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Introduction
[bookmark: _Ref129681832]In RAN#80 plenary meeting [1], a new SID on physical layer enhancements for NR URLLC was approved for Release 16. The study will establish the baseline performance achievable with Release 15 URLLC considering the prioritized URLLC use cases (e.g. Transport industry, Electrical power distribution, factory automation and entertainment industry), and investigate the necessary improvement for the prioritized URLLC use cases and how to meet the requirements for those use cases in Release 16 with higher requirements, such as:
· Higher reliability (up to 1E-6 level), higher availability, time synchronization down to the order of a few µs where the value can be 1 or a few us depending on frequency range, short latency in the order of 0.5 to 1 ms, depending on the use cases (factory automation, transport industry and Electrical power distribution)
· Relevant development in other work and study items to be taken into account.
One of the main objectives is to investigate L1 improvements (RAN1) for further improved reliability/latency and for other requirements related to the use cases identified, which includes PDCCH enhancements, UCI enhancements, PUSCH Enhancements, Enhancements to scheduling/HARQ/CSI processing timeline. The contribution mainly discusses each potential enhancement for L1 improvements. In addition, in order to establish the baseline performance achievable with Rel-15 URLLC, and to investigate the necessary improvement for the prioritized URLLC use cases, evaluations and simulations would be needed and it would be good to align the evaluation assumptions and methodology, thus the contribution also provides our views on this aspect. Some evaluation results for the baseline performance achievable with Rel-15 URLLC are also provided here.  
Evaluation assumptions and methodology 
The section firstly discusses the detailed requirements for the prioritized URLLC use cases, and then discusses the evaluation assumptions and methodology, which can be used for the cases where simulation is needed in this study item. 
Requirements 
According to the SID [1], the identified use cases with higher requirement for Rel-16 URLLC include transport industry, electrical power distribution and factory automation. TR 22.804 [2] and 22.886 [3] provide detailed description of these identified use cases. Based on the description in [2][3], the requirements on the potential detailed use cases for URLLC are identified and listed in Appendix A. 
To reduce the workload, evaluation can be done only for a selected number of typical use cases. Table 1 can be the starting point for evaluation, where key parameters are provided. Evaluations on other use cases are not precluded. Note that for power distribution and factory automation, more than one use case are identified for URLLC as shown in Appendix A, among which some use cases with either more appropriate requirements (i.e. neither too high nor too low, e.g. the selected one for factory automation) or potential promising deployment by operator (e.g. differential protection) are selected and given in Table 1
Table 1. Requirements for the identified use cases for Rel-16 NR URLLC evaluation
	Use case
(Clause #)
	Reliability (%)
	End-to-end latency (ms)
	# of UEs
(per cell)
	Data packet size
	Description 

	Transport Industry
(22.886: 5.4 & 7.2.5)
	99.999
	5
	[30] (Note 1)
	DL: [2083] byte (Note 2)
UL: [5220] byte (Note 3)
	Remote driving 


	Power distribution
(22.804:5.6.4 &5.6.6)
	99.9999
	5
	[8] (Note 4)
	[80] byte (Note 5)
	Power distribution grid fault and outage management 

	
	[99.999] (Note 6)
	15
	[8] (Note 4)
	250 byte 
	Differential protection

	Factory automation
(22.804: 5.3.2)
	99.9999
	2
	4 (Note 7)
	20 byte
	Motion control


In Table 1, except for the ones with note, the value is from TR 22.804 or 22.886. End-to-end latency in Table 1 also includes core network delay (CN delay). For simulation, 1ms CN delay can be assumed for factory automation, and 3 ms CN delay can be used for transport industry and electrical power distribution.  
The values for the parameters with note are derived based on the requirements defined in 22.804 or 22.886 as shown in Appendix A. Detailed explanation is as below:   
Note 1: According to the deployment of Urban Macro for V2X, the total length of lanes is about (433+250)*3*12=24588 m, while the inter-vehicle distance is about 33 m for a minimum response time of 2 s. As a result, approximately 30 UEs per cell for the given 8x3 cell deployment. 
Note 2: For DL transmission in remote driving, the required user experienced data rate is up to 1 Mbps as shown in Appendix A. Assuming 60 video frame per second for uplink stream and there is DL response to each video frame, the potential packet size for each response is about 2083 bytes.     
Note 3: The required user experienced data rate defined in 22.886 is up to 20 Mbps for UL transmission in Remote Driving, which is achieved assuming 10 Mb/s for one video stream. 10 Mb/s for one video stream is achieved assuming 4k resolution ratio, which is a little bit high for remote driving with human operator. The typical resolution ratio 720p @ 60fps could be assumed. In this case, the packet size could be about 2172 bytes per one video stream. In typical case, there are two video streams and some sensor data is expected to be transmitted also, thus the potential packet size is about 5220 bytes including 880 bytes sensor data, where 880 bytes sensor data is achieved according to the packet size (mainly for sensor data) defined in 37.885. According to 37.885, the packet size is defined as 1200 bytes with probability of 0.2 and 800 bytes with probability of 0.8, the average packet size is about 880 bytes.               
Note 4: The required service area for differential protection and power distribution grid fault is often in the level of km2, while the average number of terminals is 20~100 per km2. According to the network deployment of Urban Macro, the ISD is 500 m and hence the service area per cell is about 0.072 km2. As a result, the number of served UEs per cell is at most about 8.
Note 5: According to IEC-60870-5-104 and deployment of some operator, the potential packet size is about 80 bytes for power distribution grid fault and outage management.
Note 6: According to the deployment of some operator, the reliability of 99.999% may be sufficient for differential protection. 
Note 7: The required service area for motion control is typically 100mx100m, while the average number of terminals is 100 as shown in the Appendix A. According to the network deployment of Indoor Hotspot, nodes are deployed in grids with a distance of 20 m and hence the service area per cell is about 400 m2 if no section is adopted. As a result, the number of served UEs per cell is about 4 in such deployment.
Proposal 1: Take the requirements in Table 1 as the starting point for Rel-16 NR URLLC evaluation with the following assumptions:
· 1 ms core network delay for factory automation 
· 3 ms core network delay for power distribution and transport industry 
Further priority of the use cases given in Table 1 could be considered for evaluation. For example, among the two cases for power distribution, the second use case (i.e. as described in section 5.6.6 in 22.804) could be prioritized considering the actual deployment of some operator. 
In addition, an LS on channel model for indoor industrial scenarios from 5G-ACIA would be sent to RAN#81 meeting. According to the LS, some parameters of the channel model defined in 38.901 may need to be extended to better match the characteristics of industrial facilities, e.g. the layout or path loss related parameters. Further discussion is needed on what to do with the evaluation on factory automation considering accurate updated channel model is not available.
System level evaluation 
The simulation assumptions in this section can be used as a baseline for NR URLLC evaluation and can be modified later as necessary.
Performance metric
According to TR 38.802, the performance metric for URLLC is to evaluate the percentage of users satisfying reliability and latency requirements. However, since the use cases for URLLC require high reliability and low latency, it seems not acceptable that some UEs in the deployed scenario cannot satisfy the requirements. Therefore, the percentage of users satisfying reliability and latency requirements should be close to 100%. 
Proposal 2: The performance metric for Rel-16 NR URLLC evaluation includes at least the percentage of users satisfying reliability and latency requirements. The target percentage should be 100%. 
Alternatively, we can evaluate the number of users satisfying reliability and latency requirements per a certain bandwidth, then the required amount of spectrum scales to fulfill the number of UEs in a certain use case. In this case, the performance metric can be evaluating the number of users satisfying reliability and latency requirements per M bandwidth, where.    
· M is the simulation bandwidth (e.g. 40 MHz)  
· Reliability is given in Table 1 for each use case
· Latency is derived using the end-to-end latency given in Table 1 and the assumption of the CN delay. Specifically, 2ms for transport industry, 6 ms for differential protection and 1 ms for motion control.      
Evaluation scenarios 
Transport Industry 
Most simulation settings can refer to the definition in TR 37.885. Here we just provide the key parameters that may need some further discussion. Complete simulation settings for both urban macro and high way can be found in [4].
Table 2: System-level evaluation assumptions for Transport industry  
	Parameters
	Value

