
3GPP TSG RAN WG1 Meeting #96bis	R1-1903954
Xi’an, China, 8th– 12th April, 2019

Agenda Item:	7.2.6.1
Source:	Huawei, HiSilicon
Title:	PDCCH enhancements for URLLC
Document for:	Discussion and Decision

1. Introduction
In the RAN1 #96 meeting, the following agreements related to PDCCH enhancements for URLLC were achieved [1]:
	Agreements:
For the DCI format(s) (may or may not be new format, to be finalized in the WI phase) scheduling Rel-16 NR URLLC, 
· Support configurable sizes for some fields, while  
· The maximum DCI size can be larger than Rel-15 fallback DCI
· The minimum DCI size target a reduction of 10~16 bits less than the DCI format size of Rel-15 fallback DCI
· Provide the possibility to align with the size of the Rel-15 fallback DCI (including possible zero padding if any)
· Support at least one of the following configurable fields – the set of configurable field(s) including bitwidths to be finalized during the WI phase (which may further depend on DL vs. UL assignments)
· Antenna port(s) [0~2 bits]
· Transmission configuration indication [0~3 bits]
· Rate matching indicator [0~2 bits]
· SRS request [0~3 bits] 
· PRB bundling size indicator [0~1 bit]
· Carrier indicator [0~3 bits]
· CSI request [0~3 bit]
· ZP CSI-RS triggering [0~2 bits] 
· Beta offset indicator [0~2 bits]
· SRS resource indicator [0~4 bits]
· Repetition factor [0~2 bits]
· Priority indication [0~3 bits]
· Note: Other field(s) can be considered if needed 
· Note: This doesn’t imply the necessity to increase the DCI size budget (i.e. “3 +1”) compared to Rel-15
Agreements:
Support increased PDCCH monitoring capability on at least the maximum number of non-overlapped CCEs per slot for channel estimation for Rel-16 NR URLLC for at least one SCS subject to the following restrictions:
· [bookmark: OLE_LINK12]Explicit limitation on the maximum number of BDs/non-overlapping CCEs per monitoring occasion and/or per monitoring span, and
· The set of applicable SCS(s) to be finalized during the WI phase
· Additional restrictions (e.g., impact # of CCs if any, potential limitations on PDSCH/PUSCH processing, impact of wideband RS for CCE counting if any, etc.) can be considered during the WI phase 
Agreements:
· Enhancements for PDCCH monitoring capability on the maximum number of monitored PDCCH candidates per slot (with potential restrictions) for Rel-16 NR URLLC can be further considered in work item phase.


This contribution firstly provides a detailed discussion about an increased PDCCH monitoring capability and then provides our views on the DCI design for scheduling URLLC.
2. Discussion
2.1 Enhancement on PDCCH monitoring capacity 
According to the agreements from the RAN1#96 meeting, an increased PDCCH monitoring capability should be supported at least for the maximum number of non-overlapped CCEs and at least for one SCS. This enhanced capability could be subject to restrictions that have to be defined during the WI phase. Additionally, it could be studied further if enhancements on the number of monitored PDCCH candidates are necessary.
2.1.1 Rel-15 based PDCCH monitoring and its limitations for URLLC
[bookmark: OLE_LINK13][bookmark: OLE_LINK14]In Rel15, the maximum number of non-overlapping CCEs and BD per slot is subcarrier spacing dependent. For 15, 30, 60 kHz and 120kHz the UE can perform channel estimation for {56, 56, 48, 32} CCEs and blind decoding of {44, 36, 22, 20} PDCCH candidates per slot. However, overbooking is only allowed for PCell. Therefore, in any given slot, the UE has to analyze if the search space configurations would result in more CCEs for channel estimation and more BDs for candidate detection than what can be supported. If such a situation occurs, then the UE has to perform PDCCH dropping according to pre-defined rules until both the required BDs and CCEs are within their limit.
The BD and CCE counting during a slot in order to assess the necessity of PDCCH candidate dropping is a complex function for the UE, it needs to check all search space sets, all aggregations levels, all potential different starting symbols of search space, etc. For example, in some situations two PDCCH candidates will be considered as one blind decode whereas in other situations they will be counted as two.
