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1. Introduction
In the RAN1#95 meeting, the following agreement related to PDCCH enhancements was achieved [1]:
	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:
· 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



This contribution firstly provides evaluation results for the Rel-15 PDCCH applied to the prioritized use cases for Rel-16. It is concluded that PDCCH enhancements are needed for Rel-16 NR URLLC. Then, the contribution provides our views on potential PDCCH enhancements, including compact DCI, PDCCH repetition and increased PDCCH monitoring capability.
2. Discussion
Rel-15 URLLC evaluated the single link performance at the SINR corresponding to the 5th percentile DL geometry and drew a conclusion that neither “compact DCI” nor “PDCCH repetition” needs to be supported. In Rel-16, however, the latency and reliability requirement is more stringent, and also multiple URLLC UEs per cell need to be served. Therefore, new evaluations for the new requirements and use cases need to be performed (such as Remote Driving, Rel-15 enabled use case and Power Distribution) in order to find out if PDCCH enhancements are needed for Rel-16 NR URLLC. 
2.1 PDCCH evaluation
As agreed in the RAN1#94 meeting, the PDCCH reliability and the PDCCH blocking should be evaluated.  In this paper we perform LLS to assess the PDCCH reliability and we model the PDCCH mapping to the search space for multiple users to study the impact of PDCCH blocking.
As shown in the agreed table of representative use cases for the Rel-16 NR URLLC evaluation from the RAN1#94bis meeting [2], for some use cases, e.g. remote driving and differential protection, the reliability requirement is 99.999%, while for some other use cases, e.g. factory automation, it is 99.9999%. Based on the agreement that the target operating BLER of DCI(s) scheduling HARQ-less PDSCH/PUSCH should be smaller than 1e-x in Rel-16 NR URLLC, the PDCCH evaluation in this section is performed assuming a reliability higher than 99.9999%.   
2.1.1 PDCCH reliability  
According to 38.212 [3], for an active bandwidth part with 100 PRBs, the smallest DCI payload size of DCI format 1_x is about 40 bits excluding CRC. The PDCCH-BLERs achieved by ALs 1-16 for different SINR conditions were simulated for this payload. The simulation assumptions are provided in Appendix 1 and the results for different use cases are shown in Figure 1 below. According to our contribution [4] submitted to the last meeting (RAN1#95), the result for 60 kHz SCS differs only slightly from 30 kHz SCS and is omitted here. 
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Figure 1 - PDCCH reliability evaluation results for R16 URLLC use cases, 30 kHz SCS
For the 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. In Figure 2 below the SINR geometry is illustrated for the R16 URLLC use cases. It is obtained by system-level simulation assuming full buffer for a given evaluation scenario.
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Figure 2 - SINR geometry for R16 URLLC use cases
[bookmark: OLE_LINK5][bookmark: OLE_LINK6]The 5%-tile SINR geometry numbers that can be extracted from Figure 2 are summarized in Table 1 below. 
Table 1 - the 5%-tile SINR geometry for different use cases
	Carrier frequency
	700MHz
	4GHz

	Use cases
	Remote
driving
	R15 enabled
use case
	Power
distribution
	Remote
driving
	R15 enabled
use case
	Power
distribution

	5%-tile SINR(dB)
	-2.6
	-3.2
	-3.2
	-2
	-4
	-2.2



Observation 1: For carrier frequency 700 MHz with 2 Rx at the UE side and 4GHz with 4 Rx at the UE side, at channel model TDL-C, Rel-15 NR PDCCH (e.g. DCI payload size 40 bits and AL=16) can meet the reliability of 99.9999% at the 5%-tile SINR geometry.  
2.1.2 PDCCH blocking evaluation of Rel-15 URLLC applied on Rel-16 use cases 
Considering that the new use cases shall support multiple UEs per cell in Rel-16, an evaluation under the new requirements and new use cases has to be performed to judge whether Rel-15 URLLC mechanisms can guarantee the reliability and latency. Therefore, the impact of PDCCH blocking has been investigated with the following results: 
SNR-BLER curves for various ALs
Details are as shown in section 2.1.1 where the curves in Figure 1 are achieved by LLS.  
Aggregation level distribution for multiple users
A UE with a certain SINR geometry requires a specific AL so that the PDCCH can be detected reliably. These required AL values for a certain SINR are provided by the link level simulation results shown in Figure 1 above. The AL distribution is a function of the UE distribution and the URLLC reliability requirements. The geometry curves are shown in Figure 2 above. 
Combined with the curves in Figure 1 and the geometries as shown in Figure 2, the aggregation level distribution is obtained as shown in Table 2. 
Table 2 - AL distribution for R16 use cases using DCI with 40 bits payload
	Carrier frequency
	Use cases
	Payload
	AL=16
	AL=8
	AL=4
	AL=2
	AL=1