	SCS 
	30 kHz, 60 kHz

	Simulation bandwidth 
	40 MHz

	Number of UEs per cell
	Up to 30

	UE distribution
	Similar as Option A in 37.885
-	Vehicle type distribution: 100% vehicle type 2.
-	Vehicle speed is 60 km/h (Urban Macro) or 140 km/h (High way) in all the lanes.

	Traffic model
	DL (1Mbps ~=2083bytes*8bit*60)
-	Traffic (Aperiodic) for Inter-packet arrival time: 
·  FTP mode 3: Poison arrival distribution with arrival interval [1/60] s
-	Packet size: [2083] bytes with [2ms] latency and 99.999% reliability 
UL (2.5Mbps~ = 5220 bytes *8 bits*60)
-	Traffic (Periodic) for Inter-packet arrival time: 
· [1/60] s periodic
-	Packet size: [5220] bytes with [2ms] latency and 99.999% reliability.
L1 latency bound: [2] ms


  
Proposal 3: Take the simulation settings in Table 2 as the starting point for Rel-16 NR URLLC system level evaluation for transport industry.  
Power distribution  
Most simulation settings can refer to the definition in TR 38.802 [5]. Here we just provide the key parameters that may need further discussion. Complete simulation settings for urban macro can be found in [4]. Rural scenario for power distribution is not precluded. 
Table 3: System-level evaluation assumptions (Urban Macro for power distribution)
	Parameters
	Value

	Number of UEs per cell
	Up to 10 

	Simulation bandwidth 
	40 MHz

	SCS 
	30 kHz, 60 kHz

	UE distribution
	100% of users are outdoors 

	Traffic model
	Traffic (Periodic) for Inter-packet arrival time: 0.833 ms
Packet size: [250] bytes
CN delay: [3] ms
L1 latency bound: [6] ms



Proposal 4: Take the simulation settings in Table 3 as the starting point for Rel-16 NR URLLC system level evaluation for electrical power distribution.  
Factory automation  
Factory automation would mainly target for Indoor hot-spot. However, according to the LS on channel model for indoor industrial scenarios from 5G-ACIA, the channel model defined in 38.901 may need to be extended to better match industrial facilities characteristic. We may need to adjust some parameters of the channel model, like the layout or path loss related parameters. 
Most simulation settings can refer to the definition in TR 38.802 [5]. Here we just provide the key parameters that may need further discussion. Complete simulation settings for urban macro can be found in [4]. 
Table 4: System-level evaluation assumptions (Indoor hot-spot for factory automation)
	Parameters
	Value

	SCS 
	30 kHz, 60 kHz

	Simulation bandwidth 
	40 MHz

	Layout
	Single layer as defined in 38.802
Indoor floor: (25BSs per 100m x 100m)

Note: Companies report the modification of the layout 

	Channel model 
	ITU InH for 4 GHz
Companies report the modification of the channel model 

	Number of UEs per cell
	Up to 10

	UE distribution
	100% of users are indoor: 3 km/h or 30 km/h UE-speed

	Traffic model
	Traffic (Periodic) for Inter-packet arrival time: [2] ms
Packet size: 50 bytes
CN delay: [1]ms
L1 latency bound: [1] ms



Proposal 5: Take the simulation settings in Table 4 as the starting point for Rel-16 NR URLLC system level evaluation for factory automation.  
Link level evaluation  
In addition to system-level simulation, link-level simulation would be needed for URLLC evaluation. For link-level simulation, the assumptions for different use cases seems not so divergent, thus we can sort the scenarios as urban macro and indoor hot-spot. For link level evaluation, parameters depend on the channel (e.g. PDCCH) a lot, which could be set for specific case. Some basic simulation settings are provided in [4].
Baseline performance achievable with Rel-15 URLLC  
To evaluate the baseline performance achievable with Rel-15 URLLC, system level evaluation was done with the assumptions given in section 2 for Transport industry (i.e. remote driving for URLLC) and power distribution (i.e. differential protection). 
Some preliminary results are shown in Table 5 and Table 6 for downlink and uplink separately for remote driving. Note that only percentage of the vehicles satisfying the requirements is given here in these preliminary results due to limited time for simulation. Further evaluation or analysis would be needed to get the number of UEs supported as discussed in section 2.2.1.    
Table 5. The percentage of vehicles satisfying 2 ms latency and X reliability in case of 10 vehicles per cell and 4Tx4R in the downlink transmission, while Y = 1-X
	
	Y=1e-5
	Y=1e-4
	Y=1e-3

	Urban Macro
	58.3%
	78.3%
	91.7%

	Highway
	85%
	92.5%
	100%



Table 6. The percentage of vehicles satisfying 2 ms latency and X reliability requirement in case of 5 vehicles per cell and 2Tx4R in the uplink transmission, while Y = 1-X
	
	Y=1e-5
	Y=1e-4
	Y=1e-3

	Urban Macro
	53.3%
	63.3%
	66.7%

	Highway
	90%
	90%
	90%



Observation 1: For 40 MHz bandwidth and 10 vehicles per cell, from downlink transmission perspective about 58% and 85% vehicles could achieve the required 2 ms latency and 99.999% reliability in Urban Macro and Highway deployments respectively. 
Observation 2: For 40 MHz bandwidth and 5 vehicles per cell, from uplink transmission perspective about 53% and 90% vehicles could achieve the required 2 ms latency and 99.999% reliability in Urban Macro and Highway deployments respectively.
In addition, as shown in [6], some preliminary results are also achieved for downlink for differential protection, where we can observe that for 10 UEs per cell with 40 MHz bandwidth, about 84% UEs could satisfying the 6 ms latency and 99.999% reliability requirement.
PDCCH Enhancements 
Release 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 Release 16, however, the latency and reliability requirement is more stringent, and the use cases need multiple URLLC UEs to be served per cell. Thus the evaluation under the new requirements and new use cases has to be performed to judge whether Release 15 URLLC mechanism can guarantee the reliability and latency under Release 16 use cases taking into consideration of the PDCCH blocking impact. Therefore, both LLS for the PDCCH reliability evaluation and SLS for PDCCH blocking evaluation should be needed.
Performance of Rel-15 URLLC applied on Rel-16 use cases
4.1.1 PDCCH reliability
According to Table 1, the worst case reliability that has to be supported in Rel-16 is 99.9999%. For NR-URLLC, to guarantee the reliability of the PDSCH, the operating BLER for the PDCCH must therefore be at least as low as 1e-6. 
According to 38.212 [7], 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 BLERs achieved by ALs 1-16 for different SINR conditions were simulated for this payload. The simulation assumptions are provided in Appendix B and the results for 30 kHz and 60 kHz SCS are shown in Figure 1 and Figure 2 below.

