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[bookmark: _Ref513464071]Introduction
The SI [1] on Physical Layer Enhancements for NR URLLC for Rel-16 was agreed in RAN plenary meeting #80. One of the identified objectives is PDCCH enhancements, which focus on compact DCI, PDCCH repetition and increased PDCCH monitoring capability. 
In RAN1 meeting #95 [2], the following agreements have been 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-transmssion 
Agreements:
· 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 discuss the compact DCI design, and provide the link level performance evaluation results of compact DCI. We also provide our view on PDCCH repetition, PDCCH monitoring enhancement, as well as PDSCH without UE-specific DCI. 
Contents of compact DCI
The NR Rel-16 URLLC focuses on four types of use cases: power distribution, factory automation, Rel-15 enabled use case (e.g., AR/VR) and transport industry. Each use case has its own traffic model with specific latency and reliability requirements. The highest reliability requirement is , e.g., for factory automation, and the lowest latency requirement is 1 ms. To ensure the reliable URLLC data transmissions, the DCI for URLLC should be transmitted at even higher reliability. The reduction of DCI payload size for URLLC implies a lower effective coding rate and higher coding gain. This results in more reliable transmissions of DCI, and subsequently, more reliable transmissions of URLLC data. 
Two fallback DCI formats, DCI format 0_0 and DCI format 1_0, are specified in NR Rel-15 [4]. It was agreed [1] that both of these DCI formats are not changed for Rel-16 NR URLLC. Instead, these two DCI formats could be considered as a starting point for URLLC compact DCI. The compact DCI targets to reduce at least 10-16 bits from these two DCI formats. Below we shall provide our views on how to achieve the DCI size reduction. 
Among the fields of DCI format 0_0 and 0_1, we think the following fields could be reduced:
1. Frequency domain resource assignment

The “Frequency domain resource assignment” field in DCI formats 0_0 and 0_1 contains bits, where  is the number of available PRBs in the UL or DL BWP. This field could be as large as 16 bits when  is equal to 275. The resource indication value of resource allocation type 1 is based on the fine granularity of 1 PRB. For URLLC, the resource allocation granularity could be increased from 1 PRB to several PRBs. This reduces the size of the “Frequency domain resource assignment” field in the compact DCI. For example, if the granularity is increased to 8 PRBs, then the size of this field is as large as 10 bits. If the granularity is increased to 16 PRBs, then the size of this field is as large as 8 bits.
2. Modulation and coding schemes
A total of three MCS tables are defined in NR [5]. Two MCS tables (i.e., MCS table 1 and MCS table 3) are used for Rel-15 URLLC, since the 256 QAM is not supported for URLLC due to its high reliability requirements. Each of the two MCS tables contains 32 entries and a 5-bit field is defined in DCI to indicate the MCS index. 
In Rel-16 URLLC, if a compact DCI is used, then its MCS field could be reduced. For example, we could use a 4-bit field in compact DCI to indicate the combed MCS index of a given MCS table. The increase of MCS index granularity will potentially result in increased data transmission resources. However, many URLLC use cases (e.g., power distribution, or factory automation) have small data packet sizes, implying the amount of increased data transmission resources is limited. 
3. HARQ process number
Up to 16 HARQ processes is supported in Rel-15 NR. Accordingly, the “HARQ process number” field in DCI formats 0_0 and 0_1 has 4 bits. Due to the low latency requirements of URLLC and fast HARQ round trip time in NR, the whole 16 HARQ processes may not be necessary for URLLC use cases. It is expected that URLLC may only support 4 HARQ processes, and hence, the HARQ process number field in the compact DCI for URLLC may only have 2 bits.
4. Redundancy version
Due to the low latency requirements of URLLC, the number of retransmissions may be limited. It is feasible to limit the redundancy versions to (RV0, RV3) or (RV0, RV2). Then only 1 bit, instead of 2 bits, is needed to indicate the redundancy version.

