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1 Introduction
In TSG-RAN#80 plenary meeting [1], the scope of new SID on physical layer enhancements for NR URLLC was defined for Release 16 (Rel-16) and updated in TSG-RAN#81 plenary meeting [2]. The key use cases were identified, e.g. augmented reality and virtual reality (AR/VR) for entertainment industry, factory automation, transport industry including the remote driving use case and electrical power distribution. The Rel-16 requirements for URLLC are higher than those of Release 15 (Rel-15), such as: 
· Higher reliability (up to 1E-6 level), higher availability, short latency in the order of 0.5 to 1 ms, depending on the use cases (factory automation, transport industry and Electrical power distribution)
The SID scope includes PUSCH enhancements to further improve reliability/latency and other requirements related to the use cases. The study focus is on mini-slot level hopping & retransmission/repetition enhancements.

In the RAN1#94bis meeting [3], the following agreement was achieved. 

· One PUSCH transmission instance is not allowed to cross the slot boundary at least for grant-based PUSCH
In this contribution, we provide our views on the PUSCH enhancements, mainly focus on mini-slot level repetition and mini-slot level frequency hopping. Moreover, some discussions on PUSCH repetition with early termination are also presented.
2 Mini-slot based repetition 
2.1 Benefits of mini-slot-based repetitions 

In Rel-15, a slot-based PUSCH repetition scheme is supported to improve PUSCH reliability, where the repetitions are transmitted across consecutive slots using the same time-domain resource allocation in each slot, as shown in Figure 1. For the illustration purpose, only the front-load DMRS is considered. Moreover, the PUSCH is shown in two parts just to facilitate the discussion on frequency hopping in the later section.  
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                                  Figure 1: Slot based PUSCH repetition 
Due to the more stringent latency requirements of URLLC in Rel-16, the slot based repetition scheme is not applicable to satisfy such requirements at least for some use cases. For example, the motion control in discrete automation use case defined in [4] requires the latency of 1ms and reliability of 1E-6. For slot based repetition, only one PUSCH transmission instance is allowed in each slot and the possible time duration to indicate by DCI is configured by RRC signaling in advance. Then if the remaining number of symbols for uplink transmission cannot match one single duration configured by RRC signaling, it has to choose a smaller duration. Allowing mini-slot level repetition within one slot can provide more than one transmission possibility within a lot, which can improve the chance to use the available uplink symbols as much as possible, thus reduces the latency. On the other hand, same time domain allocation in different slots are required for slot based repetition, if only a smaller number of symbols are used for PUSCH transmission in each slot, then big gap is expected between two transmission instances which increases the latency. Allowing mini-slot level repetition can provide the chance to enable different time-domain resources in different slots, which can reduce the latency.       
Observation 1: Mini-slot based repetition within one slot for grant based PUSCH has benefits to reduce latency compared to Rel-15 slot-based repetition.
2.2 Repetition pattern and slot boundary crossing
If mini-slot based repetition within a slot is introduced, the repetition pattern, i.e. contiguous/non-contiguous repetition within a slot, and/or across the slot boundary should be studied. Regarding the contiguous repetition, it can achieve the lowest latency for a UE, while the non-contiguous repetition has advantage of multiplexing multiple URLLC UEs that have stringent latency requirement. 

Moreover, it is possible that the total length of the repetitions is longer than a slot when the mini-slot length is larger than 1 symbol. Therefore, it needs to be discussed whether the total duration of the mini-slot repetitions should be limited within one slot or can cross slot boundary. To guarantee the number of repetitions for PUSCH reliability, the remaining repetitions should be allowed to be postponed to the next slot instead of being dropped if one slot cannot accommodate all repetitions.
It was agreed that one PUSCH is not allowed to cross the slot boundary [3]. Therefore, if one mini-slot repetition among multiple ones is expected to cross the slot boundary, the UE should drop or postpone this mini-slot PUSCH to the next slot. If it is postponed, the starting point of the mini-slot PUSCH in the next slot should be further studied, e.g., the starting point can be the beginning of the next slot.
Figure 2 shows an example of a mini-slot based scheme, where the repeated PUSCHs can be transmitted as soon as the previous transmission finishes within the slot without slot boundary crossing within one repetition, and the remaining repetitions are postponed to the next slot. 
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Figure 2: Mini-slot based PUSCH repetition 
2.3 DMRS sharing