Figure 1 Evaluation results for PDCCH reliability with SCS 30 kHz

Figure 2 Evaluation results for PDCCH reliability with SCS 60 kHz
The evaluation baseline for the required reliability is the SINR at the 5th percentile of the geometry CDF. Depending on the deployment scenario, this SINR value may differ from use case to use case. In Rel-15, 3GPP required a SINR of -4dB at the 5th percentile, ITU requires -2.5dB and for V2X applications, our studies (see section 2.1.2 Figure 3 below) show a SINR of -2dB.
In Table 7, we have summarized the results from our LLS that show which lowest CCE aggregation level (AL) is required to achieve a PDCCH BLER of 1e-5.Table 7 doesn’t consider SINR margin of 2dB.
Table 7 – Required AL to achieve BLER of 1e-6 for different UE speeds and SINR values

	Channel
	UE speed
	SINR [dB]
	Required AL
for BLER 1e-5

	TDL-C,60kHz
	60km/h
	-4 (UMA Rel-15)
	8

	
	
	-2.5 (ITU)
	8

	
	
	-2 (Urban Grid))
	4

	TDL-C,30kHz
	30km/h
	-4 (UMA Rel-15)
	8

	
	
	-2.5 (ITU)
	8

	
	
	-2 (Urban Grid))
	4



It is indicated by Figure 1 and Figure 2 that the technology in R15, such as AL=16 and DCI format 1_x, is sufficient to meet the reliability requirement 99.9999% at the 5th percentile DL geometry. 
Observation 3: The single user reliability requirement of Rel-16, i.e. 99.9999%, can be fulfilled with Rel-15 technology by using the smallest possible payload size of 40 bits and AL16.  
4.1.2 PDCCH blocking evaluation in R15
A UE with a certain SINR requires a specific AL so that the PDCCH can be detected reliably enough. Therefore, the AL distribution is a function of the UE distribution and the URLLC reliability requirements. For the assessment it is important to evaluate the PDDCH blocking under a variety of reasonable assumptions:
UE Distribution:
We assume both a geometry curve for the Electrical Power Distribution use case according to the UMA model as specified in 38.802 and a geometry curve for the Urban Grid for connected cars of V2X in TR 38.913. It can be seen that the 5th percentile for the DL geometry is at SNR -4dB for UMA whereas in for the Urban macro, the 5th percentile is located at -2dB. 
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Figure 3 – Geometry distribution according to UMA for Electrical Power Distribution (left-hand figure) and Urban Grid for V2X (right-hand figure)

PDCCH BLER-requirement:
In the simulations, a PDCCH BLER of 1e-5 is assumed. Please note that the reliability requirements in Table 1 refer to the data reception. Ideally, the PDCCH detection reliability should be higher. Thus, the target BLERs assumed in our simulations are rather too relaxed than too tough and the needed aggregation levels would be even higher if the PDSCH BLER would be used as the reference.
Channel model and UE speed:
For V2X, TDL-C is a suitable model. In our previous contribution [16], we have compared the link level performances for TDL-A and TDL-C. It was found that TDL-C has better performance because a better frequency diversity gain could be achieved. Therefore, assuming TDL-A would show that even higher aggregation levels are needed and would generate more PDCCH blocking. 
From Figure 1, the needed ALs for a given SINR with required BLER can be extracted. The SINR of UEs are distributed according to the geometries shown in Figure 3. Then the corresponding AL distributions for PDCCH BLER = 1e-5 can be obtained.
To evaluate the impact of PDCCH blocking on URLLC UEs, we assume both a configuration with SCS 60 kHz and a configuration with SCS 30 kHz for a carrier bandwidth of 20MHz. For SCS 60 kHz half-slot based scheduling with 2OS CORESET and for SCS 30 kHz 1/4-slot based scheduling with 1OS CORESET is applied. These configurations are shown in Figure 4(a) and Figure 4(b) below. 

(a)

(b)
Figure 4 – Simulation configuration to evaluate PDCCH blocking for V2X case and Electrical Power Distribution. 
In our simulations it is then evaluated how many packets generated by N users will be possible to be scheduled within 1ms. If it is not possible to schedule a packet within this time then the packet is regarded as “blocked”. The more users that are configured in the cell, the more data packets are generated. This increases the PDCCH blocking probability and, consequently, a higher percentage of the generated data packets can then not be transmitted within the prescribed latency. From the simulation results in Table 8 it can be seen that with 10 users in the cell, already 6.05% of the packets are blocked.
Table 8 Percentage of blocked packets for N users, 40 bits DCI payload 
	Use case
	SCS
	BLER
	UE number

	
	
	
	10
	20
	30

	V2X
	30
	10^-5
	6.05%
	14.22%
	38.32%

	
	60
	10^-5
	8.75%
	15.81%
	38.43%

	Electrical Power Distribution
	30
	10^-5
	8.15%
	20.62%
	42.87%

	
	60
	10^-5
	10.20%
	22.35%
	44.12%



Observation 4: The number of users that can be supported is heavily impacted by PDCCH blocking. 
· For 30 kHz SCS and 10 configured users, 6.05% of the packets were blocked for PDCCH BLER of 10^-5. 
Proposal 6: PDCCH enhancements are needed for Rel-16 NR URLLC to reduce the PDCCH blocking probability. 
According to the discussion in Rel-15, the potential enhanced mechanisms for PDCCH including compact DCI, PDCCH repetition and increased PDCCH monitoring capacity. In the following sections, compact DCI and PDCCH repetition are evaluated with respect to their capability to decrease PDCCH blocking.
Compact DCI
Compared with normal DCI with large AL, introducing a compact DCI with smaller payload of DCI and therefore more robust coding rate is also helpful for guaranteeing reliability. Compact DCI achieves better link level performance as compared to the normal DCI with the same AL value. In other words, compact DCI with smaller AL can achieve a comparable BLER performance with normal DCI with larger AL. Thus applying compact DCI is beneficial for saving PDCCH resources for per DCI and hence the PDCCH blocking issue can be efficiently alleviated.
By performing similar evaluation as 4.1.1 to compact DCI with 24 bits payload size, we have the following two tables for AL distribution and the percentage of blocking, respectively, where normal DCI with 40 bits payload size as a comparison. In Table 10, it can be seen that for 10 configured users, the PDCCH blocking is eliminated. For 20 and 30 UEs, the PDCCH blocking is significantly reduced.
Table 9 AL distributions for 24 bits DCI payload compared to 40 bits DCI payload
	SCS
	BLER
	Use case
	Payload
	AL=1
	AL=2
	AL=4
	AL=8
	AL=16