Besides the above fields, we may further examine other fields in DCI formats 0_0 or 1_0 for potential payload reduction in the compact DCI for URLLC. For example, the “Downlink assignment index” field in DCI format 1_0 may be omitted in the compact DCI if the HARQ-ACK feedback multiplex is not supported in URLLC. The “PDSCH-to-HARQ_feedback timing indictor” field in DCI format 1_0 may be reduced in the compact DCI since the low latency requirements of URLLC may restrict this timing value to a smaller set. Based on the above analysis, at least 10 bits could be saved in the compact DCI from DCI formats 0_0 or 1_0.
Proposal 1: Consider to at least reduce the sizes of fields of “frequency domain resource assignment”, “modulation and coding scheme”, “HARQ process number” and “redundancy version” in DCI formats 0_0 or 1_0 for compact DCI.
Simulation results on compact DCI
In this section, we provide simulation results of the BLER performance improvement of the compact DCI. Our simulations assume 1-symbol CORESETs, 
Figure 1 shows the BLER performance of PDCCH with various DCI sizes (i.e., 24, 30, 40 bits), using the agreed simulation assumptions in Table A.3-1 of [3]. The simulation further assumes four transmit antennas and four receiver antennas, aggregation level of 16, and UE speed of 3 km/h. It can be observed from the figure that the compact DCI with payload of 24 bits/30 bits could provide around 0.7/0.2 dB gain at the BLER of . 
Figure 2 shows the BLER performance of PDCCH, using the same simulation assumptions as those for Figure 1, except that the UE speed is 60 km/h. A similar BLER performance gain from compact DCI is observed. 
Observation 1: Compact DCI provides about 0.7 dB gain at BLER of  for 4 GHz carrier frequency with aggregation level of 16 in urban macro.
Figure 3 shows the BLER performance of PDCCH with various DCI sizes (i.e., 24, 30, 40 bits), using the agreed simulation assumptions in Table A.3-2 of [3]. The simulation further assumes TDL-D channel model with delay spread of 30 ns, four transmit antennas and four receiver antennas, aggregation level of 16, and UE speed of 3 km/h. Since this set of simulation assumptions support Rel-15 enabled use case, which may have low reliability requirements (e.g., ), we show the results with the target BLER at . It can be observed from the figure that the compact DCI with payload of 24 bits/30 bits could provide around 1/0.3 dB gain at the BLER of . 
Figure 4 shows the BLER performance of PDCCH, using the same simulation assumptions as those for Figure 3, except that the channel model is TDL-C with delay spread of 100 ns. A similar BLER performance gain from compact DCI is observed.
Observation 2: Compact DCI provides about 1 dB gain at BLER of  for 4 GHz carrier frequency with aggregation level of 16 in indoor hotspot.
Figure 5 shows the BLER performance of PDCCH with various DCI sizes (i.e., 24, 30, 40 bits), using the agreed simulation assumptions in Table A.3-4 of [3]. The simulation further assumes two transmit antennas and two receiver antennas, aggregation level of 16, 20 MHz system bandwidth and UE speed of 3 km/h. It can be observed from the figure that the compact DCI with payload of 24 bits/30 bits could provide around 0.8/0.3 dB gain at the BLER of . 
We also run system-level simulations, based on the simulation assumptions at 700 MHz for urban macro for power distribution. More details of our simulation assumptions follow Table A.2.1-2 in [3], where two Tx antennas and two Rx antennas are used and system bandwidth is 20 MHz. These system-level simulation assumptions are aligned with the above link-level simulations. The simulation results are shown in Figure 7 in Appendix. We observe that the 5% SINR value is -3.4 dB. On the other hand, we observe from Figure 5 that at BLER of , the compact DCI requires the SNR value of -1.6 dB, leaving a gap of about 1.8 dB.
Figure 6 shows the BLER performance of PDCCH, using the same simulation assumptions as those for Figure 5 , except that the UE speed is 60 km/h. A similar BLER performance gain from compact DCI is observed.
Observation 3: Compact DCI provides about 0.8 dB gain at BLER of  for 700 MHz carrier frequency with aggregation level of 16 in urban macro.
[image: ]
[bookmark: _Ref534634780]Figure 1: Performance of PDCCH with various DCI sizes for urban macro, 4 GHz carrier frequency, UE speed of 3 km/h and AL =16
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[bookmark: _Ref534635943]Figure 2: Performance of PDCCH with various DCI sizes for urban macro, 4 GHz carrier frequency, UE speed of 60 km/h and AL =16
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[bookmark: _Ref534636813]Figure 3: Performance of PDCCH with various DCI sizes for indoor hot-spot, 4 GHz carrier frequency, TDL-D channel model with 30 ns delay spread, and AL =16
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[bookmark: _Ref534638061]Figure 4: Performance of PDCCH with various DCI sizes for indoor hot-spot, 4 GHz carrier frequency, TDL-C channel model with 100 ns delay spread, and AL =16
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[bookmark: _Ref534637954]Figure 5: Performance of PDCCH with various DCI sizes for urban macro, 700 MHz carrier frequency, UE speed of 3 km/h, and AL =16
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[bookmark: _Ref534638299]Figure 6: Performance of PDCCH with various DCI sizes for urban macro, 700 MHz carrier frequency, UE speed of 60 km/h, and AL =16

