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1
Introduction
The communication reliability is also impacted by the data associated DL control signaling and therefore, to improve the overall communication reliability also enhancements to DL control operation for LTE URLLC are needed. 

In the email discussion [1], different aspects including compact DCI, using more DL control resources for a (S/E)PDCCH candidate, increased diversity and false alarm rate have been discussed. In this contribution, we provide further input on the candidate techniques and their applicability. 
2
(Compact) URLLC DCIs
Based on the email discussion in [1], there seems to be a strong majority of companies suggesting studying compact DCI operation to decrease the effective coding rate (given a certain AL) and thereby improving the reliability. As one company noted, the extreme case of reducing the scheduling flexibility and decreasing the DCI size would basically be the SPS operation with no DL control signaling (zero DCI size) and the PDSCH/PUSCH operation to be semi-statically defined. 
As discussed in the companies’ responses, the size of some of the current DCI fields might be reduced and some other DCI fields (and related functionality) might be removed. The combination of (partial or full) higher layer configuration in combination with limited dynamic DCI signaling seems to be one way to achieve this. 

2.1 Configurable URLLC DCI size & content
So far, LTE supports certain functionalities and dynamic signaling which are more or less fixed and directly given by the respective DCI format. 

As mentioned in the WID, the LTE URLLC feature should support a varying range of reliability and latency combinations from design point of view. When considering URLLC, clearly for the most stringent reliability requirements (such as 10-5) and for a user at the cell edge (e.g. 5%ile SINR) a small DCI size might be required whereas in other conditions (higher SINR and/or lower reliability sufficient) more of the current dynamic DCI signaling flexibility could be retained. 
We therefore think, that in case new ‘URLLC DCIs’ with a more compact size are to be specified, the flexibility in terms of dynamic DCI signaling for PDSCH & PUSCH and the related resulting DCI size should be higher-layer configurable. Limiting the dynamic URLLC DCI scheduling flexibility to only considering the worst-case situation would lead to inefficient operation for UE operation in better SINR conditions and/or less reliable communication requirements. 

Proposal 1: In case new URLLC DCIs are specified, RAN1 to consider configurable DCI content and related sizes to enable efficient operation for varying DCI decoding reliability requirements as well as varying SINR conditions for different UEs. 

2.2 Candidate DCI fields for reduced size and / or removal
Resource allocation signaling:

Especially for legacy/subframe TTI operation the resource allocation signaling is very much dominating the related DCI sizes. But still for shorter TTI operation, still a rather large portion of the DCI bits are spent on resource allocation signaling even though the resource allocation granularity has been increased. 
Clearly the increased sTTI RA allocation granularities could be equally applied for subframe URLLC operation, especially considering that for high reliability a very small RA granularity given by legacy LTE will anyhow not be required. The RA granularity could be increased further to what sTTI currently supports.

Another option would be to use a limited set of preconfigured frequency domain RA allocations (of a certain PRB granularity) and use the RA bits only to select one (or more) of the preconfigured resource allocations for PDSCH/PUSCH. As an example, in case of 8 pre-configured resources using a 3-bit RA signaling field would be sufficient to dynamically select one of them. The most extreme case (with least flexibility) would be to reduce this set to a single pre-configured resource allocation and thereby remove the RA field from the DCI overall, which corresponds to the resource allocation given by SPS operation. 
We think that still some RA flexibility is needed to enable efficient multiplexing between different UEs and or different traffic types on a LTE carrier. Therefore, if still a DCI is used (i.e. non SPS operation) at least some bits for resource allocation signaling would be included. 

Proposal 2: In case new URLLC DCIs are specified, RAN1 to consider increased resource allocation granularity as well as dynamic selection of a limited number of RA candidates as ways to reduce the DCI size. 

MIMO operation (MCS/TPMI/rank):

Without going into the details here, especially for 1ms TTI (with dual-codeword MIMO operation), the overhead of MIMO related signaling can be considerable. But even for sTTI, several bits in the DCI might be spent on precoding/antenna port/rank selection. 