	60 kHz
	1e-5
	V2X
	24bit
	67.50%
	22.08%
	9.65%
	0.77%
	0.00%

	
	
	
	40bit
	60.00%
	23.67%
	14.80%
	1.52%
	0.01%

	
	
	Power Distribution
	24bit
	62.57%
	21.62%
	13.00%
	2.81%
	0.00%

	
	
	
	40bit
	55.14%
	22.90%
	18.24%
	3.43%
	0.29%

	30 kHz
	1e-5
	V2X
	24bit
	64.80%
	27.53%
	7.34%
	0.33%
	0.00%

	
	
	
	40bit
	54.43%
	32.21%
	11.83%
	1.53%
	0.00%

	
	
	Power Distribution
	24bit
	59.57%
	27.29%
	11.52%
	1.62%
	0.00%

	
	
	
	40bit
	48.81%
	32.24%
	15.24%
	3.52%
	0.19%



Table 10 Percentage of blocked packets for N users, 40 bits and 24 bits DCI payload 
	Use case
	SCS
	BLER
	Payload
	#UEs

	
	
	
	
	10
	20
	30

	V2X
	30
	10^-5
	40bits
	6.05%
	14.22%
	38.32%

	
	
	
	24bits
	0.00%
	8.86%
	29.63%

	
	60
	10^-5
	40bits
	8.75%
	15.81%
	38.43%

	
	
	
	24bits
	0.12%
	10.28%
	32.06%

	Electrical Power Distribution
	30
	10^-5
	40bits
	8.15%
	20.62%
	42.87%

	
	
	
	24bits
	0.32%
	12.93%
	32.02%

	
	60
	10^-5
	40bits
	10.20%
	22.35%
	44.12%

	
	
	
	24bits
	0.52%
	15.10%
	34.13%


Observation 5: PDCCH blocking rate is decreased significantly by using compact DCI.
[bookmark: _GoBack]Proposal 7: Compact DCI should be supported for Rel-16 URLLC.
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 symbols. This can give a similar reliability as using the higher aggregation level, but 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. 
· 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 5 below. The detailed design of PDCCH repetition could be seen in [7].
[image: ]
Figure 5. PDCCH repetition with fast PDCCH-ACK. 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.

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. The same monitoring occasions are applied and one high aggregation level is replaced by two lower aggregation levels in different monitoring occasions. 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 11.
Table 11 Percentage of blocked packets for N users, no PDCCH repetition & 40 bits payload, and PDCCH repetition w/ fast feedback & 40 bits payload, and PDCCH repetition w/ fast feedback & 24 bits payload
	Use case
	SCS
	BLER
	DCI design
	UE number

	
	
	
	
	10
	20
	30

	V2X
	30
	10^-5
	No PDCCH rep & 40bits DCI
	6.05%
	14.22%
	38.32%

	
	
	
	PDCCH rep w/ fast feedback & 40 bits DCI
	0.00%
	1.16%
	3.45%

	
	
	
	PDCCH rep w/ fast feedback&24bit DCI
	0.00%
	0.62%
	1.24%

	
	60
	10^-5
	No PDCCH rep & 40bits DCI
	8.75%
	15.81%
	38.43%

	
	
	
	PDCCH rep w/ fast feedback & 40 bits DCI
	0.00%
	1.06%
	3.08%

	
	
	
	PDCCH rep w/ fast feedback&24bit DCI
	0.00%
	0.60%
	1.51%



It can be observed that the PDCCH blocking can be greatly reduced with the introduction of PDCCH repetition and fast feedback. If both compact DCI and PDCCH repetition are supported simultaneously, the PDCCH blocking will be decreased even further. For 20 configured users, the blocking rate is below 1% and even for 30 users the blocking rate is still between 1-1.5%.
Observation 6: PDCCH blocking probability is decreased significantly with PDCCH repetition. 
Observation 7: When supporting PDCCH repetition and compact DCI simultaneously, PDCCH blocking probability will be decreased further. 
Proposal 8: PDCCH repetition with fast feedback should be supported for R16 URLLC. 
PUSCH Enhancements
In Release 15, the slot-based aggregation/repetition is supported for grant based/grant-free PUSCH transmission to achieve higher reliability, where one TB can be repeatedly transmitted over consecutive slots. For URLLC, a PUSCH with length of a few symbols (i.e. mini-slot PUSCH) may be more suitable in some cases due to stringent latency requirements. However, with the slot-based repetition scheme, only one PUSCH is allowed to be transmitted within a slot. This may potentially impact latency since there is the gap of one slot between two adjacent mini-slot PUSCH repetitions, and the Release 15 PUSCH repetition scheme may not be applicable to satisfy the more stringent latency requirements for Release 16 URLLC use cases. For example, the motion control in discrete automation use case defined in 22.261 requires the latency of 1 ms and reliability of 1e-6 and the live performance use case for entertainment industry in 22.804 requires less than 1 ms latency with reliability of less than 1e-4. Moreover, by considering higher reliability required by Release 16, a larger number of repetitions may occur to guarantee the robustness. So it is even more difficult for the slot-based repetition to satisfy the latency requirement for these cases.  
To enhance the latency performance in Release 16, a mini-slot based repetition within a slot should be supported for both grant based PUSCH transmission and grant-free PUSCH transmission. But a couple of issues on mini-slot repetition pattern need to be further studied.
One issue is whether to allow the mini-slot PUSCH to cross a slot boundary in case the repetitions are not finished but the remaining resources of the current slot cannot accommodate one mini-slot PUSCH. If a mini-slot PUSCH is allowed to cross the slot boundary, it may cause interference to another UE on both slots. In addition, the scrambling for this mini-slot PUSCH needs to be re-considered. On the other hand, if it is not allowed for one mini-slot PUSCH to cross the slot boundary, how to handle this mini-slot PUSCH needs to be studied. For examples, this mini-slot PUSCH can be ignored, or postponed to the next slot. The starting point of the mini-slot repetition in the next slot if it is postponed should be specified.
Another issue is whether the repeated PUSCH has to be transmitted immediately after the previous one, whenever it is possible. The latter has the benefit of short latency. However, leaving a gap between repetitions can better facilitate UEs to be multiplexed in a time domain interlace manner and is helpful for balancing the latency of multiple UEs.
Proposal 9: Mini-slot based repetition within per slot should be supported for both grant based PUSCH and grant-free PUSCH. The mini-slot repetition pattern can be studied.
Intra-slot and inter-slot frequency hopping modes for PUSCH are supported by Release 15. After introducing mini-slot repetition within a slot, intra-slot and inter-slot frequency hopping patterns can also be studied. For examples, the hopping pattern for intra-slot frequency hopping could be studied, e.g., whether the hopping only occurs among different repetitions, or the hopping can occur within a repetition, The former has lower DMRS overhead than the latter since only one DMRS is required per repetition instead of two DRMSs required in the latter. 
Proposal 10: Intra-slot and inter-slot frequency hopping pattern for mini-slot based repetition can be studied by taking into account the diversity gain and the DMRS overhead.
In Release 15, UL grant can be used to schedule initial transmission or retransmission for a grant-free PUSCH. In addition, implicit HARQ-ACK indication is supported for grant-free PUSCH by introducing a timer, where ACK is assumed if the timer elapses and no UL grant is received. But it may need massive UL grants to switch grant-free transmission to grant based transmission in case large amount of UEs are served in the cell, e.g., in the factory automation scenario. To save the overhead, a DCI including explicit HARQ-ACK but not including scheduling information can be introduced in Release 16 so that the UE can perform initial transmission or non-adaptive retransmission in a grant-free manner according to the explicit HARQ-ACK. 
Proposal 11: Explicit HARQ-ACK feedback should be introduced as an overhead saving method to allow UE to perform initial transmission or non-adaptive retransmission in a grant-free manner.
Enhancements on UCI
UCI carries critical UL control information, including HARQ-ACK, CSI, and SR, for which the reliability and latency should be guaranteed in high priority. As Release 16 URLLC requires higher reliability and lower latency, it is necessary to study the enhancements of UCI on PUCCH and PUSCH to guarantee fast and robust control information report.
HARQ-ACK feedback
In R15, it was agreed to support two TDMed PUCCHs within one slot, at least for two short PUCCHs or one short PUCCH and one long PUCCH. This mechanism could be used for separate ACK/NACK feedback within one slot. However, only one PUCCH within one slot is allowed to be used for HARQ-ACK transmission. That is, all HARQ-ACK responses to be transmitted in the same slot need to be multiplexed and transmitted on the same PUCCH, of which the location in time domain is typically determined by the last scheduled PDSCH. An example is shown in figure 1, where SCS 30 kHz and 15 kHz are assumed for DL and UL respectively. From the figure, we can see that due to the restriction of one single PUCCH transmissions for ACK/NACK within one slot, HARQ-ACK for PDSCH 1 which originally would to be transmitted at the beginning of the slot has to be postponed to the end. Assuming PUCCH resource 1 and 2 both are 2-OS short PUCCHs, the increased latency for HARQ-ACK feedback for the first PDSCH is nearly 0.857 ms, and if PDSCH 1 needs retransmission, then the retransmission would be delayed by at least 0.857 ms.    
The increased feedback latency is unacceptable for some URLLC use cases. For example, the packet arrival interval and air interface latency is 1 ms for some factory automation applications, e.g., mobile robots in TR 22.804. In such a case, the device would feed back two ACK/NACKs for two consecutive PDSCHs within one uplink slot, and then delay the ACK/NACK feedback by 0.857 ms is totally unacceptable. 
	