PDCCH repetition
PDCCH repetition to improve PDCCH reliability was extensively discussed and evaluated in Rel-15 NR but no consensus was achieved. The new Rel-16 SI on URLLC has defined much more stringent requirements (Higher reliability up to 1E-6 level) for the new identified use-cases such as Factory automation, Transport Industry, and Electrical Power Distribution. We believe further study with the recently agreed set of baseline evaluation assumptions and methodology [6] is useful to make further progress on this aspect of URLLC enhancements. 
One of the key techniques to further enhance reliability for the URLLC applications is to enable multi-TRP/panel feature, however, per recent agreed RAN plenary guidelines, this aspect is now in the scope of Rel-16 NR MIMO Enhancement WI [7]: 
· MIMO (multi-TRP aspects):
· Single-TRP techniques for URLLC requirements (e.g., PDCCH time-domain/frequency-domain repetitions, etc.) are done under eURLLC SI
· Multi-TRP techniques for URLLC requirements (e.g., repetition across TRPs, etc.) are done under MIMO WI
· To update MIMO WI accordingly
We believe these two efforts could be harmonized to some degree to help RAN1 to identify the most efficient solutions for addressing the URLLC stringent requirements.
Based on the previous simulation results [8], we observed that using PDCCH repetition is needed to achieve the URLLC reliability requirements for one-shot transmission. Also, we observed that for the case of only 2 UE receive antennas (700 MHz), combination of repeated PDCCH of highest aggregation level with compact DCI is beneficial for URLLC application with one-shot transmission. These observations are also consistent with other simulation results from other companies using new simulation assumptions [9]. 

Proposal 2:	NR R16 should support PDCCH repetition across multiple CORESETs
· FFS: CORESETs associated with the repeated PDCCH are configured over multiple carriers
· FFS: How to link multiple search space sets in the same or different CORESETs? 
PDCCH monitoring enhancement
One challenge in the URLLC design is how to reduce the blocking probability for PDCCH. To avoid PDCCH blocking for URLLC or reducing its probability, more flexibility in PDCCH assignment for URLLC is desired. One approach to address this issue is to increase the pool of possible PDCCH candidates that can be assigned at each monitoring occasion. However, this approach increases the number of required PDCCH blind decoding at the URLLC UE. One solution to address this problem is to allow this increase in the number of blind decodes (and/or number of associated CCEs) for all/some URLLC UEs, based on the category of UE or UE capability as in Rel-15 NR. However, there are limits on the number of blind decodes by the UE, and also there are limits on the number of CCEs covered by the monitored PDCCH candidates. So, solutions that could potentially improve the PDCCH scheduling flexibility while satisfying these limits should be studied as part of Rel-16 SI.
In the following, some potential approaches for adaptive PDCCH blind detection are discussed. The goal is to provide PDCCH scheduling flexibility while maintaining the total number of blind decodes in a slot.
0. Adaptive PDCCH blind detection by adapting the monitoring patterns
In Rel-15 NR, a PDCCH monitoring pattern within a slot indicates first symbol(s) of the control resource set within a slot for PDCCH monitoring. A PDCCH monitoring pattern is provided to the UE by higher layer parameter monitoringSymbolsWithinSlot as part of a search space configuration. To be able to adjust the monitoring occasions in a slot or over multiple slots, in Rel-16, NR may consider configuring the UE with more than one PDCCH monitoring pattern per search space such that each configured monitoring pattern is associated with a different number of PDCCH candidates for monitoring and non-overlapped CCEs in each slot. This approach can adaptively adjust the total numbers of monitored PDCCH candidates and non-overlapped CCEs per slot whenever it exceeds the configured maximum number of blind detections per slot and/or the UE capability. However, the UE may need to determine the active monitoring pattern among the configured monitoring patterns. In case of explicit indication, the UE may receive a monitoring pattern indicator (MPI) in DCI. Alternatively, the UE may autonomously determine the active configured PDCCH monitoring patterns based on the total numbers of monitored PDCCH candidates and non-overlapped CCEs per slot. For example, assuming the UE is configured with two monitoring patterns, when the total number of monitored PDCCH candidates and non-overlapped CCEs per slot doesn’t exceed the configured maximum number of blind detections per slot, the UE may use the first configured PDCCH monitoring pattern, otherwise, the UE may switch to the second configured PDCCH monitoring pattern.