In case reliability is of concern and new URLLC DCIs are going to be specified, clearly also the PDSCH/PUSCH reliability will be of concern and therefore one way to reduce the overhead would be to not support spatial multiplexing scheduling from URLLC DCIs and thereby save all the related bit fields in the DCI.

For PDSCH operation, this would mean to restrict the scheduling support to DL TM1/2 considering CRS-based TM and for DM-RS based PDSCH using single layer port 7 (with fixed SCID) or TX diversity using port 7/8 (with fixed SCID). For UL/PUSCH, UL TM1 and the related DCI Formats 0/7-0A would be the starting point there. 

Proposal 3: In case new URLLC DCIs are specified, the new DCIs should only be supporting scheduling single rank PDSCH and PUSCH transmissions (with limited antenna port flexibility). 
Reduced set of MCS:

Especially with low reliability operation, having the full range of MCSs available and spend 5bits for MCS signaling seems to be not logical. Therefore, reducing the MCS size to 2 or 3 bits could be clearly an option here. In this respect, blind HARQ-less repetition needs to be jointly considered here as this is another way to achieve PDSCH/PUSCH link adaptation. 
Considering varying reliability and especially different SINR operation points, we think that using a fixed reduced MCS set will reduce the spectral efficiency considering the varying situations. Therefore, we suggest to base the URLLC DCI operation on dynamic selection of pre-configured reduced set of MCS and/or blind repetitions. 

Proposal 4: In case new URLLC DCIs are specified, the new DCIs should support reduced link adaptation flexibility by selecting one from a reduced set of configured MCS / blind repetition combinations. 

HARQ ID and RV:

When looking at the HARQ field size (3 or 4bits), having a fixed HARQ process determination based on the transmission instance (i.e. implicit HARQ ID determination) could be used to overall remove the need for HARQ-ID signaling but will increase the latency in case HARQ-Ack based re-transmission is required. We therefore think, that only asynchronous HARQ should be supported for LTE. 

The easiest way to reduce the HARQ-ID field is to make the number of used HARQ processes for URLLC configurable, and thereby reduce the HARQ-ID field size to log2(num_URLLC_HARQ) bits. 

The 2bit RV field in the DCI could be reduced to one bit by e.g. only support RV={0,2} or removing the RV field overall and fully relying on chase combining (i.e. only RV=0 supported). Especially for very low coding rates, the advantages of IR are limited and thereby falling back to chase combining could be an option. 
As varying SINR operation points need to be considered, we think that the RV field of 2 bits in the URLLC DCI could either be fully present (giving full IR flexibility) or then removing the field all together (using RV=0 i.e. CC) based on configuration. The flexibility of having a 1bit RV indication in the DCI is an unnecessary optimization in this respect. 

Proposal 5: Support only asynchronous HARQ for non-SPS LTE URLLC using a configured number of HARQ processes. The 2bit RV field could be configured to be either present (full IR flexibility) or the field not being present at all (using chase combining, RV=0). 
Other fields for consideration:

Besides the rather large overhead of the fields noted above also smaller fields such as SRS & CSI triggering, TPC, SPUCCH resource indication etc. could be removed overall. As the possible reduction for these is rather limited, we don’t specifically discuss these in this contribution. 
3
Using more resources for DCI transmission (in a TTI)
As noted from the email discussion [1], more resources used for the transmission of a single DCI can improve the reliability as the effective coding rate is decreased. 

Looking at the option of spending more resources, the most straightforward solution would be to increase the possible AL beyond of what is currently supported, i.e. supporting also AL=16 on PDCCH and SPDCCH. But this may not be possible without major changes e.g. based on the latest decisions from the shorter TTI work considering certain limitations such as on the number of SCCEs in the sUSS for subslot sTTI. 

Another solution to increase the number of REs would be to use the current search space definition and create some ‘aggregated’ PDCCH candidates created from lower AL candidates. As an example, using two AL=8 candidates to create a virtual ’16 AL candidate’ could be used. 
Another alternative could be the repetition of the DCI on different PDCCH candidates. In contrast to the aggregated PDCCH candidate, only selection & interference diversity can be achieved but the physical layer combining gain would be missing. 