To calculate the number of required blind decodes and CCEs for channel estimation, the UE has to perform the following comparisons:
· When counting the Blind Decodes, two candidates will be considered as one BD if
· they are in same CORESET
· they are mapped to the same CCEs
· they are scrambled with the scrambling sequence
· they are having the same DCI size
· When counting CCEs, two CCEs will be counted as one CCE for channel estimation, if
· they belong to the same CORESET
· they are occupying the same CCEs with the same start symbol
The PDCCH dropping rule for Rel-15 prioritizes CSS over USS and if the maximum #BDs or maximum #CCEs is exceeded, at least PDCCH candidate(s) in USS will be dropped. The whole USS set will be dropped once any of its PDCCH candidates cannot be mapped. This Rel15 agreement to drop all PDCCH candidates in a USS search space set seems simple for implementation, but it is unfriendly for URLLC, because monitoring occasions can be lost and thereby the URLLC latency will be increased. This is illustrated with the example in Figure 1 below. Two CCS are configured, for CSS#0, 7 BDs are needed in symbol #0 and in symbol #7. For CSS#1, two BD are needed in symbol #0. In the same symbol #0 also USS1 is monitored, which requires 16 BDs. USS 2 needs 2 BDs per monitoring occasion but there are 7 occasions during the slot, thus 14 BDs are needed for USS2. The configuration for USS2 could be seen as typical for URLLC, with multiple occasions in the slot to ensure low latency and only few candidates in each occasion, because very likely a high aggregation level will be used to guarantee a reliable PDCCH detection. The total number of BDs is adding up to 46 in this example, which is exceeding the limit of 44 BDs. Thus, the whole USS2 needs to be dropped and all monitoring occasion for the URLLC service are lost. After this dropping, the UE only needs to carry out 46-14=32 BDs during this slot, i.e. it is operating far under its capability. 




[bookmark: _Ref4698632]Figure 1 – Example for PDCCH dropping when #BDs exceeds the limit, the whole USS2 is dropped

Based on the above discussion, we make the following two observations for PDCCH monitoring according to Rel15:
Observation 1: Counting the number of non-overlapping CCEs and counting the required number of blind decodes is a complicated procedure for the UE, because it needs to check e.g. all search space sets, all aggregations levels, all potential different starting positions of search space.
Observation 2: The PDCCH dropping rules in Rel-15 seem simple but are unfriendly for URLLC traffic. Dropping a whole USS set can lead to significant loss of PDCCH monitoring possibilities which increases the URLLC latency. Furthermore, after dropping, the UE might operate far under its capability.
In our view, both of the above observations need to be taken into account when PDCCH monitoring enhancements are defined for Rel-16. 
Proposal 1: Possible PDCCH monitoring enhancements for Rel-16 should not result in a UE complexity increase for counting the number of non-overlapping CCEs and BDs in any given slot.
Proposal 2: The PDCCH candidate dropping rules for Rel-15 should be re-considered for enabling low latency operation. 
2.1.2 Limiting the maximum number of CCEs/BDs per monitoring occasion/span
It has been agreed in RAN1#96 that the maximum number of non-overlapped CCEs per slot should be increased by explicit limitation on the maximum number of BDs/non-overlapping CCEs per monitoring occasion and/or per monitoring span. In order to guarantee the required low latency for URLLC, there will be multiple monitoring occasions/spans during one slot. Thus, the complex UE function to count the number of required BDs and non-overlapping CCEs needs to carried out multiple times during one slot, once for each span instead of once per slot as it is the case for Rel-15. This can increase the UE complexity.
Observation 3: Limiting #BDs/#CCEs per monitoring occasion/span can increase the UE complexity when multiple occasions/spans are configured within one slot and the #BD/#CCE counting is executed for each occasion/span.
On the other hand, if the number of CCE/BDs is increased compared to Rel-15, then it is also meaningful to set some limit for each span. The reason is that the UE still needs to meet the processing time requirements for N1 (PDSCH-to-HARQ) and N2 (DCI-to-PUSCH). For example in Rel-15, the UE must support 56 non-overlapping CCEs (for SCS 15 kHz) during one span and still be able to decode the DCI in time in order to send the PUSCH after N2 symbols. When the maximum number of non-overlapping CCEs would be increased to a higher value compared to Rel15, and the UE should be able to perform channel estimation for all CCEs during one span, then it will be very challenging to meet the UE processing time requirements. Another issue that could impact the processing time is a potential collision between PDCCH monitoring and PDSCH processing.
