3GPP TSG RAN WG1 #96                                 	       R1-1901589 
Athens, Greece, February 25th – March 1st, 2019

[bookmark: Source]Agenda item:		7.2.6.1.4  
Source: 		Idaho National Laboratory	
Title:   	Additional Results for Underlay Scheduling Request for NR Rel. 16 
[bookmark: DocumentFor]Document for:    	Discussion/Decision 
1 Introduction
In RAN1 January 2019 AH meeting, during discussions of enhancements to Scheduling procedures to meet latency requirements for URLLC applications, the following agreements were reached [1],
Agreements:
· In Rel. 16 of NR, no PDSCH and PUSCH processing timing enhancement as compared to NR Rel. 15 is supported for at least SCS = 15KHz.

In addition, a process was initiated through an email discussion to investigate the PDSCH and PUSCH processing timing enhancements that should be required to meet latency requirements for the remaining SCSs [2].  During this discussion, the following off-line consensus was arrived at regarding evaluation of uplink latency,
· For evaluating the impact of processing times on uplink latency:
· The latency of the initial transmission must include the alignment delay. 
· [bookmark: _Hlk913925]For the case of SR-based PUSCH, the alignment delay includes the gap between the two consecutive SR occasions for FDD, the SR transmission latency due to the UL/DL configuration for TDD, and the scheduling constraint due to the slot boundaries. 
· [bookmark: _Hlk914006]For the case of grant-free PUSCH, the alignment delay includes the transmission constraint due to the grant-free UL occasions for the initial transmission, and the scheduling constraint due to the slot boundaries for the grant-based re-transmission.  
· For both SR-based PUSCH and grant-free PUSCH, the alignment delay should also be considered for PUSCH re-transmission triggered by a dynamic grant.
This contribution examines the impact of the above agreements on the latency of our Underlay Scheduling Request (USR) proposal for NR Release 16 [3] as compared to that of the NR SR method for grant-based transmission and provides additional results on USR detection performance in the presence of an overlay NR signal. 
The contribution is organized as follows: 
· Section 2 provides a latency comparison between USR and NR SR based on PUCCH transmission, with emphasis on the latency target of 1 ms for factory automation. Although the first agreement above implies that no new UE processing capability shall be considered for Rel. 16 for SCS = 15 kHz, some results are given here that include a new capability considered in [4] for reference purposes.
· Section 3 provides additional results for USR detection in the presence of an overlay NR signal. These results show the detection robustness of the USR method in the presence of interference
· Section 4 contains Text Proposal to be included in TR 38.824 to document work on USR based on our analysis and observations.
· Section 5 presents a summary of the results, including a summary of USR benefits with respect to NR SR and conclusions.
[bookmark: _Hlk506272084]
2 	USR Latency Analysis
According to the two RAN1 agreements presented in section 1 above, we can reach the following two conclusions:
1) Since no additional UE processing capability was agreed to, at least for the case of SCS = 15 kHz, RAN1 must strive to minimize latency to meet latency targets for this (and all other SCSs) through all possible means.
2) Since the Wait-Time or time alignment required between packet arrival and first SR opportunity for an initial grant-based transmission, and time between consecutive SR opportunities for subsequent retransmissions is a non-negligible part of the UL latency budget (see Table 1 in [3], reproduced below in Section 5 of this contribution), RAN1 should consider alternatives to the periodic NR SR method that eliminate this Wait-Time.
The USR method, as described in [3], eliminates the Wait-Time, thus reducing a significant component of the UL latency.  With NR SR having a periodicity of P OFDM symbols, the worst-case Wait-Time between packet arrival at the UE and first SR transmission is also P symbols.  Although the average Wait-Time will depend on the packet arrival distribution, the average Wait-Time can be reasonably well approximated as P/2. This means that for the lower SCSs (e.g., 15 kHz and 30 kHz) this Wait-Time becomes an  non-negligible component of the maximum UL latency(0.5 ms for applications like Factory Automation, as illustrated in the table in Section 5 below). As an example of the impact of eliminating this Wait-Time on the round-trip latency, in Table 1 below we use as a comparison the latency analysis presented in [4] (see section 2.1.2, latency analysis for FDD), for which the following assumptions were made: 

