply indicated in number of slots.

However, in case “monitor DL control channel” in terms of OFDM symbol and non-slot-based scheduling, the timing differences need to be defined in symbol level. The time-domain resource for PDCCH and PDSCH/PUSCH are allocated separately in number of symbols. And then gNB indicates the timing difference between PDCCH and PDSCH/PUSCH.

PDCCH(PDSCH timing difference indication:

The same-slot DL scheduling scenario is depicted as in Fig.1. Two options can be considered for indicating the PDSCH time-domain position: 

· Option 1 is the 2-step indication (Fig.1 (a)), i.e. firstly indicating the slot-level PDCCH(PDSCH difference (K=0 for same-slot scheduling), and then indicating the starting symbol of PDSCH in the slot;

· Option 2 is to directly indicate the symbol-level difference between PDCCH and PDSCH (Fig.1 (b)).

Option 2 is more efficient and lower-overhead in this case. But Option 1 is beneficial for a unified DCI structure consisting a slot-level bitfield and a symbol-level bitfield.
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(a) Opt.1: Slot difference indication + starting symbol indication       (b) Opt.2: Symbol difference indication
Fig.1: Two options for symbol-level PDSCH position indication (same-slot scheduling)
The two options can also be considered for the cross-slot DL scheduling scenario shown in Fig.2 (taking K=1 for example): 

· Option 1 is the 2-step indication (Fig.2 (a)), i.e. firstly indicating the slot-level PDCCH(PDSCH difference (K=1 for next-slot scheduling), and then indicating the starting symbol of PDSCH in the Slot N+1;

· Option 2 is to directly indicate the symbol-level difference between PDCCH and PDSCH (Fig.2 (b)).

Option 2 is still more efficient if the symbol difference between PDSCH and PDCCH is substantially smaller than the number of symbols per slot. If the PDCCH(PDSCH difference is larger than a slot, Option 1 may be more advantageous.
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(a) Opt.1: Slot difference indication + starting symbol indication       (b) Opt.2: Symbol difference indication
Fig.2: Two options for symbol-level PDSCH position indication (cross-slot scheduling)

PDCCH(PUSCH timing difference indication:

The same-slot UL scheduling scenario (applicable for bi-directional slot) is depicted as in Fig.3. Two options can be considered for indicating the PUSCH time-domain position: 

· Option 1 is the 2-step indication (Fig.3 (a)), i.e. firstly indicating the slot-level PDCCH(PUSCH difference (K=0 for same-slot scheduling), and then indicating the starting symbol of PUSCH in the slot;

· Option 2 is to directly indicate the symbol-level difference between PDCCH and PUSCH (Fig.3 (b)).

Similar to the DL scenario, Option 2 is more efficient and lower-overhead than Option 1 if the difference is smaller than the number of symbols per slot. But Option 1 is beneficial for a unified DCI structure consisting a slot-level bitfield and a symbol-level bitfield.
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(a) Opt.1: Slot difference indication + starting symbol indication       (b) Opt.2: Symbol difference indication
Fig.3: Two options for symbol-level PUSCH position indication (same-slot scheduling)
The two options can also be considered for the cross-slot UL scheduling scenario shown in Fig.4 (taking K=1 for example): 

· Option 1 is the 2-step indication (Fig.4 (a)), i.e. firstly indicating the slot-level PDCCH(PUSCH difference (K=1 for next-slot scheduling), and then indicating the starting symbol of PDSCH in the Slot N+1;

· Option 2 is to directly indicate the symbol-level difference between PDCCH and PUSCH (Fig.4 (b)).

Option 2 is still more efficient if the symbol difference between PUSCH and PDCCH is substantially smaller than the number of symbols per slot. If the PDCCH(PUSCH difference is larger than a slot, Option 1 may be more advantageous. 
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(a) Opt.1: Slot difference indication + starting symbol indication       (b) Opt.2: Symbol difference indication
Fig.4: Two options for symbol-level PUSCH position indication (cross-slot scheduling)

PDSCH(PUCCH timing difference indication:

It was agreed that the time-domain position of PUCCH conveying HARQ-ACK for PDSCH can also be flexibly configured. The scenario in which HARQ-ACK is transmitted in the same slot as PDSCH (applicable for bi-directional slot) is depicted as in Fig.5. Two options can be considered for indicating the HARQ-ACK PUCCH time-domain position: 

· Option 1 is the 2-step indication (Fig.5 (a)), i.e. firstly indicating the slot-level PDSCH/PDCCH(HARQ-ACK PUCCH difference (K=0 for same-slot HARQ-ACK feedback), and then indicating the starting symbol of PUCCH in the slot;

· Option 2 is to directly indicate the symbol-level difference between PDSCH/PDCCH and corresponding HARQ-ACK PDCCH (Fig.5 (b)).

Again, Option 2 is more efficient and lower-overhead if the difference is smaller than the number of symbols per slot. But Option 1 is beneficial for a unified DCI structure consisting a slot-level bitfield and a symbol-level bitfield.
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(a) Opt.1: Slot difference indication + starting symbol indication       (b) Opt.2: Symbol difference indication
Fig.5: Two options for symbol-level HARQ-ACK PDCCH position indication (same-slot A/N feedback)
The two options can also be considered for the cross-slot HARQ-ACK feedback scenario shown in Fig.6 (taking K=1 for example): 

· Option 1 is the 2-step indication (Fig.6 (a)), i.e. firstly indicating the slot-level PDSCH/PDCCH(HARQ-ACK PUCCH difference (K=1 for next-slot scheduling), and then indicating the starting symbol of PDSCH in the Slot N+1;

· Option 2 is to directly indicate the symbol-level difference between PDSCH/PDCCH and corresponding HARQ-ACK PDCCH (Fig.6 (b)).