In Rel-15, the mini-slot repetitions are transmitted in consecutive slots, and the DMRS is included in each of the repetitions to guarantee the decoding performance. In Rel-16, if the mini-slot repetitions can be transmitted in a back-to-back manner, it is possible to reduce DMRS overhead by DMRS sharing among multiple repetitions, as well as to increase opportunities for mini-slot PUSCH repetition within a slot. 

Therefore, it is beneficial to investigate the DMRS sharing mechanism, which have already been supported in LTE latency reduction and LTE URLLC. For example, for a cluster of mini-slot back-to-back PUSCH repetitions, DMRS is only included in the first PUSCH among them, while the remaining PUSCHs do not include DMRS, and can be decoded by using the DMRS of the first PUSCH. 

Consider Figure 3 as an example, in Figure 3 (a), there are 4 DMRS symbols in a slot if DMRS is contained in each PUSCH. Due to the DMRS in each repetition, 4 PUSCH repetitions can fit in one slot. In contrast, if one DMRS is shared by 3 contiguous PUSCHs as shown in Figure 3 (b), the overall overhead of DMRS is reduced by half, and more resources can be used for data transmission as seen that the number of repetitions in the slot increases to 6.
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Figure 3 DMRS sharing for mini-slot repetitions within a slot

Several issues for DMRS sharing should be considered when DMRS sharing is adopted for contiguous mini-slot repetitions. One issue is how to inform the time domain position(s) of the DMRS symbol(s). A natural solution is that the gNB can configure or indicate the DMRS density or the DMRS pattern for the repetitions, then the UE can determine the time position of each DMRS within the repetitions. Another issue is the DMRS cannot be used for decoding a PUSCH if the interruption occurs in between, since the phase coherency may no longer be kept given the RF is inactive during the interruption. Considering the interruption cases may happen during the repetitions in NR, e.g., when there is a collision with the ‘DL’ symbol configured by SFI, when the repetitions cross the slot boundary, or frequency hopping occurs, etc., it should guarantee that front-loaded DMRS should be included at the starting transmission after resuming from an interruption.
2.4 Indication of slot-based repetition and/or mini-slot based repetition 

Signalling for repetition types, e.g. slot-based repetition or mini-slot based repetition within a slot, should be considered, whether it should be explicitly or implicitly signalled and via semi-static signalling or dynamic signalling or any combination. Moreover, repetition types applicable for different resource mapping types, e.g. A and B, should be discussed. 
One way is to configure repetition type, either slot or mini-slot based repetition via higher layer signalling. Regarding the resource mapping type, since the type A has more restriction on the starting symbol as well as the PUSCH duration, it is less suitable for URLLC traffic. Therefore, a UE may not expect to be scheduled with the resource mapping type A and configured with mini-slot based repetition. On another hand, the resource mapping type B is more suitable for URLLC traffic. However, the latency and reliability requirements for different URLLC use cases can be different, hence it is more flexible that the resource mapping type B can be paired with configuring either slot and min-slot based repetition for less and more stringent latency requirements, respectively.
2.5 Handling repetitions in conflict with slot format configuration/SFI  
In TDD transmissions, certain symbols in a slot may be assigned for uplink transmission only, downlink transmission only, or flexible (i.e., can be used for uplink or downlink transmission) with slot format configuration and/or slot format indication (SFI). If, according to a repetition format (e.g., mini-slot repetition with or without frequency hopping) a PUSCH transmission or any portion of a PUSCH transmission is expected to be transmitted in conflict with SFI assignments, then the PUSCH transmission may be omitted, or postponed until the next uplink or flexible symbol. For example, when the UE determines that a set of downlink symbols in a slot overlap with a mini-slot based PUSCH repetition, then the transmission of such repetition may be omitted, or resumed on the next available uplink opportunity. 
From above discussions, we have the following proposal: 