	700MHz
	Remote Driving
	40bits
	13.57%
	30.42%
	29.18%
	16.11%
	10.72%

	
	R15 enabled cases
	40bits
	14.49%
	25.11%
	26.10%
	21.78%
	12.52%

	
	Power Distribution
	40bits
	14.11%
	25.29%
	26.06%
	21.83%
	12.71%

	4GHz
	Remote Driving
	40bits
	0%
	2.58%
	21.93%
	35.99%
	39.51%

	
	R15 enabled cases
	40bits
	3.55%
	4.52%
	21.06%
	29.31%
	41.56%

	
	Power Distribution
	40bits
	0.45%
	3.70%
	20.63%
	31.18%
	44.04%



The impact of PDCCH blocking on URLLC UEs is evaluated with the simulation assumptions given in Appendix 2 and the following settings:
· Monitoring occasions: For Rel-15 enabled in order to realize 1ms air interface latency， per 4 OS based scheduling with 1OS CORESET is applied, and for the Remote Driving use case and Power Distribution 1/2 -slot based scheduling with 1OS CORESET is applied. Only the PDCCH scheduling downlink transmissions is considered.
· PDCCH mapping method: For 700MHz, the total number of CCEs in the CORESET is 50 PRBs, the number of PDCCH candidates for each AL 1, 2, 4, 8 are 8, 4, 2, 1, respectively. For 4GHz, the total number of CCEs in the CORESET is 100 PRBs, the number of PDCCH candidates for each AL 1, 2, 4, 8 are 8, 4, 4, 2 respectively. For the investigated use case, we assume that the SINR is always large enough so that AL16 will not need to be used, so AL16 SINRs are excluded from the simulations. The PDCCH starting positions are linked to the C-RNTI. Assume that the gNB wants to schedule one AL4, then blocking would occur if all the AL4s are occupied or particular CCEs that can be used for AL4 by this UE already are occupied by another UE.
· Metric: In our simulations, we investigated the percentage of UEs being able to be scheduled within the latency boundary, such as 1.5ms for (for the Remote Driving), 0.5ms (for Rel-15 enabled use case) and 3ms (for Power Distribution). These delays correspond to the time that we assumed can be spent on the PDCCH scheduling attempts in order to meet the overall PHY latency budget for a packet transmission in the investigated use cases. If it is not possible to schedule the packet within the given time, in other words, if a PDCCH with AL x could not be mapped to a CORESET within the prescribed latency boundary, then this particular PDCCH transmission is regarded as “blocked”. With the given URLLC requirements such an event is not allowed to happen more than once during 1e6 attempts for any given UE.  
The more users that are configured in the cell, the more data packets are generated. This increases the PDCCH blocking probability. Thus, the ratio of UEs satisfying the requirement decreases when the number of configured users is increased. In the evaluation it is assumed that the PDCCH blocking probability has to be lower than the PDCCH reliability (99.9999%). The results are presented in Table 3 below. 
Table 3 - Percentage of users satisfying latency requirements for a given scheduling delay
	Carrier frequency
	Use cases
	Number of UEs
	DCI payload 40bits
(Baseline)

	700MHz
	Remote Driving
	2
	50%

	
	
	6
	33.33%

	
	
	10
	10%

	
	R15 enabled cases
	5
	20%

	
	
	10
	10%

	
	
	15
	0%

	
	
	20
	0%

	
	Power Distribution
	5
	0%

	
	
