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Introduction
[bookmark: _Ref378529477]In RAN #80, a new study item on Physical layer enhancements for NR URLLC was approved.  The objective of the study item is to investigate different URLLC L1 improvements to further improve reliability/latency. In the RAN1#95 meeting, the following agreements were made.
Agreements:
For link-level PDCCH evaluation, the target operating BLER of DCI(s) scheduling HARQ-less PDSCH/PUSCH should be smaller than 1e-x in Rel-16 NR URLLC, at the 5%-tile SINR geometry.
· x is the reliability requirement given in the table of representative use case for evaluation agreed in the RAN1#94bis meeting.
· The 5%-tile SINR geometry is obtained by system-level simulation assuming full buffer for a given evaluation scenario.
· This target assumes no HARQ re-transmission 
Agreement:
· No change of DCI format 0_0/1_0 in CSS from Rel-16 URLLC study item perspective

Agreements:
· To further study DCI for URLLC with a size potentially smaller than that of Rel-15 fallback DCI
· Consider using Rel-15 fallback DCI as a starting point for Rel-16 URLLC DCI
· Target a reduction of at least 10-16 bits compared to Rel-15 fallback DCI
· Companies report how to achieve the DCI size reduction
· The link level performance gain from PDCCH reliability perspective 
· Check at least AL=16 
· PDCCH resource utilization considering all UEs in the cell
· Check AL=1/2/4/8/16 
· If retransmission is feasible with the latency bound, different BLER target can be used
· The PDCCH blocking probability when applicable  
· The performance impact from compact DCI including impact to PDSCH/PUSCH capacity when applicable
· The impact on PDCCH blind decoding/DCI size budget 
· The impact on PDSCH/PUSCH scheduling flexibility 
· At least Rel-15 enabled use cases should be evaluated for the above study

In this contribution, we provide detailed analysis of PDCCH enhancements for NR URLLC.
Motivation for PDCCH Enhancements for NR URLLC
In this section we provide mathematical analysis for PDCCH reliability. Let  PR is the reliability or the probability  of correct reception of the NR URLLC packet at the application layer. Then for downlink packets transmission, the PR depends on 
a. Probability of correct reception of downlink control channel
b. Probability of correct reception of PDSCH 
c. Probability of correct reception of HARQ-ACK

Since these three events are independent dent from the network point of view, the ioint probability of correct reception at the application layer is given by


[image: ]

Where Pdci is the probability of error for DCI, Ppdsch is the probability of transport block error for PDSCH and PHARQ-ACK is the probability of error for HARQ-ACK 
Since we are interested in the probability of error for downlink control channel Pdci   
[image: ]

Since Pdci is the probability and can’t be greater than unity, from the above equation we can conclude that


                  [image: ]

Similarly

                                [image: ]

Hence to satisfy the above equation

                                     [image: ]

Table 1 shows the Pdci           for a given Ppdsch. It can be observed that for a reasonable performance to meet the NR URLLC target requirements the PDCCH performance has to be enhanced significantly. 


Table 1 Required probability of block error rate for PDCCH for downlink data transmission
	PR in percentage

	                                     Pdci      


	
	                    Ppdsch

	
	0.1
	0.01
	0.001
	0.0001
	0.00001
	0.000001
	0.0000001

	99.9999
	NA
	NA
	NA
	NA
	NA
	NA
	0.0000009

	99.999
	NA
	NA
	NA
	NA
	NA
	0.000009
	0.0000099

	99.99
	NA
	NA
	NA
	NA
	0.00009
	0.000099
	0.0000999



Figure 1 shows the FER for PDCCH with 2 receiving antennas.  Typically the cell edge UE in NR will have the SNR of -7 dB. Hence for that SNR, it can observed that NR URLLC services can’t be satisfied with the conventional downlink control channel.  One way to improve the performance of PDCCH is to increase the aggregation level to 24 or 32.



[image: ]

Figure 1 FER performance of PDCCH with 4 receiving antennas
Proposal 1:  RAN1 should study schemes for enhancing the performance of PDCCH for example increasing the aggregation levels to 24 or 32
PDDCH Enhancements
For PDSCH transmission, NR Release 15 provides two DCI formats format1-0 and format 1-1. However, in our view we need to revisit the contents for NR-URLLC applications. For example many entries are not applicable for URLLC or we can optimize the number of bits for compact DCI design. In this section, we focus on the redundancy version indication in downlink control channel for URLLC. 
Indication of redundancy version in DCI
In section 7.3.1.2 of TS 38.212, it is mentioned that each transport block

For transport block 1: 
-	Modulation and coding scheme – 5 bits
-	New data indicator – 1 bit
-	Redundancy version – 2 bits as defined in Table 7.3.1.1.1-2
For transport block 2 (only present if Number-MCS-HARQ-DL-DCI equals 2): 
-	Modulation and coding scheme – 5 bits as defined in Subclause x.x of [6, TS38.214]
-	New data indicator – 1 bit
-	Redundancy version – 2 bits as defined in Table 7.3.1.1.1-2
That is the signaling overhead for the redundancy version is 2 bits per each transport block. Note that the RV indication in the DCI structure is taken from the legacy LTE/HSPA DCI structure.  However, we would like to mention that subblock interleaving and rate matching procedure are different for LDPC and turbo codes. For LDPC codes the starting position of each redundancy version is indicated in Table 6, and also shown as circular buffer in Figure 18.