Proposal 1: Mini-slot based PUSCH repetition within a slot should be supported in Rel-16 URLLC.
· Further study on contiguous and/or non-contiguous repetition patterns
· The remaining mini-slot repetition(s) should be allowed to be postponed to the next slot if one slot cannot hold all the repetitions. 
· Further study on DMRS sharing mechanism for contiguous mini-slot repetitions within one slot to reduce the DMRS overhead and thereby saving resources for UL-SCH transmission.
· Indication of repetition types, i.e. slot-based repetition and/or mini-slot based repetition, using semi-static signaling should be considered
· repetition types applicable for different resource mapping types, e.g. A and B, should be considered  
· A PUSCH repetition should be postponed to the next available UL opportunity, if any portion of the repetition is expected to be transmitted in conflict with SFI assignments 
3 Frequency hopping for mini-slot repetition
Two modes of frequency hopping (FH) are supported for PUSCH transmission in Rel-15, i.e.
· Mode 1: intra-slot FH, applicable to single-slot and multi-slot PUSCH transmission
· Mode 2: inter-slot FH, applicable to multi-slot PUSCH transmission
Further enhancement on frequency hopping for mini-slot based repetition should be considered to provide frequency diversity, while achieving low latency.  In this section, we discuss both intra-slot and inter-slot frequency hopping schemes for mini-slot based PUSCH repetition within a slot.  
3.1
Intra-slot frequency hopping
Figure 4 illustrates the use of intra-slot frequency hopping on top of mini-slot based PUSCH repetition (shown in Figure 2). Two main approaches are considered. The first approach is the repeated PUSCHs without data splitting (within each PUSCH) are frequency hopped within the slot, as shown in Figure 4 (a). The second approach is an extension from Rel-15 intra-slot frequency hopping, where there is data splitting in each of the repeated PUSCHs within a slot into two parts, and those parts are frequency hopped individually. The latter is shown in Figure 4 (b). 
A further improvement to the scheme shown in Figure 4 (b) is to switch the frequencies of the two parts of the next repeated PUSCH, e.g. as shown in Figure 4 (c), focusing on the second PUSCH in the slot. In this scheme, both parts of each PUSCH are hopped in two different frequencies as opposed to the scheme in Figure 4 (b), where each of the two parts remains in the same frequency over different repetitions. This technique can also apply to the slot-based repetition scheme in Rel-15. 

One advantage of the scheme in Figure 4 (a) over those in Figure 4 (b) and (c) is that it has lower DMRS overhead by half.   
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Figure 4: Intra-slot frequency hopping for mini-slot based repetition with (a) with no data splitting (b) data splitting (c) data splitting with frequency switching in the next repetition
3.2
Inter-slot frequency hopping

For inter-slot frequency hopping for mini-slot based repetition, a straightforward way is shown in Figure 5, where PUSCHs in the same slot are in the same frequency while those in the subsequent slot are hopped to different frequency.  
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Figure 5: Inter-slot frequency hopping for mini-slot based repetition

Frequency hopping modes, e.g. intra-slot with or with data splitting or inter-slot frequency hopping, applicable for mini-slot based repetition within a slot should be discussed along with the signalling and/or the hopping rules corresponding to each mode. 
Proposal 2: Intra-slot and inter-slot frequency hopping for mini-slot based repetition could be considered in NR Rel-16. The following schemes could be considered and analyzed:
· Intra-slot frequency hopping schemes for mini-slot based repetition 
· Without data splitting within each PUSCH transmission

· With data splitting within each PUSCH and 

· without frequency switching of the splitted parts between two consecutive PUSCH transmissions, or
· with frequency switching of the splitted parts between two consecutive PUSCH transmissions.