Observation 4: A limit on the maximum number of #BDs/#CCEs per monitoring occasion/span is needed so that the UE can guarantee to meet the processing time requirements for N1 and N2.
This leaves us with a tricky situation that requires further study. On one hand a limitation per span is needed so that the UE processing times can be guaranteed, on the other hand, limiting the maximum number in each span can increase the UE complexity significantly due to repeated PDCCH dropping calculations. Therefore, the limits on #CCEs/#BDs per span have to be selected very carefully.
Proposal 3: When selecting the maximum #CCEs/#BDs per monitoring occasion/span the UE complexity for the #CCE/#BD counting has to be considered as well as their impact on the UE processing time. 
When the maximum number of CCEs/BDs per monitoring occasion/span has to be defined, there are several aspects that have to be taken into account:
Proposal 4: When defining the maximum number of CCE/BDs per monitoring occasion/span, take the following aspects into account:
· Shall the maximum number of BDs/CCEs be the same for all monitoring occasions/spans in a slot?
· Can we allow monitoring spans of different duration in the slot, and if yes, shall they have the same or different maximum limits?
· Can a PDCCH candidate only be mapped to one span? For example, if there are two consecutive non-overlapping spans, can a PDCCH candidate cross the span boundary? If yes, how to count the CCEs/BDs for this PDCCH candidate?
· Is it sufficient to limit the number on BDs/CCEs per monitoring occasion/span or is it needed to additionally also define maximum numbers per slot? If maximum numbers of CCEs/BDs per slot are defined, what is their relationship to the same maximum numbers in each span?
· If the PDCCH candidate dropping from Rel-15 will be applied on the monitoring occasions/spans, how will this impact URLLC latency?
· The combined complexity of the #BD/#CCE counting over all monitoring occasions/spans within one slot shall not be increased compared to Rel-15. 
2.1.3 The maximum number of non-overlapping CCEs
Extending the maximum number of non-overlapping CCEs results in better granularity for PDCCH monitoring and can help to reduce the URLLC latency. Increasing the UE capability to perform channel estimations in more CCEs per slot is challenging for the UE implementation. In Rel-15, the maximum number of CCEs for channel estimation is defined per component carrier. An increased number compared to Re-15 should therefore also be defined per carrier. In order to keep the UE complexity manageable, one should restrict the number of CCs that concurrently can be served by the UE.

Proposal 5: The enhanced number of non-overlapping CCEs shall be defined per component carrier. At least the total number of concurrently supported component carriers shall be restricted.   
[bookmark: _GoBack]
2.1.4 The maximum number of monitored PDCCH candidates
It has been agreed that enhancements for the PDCCH monitoring capability on the maximum number of monitored PDCCH candidates per slot (with potential restrictions) for Rel-16 NR URLLC can be further considered in work item phase. In our opinion, this enhancement should have less priority in the discussion about PDCCH enhancements, because for URLLC it is not as important as increasing the number of CCEs or as the discussion about the PDCCH candidate dropping per monitoring span. The need that the number of BDs has to be increased is not that clear.
Firstly, some UEs could just monitor one DCI size scheduling UE specific data during one monitoring occasion. And multiple DCI sizes probably only need to be monitored in the beginning of the slot at least for UEs that are only supporting one service type. Thus to say, for some UEs, the number of BDs could be equal to that in Rel-15, and also it could be guaranteed by the configuration to make the number of BDs less than its limit.
Secondly, in order to guarantee the reliability of URLLC, mostly higher AL (e.g. 16, 8, 4) will be used for these UEs. And there are not so many candidates that could be configured for these ALs to fit into the CORESET. If small AL shall be used to reduce blocking when possible, only very few of these extra candidates need to be configured. Different UEs can have different candidate positions for the small AL.
Besides, as it has been discussed in the beginning of the section, the limit of the number of CCEs/BDs do have much impact on the UE complexity. It has been agreed to increase PDCCH monitoring capability on the maximum number of non-overlapped CCEs per slot, further increasing PDCCH candidates will make implementation more complicated. We see no clear benefit with increasing the BDs at least for some URLLC UEs. Therefore, we see no need to enhance Rel-15 with respect to the PDCCH monitoring capability on BD at least for some UEs. 
