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[bookmark: _Ref124589705][bookmark: _Ref129681862]Intra-Slot Repetitions for URLLC
PUSCH enhancements were included as one of the objectives in the NR URLLC L1 SID (RP-182089, “Study on physical layer enhancements for NR ultra-reliable and low latency communication (URLLC)”, Huawei, HiSilicon, Nokia, Nokia Shanghai Bell, RAN#81, Sep. 2018).
The discussions on PUSCH improvements led to the following agreements in previous 3GPP RAN1 meetings.
3GPP RAN1#95 Agreement:
Support at least one of the following for one TB:
· One UL grant scheduling two or more PUSCH repetitions that can be in one slot, or across slot boundary in consecutive available slots
· 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
· 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.
· FFS the definition of available slots

3GPP RAN1#Adhoc Jan2019 Agreement:
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
· [bookmark: _GoBack]FFS TBS determination (e.g. based on the whole duration, or based on the first repetition)
3GPP RAN1#Adhoc Jan2019 Agreement:
· Down-select between “mini-slot based repetitions” and “two-segment transmission”, aiming in RAN1#96
· FFS the option of using separate grants to schedule PUSCH repetitions in consecutive available slots
The following figure shows the concept of mini-slot based repetition.
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[bookmark: _Ref536717397]Figure 1: Intra-Slot Repetitions for PUSCH

DMRS overhead has been raised as one potential concern for mini-slot level repetition. Figure 1 shows a setting where UE 1 has been scheduled to perform 4 repetitions, where each repetition comprises of 2 OFDM symbols. Here among the 8 occupied OFDM symbols, one can see that the DMRS occupy 4 OFDM symbols, resulting in 50% overall resource overhead. Although increased DMRS result in improved channel estimation leading to better decoding capability, they also have a drawback of limiting the coding gain as the transport block has to be encoded at relatively high code rate to allow 50% resource elements being occupied by DMRS. In the same figure, UE2 has been scheduled for 4 repetitions of 4 OFDM symbol each.
[bookmark: _Ref129681832]DMRS Sharing and its Drawbacks
[bookmark: OLE_LINK16][bookmark: OLE_LINK17][bookmark: OLE_LINK27]To overcome this problem of increased DMRS overhead, the idea of DMRS sharing has been proposed as shown in Figure 2. One will note that for UE1, only the first repetition has the front-loaded DMRS symbol whereas the subsequent 3 repetitions have no DMRS. The decoding for subsequent repetitions will thus rely on the DMRS sent in the first repetition. For UE2, there happen to be 2 repetitions in slot n and 2 repetitions in slot n+1. It is found suitable to have DMRS repeated when the repetitions cross the slot boundary. Thus, for UE2, 2nd and 4th repetitions do not have DMRS of their own and their decoding would rely on the DMRS sent in the previous repetitions.
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[bookmark: _Ref536718050]Figure 2: DMRS Sharing for intra-slot PUSCH Repetitions

One big issue with DMRS sharing, as proposed currently, is the need for different transport block sizes in different repetitions. For example, in Figure 2, the first repetition for the data of UE1 has half of the resource elements compared to the subsequent repetitions. 
The other issue with DMRS sharing is the complete lack of DMRS in one or more of subsequent slots which implies that the channel estimates corresponding to these repetitions will be obtained by using the channel estimates of the neighboring repetitions through interpolation or extrapolation operations, resulting in degraded channel estimation quality for these repetitions.