	10
	0%

	4GHz
	Remote Driving
	2
	100%

	
	
	6
	66.67%

	
	
	10
	30%

	
	R15 enabled cases
	5
	40%

	
	
	10
	30%

	
	
	15
	20%

	
	
	20
	5%

	
	Power Distribution
	5
	20%

	
	
	10
	10%


 
Observation 2: PDCCH blocking is seen in the investigated R16 use cases 
· For Remote Driving, even for a moderate number of users, only a certain percentage of UEs could meet the latency requirement, e.g. for 700MHz and 6 configured users, only 33.33% of the UEs could be scheduled within 1.5 ms.
· For R15 enabled case, for 700MHz and 5 configured users, 20% can be scheduled within the given latency bound; even for 4GHz, only 40% can be scheduled within the given latency bound.
· For Power Distribution, for 700MHz and 5 configured users, no UEs can be scheduled within the given latency bound; even for 4GHz, only 20% can be scheduled within the given latency bound.
· The number of URLLC users that can be supported is heavily impacted by PDCCH blocking   

Proposal 1: RAN1 shall support enhanced schemes for URLLC to reduce the PDCCH blocking probability. 
In the following, PDCCH enhancement schemes such as “compact DCI” and “PDCCH repetition” will be evaluated with respect to their capability to decrease PDCCH blocking.
2.2 PDCCH enhancements for URLLC in R16
In this section we discuss the benefits for the URLLC performance when applying enhanced schemes such as Compact DCI and PDCCH repetition.
2.2.1 Compact DCI
2.2.1.1 PDCCH reliability
Compared to normal DCI, introducing a compact DCI with smaller payload size is helpful for guaranteeing the reliability. A compact DCI achieves better link level performance compared to the normal DCI for the same AL value. Therefore, a smaller AL can be selected to meet the same reliability requirement. Thus, applying compact DCI is beneficial for saving PDCCH resources and hence the PDCCH blocking issue can be efficiently alleviated.
Figure 3 below shows our evaluation results for 30 kHz SCS, where the SINR/BLER curves at different ALs have been compared for DCI payloads of 24 and 40 bits. It can be observed that for AL 2-16 there is around 1 dB gain when the smaller payload is applied and for AL1 the gain is approximately 2dB. 
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(c)                                                                            (d)
Figure 3 - SINR/BLER mapping for AL1-AL16 @40bits and 24bits payload 
2.2.1.2 Resource utilization
Thus, to achieve the same reliability for a low DCI payload, a lower AL can often be used for compact DCI. The AL distributions for the two different DCI payload sizes are shown below in Table 4.
Table 4 – AL distributions for 24 bits DCI payload compared to 40 bits DCI payload
	Carrier frequency
	Use cases
	Payload
	AL=16
	AL=8
	AL=4
	AL=2
	AL=1

	700MHz
	Remote Driving
	40bits
	13.57%
	30.42%
	29.18%
	16.11%
	10.72%

	
	
	24bits
	8.56%
	22.76%
	32.65%
	21.12%
	14.82%

	
	R15 enabled cases
	40bits
	14.49%
	25.11%
	26.10%
	21.78%
	12.52%

	
	
	24bits
	10.08%
	22.75%
	25.57%
	21.67%
	19.94%

	
	Power Distribution
	40bits
	14.11%
	25.29%
	26.06%
	21.83%
	12.71%

	
	
	24bits
	9.79%
	22.60%
	25.87%
	21.67%
	20.06%

	4GHz
	Remote Driving
	40bits
	0%
	2.58%
	21.93%
	35.99%
	39.51%

	
	
	24bits
	0%
	0.83%
	13.07%
	39.32%
	46.77%

	
	R15 enabled cases
	40bits
	3.55%
	4.52%
	21.06%
	29.31%
	41.56%

	
	
	24bits
	2.75%
	2.64%
	14.63%
	32.32%
	47.66%

	
	Power Distribution
	40bits
	0.45%
	3.70%
	20.63%
	31.18%
	44.04%

	
	
