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Introduction
A study item on physical layer enhancements for NR URLLC has been approved in RAN#80 with the following objective [1];
	URLLC L1 improvements (RAN1) for further improved reliability/latency and for other requirements related to the use cases identified, 
· PDCCH enhancements. Study focus on Compact DCI, PDCCH repetition, increased PDCCH monitoring capability 
· UCI enhancements. Study focus on Enhanced HARQ feedback methods (increased number of HARQ transmission possibilities within a slot), CSI feedback enhancements
· PUSCH Enhancements. Study focus on mini-slot level hopping & retransmission/repetition enhancements.
· Enhancements to scheduling/HARQ/CSI processing timeline (UE and gNB), (for existing TTI durations)
Enhanced multiplexing considering different latency and reliability requirements (RAN1): UL inter UE Tx prioritization/multiplexing.
Enhanced UL configured grant (grant free) transmissions, with study focusing on improved configured grant operation, example methods such as explicit HARQ-ACK, ensuring K repetitions and mini-slot repetitions within a slot.


In this contribution, we analyze the latency of the UL transmission with the current configured-grant design. We show that the current design can’t meet URLLC requirements with practical PUSCH durations. Also, as evident from our simulation results, the UL transmission’s reliability cannot be guaranteed because the UE is not allowed to finish the K repetitions if the transmission didn’t start on the first transmission occasion. We investigate the possible enhancements to improve the latency and reliability of UL transmission with configured-grant.
Discussion
UL configured grant transmission is essential to achieve the strict latency requirement for URLLC. In Rel-15, small periodicities (as listed in Table 1) has been adopted for configured-grant to enhance the scheme’s latency. 
[bookmark: _Ref521335702]Table 1: Supported periodicities for configured-grant [2]
	µ
	CP
	Possible values of periodicities P [symbols]

	0
	Normal
	2, 7, n*14, where n={1, 2, 4, 5, 8, 10, 16, 20, 32, 40, 64, 80, 128, 160, 320, 640}

	1
	Normal
	2, 7, n*14, where n={1, 2, 4, 5, 8, 10, 16, 20, 32, 40, 64, 80, 128, 160, 256, 320, 640, 1280}

	2
	Normal
	2, 7, n*14, where n={1, 2, 4, 5, 8, 10, 16, 20, 32, 40, 64, 80, 128, 160, 256, 320, 640, 1280}

	2
	Extended
	2, 6, n*12, where n={1, 2, 4, 5, 8, 10, 16, 20, 32, 40, 64, 80, 128, 160, 256, 320, 512, 640, 1280, 2560}

	3
	Normal
	2, 7, n*14, where n={1, 2, 4, 5, 8, 10, 16, 20, 32, 40, 64, 80, 128, 160, 256, 320, 512, 640, 1024, 1280, 2560, 5120}


Also, to enhance the transmission reliability, the UE can be configured with K repetitions (where K=1, 2, 4 or 8), where the repetitions are transmitted cross-slot as illustrated in Figure 1.
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[bookmark: _Ref521335772]Figure 1: Repetition pattern in the current design of configured-grant.
However, the current agreed configurations and procedures for UL configured grant can cause issues to the latency and reliability of the URLLC traffic.
Latency analysis
Given that the repetitions are cross-slot, small periodicities (P) can’t be used in combination with repetitions. More specifically, periodicities of 2, 7 and 14 symbols can’t cross-slot support repetitions. Hence, the reliability has to be achieved without repetitions in time domain, which enforce the network to allocate large amount of frequency resources to achieve the required reliability. As the configured grant are allocated to the UEs in advance, reserving large bandwidth will result in inefficient utilization of the radio resources.
Observation 1: Cross-slot repetitions implies that repetitions cannot be supported with periodicities of 2, 7 and 14 symbols.
In addition, this restriction cause delays in starting the transmission, and can render the configured grant procedure to be unsuitable for URLLC applications. If the traffic arrives after the current transmission occasion (TO), the UE has to wait until the next TO, which would cause delays as shown in Figure 2. The delay can be expressed as 

where , the arrival time, as OFDM-symbol unit, of the packet (i.e. MAC PDU ready for transmission) with respect to the periodicity (P). Assuming equal probability for the packet arrival, the average delay will be .
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[bookmark: _Ref506393823]Figure 2: Delay due to the alignment with the first transmission occasion (P=7, K=1).
Focusing on the small periodicities, the average alignment delay will be 0.5, 3 and 6.5 OFDM symbols for P = 2, 7 and 14, respectively. The average delays when taken into consideration the alignment delay and transmission period are listed in Table 2 for different configurations.
[bookmark: _Ref490211982]Table 2: Average delay to finish transmission
	Periodicity (P)
	15KHz
	30KHz
	60KHz
	15KHz
	30KHz
	60KHz