[bookmark: _Ref519857221]Figure 6: Example of HARQ-ACK feedback in Rel-15

Observation 8: Restricting one PUCCH transmission for HARQ-ACK within one slot as done in Rel-15 would increase latency, which is unacceptable at least for some URLLC use cases with low latency requirement and short packet arrival interval. 
In addition, the current HARQ feedback method is not applied to intra-UE DL multiplexing case when semi-static HARQ-ACK codebook is configured. If intra-UE DL multiplexing is supported, a latter urgent URLLC PDSCH (e.g. PDSCH 2) may occupy some resources of early scheduled eMBB PDSCH (PDSCH 1) for transmission. In such a case, UE is expected to feed back both the HARQ-ACK for eMBB PDSCH (e.g., HARQ-ACK 1) and the HARQ-ACK for URLLC PDSCH (e.g., HARQ-ACK 2). However, according to the Rel-15 mechanism, only one HARQ-ACK bit would be generated for overlapping PDSCH occasions, especially overlapping occasions with the same start symbol. 
Observation 9: The Rel-15 HARQ feedback method with configured semi-static HARQ-ACK codebook is not applied to intra-UE DL multiplexing. 
Based on the above observations, the HARQ-ACK feedback methods need to be enhanced to better support URLLC.  
Proposal 12: Enhanced HARQ feedback is recommended to be supported for Rel-16 URLLC. Enhancements can include at least the following aspects:
·  Support of more than one PUCCH transmission possibilities within one slot.  
· HARQ-ACK feedback with semi-static codebook is extended to apply to intra-UE DL multiplexing.
CSI feedback
Fast CSI feedback is beneficial to link adaption so that the gNB can provide precise MCS and resource assignment (RA) under scenarios where the channel varies fast. E.g., the gNB could trigger the aCSI feedback on a short PUCCH/PUSCH as soon as the DL traffic arrives and the DL transmission is performed, and after the CSI feedback the gNB can adjust the MCS and RA to guarantee the next transmission is more efficient and reliable. It has been supported to trigger fast aCSI feedback by UL grant, but it requires additional overhead of UL grant, which may lead to potential PDCCH blocking issue especially in DL dominant case. To avoid redundant DCI overhead on triggering aCSI and scheduling PDSCH, it can be considered to trigger aCSI transmission on short PUCCH with DL DCI instead of UL DCI.
Considering the DL DCI also includes the indication of HARQ-ACK feedback timing and resources, whether and how to separate the timing/resources for HARQ-ACK feedback and aCSI feedback triggered by the same DL DCI could be studied. E.g., the timing indication for HARQ-ACK and aCSI can be separate given that processing time for data decoding and CSI measurement are generally different, but additional bit field is needed in DL DCI. Alternatively, the HARQ-ACK and aCSI can reuse the same resource allocation field but with separate interpretation to the field and mapped to different resources, so the DCI overhead is saved. 
In addition, considering the use cases of factory and transport industry for Release 16, the channel status may vary fast due to complicated scenario or fast mobility speed. E.g., the current aCSI feedback delay is larger than HARQ-ACK feedback delay, thus in case the gNB transmits PDSCH and at the same time triggers aCSI feedback, the gNB may need to wait for the aCSI feedback after receiving NACK for the PDSCH to adjust RA and MCS before performing the corresponding retransmission. Hence the retransmission is delayed. Therefore, how to support fast CSI measurement for URLLC traffic also needs to be studied. E.g., CSI measurement can be based on DMRS estimation to derive a coarse SINR result for MCS adjustment and power control motivation.
Proposal 13: Release 16 URLLC should support A-CSI report on short PUCCH triggered by DL DCI. 
· Whether and how to separate the timing/resources for HARQ-ACK feedback and aCSI feedback triggered by the same DL DCI could be studied.
· How to enable fast CSI measurement for URLLC traffic needs to be studied.

