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In RAN1#ad hoc meeting, PUSCH enhancements for URLLC were discussed and the following agreements were achieved [1]:
Agreements:
At least for scheduled PUSCH, for the option “One UL grant scheduling two or more PUSCH repetitions that can be in one slot, or across slot boundary in consecutive available slots” (also called as “mini-slot based repetitions”), if supported, it further consists of:
· Time domain resource determination
· The time domain resource assignment field in the DCI indicates the resource for the first repetition.
· The time domain resources for the remaining repetitions are derived based at least on the resources for the first repetition and the UL/DL direction of the symbols.
· FFS the detailed interaction with the procedure of UL/DL direction determination
· Each repetition occupies contiguous symbols.
· FFS whether/how to handle “orphan” symbols (the # of UL symbols is not sufficient to carry one full repetition)
· Frequency hopping (at least 2 hops)
· Support at least inter-PUSCH-repetition hopping and inter-slot hopping
· FFS other FH schemes
· FFS number of hops larger than 2
· FFS dynamic indication of the number of repetitions
· FFS DMRS sharing
· FFS TBS determination (e.g. based on the whole duration, or based on the first repetition)
At least for scheduled PUSCH, for the option “One UL grant scheduling two or more PUSCH repetitions in consecutive available slots, with one repetition in each slot with possibly different starting symbols and/or durations” (also called as “multi-segment transmission”), if supported, it further consists of:
· Time domain resource determination
· The time domain resource assignment field in the DCI indicates the starting symbol and the transmission duration of all the repetitions. 
· FFS multiple SLIVs indicating the starting symbol and the duration of each repetition
· FFS details of SLIV, including the possibility of modifying SLIV to support the cases with S+L>14.
· FFS the interaction with the procedure of UL/DL direction determination
· For the transmission within one slot,
· If there are more than one UL period within a slot (where each UL period is the duration of a set of contiguous symbols within a slot for potential UL transmission as determined by the UE) 
· One repetition is within one UL period.
· FFS if more than one UL period is used for the transmission (If more than one UL period is used, this would override the previous definition of this option.)
· Each repetition occupies contiguous symbols 
· Otherwise, a single PUSCH repetition is transmitted within a slot following Rel-15 behavior.
· Frequency hopping
· Support at least inter-slot FH
· FFS other FH schemes
· FFS TBS determination (e.g. based on the whole duration, or based on the first repetition, overhead assumption)
Agreements:
· Down-select between “mini-slot based repetitions” and “multi-segment transmission”, aiming in RAN1#96
· FFS the option of using separate grants to schedule PUSCH repetitions in consecutive available slots
In this contribution, we share our views on PUSCH enhancements for URLLC.
2. Design of PUSCH repetitions
2.1. Scheduling for PUSCH repetition
In RAN 1#ad hoc meeting, three options were discussed for PUSCH repetitions.
· Option 1: One UL grant scheduling two or more PUSCH repetitions that can be in one slot, or across slot boundary in consecutive available slots
Option 1 is an effective way to improve reliability. Multiple transmissions in one slot can reduce the transmission latency. Meanwhile, to ensure the number of configured/indicated repetitions, non-slot PUSCH repetitions across slots is meaningful. Flexible slot formats are supported in NR. It means that the limited UL symbols in a slot can occur. When traffic arrives, the available UL resources within one slot may not be enough to transmit all the repetitions. Taken Figure 1 as an example, only three repetitions can be transmitted in slot n, while the remaining repetition has to be transmitted in available symbols of next slot. In such case, four repetitions in total can be ensured. Therefore, the support of non-slot PUSCH repetitions across slot boundary is reasonable.       