	24bits
	0.07%
	1.52%
	14.42%
	33.49%
	50.50%



The relaxed AL distribution results into fewer resources that have to be used in average. We calculated the number of used CCEs that have been occupied during the blocking evaluations for the two different DCI payload sizes. The result is shown in Table 5, where it can be seen that the number of needed resources can be reduced with about 15% when 24bit DCI payload is.
Table 5 – PDCCH resource utilization of 24 bits vs 40bits DCI payload 
	Carrier frequency
	700MHz
	4GHz

	Use case
	Remote Driving
	R15 enabled cases
	Power Distribution
	Remote Driving
	R15 enabled cases
	Power Distribution

	Number of
used CCE
	40bit
	44648
	37373
	37087
	8441
	12816
	9956

	
	24bit
	36493
	32054
	31778
	7080
	10900
	8309

	Resource Reduction
	18.27%
	14.23%
	14.31%
	16.12%
	14.95%
	16.54%



Observation 3: When using compact DCI, around 15% PDCCH resource will be saved.
2.2.1.3 PDCCH blocking 
Resource reduction means that more UEs could be scheduled within the given latency bound, which means less PDCCH blocking as shown in Table 6. Because, as explained above, the event of blocking shall not happen more than once in a million, even a slight increase in resource availability can result in a large additional number of UEs that can be supported.  
Table 6 - Percentage of users satisfying reliability and latency requirements, 40 bits and 24 bits DCI payload 
	Carrier frequency
	Use cases
	Number of UEs
	40bits - baseline
	Compact DCI

	700MHz
	Remote Driving
	2
	50%
	50%

	
	
	6
	33.33%
	50%

	
	
	10
	10%
	30%

	
	R15 enabled cases
	5
	20%
	40%

	
	
	10
	10%
	30%

	
	
	15
	0%
	20%

	
	
	20
	0%
	0%

	
	Power Distribution
	5
	0%
	20%

	
	
	10
	0%
	10%

	4GHz
	Remote Driving
	2
	100%
	100%

	
	
	6
	66.67%
	66.67%

	
	
	10
	30%
	50%

	
	R15 enabled cases
	5
	40%
	60%

	
	
	10
	30%
	40%

	
	
	15
	20%
	26.67%

	
	
	20
	5%
	10%

	
	Power Distribution
	5
	20%
	40%

	
	
	10
	10%
	30%



Observation 4: When using compact DCI, the PDCCH blocking rate is decreased significantly，and the number of users that can be scheduled within the given latency bound is increased by approximately 20%.
2.2.1.4 Blind decoding and scheduling flexibility
One concern about compact DCI is that it may increase the number of blind decodes. However, introducing a new DCI size for URLLC does not necessarily mean the increase of the number of blind decodes. For example, for pure URLLC UEs the monitoring of compact DCI can be performed instead of monitoring DCI format 0_0/1_0 and/or DCI format 0_1/1_1. Even for a UE supporting both eMBB and URLLC, the total number of blind decodes can be controlled by appropriate PDCCH search space configuration. 
Observation 5: Introducing a new DCI size for URLLC does not need to increase the number of blind decodes.
Another concern about compact DCI is that it may restrict the scheduling flexibility of the PDSCH, and consequently impair the throughput of the data channel. However, for URLLC services, it is most likely that a large bandwidth will be allocated. In this case, the flexibility of resource allocation becomes less critical, and a much coarser frequency granularity can be adopted. 
In order to evaluate the influence caused by a compact DCI onto the PDSCH scheduling flexibility, we evaluate and compare the performance of normal DCI with compact DCI via a system level simulation. The scheduling granularity of compact DCI is per 8 PRB, and the scheduling granularity of normal DCI is per 4 PRB. The simulation scenario is R15 enabled case, and the metric is the ratio of UEs satisfying the 1 ms latency and 1e-5 reliability for PDSCH transmission. The modelling for PDCCH blocking is ideal, i.e. no PDCCH blocking is assumed. We do give some simulation result shown in Table 7 below.
Table 7 – The ratio of UEs satisfying the required 1 ms latency and the reliability of 1e-5 in case of 10 UEs per cell in the DL transmission for Urban Macro deployment.
	DCI payload size
	Arrival rate = 500 packet/s