Enhancements on processing timeline
Due to the motivation of easy implementation and slight spec effort, there are two limitations imposed on the scheduling timeline as per current Release 15 specifications. 
One limitation is that the UE cannot receive a scheduled unicast PDSCH transmission with the same HARQ ID until the expected transmission of the HARQ-ACK for an earlier transmission on the same HARQ ID. But this limitation has a strong restriction to URLLC utilization for which it is beneficial to allow the gNB to re-schedule a PDSCH with the same HARQ ID according to the updated CSI information before the expected HARQ-ACK feedback. 
Observation 10: The DL system resource efficiency could be low if the UE is not allowed to receive a new scheduled unicast PDSCH transmission with a HARQ ID before the HARQ-ACK for an earlier transmission with the same HARQ ID is transmitted.
Another limitation is that for any two HARQ IDs in a given cell, if the UE is scheduled to start receiving a PDSCH in symbol j by a PDCCH in symbol i, the UE is not expected to be scheduled to receive a PDSCH starting earlier than symbol j with a PDCCH starting later than symbol i. This has a strong restriction on DL HARQ-ACK feedback timing so that if the URLLC PDSCH is transmitted later than an eMBB PDSCH for which the HARQ-ACK is indicated to be fed back at a very late position, the HARQ-ACK for the URLLC PDSCH also needs to be delayed even if the UE has the capability to feedback HARQ-ACK earlier. This critically harms the URLLC latency.
Observation 11: The latency for URLLC UE is too long if the scheduled unicast PDSCH transmission of  A comes before the scheduled unicast PDSCH transmission of  B,  and then the (baseline capability) UE is not allowed to send the HARQ-ACK for A after the HARQ-ACK for B.
A third limitation is for two HARQ IDs A and B, if the UL/DL grant scheduling HARQ ID A comes earlier than the UL/DL grant scheduling HARQ ID B, the UE is not expected to be scheduled with PUSCH/PDSCH for B to be earlier than that for A. This has a stronger restriction to the URLLC scheduling timing since in case URLLC traffic arrives after a eMBB DCI is sent, the gNB has to wait until the end of the eMBB transmission, i.e., the URLLC cannot be served as soon as the traffic arrival. This critically harms the latency of URLLC services.
Observation 12: The latency for URLLC UE is too large if the DL/UL grant scheduling unicast PDSCH/PUSCH transmission A comes before (in time) the DL/UL grant scheduling unicast PUSCH transmission B, and the UE is not allowed to be scheduled such that PDSCH/PUSCH for B is before the PDSCH/PUSCH for A.
To support more flexible scheduling timeline and better serve latency sensitive traffics, we suggest that the above two limitations on scheduling and HARQ feedback should be removed. 
Besides the processing time for scheduling/HARQ-ACK, the processing time for CSI feedback could also be enhanced to benefit URLLC transmissions. E.g., the aCSI feedback delay is larger than HARQ-ACK feedback delay so that it is not feasible with respect to the current timeline to trigger HARQ-ACK and aCSI to be reported at the same time when the DL URLLC traffic arrives. The solution to enable fast CSI measurement for URLLC traffic as mentioned in 4.2.
Proposal 12: The scheduling/HARQ scheduling limitation in Release 15 should be removed for Release 16 URLLC, and the UE can have the following behavior:
· For each HARQ process ID, the UE can receive a scheduled unicast PDSCH transmission with the same HARQ process ID before the end of the expected transmission of the HARQ-ACK for an earlier transmission on the same HARQ process ID.
· For any two HARQ process IDs A and B for a given cell, if scheduled unicast PDSCH transmission for A comes before the scheduled unicast PDSCH transmission for B then the (baseline capability) UE can be triggered to send the HARQ-ACK for B before the HARQ-ACK for A.
· For any two HARQ process IDs A and B for a given cell, if the DL/UL grant scheduling unicast PDSCH/PUSCH transmission A comes before (in time) the DL/UL grant scheduling unicast PUSCH transmission B, UE can be scheduled such that PDSCH/PUSCH for B is before the PDSCH/PUSCH for A.