Figure 1. Repetitions across slot boundary
For repetition transmission, multiple transmissions are scheduled by one grant can save control signalling overhead comparing to option 3. As described in our companion contribution [2], one PDCCH with compact DCI can meet the reliability requirement. Using multiple PDCCH scheduling PUSCH repetitions is not necessary. Thus, Option 1 should be supported.
Proposal 1: Option 1 is preferred, i.e. one UL grant scheduling two or more PUSCH repetitions that can be in one slot, or across slot boundary in consecutive available slots.
For option 1, time domain resource allocation of each transmission should be aware by UE. The time domain resource allocation of first transmission is indicated by DCI and the time domain resources of subsequent repetitions are derived based on the duration of each repetition, slot format and number of repetitions. The existing indication for time domain resource allocation in DCI can be reused.   
In NR, the slot format can change frequently, even slot by slot. For a slot, the available flexible and UL symbols are known by slot format at UE side. UE can assume that all available RRC configured flexible and UL symbols can be used for repetition transmission unless changed by dynamic SFI. For non-slot based PUSCH repetition, if there are DL symbols, or flexible symbols indicated by dynamic SFI for the semi-static configured flexible symbols, the repetition should be postponed as shown in Figure 1. On the other hand, if the consecutive UL symbols are not sufficient for carrying one repetition transmission instance, e.g. so called orphan symbols, UE should also postpone transmission instance to the next available resource, as shown in Figure 2.    
From the latency reduction perspective, the postponement should base on symbol level, e.g. symbol by symbol. Considering traffic validity, postponement delay should be restricted, for example, time interval between the starting symbol of the first transmission and ending symbol of the last transmission should be within a predefined time window. If postponement delay exceeds the time window, the remaining repetition instances should be dropped. 
Proposal 2: Postponement of the repetition transmission instance should be allowed within a predefined time window, due to conflict transmission direction.


[bookmark: _Ref525744159]Figure 2. Time domain resource determination of non-slot PUSCH repetitions based on slot format
For option 1, another issue is TBS determination. The determination based on the whole duration and based on the first repetition are proposed. If based on the whole duration, one TB is split into multiple parts and each part is transmitted on each repetition. This manner is different from current rate matching mechanism. On the other hand, the latency can be impacted because UEs decode the TB only after receiving all repetition parts. We prefer reusing current retransmission based on RV method and channel codding procedure. Therefore, TBS determination based on the first repetition is preferred for PUSCH repetition.   
Proposal 3: TBS determination based on the first repetition are preferred.
· option 2: One UL grant scheduling two or more PUSCH repetitions in consecutive available slots, with one repetition in each slot with possibly different starting symbols and/or durations
For option 2, the different starting symbols and/or durations of the different repetitions may be required for latency reduction. Therefore, the time domain resource allocation is different from Rel-15. If multiple SLIV indications for the repetitions are included in DCI, the DCI overhead increase significantly. Even the entire duration of all PUSCH repetitions is indicated by SLIV, the length can be larger than 14, which would introduce the new configuration for SLIV filed. The DCI payload overhead still increase, which would worsen PDCCH reliability. On the other hand, the repetitions with the different durations make the TB split complicated for both UE side and gNB side. Current rate matching and repetition based on RV mechanism also need modify. 
In Rel-15, two UL-DL switch point in a slot are supported. Option 2 restricts the number of repetitions within a slot. If more than one UL period in a slot and one repetition in each slot, the latency would be prolonged as shown in Figure 3. The symbols 11 - 13 in slot n are available for the second repetition. With the restriction of option 2 , second repetition would be postponed in the slot n+1. Thus, option 2 can be updated for more than 1 UL period configuration to avoid the longer transmission latency. Considering control signaling design and TBS determination etc.  option 2 is not preferred. 