Clearly, the methods discussed here will require more (S)PDCCH resources and will therefore increase the blocking probability for a given size of the DL control region. Therefore, we believe the primary solution to be used would be to reduce the DCI size so that we don’t need to fully rely on using more (S)PDCCH resources. 

Observation 1: Using more resources for a DCI transmission (such as larger AL, PDCCH candidate aggregation or DCI candidate repetition) should be studied, but smaller DCI sizes should be used as first measure to improve the reliability to not negatively affect the legacy DL control operation. 

3
Time-domain repetitions (on TTI level)
Repeating the downlink control information in several TTIs can help the reliability as well, as this will provide mainly interference diversity (and limited time diversity) gains. One issue to note here is, that time-domain repetition makes only sense in case the DCI information is valid for a longer period (not just a single TTI) as e.g. given for SPS activation/deactivation or scheduling of blind/HARQ-less repetition. 

As grant-less (or SPS based) UL is one of the important techniques for URLLC, the SPS activation/release DCI could be simply repeated in several TTIs (i.e. time-domain repetition) to improve the reliability of activation (incl. possible parameter change) / release of grant-less/SPS based UL operation. This is clearly a eNB implementation specific solution and does not require any attention in the standard. 

Observation 2: Repeating the SPS activation/release in several TTIs is one eNB specific implementation to improve the reliability for SPS operation. 

Another use case is the blind repetition/HARQ-less retransmission scheduling. Taking PDSCH as example, if the UE missed a single multi-TTI DCI (i.e. DCI scheduling K-repetitions), it will miss the PDSCH transmission in all the scheduled TTIs for the data packet since the UE has no idea that the eNB already started to send a data packet. 

This can be avoided by basically two different methods (shown in Figure 1 below):
· Option 1: Each blind repetition is scheduled independently, i.e. single TTI scheduling. Each missed DCI will result in missing the transmission/reception in a single TTI independently. 

· Option 2: Enhance the multi-TTI scheduling to enable improved scheduling reliability. 
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Figure 1: Example of reliable blind repetition PDSCH assignment (Option 2)
Taking the example of Option 2 shown in the figure above, assuming it can have maximal K transmissions (K-1 repetitions on top of the 1st transmission), the first assignment message includes the resource allocation information for all the K transmissions. In the second TTI, the resource assignment information is updated with (K-1) transmissions only, i.e. from the 2nd to Kth transmissions (shown in the red in Figure 1). Following the same principle, the last scheduling message including the resource information for the last transmission only, i.e. the Kth transmission or (K-1)th repetition. 
The benefit with this method is the increased reliability of assignment message. In case UE is missing one assignment message, the allocated resource could be identified with the subsequent assignment message or the previous assignment message as well. The same operation principle can be of course applied also for scheduling K transmissions for PUSCH as well. 

Proposal 6: RAN1 to consider PDSCH assignment/PUSCH grant enhancements for blind /HARQ-less PUSCH & PDSCH operation. 
4
False-alarm issues for URLLC

PDCCH false alarm rate (i.e. false positive detection) probability can lead to PDSCH soft-buffer corruption in case of a false positive DL assignment. For PUSCH operation, a false positive UL grant might lead to loss of data (as the eNB is not even expecting any data on the indicated resources in case the dynamic grant overrides the SPS PUSCH) or a larger delay (as the eNB might schedule the UE with the same HARQ-Ack process only later). 

As the false positive alarm rate can be calculated as M*2-X, where M is the number of PDCCH candidates and X is the number of fixed/known bits in the DCI. For X the number of (16) CRC bits as well as other bits such as UL/DL differentiation flag, same HARQ ID, same TBS (i.e. given by the RA bits & MCS) for a re-transmission, and others can be used to decrease the false alarm rate as ‘virtual CRC bits’.

Studies could be done to identify the maximum allowable false-alarm rate to enable URLLC for varying target reliability and for different intended URLLC operations (SPS versus scheduled operation, blind repetition operation without re-tx signaling, number of HARQ processes for URLLC, RA & MCS options etc.). 
Observation 3: Studies on the needed effective CRC length (CRC bits + virtual CRC) depending on the intended URLLC operation modes will be needed.  