Conclusion
The contribution mainly discusses each potential enhancement for L1 improvements, including PDCCH enhancements, UCI enhancements, PUSCH Enhancements, Enhancements to scheduling/HARQ/CSI processing timeline. In addition, evaluation assumptions and methodology for Rel-16 NR URLLC and evaluation results for the baseline performance achievable with Rel-15 URLLC are also provided here. Based on the discussions, the following observations and proposals are given:
For evaluation assumptions and methodology,
Proposal 1: Take the requirements in Table 1 as the starting point for Rel-16 NR URLLC evaluation with the following assumptions:
· 1 ms core network delay for factory automation 
· 3 ms core network delay for power distribution and transport industry 
Proposal 2: The performance metric for Rel-16 NR URLLC evaluation includes at least the percentage of users satisfying reliability and latency requirements. The target percentage should be 100%. 
Proposal 3: Take the simulation settings in Table 2 as the starting point for Rel-16 NR URLLC system level evaluation for transport industry.  
Proposal 4: Take the simulation settings in Table 3 as the starting point for Rel-16 NR URLLC system level evaluation for electrical power distribution.  
Proposal 5: Take the simulation settings in Table 4 as the starting point for Rel-16 NR URLLC system level evaluation for factory automation.  
For baseline performance achievable with Rel-15 URLLC,
Observation 1: For 40 MHz bandwidth and 10 vehicles per cell, from downlink transmission perspective about 58% and 85% vehicles could achieve the required 2 ms latency and 99.999% reliability in Urban Macro and Highway deployments respectively. 
Observation 2: For 40 MHz bandwidth and 5 vehicles per cell, from uplink transmission perspective about 53% and 90% vehicles could achieve the required 2 ms latency and 99.999% reliability in Urban Macro and Highway deployments respectively.
For PDCCH enhancements,
Observation 3: The single user reliability requirement of Rel-16, i.e. 99.9999%, can be fulfilled with Rel-15 technology by using the smallest possible payload size of 40 bits and AL16.  
Observation 4: The number of users that can be supported is heavily impacted by PDCCH blocking. 
· For 30 kHz SCS and 10 configured users, 6.05% of the packets were blocked for PDCCH BLER of 10^-5.
Proposal 6: PDCCH enhancements are needed for Rel-16 NR URLLC to reduce the PDCCH blocking probability. 
Observation 5: PDCCH blocking rate is decreased significantly by using compact DCI.
Proposal 7: Compact DCI should be supported for Rel-16 URLLC.
Observation 6: PDCCH blocking probability is decreased significantly with PDCCH repetition. 
Observation 7: When supporting PDCCH repetition and compact DCI simultaneously, PDCCH blocking probability will be decreased further. 
Proposal 8: PDCCH repetition with fast feedback should be supported for R16 URLLC. 
For PUSCH enhancements,
Proposal 9: Mini-slot based repetition within per slot should be supported for both grant based PUSCH and grant-free PUSCH. The mini-slot repetition pattern can be studied.
Proposal 10: Intra-slot and inter-slot frequency hopping pattern for mini-slot based repetition can be studied by taking into account the diversity gain and the DMRS overhead.
Proposal 11: Explicit HARQ-ACK feedback should be introduced as an overhead saving method to allow UE to perform initial transmission or non-adaptive retransmission in a grant-free manner.
Proposal 12: The scheduling/HARQ scheduling limitation in Release 15 should be removed for Release 16 URLLC, and the UE can have the following behavior:
· For each HARQ process ID, the UE can receive a scheduled unicast PDSCH transmission with the same HARQ process ID before the end of the expected transmission of the HARQ-ACK for an earlier transmission on the same HARQ process ID.
· For any two HARQ process IDs A and B for a given cell, if scheduled unicast PDSCH transmission for A comes before the scheduled unicast PDSCH transmission for B then the (baseline capability) UE can be triggered to send the HARQ-ACK for B before the HARQ-ACK for A.
· For any two HARQ process IDs A and B for a given cell, if the DL/UL grant scheduling unicast PDSCH/PUSCH transmission A comes before (in time) the DL/UL grant scheduling unicast PUSCH transmission B, UE can be scheduled such that PDSCH/PUSCH for B is before the PDSCH/PUSCH for A.
For UCI enhancements,
Observation 8: Restricting one PUCCH transmission for HARQ-ACK within one slot as done in Rel-15 would increase latency, which is unacceptable at least for some URLLC use cases with low latency requirement and short packet arrival interval. 
Observation 9: The Rel-15 HARQ feedback method with configured semi-static HARQ-ACK codebook is not applied to intra-UE DL multiplexing. 
Proposal 12: Enhanced HARQ feedback is recommended to be supported for Rel-16 URLLC. Enhancements can include at least the following aspects:
·  Support of more than one PUCCH transmission possibilities within one slot.  
· HARQ-ACK feedback with semi-static codebook is extended to apply to intra-UE DL multiplexing.
For CSI enhancements,
Proposal 13: Release 16 URLLC should support A-CSI report on short PUCCH triggered by DL DCI. 
· Whether and how to separate the timing/resources for HARQ-ACK feedback and aCSI feedback triggered by the same DL DCI could be studied.
· How to enable fast CSI measurement for URLLC traffic needs to be studied.
For enhancements on processing timeline,
Observation 10: The DL system resource efficiency could be low if the UE is not allowed to receive a new scheduled unicast PDSCH transmission with a HARQ ID before the HARQ-ACK for an earlier transmission with the same HARQ ID is transmitted.
Observation 11: The latency for URLLC UE is too long if the scheduled unicast PDSCH transmission of  A comes before the scheduled unicast PDSCH transmission of  B,  and then the (baseline capability) UE is not allowed to send the HARQ-ACK for A after the HARQ-ACK for B.
Observation 12: The latency for URLLC UE is too large if the DL/UL grant scheduling unicast PDSCH/PUSCH transmission A comes before (in time) the DL/UL grant scheduling unicast PUSCH transmission B, and the UE is not allowed to be scheduled such that PDSCH/PUSCH for B is before the PDSCH/PUSCH for A.
Proposal 12: The scheduling/HARQ scheduling limitation in Release 15 should be removed for Release 16 URLLC, and the UE can have the following behavior:
· For each HARQ process ID, the UE can receive a scheduled unicast PDSCH transmission with the same HARQ process ID before the end of the expected transmission of the HARQ-ACK for an earlier transmission on the same HARQ process ID.
· For any two HARQ process IDs A and B for a given cell, if scheduled unicast PDSCH transmission for A comes before the scheduled unicast PDSCH transmission for B then the (baseline capability) UE can be triggered to send the HARQ-ACK for B before the HARQ-ACK for A.
· For any two HARQ process IDs A and B for a given cell, if the DL/UL grant scheduling unicast PDSCH/PUSCH transmission A comes before (in time) the DL/UL grant scheduling unicast PUSCH transmission B, UE can be scheduled such that PDSCH/PUSCH for B is before the PDSCH/PUSCH for A.
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Appendix A 
TR 22.804 and TR 22.886 provide detailed description of transport industry, power distribution and factory automation. Based on the description, the detailed use cases for URLLC can be identified and the corresponding requirements are copied below (note that some use cases without clear definition of the requirement related to reliability and latency are not copied here):   
A.1 Requirements for remote driving (22.886 section 7.2.5)
According to TR 22.886 and TR 37.885, among the use cases for eV2X, the characteristic of remote driving matches URLLC well, and the corresponding requirements defined in 22.886 for remote driving are as below: 
-------------------------------------------------------------------------------------------------------------------------------
 [CPR.R-001]	The 3GPP system shall support user experienced data rate up to 1 Mbps at DL and 20 Mbps at UL for UE supporting V2X application between V2X application server and UE for an absolute speed of up to 250 km/h.
[CPR.R-002]	The 3GPP system shall support ultra-high UL and DL reliability [99.999 or higher] % for UE supporting safety-related V2X application.
[CPR.R-003]	The 3GPP system shall support end-to-end latency 5 ms between V2X application server and UE supporting safety-related V2X application for an absolute speed of up to 250 km/h.
Table 7.2.5-1 Performance requirements for remote driving
	Communication scenario
	Payload (Bytes)
	Max end-to-end
latency
(ms)
	Reliabi-lity (%)
	Data rate (Mbps)
	Communication range (meters)

	Section
#
	Description
	CPR #
	
	
	
	
	

	5.21
	Between a UE supporting V2X application & V2X Application Server.

Driver Control
	[CPR.R-004]
	
	[20]
	[99.999]
	UL: 25
DL: 1
	


-------------------------------------------------------------------------------------------------------------------------------
A.2 Requirements for factory automation and power distribution (Appendix F in 22.804)
In the Appendix F of 22.804, an overview about the characteristics and requirements of the different use cases for Factory Automation is given. URLLC could target for the use cases as below:  
	Use case (Clause #)
	Characteristic parameter (KPI)
	Influence quantity
	Related requirement
	Remark

	
	Communication service availability
	End-to-end latency: target value
	End-to-end latency: jitter
	Service bit rate: user-experienced data rate (note)
	Message size [byte]
	Transfer interval: target value
	Survival time
	UE speed
	# of UEs
	Service area
	
	

	5.3.2
	99,9999% to 99,999999%
	< transfer interval
	
	 
	40
	1 ms 
	1 ms
	≤ 20 m/s
	≤ 50
	 
	Factories of the Future 2.1, 2., 2.8, 2.10
	Motion control; cyclic interaction

	5.3.2
	99,9999% to 99,999999%
	< transfer interval
	
	 
	50
	0,5 ms 
	0,5 ms
	≤ 20 m/s
	≤ 20
	 
	Factories of the Future 2.2, 2.8, 2.10
	Motion control; cyclic interaction

	5.3.2
	99,9999% to 99,999999%
	< transfer interval 
	
	 
	20
	2 ms 
	2 ms
	≤ 20 m/s
	≤ 100
	 
	Factories of the Future 2.3, 2.8, 2.10
	Motion control; cyclic interaction

	5.3.5
	99,9999% to 99,999999%
	< transfer interval 
	
	 
	1 k
	≤ 4 ms 
	 
	 
	5 to 10
	 
	Factories of the Future 5.1, 5.3, 5.6
	Control-to-control communication (motion subsystems); cyclic interaction; in the future up to 100 UEs. 