Figure 3 repetition in option 2
· Option 3: N (N>=2) UL grants scheduling N PUSCH repetitions on consecutive available slots, with one repetition in each slot, and the i-th UL grant can be received before the end of the PUSCH transmission scheduled by the (i-1)th UL grant.
Option 3 is a kind of out of order scheduling, i.e. UE receives a UL grant to schedule PUSCH A with the HARQ process ID and transmits the scheduled PUSCH A. UE can receive another grant to schedule PUSCH B with the same HARQ process ID before the PUSCH A transmission and transmit PUSCH B after the PUSCH A transmission. As discussed in our contribution [3], out of order scheduling is beneficial for latency reduction, especially for UEs supporting different service types. This can be supported in Rel-16 but the drawback is the increase of PDCCH overhead as above mentioned.
Proposal 4: Option 3 is supported as an out of order scheduling. 
· Option 3: N (N>=2) UL grants scheduling N PUSCH repetitions on consecutive available slots, with one repetition in each slot, and the i-th UL grant can be received before the end of the PUSCH transmission scheduled by the (i-1)th UL grant.
2.2. Enhancements for PUSCH repetitions 
For PUSCH repetitions, there are some mechanisms to enhance the performance of data transmission, e.g., DMRS sharing,  non-contiguous frequency allocation and frequency hopping. In this section we discuss these potential enhancements and link level evaluations results are shown in section 2.3.
2.2.1. DMRS sharing among multiple repetitions
In Rel-15, PUSCH repetitions are conducted in slot-level and each PUSCH repetition has the same DMRS configuration. In Rel-16, for PUSCH repetitions on consecutive symbols in a slot, it would be beneficial to consider DMRS sharing among the adjacent repetitions to reduce DMRS overhead. As shown in Figure 4, K repetitions with 1 or 2 symbols mini-slot PUSCH would include K DMRS symbols according to the existing DMRS mapping scheme. It results in quite heavy DMRS overhead. DMRS sharing among multiple repetitions can be beneficial for reduction of DMRS overhead.  On the other hand, for most URLLC use case, UE mobility is low, thus the channel does not fluctuate a lot symbol by symbol. Therefore appropriate DMRS sharing for PUSCH repetitions would have no much impact to the channel estimation accuracy. Furthermore, DMRS sharing among multiple repetitions can reduce the effective code rate.
[image: ]
Figure 4. Example for non-slot repetitions in contiguous manner
Considering the phase continuity issue, DMRS sharing may only be considered for PUSCH repetitions on consecutive symbols in a slot. If a set of PUSCH repetitions instances within a slot are separated by DL symbol(s), or are divided due to frequency hopping, DMRS sharing can not be adopted for these PUSCH repetitions instances, as shown in Figure 5. If DMRS sharing is supported, construction of DMRS sharing according frequency hopping, slot boundary, or TDD configuration needs to be further discussed. Besides, indication on whether DMRS sharing is enabled should be also considered.
[image: ]
Figure 5. DMRS sharing for non-slot repetitions within a slot/hop
Proposal 5: If DMRS sharing for non-slot PUSCH repetitions is supported, the following should be taken into considerations.
· DMRS sharing can be adopted for repetitions on consecutive symbols in a slot, e.g. without frequency hopping and without time gap among multiple repetitions.
2.2.2. Non-contiguous frequency allocation for PUSCH transmissions 
In Rel-15, non-contiguous frequency resource allocation for UL transmission is supported from RAN1’s perspective, while multi-cluster PUSCH is not specified for RAN4 requirements. As it provides frequency diversity without removing the possibility for DMRS sharing, PUSCH repetition transmissions with non-contiguous frequency allocation can be considered in Rel-16. 
Proposal 6: Study PUSCH repetitions transmissions with non-contiguous frequency allocation in Rel-16.
2.2.3. Frequency hopping for PUSCH repetitions
Frequency hopping is a way to improve performance since it can provide frequency diversity gain. In Rel-15, inter-slot and intra-slot frequency hopping are supported for slot-based transmission. For frequency hopping, the hopping point determination plays a key role. For non-slot based PUSCH repetitions, frequency hopping within each repetition or across repetitions can be considered, i.e., hopping point is located within a transmission or hopping point is located at the repetition boundary. In case of frequency hopping across repetitions, it is in some sense equivalent to intra-slot hopping for slot-based transmission. Following methods can be considered for hopping boundary determination
· Alt1: hopping point determination bases on the number of repetitions.
· Alt2: RRC configures the set of hopping points and DCI indicates the applied hopping point.
For Alt 1, the hopping point is almost at the middle of PUSCH repetitions. The first hop can include floor (N/2) or ceil (N/2) transmissions, in which N expresses the number of repetitions. For N repetitions within one slot, the hopping point is determined equivalently to that for intra-slot hopping. For N repetitions across slots, the slot boundary can also be taken as hopping point. In this case inter slot frequency hopping is performed.   
For Alt 2, hopping point can be indicated flexibly by network. Resource multiplexing among UEs can be easily performed from system perspective. The additional signalling is required and new field should be introduced in DCI format.  
Proposal 7: For hopping point determination of repetitions, the following alternatives can be considered. 
· Alt1: hopping point determination bases on the number of repetitions.
· Alt2: RRC configures the set of hopping points and DCI indicates the applied hopping point.
3. Performance evaluation of PUSCH repetitions
In this section, we simulate the performance of PUSCH repetitions considering DMRS sharing, frequency hopping, and non-contiguous resource allocation, as discussed above. In total, 2 PUSCH repetitions are assumed and each PUSCH transmission comprises 2 symbols, i.e. 2-symbol mini-slot PUSCH. In the simulations, 4 cases are adopted for PUSCH repetitions, as shown in Figure 6.  
· Case 1 (w/o DMRS sharing and w/o frequency hopping): Case 1 is regarded as baseline scheme, where no DMRS sharing and no frequency hopping are adopted. Moreover, since there are two DMRS symbols within a slot, time-domain interpolation across mini-slots is used to yield better CE performance as much as possible. 
· Case 2 (w/ DMRS sharing and w/o frequency hopping): In case 2, DMRS sharing between two repetitions is applied, i.e. only the first repetition includes DMRS symbol. No frequency hopping is used.
· Case 3 (w/o DMRS sharing and w/ frequency hopping): In case 3, frequency hopping between two repetitions is enabled, where two hops are spanned on the lowest and highest frequency of 40MHz bandwidth, respectively. DMRS sharing is not applicable in this case. 
· Case 4 (w/ DMRS sharing and w/ non-contiguous frequency allocation): For case 4, two clusters with non-contiguous resource allocation is adopted in each repetition to obtain the frequency diversity gain. Across different repetitions, the same resource allocation in frequency is used. In this case, DMRS sharing between two repetitions is adopted. 
 [image: ]
Figure 6. Simulation cases