· For latency comparison between Rel. 15 and the new UE processing capabilities, an FDD system with SCS = 15KHz and 30KHz is assumed. PDCCH monitoring occasion has the periodicity of 5 symbols (PDCCH is monitored at symbol 0, 5 and 10 of each slot).
· For Grant-Based transmission, minimum SR periodicity of 2 OFDM symbols is assumed.
· Capability #2: N1 = 3 symbols for SCS = 15 kHz and 4.5 symbols for SCS = 30 kHz.
· Capability #3: N1 = N2 = 2.5 symbols for SCS = 15 kHz and 30 kHz.
· Worst-case time alignment or Wait-Time UL latency for NR SR is 2 OFDM symbols for NR SR and 1 OFDM symbol for USR.


Table 1 UL Data Latency Comparison for USR vs. NR SR based on FDD analysis presented in [4]
(Results include UL + DL latency compared to the 1 ms Factory Automation target)

Capability #2 with PDCCH periodicity = 5 os
	Latency (ms)
	HARQ
	15kHz SCS
	15 kHz SCS
	30kHz SCS
	30 kHz SCS

	
	
	14-os TTI
	7-os TTI
	4-os TTI
	2-os TTI
	USR
	14-os TTI
	7-os TTI
	4-os TTI
	2-os TTI
	USR

	UL data (SR)
	1 tx
	3.11
	1.89
	1.68
	1.39
	1.32 
	1.58
	1.04
	0.94
	0.79
	0.76 

	
	2 tx
	5.11
	3.18
	2.82
	2.39
	2.26 
	2.58
	1.83
	1.58
	1.29
	1.22 

	
	3 tx
	7.11
	4.61
	3.82
	3.39
	3.19 
	3.58
	2.58
	2.22
	1.79
	1.69 

	
	4 tx
	9.11
	5.89
	4.82
	4.39
	4.12 
	4.58
	3.33
	2.94
	2.29
	2.16 

	UL data (Configured grant)


	1 tx
	2.29
	1.29
	1.07
	0.57
	N/A
	1.18
	0.68
	0.57
	0.32
	N/A

	
	2 tx
	4.29
	2.79
	2.21
	1.64
	N/A
	2.18
	1.43
	1.32
	0.96
	N/A

	
	3 tx
	6.29
	3.93
	3.21
	2.64
	N/A
	3.18
	2.18
	1.93
	1.46
	N/A

	
	4 tx
	8.29
	5.29
	4.21
	3.64
	N/A
	4.18
	2.93
	2.57
	1.96
	N/A





Capability #3 with PDCCH periodicity = 5 os. 
	Latency (ms)
	HARQ
	15kHz SCS
	15 kHz SCS
	30kHz SCS
	30 kHz SCS

	
	
	14-os TTI
	7-os TTI
	4-os TTI
	2-os TTI
	USR
	14-os TTI
	7-os TTI
	4-os TTI
	2-os TTI
	USR

	UL data (SR)
	1 tx
	2.66
	1.88
	1.38
	1.23
	 1.16
	1.33
	0.94
	0.69
	0.62
	0.59 

	
	2 tx
	4.66
	2.88
	2.38
	1.88
	 1.75
	2.33
	1.44
	1.19
	0.94
	0.87 

	
	3 tx
	6.66
	3.88
	3.38
	2.52
	2.32 
	3.33
	1.94
	1.69
	1.26
	1.16 

	
	4 tx
	8.66
	4.73
	4.23
	3.09
	2.82 
	4.33
	2.37
	2.12
	1.54
	1.41 

	UL data (Configured grant)


	1 tx
	2.18
	1.25
	0.75
	0.46
	N/A
	1.09
	0.63
	0.38
	0.23
	N/A

	
	2 tx
	4.18
	2.39
	1.75
	1.39
	N/A
	2.09
	1.20
	0.88
	0.70
	N/A

	
	3 tx
	6.18
	3.39
	2.75
	2.04
	N/A
	3.09
	1.70
	1.38
	1.02
	N/A

	
	4 tx
	8.18
	4.39
	3.75
	2.75
	N/A
	4.09
	2.20
	1.88
	1.38
	N/A



Capability #2 with PDCCH periodicity = 2 os. 
	Latency (ms)
	HARQ
	15kHz SCS
	15 kHz SCS
	30kHz SCS
	30 kHz SCS