	
	Ratio
	RU

	Compact DCI 
	46.19%
	16.15%

	Normal DCI 
	33.33%
	11.84%

	Gain
	38.6%
	-



It can be observed from the above results that the gain of compact DCI is around 39% in contrast with normal DCI in terms of the ratio of UE satisfying the 1ms latency and 1e-5 reliability. This is because the resource utilization is smaller than 20%, which means resource is always enough and that congestion would rarely happen even for coarse scheduling granularity. If large scheduling granularity was used, then more resource will be allocated for PDSCH, so the reliability could be improved and the resource utilization will be improved at the same time. The details about the compact DCI design can be found in [5].
Observation 6: Compact DCI with coarser scheduling granularity performs better than normal DCI in terms of 1ms latency satisfaction ratio under 1e-5 reliability requirement for Rel-15 enabled use case.
During the RAN1#95 meeting it was argued to evaluate whether the bottleneck for the capacity is the PDCCH or the PDSCH. Even if such a study would show that the number of supported users for the PDSCH is lower than for the PDCCH, it does not mean that the PDCCH will not be the limiting factor. This depends for example on the aggregation level that has to be used. Two users with AL16 for example could already block the search space. If PDCCH was blocked, then PDSCH/PUSCH could neither be scheduled, so PDCCH blocking has impact to PDSCH/PUSCH capacity. Therefore, the PDCCH and PDSCH should be treated separately from each other. If one of them currently is a bottleneck, it doesn’t need to mean that the other can’t become the bottleneck later. 
In addition, compact DCI can be used to differentiate eMBB and URLLC service which is elaborated in our companion contribution [6]. 
Based on the above analysis we propose that a compact DCI shall be supported for Rel-16 URLLC.
Proposal 2: Compact DCI should be supported for Rel-16 URLLC.
The detailed design proposal for compact DCI can be found in our companion contribution [5]. In general, all fields in the DCI can be reduced or even be eliminated, e.g. HARQ process, resource allocation, etc. and further enhancements e.g. removing the frequency domain resource allocation field in the retransmission can also be considered.
2.2.2 PDCCH repetition
PDCCH repetition in the time domain can be used to increase the URLLC performance by reducing the PDCCH blocking. Instead of transmitting one PDCCH with high aggregation level, two repetitions with half the aggregation level are sent in different occasions. This can not only give improved reliability by combining the repeated PDCCHs, but also has two advantages: 
· A finer granularity is applied in each transmission. It is then easier for the gNB scheduler to find free resources for the PDCCH transmission without blocking other users. This means that even if the number of transmitted CCEs in total is the same as when using one transmission with a higher aggregation level, the blocking can still be reduced.
· Fast feedback (e.g. PDCCH-ACK) in between two PDCCH repetitions can be introduced. Upon reception of the PDCCH-ACK, the gNB can cancel the sub-sequent PDCCH transmission, which reduces the number of needed CCEs.
The concept of PDCCH repetition with fast feedback is illustrated in Figure 4 below, where one PDCCH with AL16 is split into 2 PDCCHs with AL8. Upon successful reception of the first PDCCH, a PDCCH-ACK is sent which triggers the gNB to cancel the second PDCCH. The detailed design options for PDCCH repetition could be seen in [7].
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Figure 6 - PDCCH repetition with fast PDCCH-ACK. 
For PDCCH repetition, considering that already the first PDCCH in most cases (e.g. 90%) is detected, there is often no need to transmit the second PDCCH. Thus, the required number of CCEs could be reduced by a factor of almost two. 
We performed the same simulations as for compact DCI also for PDCCH repetition with fast feedback after the first PDCCH. The same monitoring occasions are applied but one high aggregation level is replaced by two subsequently transmitted lower aggregation levels. To evaluate the impact of PDCCH-ACK, it is assumed that the first PDCCH is detected with a success rate of 90% and the corresponding second transmission is cancelled. The results are shown in Table 8.
Table 8 - Percentage of users satisfying reliability and latency requirements when compact DCI is applied together with the PDCCH repetition scheme
	Carrier frequency
	Use cases
	Number of UEs
	40bits - baseline
	PDCCH Repetition
	PDCCH Repetition
&feedback
	PDCCH Repetition
&feedback
& Compact DCI