[bookmark: _GoBack]Simulation assumptions can be seen in the Table A-1 in Annex and simulation results are illustrated in Figure 7, where three configurations are conducted, that is, (MCS 6, 16-byte TBS, 52PRBs),  (MCS 9, 32-byte TBS, 47PRBs) and (MCS 12, 32-byte TBS, 26PRBs).
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Figure 7. BLER curves for different cases 
Under the simulation assumption of (MCS 6, 16-byte TBS, 52PRBs) or (MCS 9, 16-byte TBS, 47 PRBs)
1) Comparing to baseline scheme (case 1), it can be observed that case 3 with frequency hopping has worse performance. The reason is that almost half PRBs of the bandwidth are allocated to one PUSCH repetition, and one PUSCH repetition can have enough frequency diversity. Moreover, without frequency hopping, the UE can get benefit from joint time domain channel estimation.
Comparing to baseline scheme (case 1), it can be observed that case 2/4 with DMRS sharing can get best performance, to be specific, case 2 and case 4 have very similar performance.
Under the simulation assumption of (MCS12 32bytes TBS, 26 PRBs), it is observed that
1) Comparing to baseline scheme (case 1), it can be observed that case 2 with DMRS sharing achieves 0.8dB gain at 10^-3 BLER.
2) Comparing to baseline scheme (case 1), it can be observed that case 3 with frequency hopping provides about 0.7dB gain at 10^-3 BLER.
3) Comparing the results for case 2 and case 4, it can be observed that performance is similar. Two clusters with non-contiguous resource allocation can yield about 0.2dB gain than continuous resource allocation at 10^-3 BLER.
Observations 1:
For PUSCH with two-symbol mini-slot repetition
· Frequency hopping gain may not be observed if the resource allocation of PUSCH occupies 20MHz or larger;
· Frequency hopping gain can be observed for PUSCH with small resource allocation.
· DM-RS sharing outperforms frequency hopping.
Proposal 8: DM-RS sharing and frequency hopping should be considered for eURLLC.
4. Early termination of PUSCH repetitions
For PUSCH repetitions, if PUSCH decoded correctly, gNB can transmits an indication to cancel subsequent repetitions to reduce redundant transmission. This can improve resource utilization efficiency and reduce unnecessary interference. UL cancelation indication mechanism can also be applied for this case, e.g. gNB transmits a DCI to cancel the remaining repetition instances. UL cancelation indication is under discussion in UL inter UE multiplexing section. The similar signaling design and UE behavior can be considered. The details can be found in our companion contribution [3].   
Proposal 9: UL cancelation indication mechanism could be used for early termination of PUSCH repetitions.
5. Conclusion
In the contribution, we have some investigations on URLLC PUSCH enhancement, and propose that,
Observations 1:
For PUSCH with two-symbol mini-slot repetition
· Frequency hopping gain may not be observed if the resource allocation of PUSCH occupies 10MHz or larger;
· Frequency hopping gain can be observed for PUSCH with small resource allocation.
· DM-RS sharing outperforms frequency hopping