	
	2 Symbols PUSCH
	3 Symbols PUSCH

	2
	249.74
	124.87
	62.43
	
	
	

	7
	428.13
	214.06
	107.03
	499.48
	249.74
	124.87

	14
	677.86
	338.93
	169.47
	749.22
	374.61
	187.30

	
	4 Symbols PUSCH
	5 Symbols PUSCH

	7
	570.83
	285.42
	142.71
	642.19
	321.09
	160.55

	14
	820.57
	410.29
	205.14
	891.93
	445.96
	222.98


As the table shows, for 15KHz SCS, only the following configurations can meet the latency requirements of URLLC: P=2 or 7 with up to 2 OFDM symbols PUSCH. Relying on single-shot transmission with small transmission period is inefficient in terms of resource utilization. Without time repetitions, large bandwidth will be needed to reach the required coding rate that achieves the 10-6 BLER.
Observation 2: With cross-slot repetition in configured-grant, only single-shot transmission with small transmission period (up to 2 OFDM symbols) can meet the latency requirements for 15KHz, which results in inefficient utilization of the radio resources.
The performance can be enhanced by enabling back-to-back repetitions. When the UE configured with RV sequence {0, 0, 0, 0}, the transmission can start at any TO. Therefore, with back-to-back repetitions, the alignment delay will be smaller compared to cross-slot repetition. The table below provides a comparison, in terms of delay, between the two repetition schemes. Although K=3 is not supported in NR Rel-15, we included it in the analysis to show the advantage of having several repetitions within the periodicity period. As the table shows, having back-to-back repetitions with the flexibility in starting the transmission at any TO (when K>1) reduces the alignment delay, by about 50% for periodicity of 7 symbols. Using K=3 will further reduce the average alignment delay.
Table 3: Comparison of the average alignment delay in UL configured grant
	Periodicity (P)
	Cross-slot repetition
(i.e. K=1)
	Back-to-back repetitions and K=2
	Back-to-back repetitions and K=3

	
	Symbols
	Time (us)
	Symbols
	Time (us)
	Symbols
	Time (us)

	7
	3
	214.06
	1.57
	112.13
	0.71
	50.97

	14
	6.5
	463.80
	4.79
	341.48
	3.36
	239.55


Observation 3: When the UE configured with back-to-back repetition and RV sequence {0, 0, 0, 0}, the average alignment delay is reduced due to the flexibility in starting the initial transmission.
Proposal 1: Study back-to-back repetitions within a slot for configured-grant to meet the URLLC requirements.
Reliability evaluation
Although the delay can be reduced by the flexibility in starting the transmission with back-to-back repetitions, the transmission’s reliability cannot be guaranteed because the UE is not allowed to finish the K repetitions if the transmission didn’t start on the first TO. This will be more prominent if the UE transmits small number on the repetitions compared to the configured K, (e.g. the UE transmits one repetition only when it is configured with K= 4).
We present system-level simulation results on the reliability of packet transmissions with UL configured grants. The simulation compares the achieved packet error rates with each RV sequence. Multiple repetitions of the same TB are processed by gNB with chase combining. All UEs are configured to share the same set of physical resources and are allowed to transmit UL packets with up to K=4 repetitions depending on the timing of the initial transmission occasion. The packets are generated by a uniform random distribution with an average of 50 and 500 packets per second. The periodicity for the UL configured grant is set to P=14 symbols and 60KHz subcarrier spacing is used. The full list of simulation parameters is provided in the Appendix.
Note that the number of repetitions per each transmitted packet can be 1, 2, 3, or 4 with RV sequence {0, 0, 0, 0}, and it can be 2 or 4 with RV sequence {0, 3, 0, 3}. The packets transmitted at the first available transmission occasion according to the RV sequence and packet arrival time (when RV=0).
[bookmark: _Ref521345276]Table 4: Evaluation results on packet error rate (K=4).
	Packet rate (packets/sec)
	RV {0, 2, 3, 1}
	RV {0, 3, 0, 3}
	RV {0, 0, 0, 0}