	700MHz
	Remote Driving
	2
	50%
	100%
	100%
	100%

	
	
	6
	33.33%
	83.33%
	100%
	100%

	
	
	10
	10%
	80%
	90%
	100%

	
	R15 enabled cases
	5
	20%
	60%
	100%
	100%

	
	
	10
	10%
	50%
	100%
	100%

	
	
	15
	0%
	46.67%
	93.33%
	100%

	
	
	20
	0%
	40%
	90%
	95%

	
	Power Distribution
	5
	0%
	40%
	100%
	100%

	
	
	10
	0%
	30%
	80%
	100%

	4GHz
	Remote Driving
	2
	100%
	100%
	100%
	100%

	
	
	6
	66.67%
	83.33%
	100%
	100%

	
	
	10
	30%
	90%
	100%
	100%

	
	R15 enabled cases
	5
	40%
	80%
	100%
	100%

	
	
	10
	30%
	60%
	100%
	100%

	
	
	15
	20%
	53.33%
	100%
	100%

	
	
	20
	5%
	50%
	95%
	100%

	
	Power Distribution
	5
	20%
	60%
	100%
	100%

	
	
	10
	10%
	50%
	90%
	100%



[bookmark: OLE_LINK8][bookmark: OLE_LINK9][bookmark: _Ref129681832][bookmark: _Ref124589665][bookmark: _Ref71620620][bookmark: _Ref124671424]It can be concluded that the PDCCH blocking can be greatly reduced with the introduction of PDCCH repetition and fast feedback (PDCCH-ACK) when it is used together with compact DCI. 
Observation 7: When using PDCCH repetition with fast feedback in combination with compact DCI, the PDCCH blocking rate is eliminated for most of the investigated cases:
· For up to 10 users in the Remote Driving use case
· For up to 10 users in the Power Distribution. 
· For up to 15 users in the R15 enabled cases. For the extreme scenario of up to 20 users and 700MHz, still 95% of the UEs can be scheduled within the latency bounds
From the simulations it can be seen that PDCCH repetition with fast feedback efficiently reduces PDCCH blocking. However, PDCCH repetition also comes at a cost. It has been discussed in previous RAN1 meetings that it might increase the PDSCH latency and the UE complexity. This is acceptable in many use cases, but not necessarily in all. Therefore, both compact DCI and PDCCH repetition shall be supported for Rel-16 URLLC. When they are used together, the performance can be maximized as shown in our simulation results in Table 8. 
Proposal 3: Both PDCCH repetition and compact DCI should be supported for Rel-16 URLLC. 
2.3 PDCCH enhancements for the PDCCH monitoring capability
[bookmark: OLE_LINK1][bookmark: OLE_LINK2]In Rel-15, the maximum number of monitored PDCCH candidates and maximum numbers of non-overlapped CCEs have been defined for different SCSs. From the requirements for the new identified use cases for Rel16 NR URLLC, it can be seen that the demands on the PDCCH monitoring capacity are not increased. In our view, all enhancements shall be justified by the requirements of the new identified use cases. Also increasing PDCCH monitoring capacity will make implementation more complicated. Therefore, we see no need to enhance Rel-15 with respect to the PDCCH monitoring capability on BD/CCE. 
[bookmark: OLE_LINK3]Observation 8: The new identified use cases for Rel-16 do not require an increase of the PDCCH monitoring capability.
Proposal 4: No need to enhance the PDCCH monitoring capability on BD/CCE in Rel-16. 
3. Conclusion 
A new aspect of URLLC in Rel16 is the evaluation of multiple users. In this contribution we evaluated PDCCH blocking according to the requirements of the prioritized use cases and discussed necessary PDCCH enhancements, including compact DCI, PDCCH repetition. 
Our observations and proposals regarding PDCCH blocking and PDCCH enhancements are given below:
Observation 1: For carrier frequency 700 MHz with 2 Rx at the UE side and 4GHz with 4 Rx at the UE side, at channel model TDL-C, Rel-15 NR PDCCH (e.g. DCI payload size 40 bits and AL=16) can meet the reliability of 99.9999% at the 5%-tile SINR geometry.  
Observation 2: PDCCH blocking is seen in the investigated R16 use cases 
· For Remote Driving, even for a moderate number of users, only a certain percentage of UEs could meet the latency requirement, e.g. for 700MHz and 6 configured users, only 33.33% of the UEs could be scheduled within 1.5 ms.
· For R15 enabled case, for 700MHz and 5 configured users, 20% can be scheduled within the given latency bound; even for 4GHz, only 40% can be scheduled within the given latency bound.
· [bookmark: _GoBack]For Power Distribution, for 700MHz and 5 configured users, no UEs can be scheduled within the given latency bound; even for 4GHz, only 20% can be scheduled within the given latency bound.
· The number of URLLC users that can be supported is heavily impacted by PDCCH blocking   