Also we should mention that the above discussion on the maximum number of monitored PDCCH candidates is focusing on single-TRP case. As for M-TRP case, this could be discussed in MIMO section. 
[bookmark: OLE_LINK3]Observation 5: Enhancements for PDCCH monitoring capability on the maximum number of monitored PDCCH candidates per slot (with potential restrictions) for Rel-16 NR URLLC should not be supported at least for some UEs.

2.2 DCI design for URLLC
For DCI scheduling Rel-16 NR URLLC, it has been agreed to support configurable sizes for some fields, while the maximum DCI size can be larger than Rel-15 fallback DCI and the minimum DCI size target a reduction of 10~16 bits less than the DCI format size of Rel-15 fallback DCI, also the possibility to align with the size of the Rel-15 fallback DCI should be considered. Taking this agreement as a target, we provide some design for DL DCI and UL DCI respectively in the following sections. Details could be found in [2].
2.2.1 DL DCI design
Potential compressed DCI fields
In order to make the minimum DCI size target a reduction of 10~16 bits less than the DCI format size of Rel-15 fallback DCI, some of the following bit fields in the legacy DCI format 1_0 can be potentially compressed to reduce the DCI size. It should be noted that this “free” space also can be used for new fields that then can be added without increasing the overall DCI size compared to Rel-15 fallback DCI.   
· Header: 1 header bit is still needed to distinguish the DL and UL DCI. 
· 
Frequency domain resource allocation: For URLLC, it can be transmitted in a timely manner with guaranteed reliability. In this case, the flexibility of resource allocation becomes less critical, and a much coarser frequency granularity can be adopted. Regarding the resource allocation type, a modified resource allocation type 1 can be considered where the smallest unit is based on RBG. The RBG table design for type 0 could be reused for the modified resource allocation type 1, and the configuration of the RBG size for type 0 could be reused, too. Then, the bit-field size of the frequency domain resource allocation is equal to.
According to the simulation result in [2], we can find that at least for the use case with small packet size (e.g. 32 bytes), the bandwidth for data channel is not the bottleneck so that congestion of the data channel would rarely happen regardless of the scheduling granularity.
· Time domain resource allocation: For URLLC applications, the configured time-domain resource allocation table can be smaller. E.g., 4 rows may be sufficient, and thereby no more than 2 bits are needed in the compact DCI for the PDSCH time domain resource allocation. In order to decrease the latency and reduce the time domain resource allocation bit field, using the boundary of the PDCCH region, such as PDCCH ending symbol or starting symbol, as reference point could be supported for the compact DCI. This could compress the bit number of the SLIV field without causing a critical impact to the timing indication flexibility.
· HARQ process number, NDI, RV and MCS/TBS: Only one set of {NDI, HARQ process number, MCS} bit field needs to be reserved in the DCI because only one TB can be scheduled according to the agreement from the RAN1#92 meeting. Considering that the SINR statistics for one UE may not cover a large range of values, a UE-specific MCS indication with a fewer number of bits, e.g., 4bits, can be considered. In addition, given the channel status may not vary fast, a combination of RRC configuration and DCI indication can be considered to guarantee a precise MCS value for the UE. In Rel-15, for the HARQ process number, 4-bits are fixed both for the fallback DCI and for the non-fallback DCI. For URLLC, this is unnecessary and the number of bits can be set according to the number of HARQ processes that are configured by higher layer. Assuming that up to 8 HARQ processes are supported, 3 bits are enough in the compact DCI. The NDI field and the RV field can be kept unchanged to guarantee the performance of the retransmission.
· HARQ-ACK timing: It was agreed for Rel-15 that 3 bits are used to indicate the K1 slot-timing in the normal DCI. For URLLC, a fast HARQ RTT is needed and 2 bits may be sufficient. A more aggressive option would be to entirely remove the HARQ-ACK timing indication field and to let the A/N timing be implicitly indicated by the PDSCH location and the UE capability.
· PUCCH resource allocation：In Rel-15, it is agreed to use 3 bits to indicate 8 (up to 32) PUCCH resources. For URLLC, this is not needed and this field can be reduced. The starting symbol of the PUCCH can be implicitly indicated together with the HARQ-ACK timing. For the PUCCH resources with the same starting symbol, 1 bit indicator is enough to indicate the PUCCH resource.