Proposal 1: Option 1 is preferred, i.e. one UL grant scheduling two or more PUSCH repetitions that can be in one slot, or across slot boundary in consecutive available slots.
Proposal 2: Postponement of the repetition transmission instance should be allowed within a predefined time window, due to conflict transmission direction.
Proposal 3: TBS determination based on the first repetition are preferred.
Proposal 4: Option 3 is supported as an out of order scheduling. 
· Option 3: N (N>=2) UL grants scheduling N PUSCH repetitions on consecutive available slots, with one repetition in each slot, and the i-th UL grant can be received before the end of the PUSCH transmission scheduled by the (i-1)th UL grant.
Proposal 5: If DMRS sharing for non-slot PUSCH repetitions is supported, the following should be taken into considerations.
· DMRS sharing can be adopted for repetitions on consecutive symbols in a slot, e.g. without frequency hopping and without time gap among multiple repetitions.
Proposal 6: Study PUSCH repetitions transmissions with non-contiguous frequency allocation in Rel-16
Proposal 7: For hopping point determination of repetitions, the following alternatives can be considered. 
· Alt1: hopping point determination bases on the number of repetitions.
· Alt2: RRC configures the set of hopping points and DCI indicates the applied hopping point.
Proposal 8: DM-RS sharing and frequency hopping should be considered for eURLLC.
Proposal 9: UL cancelation indication mechanism could be used for early termination of PUSCH repetitions.
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Annex: simulation assumptions
Table A-1 Link-level simulation assumptions
	Parameter
	Assumption

	Carrier frequency
	4GHz

	Bandwidth
	40 MHz

	Subcarrier spacing
	30kHz

	Channel model
	3 km/h, TDL-C, 100ns

	Channel estimation
	Real MMSE

	  TBS
	16bytes for MCS 6,32bytes for MCS 9 and 12, 16-bit CRC

	Modulation Scheme
	MCS12

	Coding scheme
	LDPC

	PUSCH duration
	2-symbol 

	NO. of PRBs
	Based on PUSCH duration, MCS and TBS (i.e.,52 for 26 for (2-symbol, MCS6,16 bytes), 47 for (2-symbol, MCS9, 32 bytes), 26 for (2-symbol, MCS12, 32 bytes) )

	Antenna Model
	2 Tx, 4 Rx

	Transmission scheme
	Adaptive PMI

	DMRS configuration
	Type 1(Single-symbol)

	waveform
	CP-OFDM
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