Table 6: Starting position of different redundancy versions, 
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Figure 18 Redundancy versions using circular buffer


In NR, for each transmission, the network needs to inform to the UE which redundancy version it is currently scheduling.  From simulations, we observed that the only few redundancy versions (RV0 and RV3) are self-decodable for all code rates.  From network perspective, we observed that first transmission always uses RV0, since the systematic bits are sent in RV0 and it is beneficial to send RV0 in the first transmission. However, if we send RV0 in initial transmission irrespective of the deployment or the UE channel characteristics, we feel that there is no need to indicate RV0 in the first transmission (new transmission).  
For the first transmission, the network can use the following structure to indicate RV0.
The first transmission is indicated using a bit called New Data Indicator (NDI) for each TB. This implies that for the first transmission, without indicating RV explicitly, we can use NDI bit so that UE knows that this is first transmission and use RV0 for this transmission.  i.e. whenever the NDI bit is toggled from previous successful transmission, it implies that RV0 is being used for the transmission. Hence we can save 2 bits for each TB for the first transmission.


           DCI without RV for each TB, NDI=1 indicate RV0



Figure 19 Downlink control channel structure for the first transmission
For all the other (re) transmissions, conventional downlink structure as shown in Figure 20 is reused to indicate the RV, i.e. same structure as that of TS 38.212


Part 2
RV
Part 1	



Figure 20 Downlink control channel for re transmissions. 

In another technique, we can use joint encoding of NDI and RV as below. That is instead of using separate fields for RV and NDI for each TB, the bits are jointly encoded as shown in Table 7. In this case we can save 1 bit overhead for each TB in the DCI.

Table 7: Joint encoding of NDI and RV for DCI
	Joint Indication
	RV
	NDI

	00
	RV0
	1

	01
	RV1
	0

	10
	RV2
	0

	11
	RV3
	0




In another technique the network uses RV0 for every transmission i.e. HARQ-Chase combining, then the network can use a single bit to indicate this rather than using 2 bit to indicate RV.  i.e. introduce a new bit to differentiate  HARQ-CC or HARQ-IR. If that bit is set to 0 (HARQ-CC) means, RV0 is used for the current transmission, however when that bit is set to 1 (HARQ-IR), then additional 2 bits are used for each TB to indicate the RV for the current transmission. Hence for CC, only 1 bit is used, while for IR, 3 bits are used to indicate RV.  Hence we propose

Proposal 2: For NR-URLLC, to reduce the DCI payload, for the first transmission, RV is implicitly indicated as part of NDI

Proposal 3: Joint encoding of NDI and RV is used to reduce the DCI payload for NR-URLLC

Proposal 4: Adaptive payload structure should be used for indicating RV for NR-URLLC

Indication of redundancy version using RRC

As explained in above section, for URLLC applications, we can save 2 bits for each TB if we can avoid the RV indication.  Since the reliability of URLLC is high say 1% or 0.1%. In these cases, the probability of packet pass is very high. Hence most of the packets pass in the first attempt itself. In these cases, indicating RV0 in the first transmission does not carry any new information to the UE. In addition, we believe that for URLLC applications, retransmitting RV0 does not penalize the performance compared to re transmitting RV1, RV2 or RV3. Hence we propose that the network can indicate RV 0 for all transmissions or multiple RV states through RRC signaling. By doing this, we can save 2 bits in each transmission for majority of the UEs. The method provides flexibility to the network vendor if the network believes HARQ-IR provides gains for a particular UE, they can enable multi state RV such that the gains can be obtained with 2 bit overhead for indicating RV. 
Hence we propose

Proposal 5: Indication of single state RV0 (HARQ-CC) or multiple state RV (HARQ-IR, RV0, 1, 2, 3) is done using RRC signaling to reduce the payload of DCI 

[bookmark: _Toc424303267][bookmark: _Toc425248865][bookmark: _Toc425344835][bookmark: _Toc425350726][bookmark: _Toc425501584][bookmark: _Toc425504168]Conclusions
In this contribution we described our views on PDCCH enhancements for NR URLLC.
[bookmark: _Ref450342757]Based on our observations, we have the following proposal:
Proposal 1:  RAN1 should study schemes for enhancing the performance of PDCCH for example increasing the aggregation levels to 24 or 32
[bookmark: _GoBack]Proposal 2: For NR-URLLC, to reduce the DCI payload, for the first transmission, RV is implicitly indicated as part of NDI

Proposal 3: Joint encoding of NDI and RV is used to reduce the DCI payload for NR-URLLC

Proposal 4: Adaptive payload structure should be used for indicating RV for NR-URLLC

Proposal 5: Indication of single state RV0 (HARQ-CC) or multiple state RV (HARQ-IR, RV0, 1, 2, 3) is done using RRC signaling to reduce the payload of DCI 
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