· TPC field: This field could be same as for DCI format 1_x for guaranteeing the reliability of PUCCH. 
· Other DCI fields: In order to keep a small DCI size, other fields for the DCI formats 1_0 could be configured as down to 0 bit, such as DAI and VRB-to-PRB mapping.
Potential added DCI fields
It has been agreed to support some potential configurable fields in DCI scheduling Rel-16 NR URLLC. These fields could be used to enable some new functionalities or provide more flexibility.
· Rate Matching Indicator [0~2bits]: This field is already included in the Rel-15 DCI format 1_1. It makes sense to also include it in the DCI scheduling URLLC traffic, because the resource re-use of CORESETs by the PDSCH allows the PDSCH to start earlier and minimizes the latency for URLLC services. For configurations with multiple monitoring occasions during a slot this becomes also important from the resource utilization perspective. 
· AL8/AL16 identifier: During Rel-15 an ambiguity between AL16 and AL8 has been identified [3] which can lead to PDSCH decoding errors. If the AL16 and AL8 candidates have shared CCEs, then, when the gNB is transmitting with AL16, the UE might detect an AL8 or vice versa. An AL16 indicator can be included in the DCI to resolve this ambiguity. Note that this ambiguity only occurs between AL8 and AL16. The AL identifier only needs to be included when AL8 and AL16 candidates are configured on overlapping CCEs. The details could be found in [4]. 
Alignment with the size of the Rel-15 fallback DCI
As discussed in [5], extended CRC could be used to align the size of URLLC DCI with Rel-15 fallback DCI, and it does not increase the number of blind decoding attempts and does not increase the receiver complexity substantially. So this field could also be considered and may be realized by reusing other fields.
Proposal 6: The fields of FDRA, TDRA, HARQ process number, MCS, HARQ-ACK timing, DAI, VRB-to-PRB mapping, and PUCCH resource in format 1_0 could be compressed or removed to generate the DL DCI with smaller size.
Proposal 7: Some configurable fields, such as Rate Matching Indicator, AL8/AL16 identifier could be added in DL DCI scheduling Rel-16 NR URLLC.
2.2.1 UL DCI design
Potential compressed DCI fields
The following bit fields in the legacy DCI format 0_0 can be potentially compressed to reduce the DCI size or to generate space for the potentially added fields.
Some common fields, such as header, frequency/time domain resource allocation, HARQ process number, NDI, RV, MCS/TBS, TPC command, can be designed using the same principle as for the DL DCI. Considerations on other fields are provided below:
· Frequency hopping flag: In order to guarantee the PUSCH reliability, frequency hopping should be supported, and 1-bit frequency hopping flag should be included in UL compact DCI.
· UL/SUL indicator: This field can be configured as 0 bit to save overhead.
Potential added DCI fields
· Beta-offset indicator: Beta-offset is already included in the DCI format 0_1, and can be added to the UL DCI for more precise adjustment of UCI resources.
· Power adjusting indicator for inter-UE prioritization: As mentioned in our companion contribution [6], a new bit field could be added in the UL compact DCI to indicate the UL power control set for URLLC UE for which the PUSCH collides with an eMBB PUSCH of another UE.
Alignment with the size of the Rel-15 fallback DCI
This could be same as DL DCI design by introducing extended CRC to align the minimum size of URLLC DCI with Rel-15 fallback DCI.
Proposal 8: The fields of FDRA, TDRA, HARQ process number, MCS, and UL/SUL indicator in format 0_0 could be compressed or removed to generate the UL DCI with smaller size.
Proposal 9: Some configurable fields, such as Beta-offset indicator, Power adjusting indicator for inter-UE prioritization could be added in UL DCI scheduling Rel-16 NR URLLC.
3. [bookmark: _Ref129681832][bookmark: _Ref124589665][bookmark: _Ref71620620][bookmark: _Ref124671424]Conclusion 
In this contribution we provide considerations for enhancements on PDCCH monitoring and details of the DCI design for URLLC. 