	
	
	14-os TTI
	7-os TTI
	4-os TTI
	2-os TTI
	USR
	14-os TTI
	7-os TTI
	4-os TTI
	2-os TTI
	USR

	UL data (SR)
	1 tx
	2.82
	1.89
	1.39
	1.11
	1.04 
	1.58
	1.04
	0.87
	0.72
	0.69 

	
	2 tx
	4.82
	3.04
	2.39
	1.96
	1.83 
	2.58
	1.76
	1.47
	1.26
	1.19 

	
	3 tx
	6.82
	4.18
	3.39
	2.82
	2.62 
	3.58
	2.54
	2.04
	1.76
	1.66 

	
	4 tx
	8.82
	5.32
	4.39
	3.68
	3.41 
	4.58
	3.26
	2.62
	2.26
	2.13 

	UL data (Configured grant)


	1 tx
	2.29
	1.36
	0.86
	0.57
	N/A
	1.18
	0.71
	0.46
	0.32
	N/A

	
	2 tx
	4.29
	2.50
	1.86
	1.43
	N/A
	2.18
	1.39
	1.11
	0.89
	N/A

	
	3 tx
	6.29
	3.64
	2.86
	2.29
	N/A
	3.18
	2.21
	1.71
	1.43
	N/A

	
	4 tx
	8.29
	4.79
	3.86
	3.14
	N/A
	4.18
	2.89
	2.29
	1.93
	N/A





Capability #3 with PDCCH periodicity = 2 os. 
	Latency (ms)
	HARQ
	15kHz SCS
	15 kHz SCS
	30kHz SCS
	30 kHz SCS

	
	
	14-os TTI
	7-os TTI
	4-os TTI
	2-os TTI
	USR
	14-os TTI
	7-os TTI
	4-os TTI
	2-os TTI
	USR

	UL data (SR)
	1 tx
	2.66
	1.73
	1.23
	0.95
	0.88 
	1.33
	0.87
	0.62
	0.47
	0.44 

	
	2 tx
	4.66
	2.73
	2.23
	1.66
	1.53 
	2.33
	1.37
	1.12
	0.83
	0.76 

	
	3 tx
	6.66
	3.73
	3.23
	2.38
	2.18 
	3.33
	1.87
	1.62
	1.19
	1.09 

	
	4 tx
	8.66
	4.73
	4.23
	3.09
	2.82 
	4.33
	2.37
	2.12
	1.54
	1.41 

	UL data (Configured grant)


	1 tx
	2.18
	1.25
	0.75
	0.46
	N/A
	1.09
	0.63
	0.38
	0.23
	N/A

	
	2 tx
	4.18
	2.25
	1.75
	1.18
	N/A
	2.09
	1.13
	0.88
	0.59
	N/A

	
	3 tx
	6.18
	3.25
	2.75
	1.89
	N/A
	3.09
	1.63
	1.38
	0.95
	N/A

	
	4 tx
	8.18
	4.25
	3.75
	2.61
	N/A
	4.09
	2.13
	1.88
	1.30
	N/A




[bookmark: _GoBack]As can be seen from the above comparison, USR gives uniformly lower latency than NR SR with minimum periodicity of 2 OFDM symbols for grant-based transmission. We can summarize these results with the following observations:

[bookmark: _Hlk1021817]Observation 1: Grant-based transmission with USR gives uniformly lower latency than with NR SR using the minimum periodicity of 2 OFDM symbols.

Observation 2: PDCCH periodicity is a significant factor affecting latency. For example, with PDCCH periodicity of two OFDM symbols, the 1 ms latency target can be met with USR Grant-Based transmission with up to two retransmissions (3 transmissions), thus rivalling the latency performance of Configured Grant transmission.