	5.3.7
	> 99,9999%
	< transfer interval 
	< 50% of transfer interval
	 
	40 to 250
	1 ms 
	1 ms
	≤ 14 m/s
	≤ 100
	≤ 1 km2 
	Factories of the Future 7.1, 7.6
	Mobile robots; cooperative robotic motion control; cyclic interaction

	5.3.7
	> 99,9999%
	< transfer interval 
	< 50% of transfer interval
	 
	40 to 250
	1 ms to 10 ms 
	1 ms to 10 ms
	≤ 14 m/s
	≤ 100
	≤ 1 km2 
	Factories of the Future 7.1, 7.6
	Mobile robots; machine control; cyclic interaction

	5.3.7
	> 99,9999%
	< transfer interval 
	< 50% of transfer interval
	 
	40 to 250
	1 ms to 50 ms 
	1 ms to 50 ms
	≤ 14 m/s
	≤ 100
	≤ 1 km2 
	Factories of the Future 7.1, 7.6
	Mobile robots; cooperative driving; cyclic interaction

	5.3.7
	> 99,9999%
	< transfer interval 
	< 50% of transfer interval
	 
	40 to 250
	10 ms to 100 ms 
	10 ms to 100 ms
	≤ 14 m/s
	≤ 100
	≤ 1 km2 
	Factories of the Future 7.1, 7.6
	Mobile robots; video-operated remote control; cyclic interaction

	5.3.7
	> 99,9999%
	< transfer interval 
	< 50% of transfer interval
	 
	15 k to 250 k
	40 ms to 500 ms 
	40 ms to 500 ms
	≤ 14 m/s
	≤ 100
	≤ 1 km2 
	Factories of the Future 7.1, 7.6
	Mobile robots; video-operated remote control; standard mobile robot operation and traffic management; cyclic interaction

	5.3.8
	> 99,9999%
	≤ 10 ms
	
	≤ 100 Mbit/s
	 
	 
	 
	 
	 
	 
	Factories of the Future 8.2, 8.10, 8.11
	Massive wireless sensor networks; connection density up to 1/m2; normally, all connected devices are not sending or receiving messages at the same time.

	5.6.4
	≥ 99,9999%
	< 5 ms
	
	 
	 
	 
	 
	 
	 
	 
	Electric Power Distribution 3.1, 3.2
	Power distribution grid fault and outage management: distributed automated switching for isolation and service restoration for overhead lines; peer-to-peer (here: UE to UE)

	5.6.5
	≥ 99,9999%
	< 10 ms
	
	 
	 
	 
	 
	 
	 
	 
	Electric Power Distribution 4.2, 4.3
	Smart Grid: synchronicity between the entities

	5.6.6
	
	< transfer interval 
	< 50% of transfer interval
	
	250
	0,8 ms 
	
	
	
	
	Electric Power Distribution 5.1, 5.2, 5.4
	Differential protection; peer-to-peer communication

	5.6.6
	
	< 15 ms
	
	
	
	
	
	
	
	
	Electric Power Distribution 5.3
	Differential protection; peer-to-peer communication

	NOTE: if not stated otherwise per instantiated communication service



Appendix B
Table B1 Simulation assumptions
	Parameters
	Value

	DCI payload (excluding 24bits CRC)
	40bits, 24bits 

	System bandwidth
	20MHz

	Carrier Frequency
	4GHz

	Number of symbols for CORESET
	2(60kHz),1(30kHz)

	CORESET BW (contiguous PRB allocation)
	20MHz

	Subcarrier spacing
	60kHz/30kHz

	Aggregation level
	1,2,4,8,16

	Transmission type
	Interleaved

	REG bundling size
	2

	Modulation 
	QPSK

	Channel coding
	Polar code 

	Transmission scheme
	1-port precoder cycling

	Channel estimation
	Realistic

	Channel model
	TDL-C (delay spread: 100ns) 

	UE speed
	60 km/h  

	Number of BS antennas
	2Tx

	Number of UE antennas
	4Rx 



Table B2 Simulation assumptions
	Parameters
	Description

	Simulation bandwidth
	20 MHz

	SCS
	60kHz/30kHz

	Scheduling
	60kHz:Half-slot scheduling, 1st  to 2st and 8th to 9th symbols in a slot used for control
30kHz: four occasions in one slot.

	UE distribution
	UMA for V2X as specified in 38.913
UMA for Electrical Power Distribution as specified in 38.802

	Traffic model
	FTP Model 3, PDCCH arrival date 0.5 packet per ms

	Packet blocking criterion
	1ms PDCCH scheduling attempts



TDL-C, 100ns,4G, 2Tx*4Rx,60kHz-NCP
40bits,AL16	-10	-9	-8	-7.5	-6	-5	1.7659999999999999E-2	1.520000000000001E-3	4.0000000000000037E-5	2.000000000000002E-6	40bits,AL8	-8	-7	-6	-5	-4	2.955E-2	3.9800000000000035E-3	2.9000000000000016E-4	3.0000000000000035E-5	2.000000000000002E-6	40bits,AL4	-7	-6	-5	-4	-3	-2	-1	0	0.16331000000000001	5.0139999999999997E-2	1.073E-2	1.8200000000000017E-3	2.100000000000002E-4	1.0000000000000011E-5	40bits,AL2	-5	-4	-3	-2	-1	0	1	2	0.25391000000000002	0.10566000000000007	3.3440000000000004E-2	8.2400000000000008E-3	1.7099999999999991E-3	2.200000000000002E-4	4.0000000000000037E-5	7.0000000000000092E-6	40bits,AL1	-5	-4	-3	-2	-1	0	1	2	3	4	5	6	0.8729600000000004	0.71606000000000003	0.50716000000000006	0.30356000000000022	0.15114000000000011	6.1600000000000002E-2	2.1569999999999999E-2	6.6500000000000014E-3	1.770000000000001E-3	5.0000000000000034E-4	1.0000000000000009E-4	1.0000000000000011E-5	SNR

BLER



TDL-C, 100ns,4G, 2Tx*4Rx,30kHz
40bits,AL16	-13	-12	-11	-10	-9	-8	-7	-6	-5	-4	0.72877000000000058	0.38503000000000026	0.11569000000000006	1.7680000000000001E-2	1.3799999999999999E-3	1.0000000000000009E-4	3.0000000000000035E-6	40bits,AL8	-10	-9	-8	-7	-6	-5	-4	0.36509000000000008	0.13003999999999999	2.8349999999999997E-2	3.4300000000000012E-3	3.9000000000000021E-4	1.0000000000000011E-5	40bits,AL4	-7	-6	-5	-4	-3	-2	0.16300000000000001	5.1199999999999996E-2	1.0659999999999998E-2	1.3500000000000009E-3	1.9000000000000025E-4	1.0000000000000011E-5	40bits,AL2	-5	-4	-3	-2	-1	0	1	0.2564300000000001	0.10674000000000006	3.3419999999999998E-2	7.5700000000000038E-3	1.6100000000000012E-3	2.3000000000000012E-4	1.0000000000000011E-5	40bits,AL1	-5	-4	-3	-2	-1	0	1	2	3	4	5	6.5	0.87130000000000041	0.71596000000000004	0.50590999999999997	0.30205000000000026	0.14887	6.2109999999999999E-2	2.1880000000000017E-2	6.9300000000000082E-3	2.0999999999999999E-3	4.8000000000000034E-4	1.6000000000000018E-4	2.0000000000000019E-5	SNR
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