The monitoring pattern can also be linked to the type of service. For example, in case the service type signaling at the PHY layer was introduced, the UE may select the monitoring pattern in a slot from the set of configured monitoring patterns based on the type of service (e.g., URLLC vs eMBB).
Proposal 3: NR Rel-16 should consider introducing multiple configured PDCCH monitoring patterns. 

0. Adaptive PDCCH blind detection by restricting the monitoring occasions 
[bookmark: _Hlk520874190]In NR, a UE determines a PDCCH monitoring occasion from the PDCCH monitoring periodicity, the PDCCH monitoring offset, and the PDCCH monitoring pattern within a slot. In one approach for adaptive blind detection, the set of PDCCH monitoring occasions may be partitioned to a number of subsets of monitoring occasions and at each slot/mini-slot (or during each monitoring periodicity) only a subset of monitoring occasions is used by the UE for monitoring PDCCH. By restricting the UE to monitor a subset of monitoring occasions, the number of PDCCH blind decoding can be reduced at the UE. The UE may determine the subset of the monitoring occasions through dynamic indication in DCI or implicitly based on other parameters. For example, the UE may receive multiple configurations by higher layer for the duration of the consecutive slots/mini-slots over which the UE monitors PDCCH or the UE may receive multiple configurations for the PDCCH monitoring periodicity. In this example, when the total numbers of monitored PDCCH candidates and non-overlapped CCEs per slot/mini-slot exceed the configured maximum number of blind detections per slot/mini-slot or the UE capability, the UE may then monitor a subset of monitoring occasions which it determines based on a secondary set of configured duration and PDCCH monitoring periodicity.
Proposal 4: NR Rel-16 should consider introducing multiple configured durations and PDCCH monitoring periodicities. 

0. Adaptive PDCCH blind detection by adapting the PDCCH candidates
Another approach for adapting the PDCCH blind detection is to partition the configured search space (or set of search spaces) and then the UE may only monitor a subset of PDCCH candidates at each monitoring occasion. This approach to some extent is already used in Rel-15 by limiting the number of PDCCH candidates for each aggregation level for common search space sets configured by searchSpace-SIB1. By restricting the UE to monitor only a subset of PDCCH candidates in each search space set, the number of PDCCH blind decoding can be reduced at the UE. The UE may determine the subset of PDCCH candidates to be monitored for each search space set dynamically from DCI or implicitly based on other parameters.  
Proposal 5: NR Rel-16 should consider introducing restriction on the PDCCH candidates to be monitored. 