Proposal 1: RAN1 shall support enhanced schemes for URLLC to reduce the PDCCH blocking probability. 
Observation 3: When using compact DCI, around 15% PDCCH resource will be saved.
Observation 4: When using compact DCI, the PDCCH blocking rate is decreased significantly，and the number of users that can be scheduled within the given latency bound is increased by approximately 20%.
Observation 5: Introducing a new DCI size for URLLC does not need to increase the number of blind decodes.
Observation 6: Compact DCI with coarser scheduling granularity performs better than normal DCI in terms of 1ms latency satisfaction ratio under 1e-5 reliability requirement for Rel-15 enabled use case.
Proposal 2: Compact DCI should be supported for Rel-16 URLLC.
Observation 7: When using PDCCH repetition with fast feedback in combination with compact DCI, the PDCCH blocking rate is eliminated for most of the investigated cases:
· For up to 10 users in the Remote Driving use case
· For up to 10 users in the Power Distribution. 
· For up to 15 users in the R15 enabled cases. For the extreme scenario of up to 20 users and 700MHz, still 95% of the UEs can be scheduled within the latency bounds
Proposal 3: Both PDCCH repetition and compact DCI should be supported for Rel-16 URLLC. 
Observation 8: The new identified use cases for Rel-16 do not require an increase of the PDCCH monitoring capability.
Proposal 4: No need to enhance the PDCCH monitoring capability on BD/CCE in Rel-16. 
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Appendix1
Table A1 Simulation assumptions
	Parameter
	Value

	Carrier frequency for evaluation
	4 GHz , 700MHz

	Channel model
	TDL-C (delay spread: 300ns)  for power distribution , Rel-15 enabled use case , remote driving

	UE speed
	3 km/h for power distribution and Rel-15 enabled use case;
60 km/h for remote driving;

	BS antenna configuration
	4 Tx : 4GHz
2 Tx : 700MHz

	UE antenna configuration
	4 Rx : 4GHz
2 Rx : 700MHz

	System bandwidth
	40 MHz: 4GHz
20MHz: 700MHz

	Sub-carrier spacing
	30 kHz

	Channel estimation
	Practical

	Receiver type
	MMSE

	Q value (i.e. SINR range) 
	Companies report the 5% Q value 


Appendix2
Table A2 Simulation assumptions
	Use cases
	Remote
Driving
	Rel-15 enabled use case
	Power Distribution

	CORESET size in
frequency domain
	40 MHz: 4GHz
20MHz: 700MHz 

	SCS
	30kHz

	UE number
	2,6,10
	5,10,15,20
	5,10

	Scheduling
	One occasion with 1 os per 7os
	One occasion with 1 os per 4os
	One occasion with 1 os per 7os

	Target Reliability
	99.999%
	99.999%
	99.999%

	PDCCH latency bound
	1.5ms
	0.5ms
	3ms

	Traffic model
	Aperiodic Traffic Model (FTP3): Arrival rate  60 p/s
	Aperiodic Traffic Model (FTP3) :arrival rate 500 p/s

	Periodic and Deterministic Traffic Model:
· Arrival rate: 1200 p/s
· packet arrival time of each UE is random.
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