As the effect of the false-alarm issue will be very much depending on the envisioned and configured URLLC operation (SPS versus scheduled, HARQ vs. HARQ-less re-tx) and depending on the target BLER for the service, we don’t think that just increasing the CRC length for all the cases to be appropriate. 
One option here, which we prefer, would be to not change the CRC length at all (and thereby use the legacy CRC attachment procedure) but having a configurable number of defined virtual CRC bits in the DCI (e.g. a RRC configurable virtual CRC field in the DCI). This way, the eNB can depending on the need to adjust the maximum false alarm rate for its URLLC operation. 

Proposal 7: If false-alarm is regarded an issue for URLLC, define a configurable number of virtual CRC bits to be included in the URLLC DCI. Having a configurable number will enable to balance the DCI size with false-positive detection trade-off depending on the targeted service reliability and URLLC operation mode. 
5
Managing increased blocking probability
As pointed out by some companies in the email discussion [1] and discussed with respect to using larger ALs, the increased blocking probability for legacy / non-URLLC users due to URLLC scheduling needs to be considered as well. 

Specifically, for shorter TTI several restrictions on the number of sREGs and / or PDCCH candidates for a UE to be monitored have been made. As the amount of SCH data is expected to be lower for URLLC (no spatial multiplexing, lower MCS), more time could be spent by the UE for DL control decoding and keep the defined (s)TTI processing times. Thereby, more (S)PDCCH candidates could be enabled for URLLC specific DL control monitoring to prevent excessive blocking for non-URLLC data traffic (of other users). 
Proposal 8: RAN1 to consider increasing the number of (S)PDCCH candidates or maximum number of CCEs for DL control monitoring of URLLC DCIs, to prevent excessive MBB DL control blocking. 
5
Conclusions

In this contribution we discussed techniques and solutions to improve the DL control reliability for LTE URLLC. The discussions can be summarized in the following related observations and proposals. 
Proposal 1: In case new URLLC DCIs are specified, RAN1 to consider configurable DCI content and related sizes to enable efficient operation for varying DCI decoding reliability requirements as well as varying SINR conditions for different UEs. 

Proposal 2: In case new URLLC DCIs are specified, RAN1 to consider increased resource allocation granularity as well as dynamic selection of a limited number of RA candidates as ways to reduce the DCI size. 

Proposal 3: In case new URLLC DCIs are specified, the new DCIs should only be supporting scheduling single rank PDSCH and PUSCH transmissions (with limited antenna port flexibility). 

Proposal 4: In case new URLLC DCIs are specified, the new DCIs should support reduced link adaptation flexibility by selecting one from a reduced set of configured MCS / blind repetition combinations. 

Proposal 5: Support only asynchronous HARQ for non-SPS LTE URLLC using a configured number of HARQ processes. The 2bit RV field could be configured to be either present (full IR flexibility) or the field not being present at all (using chase combining, RV=0). 

Observation 1: Using more resources for a DCI transmission (such as larger AL, PDCCH candidate aggregation or DCI candidate repetition) should be studied, but smaller DCI sizes should be used as first measure to improve the reliability to not negatively affect the legacy DL control operation. 

Observation 2: Repeating the SPS activation/release in several TTIs is one eNB specific implementation to improve the reliability for SPS operation. 

Proposal 6: RAN1 to consider PDSCH assignment/PUSCH grant enhancements for blind /HARQ-less PUSCH & PDSCH operation. 

Observation 3: Studies on the needed effective CRC length (CRC bits + virtual CRC) depending on the intended URLLC operation modes will be needed.  

Proposal 7: If false-alarm is regarded an issue for URLLC, define a configurable number of virtual CRC bits to be included in the URLLC DCI. Having a configurable number will enable to balance the DCI size with false-positive detection trade-off depending on the targeted service reliability and URLLC operation mode. 

Proposal 8: RAN1 to consider increasing the number of (S)PDCCH candidates or maximum number of CCEs for DL control monitoring of URLLC DCIs, to prevent excessive MBB DL control blocking. 
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