	
	3 UEs
	12 UEs
	3 UEs
	12 UEs
	3 UEs
	12 UEs

	50
	0.000306
	0.001824
	0.002644
	0.016907
	0.010558
	0.040699

	500
	0.002073
	0.092071
	0.026110
	0.200894
	0.059484
	0.248438


Table 4 shows the achieved packet error rate results when 3 and 12 UEs are configured with the same set of physical resources. When RV sequence {0, 2, 3, 1} is used, the packet error rates are below 1% for 3 UEs with both 50 and 500 packets/second average traffic, and also still below 1% for 12 UEs and 50 packets/sec. Changing the RV sequence from RV{0, 2, 3, 1} to RV{0, 3, 0, 3} causes about 10-fold increase in all packet error rates. Error rates increase even further when RV{0, 0, 0, 0} is used.
[image: ] 
[bookmark: _Ref521345480]Figure 3: CDF of SINR with RV{0,2,3,1}, RV{0,3,0,3}, RV{0,0,0,0} (K = 4 repetitions).
Figure 3 shows the cumulative distribution of combined SINR with 3 UEs (plots with 12 UEs are excluded for better readability). The distribution of the achieved SINR per each single transmission (no repetitions) are also included for reference. We can see that each RV sequence reaches approximately the same SINR values around the upper region of the CDF curves. This is expected as higher SINR values are achievable when all of 4 repetitions are used. On the other hand, the tail region of the CDF curves behave differently with each RV sequence since a minimum of 2 repetitions is possible with RV{0, 3, 0, 3} and a minimum of only 1 repetition is possible with RV{0, 0, 0, 0}. 
As observed from the packet error rates and SINR distribution results, it is clear that the reliability of packet transmission based on an uplink configured grant cannot be guaranteed with RV sequences {0, 3, 0, 3} or {0, 0, 0, 0} when all K repetitions are not used.
Observation 4: The transmission reliability will be jeopardised if UE is not allowed to transmit all the K repetitions.
Proposal 2: For UL configured grant, it should be possible for the UE to finish the K transmissions when the UE is configured with RV sequences {0, 0, 0, 0} and {0, 3, 0, 3}.
Conclusion
In this contribution, we evaluated the performance of UL configured-grant and we have the following observations and proposals:
Observation 1: Cross-slot repetitions implies that repetitions cannot be supported with periodicities of 2, 7 and 14 symbols.
[bookmark: _GoBack]Observation 2: With cross-slot repetition in configured-grant, only single-shot transmission with small transmission period (up to 2 OFDM symbols) can meet the latency requirements for 15KHz, which results in inefficient utilization of the radio resources.
Observation 3: When the UE configured with back-to-back repetition and RV sequence {0, 0, 0, 0}, the average alignment delay is reduced due to the flexibility in starting the initial transmission.
Observation 4: The transmission reliability will be jeopardised if UE is not allowed to transmit all the K repetitions.
Proposal 1: Study back-to-back repetitions within a slot for configured-grant to meet the URLLC requirements.
Proposal 2: For UL configured grant, it should be possible for the UE to finish the K transmissions when the UE is configured with RV sequences {0, 0, 0, 0} and {0, 3, 0, 3}.
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Appendix

Table 5: Simulation parameters for UL configured-grant.
	Parameters
	Value

	Simulation time
	5 seconds

	Channel model
	TDL-C (300 ns rms)

	Subcarrier spacing
	60 KHz

	Number of Tx antennas
	2

	Number of Rx antennas
	2

	Channel coding
	LDPC

	Coding rate
	1/3

	HARQ combining
	Chase combining

	Packet rate
	50 or 500 packets/sec

	UL configured grant periodicity 
	14 symbols

	UL configured grant repetition K
	4
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