Observation 1: 
For intra-slot repetitions, DMRS sharing may result in the problems of mismatch of resource size between the mini-slots and outdated channel estimates.
DMRS Sub-sampling for Intra-Slot Repetitions
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[bookmark: _Ref536720006]Figure 3: DMRS Design and Data Multiplexing for Intra-Slot Repetitions
This document proposes a different strategy for efficient intra-slot repetitions. In this proposed strategy, each mini-slot has its DMRS symbol. The DMRS is a reduced density DMRS design compared to DMRS design of 3GPP Rel-15 (Type 1 and Type 2). This reduced density DMRS design allows additional available resource elements in the DMRS symbol. The data is multiplexed over all the available resource elements of the DMRS symbol. The basic idea is shown in Figure 3, where each repetition is shown to have reduced density of occupied resource elements in DMRS symbols. The available resource elements are further utilized to multiplex data in the DMRS symbols. The proposed strategy with sub-sampled DMRS allows great flexibility to the base station in adapting the DMRS, and hence the resulting channel estimates, with the channel conditions of the user without incurring the excessive resource overhead. 
Apart from overcoming the time variations, the proposed strategy allows the base station to suitably select the reduced DMRS density as a function of sub-carrier spacing and channel coherence bandwidth. If the sub-carrier spacing is short compared to channel coherence bandwidth, the sub-sampling in frequency can be made more aggressive. In other scenarios, when the system is using large sub-carrier spacing, the base station will choose the DMRS sub-sampling such that the effective channel estimates, which might be obtained using DMRS of multiple repetitions (based upon the time variations), are sufficient to provide the channel estimates of desired quality over all the sub-carriers.

Proposal 1:
To overcome the DMRS overhead for intra-slot PUSCH repetitions, it is recommended to investigate a DMRS design which is sub-sampled version of Rel-15 DMRS design.




[image: ]
[bookmark: _Ref186589]Figure 4: 4 Repetitions with 1/3 Type 1 Sub-Sampled DMRS
Figure 4 shows an application example of Type 1 DMRS with sub-sampling factor of 1/3. Figure 4 (A) shows the three resulting patterns when 1/3 sub-sampling is applied to single symbol DMRS Type 1. For ease of understanding and clarity of exposition, only one physical resource block (PRB) consisting of 12 sub-carriers is shown. Figure 4 (B) is an example PUSCH transmission where the user has been scheduled to transmit 4 repetitions. The user applies the sub-sampled patterns in alternating fashion and uses the pattern set in a cyclic fashion. Thus, the first 3 repetitions use the three sub-sampled patterns and 4th repetition starts again from the first pattern. With the proposed approach no special handling for DMRS is required when the repetitions cross the slot boundary compared to the DMRS sharing approach where the patterns might need to be re-started.

As URLLC users/applications have very strict constraints on latency and reliability, the design should be such that it can be adapted very dynamically with the channel conditions and network dynamics to meet the URLLC requirements. Based upon this, the gNB can employ dynamic signaling to convey the DMRS indication to the desired user. For example, some bit fields present in the UL grant DCI, which are not very relevant for URLLC, can be re-used to convey this DMRS indication. 

DMRS additional positions in time-domain
Another approach to reduce the DMRS overhead is to re-use the existing higher layer parameter dmrs-AdditionalPosition, which indicates the number of additional OFDM symbols containing DMRS and is applied to the slot or mini-slot transmission. In case of mini-slot repetition, we propose to apply this parameter to the entire aggregated transmission within the slot. For instance, consider the allocation of UE1 in Figure 1, if UE1 has been configured with 1 additional position (pos1) to match its channel conditions, there is no reason to assume that the 4 consecutive 2-symbol repetitions require 3 additional positions. Hence, applying the pos1 configuration for an 8-symbol mini-slot to the four 2-symbol mini-slot repetitions is reasonable and can efficiently reduce DMRS overhead. 
Proposal 2: Consider applying the higher later parameter dmrs-AdditionalPosition to the aggregated mini-slots within a slot. 


Conclusions
[bookmark: _Ref124589665][bookmark: _Ref71620620][bookmark: _Ref124671424]The following observation and proposal have been made in this document.
Observation 1:  For intra-slot repetitions, DMRS sharing may result in the problems of mismatch of resource size between the mini-slots and outdated channel estimates.

Proposal 1: To overcome the DMRS overhead for intra-slot PUSCH repetitions, it is recommended to investigate a DMRS design which is sub-sampled version of Rel-15 DMRS design.

Proposal 2: Consider applying the higher later parameter dmrs-AdditionalPosition to the aggregated mini-slots within a slot. 
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