For enhancing the PDCCH monitoring capabilities it has been agreed in RAN1#96 to set a limit on the maximum number of CCEs and BD per monitoring occasion/span within a slot. The idea behind this is to help the UE implementation to meet the UE processing time requirements even if more PDCCH monitoring has to be performed. On the other hand, with multiple spans in the slot, the PDCCH dropping calculation then also needs to be performed multiple times, which can increase the UE complexity. Therefore, the maximum numbers of CCE/BD per monitoring occasion/span have to be evaluated carefully. Furthermore, the Rel-15 PDCCH mapping rules, where whole set(s) of USS can be dropped, are unfavourable for URLLC. When enhancements on the PDCCH monitoring are discussed also the PDCCH mapping rules should be reconsidered. When the PDCCH monitoring is increased, to keep the overall complexity manageable, it seems reasonable to restrict the number of supported component carriers.    
In summary, we are making the following observations and proposals related to the PDCCH monitoring:
Observation 1: Counting the number of non-overlapping CCEs and counting the required number of blind decodes is a complicated procedure for the UE, because it needs to check e.g. all search space sets, all aggregations levels, all potential different starting positions of search space.
Observation 2: The PDCCH dropping rules in Rel-15 seem simple but are unfriendly for URLLC traffic. Dropping a whole USS set can lead to significant loss of PDCCH monitoring possibilities which increases the URLLC latency. Furthermore, after dropping, the UE might operate far under its capability.
Proposal 1: Possible PDCCH monitoring enhancements for Rel-16 should not result in a UE complexity increase for counting the number of non-overlapping CCEs and BDs in any given slot.
Proposal 2: The PDCCH candidate dropping rules for Rel-15 should be re-considered for enabling low latency operation. 
Observation 3: Limiting #BDs/#CCEs per monitoring occasion/span can increase the UE complexity when multiple occasions/spans are configured within one slot and the #BD/#CCE counting is executed for each occasion/span.
Observation 4: A limit on the maximum number of #BDs/#CCEs per monitoring occasion/span is needed so that the UE can guarantee to meet the processing time requirements for N1 and N2.
Proposal 3: When selecting the maximum #CCEs/#BDs per monitoring occasion/span the UE complexity for the #CCE/#BD counting has to be considered as well as their impact on the UE processing time.
Proposal 4: When defining the maximum number of CCE/BDs per monitoring occasion/span, take the following aspects into account:
· Shall the maximum number of BDs/CCEs be the same for all monitoring occasions/spans in a slot?
· Can we allow monitoring spans of different duration in the slot, and if yes, shall they have the same or different maximum limits?
· Can a PDCCH candidate only be mapped to one span? For example, if there are two consecutive non-overlapping spans, can a PDCCH candidate cross the span boundary? If yes, how to count the CCEs/BDs for this PDCCH candidate?
· Is it sufficient to limit the number on BDs/CCEs per monitoring occasion/span or is it needed to additionally also define maximum numbers per slot? If maximum numbers of CCEs/BDs per slot are defined, what is their relationship to the same maximum numbers in each span?
· If the PDCCH candidate dropping from Rel-15 will be applied on the monitoring occasions/spans, how will this impact URLLC latency?
· The combined complexity of the #BD/#CCE counting over all monitoring occasions/spans within one slot shall not be increased compared to Rel-15. 

Proposal 5: The enhanced number of non-overlapping CCEs shall be defined per component carrier. At least the total number of concurrently supported component carriers shall be restricted.   
Observation 5: Enhancements for PDCCH monitoring capability on the maximum number of monitored PDCCH candidates per slot (with potential restrictions) for Rel-16 NR URLLC should not be supported at least for some UEs.

For the DCI design, we are making the following proposals:
Proposal 6: The fields of FDRA, TDRA, HARQ process number, MCS, HARQ-ACK timing, DAI, VRB-to-PRB mapping, and PUCCH resource in format 1_0 could be compressed or removed to generate the DL DCI with smaller size.
Proposal 7: Some configurable fields, such as Rate Matching Indicator, AL8/AL16 identifier could be added in DL DCI scheduling Rel-16 NR URLLC.
Proposal 8: The fields of FDRA, TDRA, HARQ process number, MCS, and UL/SUL indicator in format 0_0 could be compressed or removed to generate the UL DCI with smaller size.
Proposal 9: Some configurable fields, such as Beta-offset indicator, Power adjusting indicator for inter-UE prioritization could be added in UL DCI scheduling Rel-16 NR URLLC.
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