· Inter-slot frequency hopping for mini-slot repetition, where all repetitions within one slot are hopped to the same frequency and other repetitions within the consecutive slot are hopped to the same frequency that is different from that of the previous slot.
4 PUSCH repetition with early termination 
In addition to repetition, early termination is also a common way to save system resources. As soon as the network has correctly decoded the data, it should feedback an explicit ACK to the UE to stop the on-going repeated transmissions. This can obviously improve the link efficiency of repetition. If early termination is not supported for URLLC, the link efficiency of repetition would be very low, as the UE keeps sending the on-going repetition. This would increase the possibility of traffic blocking, as other URLLC traffic has to wait until the scheduled on-going repetition is completed. 
A UE-specific DCI can be used to explicitly feedback the ACK, e.g. with the same HARQ ID and NDI toggled.  A group common DCI can also be used to carry a group of explicit ACK feedback bits gathered from multiple UEs (i.e. each UE with one or few bits). Similar approaches are also proposed in [5] to enhance UL configured grant transmissions.

These approaches may be used in conjunction with the slot-based repetition or a repetition with time gap (e.g. configured in the number of symbols) between repeated PUSCHs to allow the ACK feedback from the network to arrive before the configured number of repetitions is reached. This is still applicable to URLLC use cases where latency is not very stringent.
 Proposal 3: An explicit ACK feedback from the network to UE for early termination of PUSCH repetition could be considered for Rel-16 URLLC. 
· Both UE-specific DCI and group common DCI could be considered to carry the explicit ACK feedback 
5 Conclusions 
In this contribution, we discuss the PUSCH enhancements for URLLC, focusing on frequency hopping and repetition on mini-slot level. Moreover, the DMRS sharing and PUSCH repetition with early termination are also discussed. Observation and proposals are given as follows.
Observation 1: Mini-slot based repetition within one slot for grant based PUSCH has benefits to reduce latency compared to Rel-15 slot-based repetition.
Proposal 1: Mini-slot based PUSCH repetition within a slot should be supported in Rel-16 URLLC.
· Further study on contiguous and/or non-contiguous repetition patterns
· The remaining mini-slot repetition(s) should be allowed to be postponed to the next slot if one slot cannot hold all the repetitions. 
· Further study on DMRS sharing mechanism for contiguous mini-slot repetitions within one slot to reduce the DMRS overhead and thereby saving resources for UL-SCH transmission.
· Indication of repetition types, i.e. slot-based repetition and/or mini-slot based repetition, using semi-static signaling should be considered
· repetition types applicable for different resource mapping types, e.g. A and B, should be considered  
· A PUSCH repetition should be postponed to the next available UL opportunity, if any portion of the repetition is expected to be transmitted in conflict with SFI assignments 
Proposal 2: Intra-slot and inter-slot frequency hopping for mini-slot based repetition could be considered in NR Rel-16. The following schemes could be considered and analyzed:
· Intra-slot frequency hopping schemes for mini-slot based repetition 
· Without data splitting within each PUSCH transmission

· With data splitting within each PUSCH and 

· without frequency switching of the splitted parts between two consecutive PUSCH transmissions, or

· with frequency switching of the splitted parts between two consecutive PUSCH transmissions.

· Inter-slot frequency hopping for mini-slot repetition, where all repetitions within one slot are hopped to the same frequency and other repetitions within the consecutive slot are hopped to the same frequency that is different from that of the previous slot.
Proposal 3: An explicit ACK feedback from the network to UE for early termination of PUSCH repetition could be considered for Rel-16 URLLC. 
· Both UE-specific DCI and group common DCI could be considered to carry the explicit ACK feedback 
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