Option 2 is more efficient if the symbol difference between PDSCH and HARQ-ACK PUCCH is substantially smaller than the number of symbols per slot. If the PDSCH/PDCCH(HARQ-ACK PUCCH difference is larger than a slot, Option 1 may be more advantageous.
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(a) Opt.1: Slot difference indication + starting symbol indication       (b) Opt.2: Symbol difference indication
Fig.6: Two options for symbol-level HARQ-ACK PDCCH position indication (cross-slot A/N feedback)

Based on the above analysis, symbol-level indication for the timing difference between control channels and data channels is necessary for symbol-based-monitored DL control channel and non-slot-based scheduling. In order to apply a unified DCI structure for different scenarios, Option 1 is perferred, i.e. the timing indication consists of a slot-level bitfield and a symbol-level bitfield. 
Proposal 1: 

· Support symbol-level indication of following timing difference: 
· Timing difference between DL assignment and corresponding DL data transmission.
· Timing difference between UL assignment and corresponding UL data transmission.
· Timing difference between DL data reception and corresponding acknowledgement.
· The timing indication consists of a slot-level bitfield and a symbol-level bitfield.
3. Inter-numerology timing difference indication
Analysis in Section 2 assumes the PDCCH and PDSCH/PUSCH are using the same numerology. However, as agreed in the WF on BWP in RAN1#89, in case PDSCH transmission starts distant from the corresponding PDCCH, the PDCCH and PDSCH may be transmitted in different BWPs with different SCSs. This complicates the indication of timing difference between PDCCH and PDSCH.
· In case of PDSCH transmission starting more than K symbols after the end of the corresponding PDCCH, PDCCH and PDSCH may be transmitted in different BWPs

Similar problem needs to be considered for timing difference between PDCCH and PUSCH.
Two options can be considered on this aspect: 
· Option 1: Indicate the timing difference using the SCS of PDCCH;

· Option 2: Indicate the timing difference using the SCS of PDSCH/PUSCH.
It is not controversial the duration of PDSCH/PUSCH will be indicated using the SCS of PDSCH/PUSCH. Hence a straightward approach is to indicate the timing difference also using the SCS of PDSCH/PUSCH.
Proposal 2: 

· Duration of PDSCH/PUSCH is indicated in number of symbol durations with numerology of PDSCH/PUSCH.

· Timing difference is indicated in number of symbol durations with numerology of PDSCH/PUSCH.
4. Scheduling mode indication
It was agreed that a gNB will inform a UE which scheduling mode (slot-based or non-slot-based) is used. It can be informed implicitly or via explicit signaling. 

Implicit derivation:

The scheduling mode can be implied by the PDCCH monitoring granularity. Non-slot-based scheduling (or called symbol-based scheduling) is for low-latency services. In order to achieve a low-latency transmission, PDCCH should also be monitored relatively frequently. It is reasonable that the symbol-based scheduling is used together with symbol-level PDCCH monitoring periodicity. Hence when a CORESET configuration is configured to a UE whose monitoring periodicity is smaller than a slot, the UE can assume the gNB will schedule its resource in non-slot-based manner.
Furthermore, the scheduling mode may also link to DCI format. If different DCI formats are used for slot-based and non-slot-based scheduling, the UE can implicitly derive the scheduling mode from the DCI format used for the scheduling grant.

Explicit indication:

It should be studied if PDCCH with slot-based monitoring periodicity can be used together with symbol-based scheduling, or if PDCCH with symbol-based monitoring periodicity can be used together with slot-based scheduling. If the two cases need to be supported and the same DCI format is used for slot-based and non-slot-based scheduling, explicit indication of scheduling mode may be needed.
A possibility is to indicate the scheduling mode with the presense of symbol bitfield in PDCCH(PDSCH/PUSCH timing indication. Slot-based scheduling only needs the slot bitfield. Hence if the symbol bitfield is present, the symbol-based scheduling is assumed. If the symbol bitfield is not present, the slot-based scheduling is assumed.
Proposal 3: 

· The scheduling mode can be implicitly informed via PDCCH monitoring periodicity and/or DCI formats for the scheduling grant.

· FFS: Whether explicit indication is needed.
5. Conclusions
Proposal 1: 

· Support symbol-level indication of following timing difference: 
· Timing difference between DL assignment and corresponding DL data transmission.
· Timing difference between UL assignment and corresponding UL data transmission.
· Timing difference between DL data reception and corresponding acknowledgement.
· The timing indication consists of a slot-level bitfield and a symbol-level bitfield.
Proposal 2: 

· Duration of PDSCH/PUSCH is indicated in number of symbol durations with numerology of PDSCH/PUSCH.

· Timing difference is indicated in number of symbol durations with numerology of PDSCH/PUSCH.
Proposal 3: 

· The scheduling mode can be implicitly informed via PDCCH monitoring periodicity and/or DCI formats for the scheduling grant.

· FFS: Whether explicit indication is needed.
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