Observation 3: Although, as expected, Configured Grant transmission yields lower latency than Grant-Based transmission, the reliability of first, second and subsequent transmissions will generally depend on the level of contention, which is not taken into account in the above analysis and must be considered in a more detailed assessment of latency performance.
3	USR Detection/Reliability Analysis
An NR gNB has the knowledge of resource blocks (RBs) that are being used by all the UEs within its cell. It thus can make use of this information to develop advanced USR detection methods with good performance, even when large portions of the spectrum are occupied by various UEs within the cell. The results of one such USR detector as the percentage of the spectrum occupancy increases are shown in Figure 1. In the setup examined here there are 40 UEs and independent USRs are transmitted by all UEs. Each UE transmits USRs according to a Poisson process with a mean transmission rate of 500 USRs per second. As shown in the figure, 20% occupancy of the frequency band by other UEs has a negligible impact on the results. The detection performance degrades gracefully as the band occupancy increases from 20% to 70%. When 70% of the frequency band is occupied, there is only a performance loss of less than 2 dB.

If we assume an operating USR SNR of  dB over the unoccupied parts of the spectrum, and that the portion of the occupied frequency band is 70% or less, over 99.9% of the USRs will be detected correctly. This corresponds to a reliability of 99.9%. If a USR is sent and no grant comes back within a certain period of time, the UE will send another USR (i.e., there will be a retransmission). With this, reliability of detection after the first USR retransmission will be 99.9999%. After the second USR retransmission, the reliability improves to 99.9999999%. 

	
[image: ]
Figure 1   USR detection performance as a function of NR Overlay Bandwidth Occupancy
SCS = 30 kHz, 40 URLLC users/cell (see simulation assumptions in Appendix A)

Observation 4: USR detection is proven to be robust in the presence of an NR overlay interference signal occupying up to 70% of the bandwidth over which the USR signal is transmitted.
4	Text Proposal for TR 38.824
Based on the above results and on the results of [3], we propose the following text for the TR 38.824 Section 6.4.1:
PUCCH-based SR with reduced periodicity can decrease latency at the expense of excessive overhead. Increasing the SR period can reduce overhead, but then the URLLC latency requirements are difficult to meet. For Rel. 16, event-driven (i.e., non-periodic) Underlay SR (USR) method was studied. The USR method can be used to meet the latency requirements with negligible overhead, zero wait-time (i.e., elimination of time alignment to transmit SRs since USRs can be transmitted in the OFDM symbol immediately following packet arrival at the UE) and a more graceful latency degradation as the number of URLLC users increases. Because the USR method also eliminates the wait time for sending SRs, it can also be used to reduce the UE’s processing capability by one OFDM symbol (on the average) and by two OFDM symbols (in the worst case) with respect to the periodic NR SR method with minimum periodicity of 2 OFDM symbols.
USR lower resource overhead can significantly enhance the bandwidth available for data transmission, as shown in Figure 3 from [3], reproduced below.
[image: ]
 Figure xx Impact on Available Bandwidth for Data Transmission for PUCCH-SR vs. USR for BW = 40 MHz
Non-negligible Wait-Time with NR SR must be taken into account in the air interface latency budget, especially for the UL with grant-based transmission since the Wait Time, even with the minimum SR periodicity of 2 OFDM symbols, becomes a significant fraction of air interface latency budget, as shown in Table 1 from [3], reproduced below.
Table yy Percentage of One-Way Air Interface Latency (e.g., 0.5 ms for Factory Automation) due to Wait Time for NR SR with 2 OFDM Symbol SR Periodicity
	Wait time
	SCS = 15 kHz
	SCS = 30 kHz

	Average (one OFDM symbol)
	13.4%
	6.6%

	Worst-Case (two OFDM symbols)
	26.6%
	13.4%



A latency comparison based on the results in [4] and on Table 1 above
(Insert Table 1 from Section 2 above)
shows that latency for UL Data transmission is uniformly lower with USR with respect to NR SR with minimum periodicity, and that for a minimum PDDCH periodicity of two OFDM symbols, can rival the latency performance of Configured Grant transmission with up to two retransmissions. 
In addition, USR detection has been proven to be robust in the presence of an NR overlay interference signal occupying a bandwidth up to 70% of bandwidth used to transmit the USR signal.
5	Conclusion
In this document we have presented the impact on latency results for both the NRSR and USR methods. The results indicate a clear USR advantage over the traditional PUCCH-based SR method used in NR because the wait time and the frequency resource overhead necessary for the periodic SR solution is eliminated.  We have also shown that detection of USR is robust in the presence of interference occupying up to 70% of the transmission bandwidth used to transmit the USR signal. 
Based on the results presented above and in [3], Table 2 below lists some of the advantages of USR with respect to NR SR.
Table 2   Summary of advantages of USR scheme over the Periodic NR SR method
	Category
	NR SR 
(Periodic Solution)
	Underlay SR 
(Event-driven solution)