PDSCH without UE-specific DCI
In many URLLC applications, transport block sizes are small. Because of small transport block sizes and the requirement for high reliability, the DL control channel may become an inefficient overhead as the DCI overhead may become comparable or even larger than the data packet itself. Also, using the UE-specific PDCCH for scheduling all downlink data (even for very small TB sizes) may excessively increase the probability of PDCCH blocking for both URLLC and eMBB UEs. In RAN1#94, the PDCCH-less scheme for scheduling PDSCH (similar to UL grant-free operation) as a physical layer enhancement for URLLC was discussed [9]. In Rel-15 NR, the DL-SPS was adopted to reduce the PDCCH overhead for a periodic traffic. However, when it comes to a sporadic traffic, the DL-SPS may impose a large overhead on the DL resources as those resources are allocated semi-persistently according to the pre-configured periodicity.
One approach to address the downlink control overhead associated with the sporadic traffic is to enable downlink data transmission without any dynamic scheduling assignment. In this approach, similar to the UL grant-free operation which is based on a configured UL grant, the UE can be configured with the DL scheduling assignments for PDSCH reception. In this case, a UE blindly decodes PDSCH candidates based on the information it receives from the semi-static configuration. When the TB size is comparable to the DCI size or when the number of PDSCH candidates are small, the PDSCH blind decoding complexity could be comparable to the PDCCH blind decoding complexity. Also, this approach may provide better performance, in terms of overall resource efficiency, reliability, and latency. The improvement in overall resource efficiency can be attributed to the removal of the large overhead of UE-specific PDCCH while the improvement in latency is due to one shot DL data reception, instead of receiving PDSCH after blind detection of PDCCH. Also, the reliability of PDSCH reception can be improved by reduction in the blocking probability of PDCCH which is one of the contributors to the overall error rate of data reception. 
Proposal 6: R16 URLLC SI should study downlink data reception with configured scheduling. 
Similar to the limits defined in Rel-15 on the maximum number of monitored PDCCH candidates per slot and the maximum number of non-overlapped CCEs, a limit can be defined on the maximum number of monitored PDSCH candidates per slot or the associated number of CBs. To further lower the burden of blind decoding complexity, in some applications where downlink data transmissions to different UEs are sporadic, but correlated in time, GC-PDCCH may be used to dynamically indicate the PDSCH monitoring occasions or limit the monitored PDSCH candidates.
[bookmark: _GoBack]As an alternative approach to reduce the overhead of PDCCH+PDSCH, one may just transmit the data on PDCCH, when the data packet size is small enough to fit in a PDCCH. In fact, in some representative use cases for URLLC, the packet sizes of 20 to 50 bytes are currently being used. A PDCCH candidate with aggregation level of 8 or 16 has sufficient resource elements for transmitting such packet sizes with appropriate coding rate. For example, a PDCCH candidate with aggregation level of 8 and the code rate of ½ can be used for transmitting (8*54-24)/8 = 51 bytes of data information which happen to be sufficient for supporting the maximum expected packet size for factory automation (Motion control) use case [10].
Proposal 7:	For small TB sizes, R16 URLLC SI should study the possibility of downlink data reception on PDCCH.

Conclusion
In this contribution, we provided our views on the coexistence between LTE sidelink and NR sidelink. Our proposals and observation are as follows:
Proposal 1: Consider to at least reduce the sizes of fields of “frequency domain resource assignment”, “modulation and coding scheme”, “HARQ process number” and “redundancy version” in DCI formats 0_0 or 1_0 for compact DCI. 
Observation 1: Compact DCI provides about 0.7 dB gain at BLER of  for 4 GHz carrier frequency with aggregation level of 16 in urban macro.
Observation 2: Compact DCI provides about 1 dB gain at BLER of  for 4 GHz carrier frequency with aggregation level of 16 in indoor hotspot.
Observation 3: Compact DCI provides about 0.8 dB gain at BLER of  for 700 MHz carrier frequency with aggregation level of 16 in urban macro.
Proposal 2:	NR R16 should support PDCCH repetition across multiple CORESETs
· FFS: CORESETs associated with the repeated PDCCH are configured over multiple carriers
· FFS: How to link multiple search space sets in the same or different CORESETs? 
Proposal 3: NR Rel-16 should consider introducing multiple configured PDCCH monitoring patterns.
Proposal 4: NR Rel-16 should consider introducing multiple configured durations and PDCCH monitoring periodicities. 
Proposal 5: NR Rel-16 should consider introducing restriction on the PDCCH candidates to be monitored.
Proposal 6: R16 URLLC SI should study downlink data reception with configured scheduling. 
Proposal 7:	For small TB sizes, R16 URLLC SI should study the possibility of downlink data reception on PDCCH.
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Appendix (system-level simulation results)
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[bookmark: _Ref534997217]Figure 7:  System-level simulation results for 20 MHz bandwidth at 700 MHz for urban macro for power distribution, with the simulation assumptions in Table A.2.1-2 in [3]
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