	Wait time
	Can be a significant part of overall delay
	Wait time is eliminated

	Scheduler flexibility
	Limited because efficiency is tied to SR period
	High because scheduler can allocate resources much more efficiently due to the availability of longer lead times

	SR Resource Allocation
	Needs time/frequency allocation as part of UL control channel (PUCCH)
	Works over already allocated resources (i.e., no additional frequency resources needed)

	Resource Allocation Overhead
	Increases with decreased SR periodicity.
	Fixed and negligible. 

	Latency Performance
	Increased UE capability (decreasing N1 and N2 to meet URLLC latency targets) becomes necessary [4] 
	By eliminating the wait time for grant-based transmission, USR has one OFDM symbol latency advantage on the average over NR SR, which can be significant for lower SCSs (e.g., 15 kHz and 30 kHz)



Based on the discussion we have the following observations and proposal for the Rel-16 URLLC study:
Observation 1: Grant-based transmission with USR gives uniformly lower latency than with NR SR using the minimum periodicity of 2 OFDM symbols.

Observation 2: PDCCH periodicity is a significant factor affecting latency. For example, with PDCCH periodicity of two OFDM symbols, the 1 ms latency target can be met with USR Grant-Based transmission with up to two retransmissions (3 transmissions), thus rivalling the latency performance of Configured Grant transmission.

Observation 3: Although, as expected, Configured Grant transmission yields lower latency than Grant-Based transmission, the reliability of first, second and subsequent transmissions will generally depend on the level of contention, which is not taken into account in the above analysis and must be considered in a more detailed assessment of latency performance
Observation 4: USR detection is proven to be robust in the presence of an NR overlay interference signal occupying up to 70% of the bandwidth over which the USR signal is transmitted.

Proposal: NR should support the Underlay SR to reduce latency and mitigate overhead, which is an important aspect for delay-sensitive URLLC UL transmissions. 
References 
[1] Final version of Chairman’s Notes, RAN1 AH January 2019, Taipei, Taiwan. See section 7.2.6.1.4
[2] R1-1901472, “Email discussion/approval on converging the proposals for eURLLC,” Qualcomm, Notes from e-mail discussion AH1901-NR-01 following RAN1 AH Meeting, Taipei, Taiwan, January 2019. See proposal in Section 1.
[3] R1-1900015, “Underlay Scheduling Request for NR Rel. 16 and Latest Results,” Idaho National Laboratory, RAN1 AH January 2019 meeting, Taipei, Taiwan.
[4] R1-1901349, “Scheduling/HARQ/CSI Processing Timeline Enhancements for NR URLLC,” Ericsson, RAN1 AH January 2019 meeting, Taipei, Taiwan









Appendix A
	Parameter
	Values/assumptions

	Carrier frequency
	4 GHz

	Total system bandwidth
	40 MHz

	Subcarrier spacing
	30 kHz

	Latency bound for the uplink
	0.5 ms

	Network synchronization
	Synchronized

	SR periodicity
	2 OFDM symbols

	Packet rate
	500 packets per second per UE

	No. URLLC UEs
	40

	CP duration
	Normal CP

	UE scheduling
	Random scheduling

	Resource allocation
	Random RBs allocated to overlay users

	Channel model
	TDL-A, UE speed 3 km/hr 

	Multicell interference to noise ratio (INR)
	15 dB

	Layout map
	Factory automation floor

	UE transmit power
	20 dBm

	UE antenna gain
	0 dB

	BS antenna gain
	5 dBi

	BS noise figure
	5 dBi

	Slow fading model
	Shadow fading with SDT: 6 dB, correlation dist: 10m
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