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1 Introduction
This contribution presents a summary of our Underlay Scheduling Request (USR) proposal for Release 16 highlighting some of the advantages over the periodic Scheduling Request mechanism used in LTE and also in NR. 
This contribution is organized as follows:
· Section 2 presents a summary of our Underlay Scheduling Request proposal, which was originally proposed for Release 15, highlighting some of the advantages over NR SR to reduce latency for low latency applications such as URLLC and to minimize resource overhead for SR transmission. We also discuss how USR can help mitigate the burden on UE processing capability that is necessary to meet latency targets with the current NR SR scheme.
· Section 3 contains Text Proposal for TR 38.824 based on our results, analysis and observations
· Section 4 presents a summary and conclusions.
2 [bookmark: _Hlk506272084]Underlay Scheduling Request (USR) for NR
Transmission of USR for Release 15 was first introduced in [1], where it was shown that USR provides significant advantages over the periodic SR scheme used in LTE and also in NR (referred to as NR SR in the foregoing) with respect to elimination of wait-time, improved resource utilization, increased scheduling flexibility and other benefits. In this section, we review the fundamental features of our USR proposal and highlight the main differences and advantages over NR SR. 
USR transmission involves sending a one-bit SR by spreading it over the entire transmission bandwidth using Direct Sequence Spread Spectrum and adding a Cyclic Prefix to deal with channel effects, as detailed in Section 3 of [1] and shown in Figure 1. This transmission method relies on spreading the SR bit over a sufficiently large bandwidth so that very low power spectral density transmission results in negligible interference to other users occupying the same spectrum (i.e., an OFDM system, which can be thought of as an overlay with respect to the USR signal).  The limitation on the number of users that can be supported to cause negligible interference has been explored in [3]. Selection of the Zadoff-Chu spreading sequence length is also addressed in Section 3 of [1]. Note that these sequences can also be used to provide differentiation of the Scheduling Request configuration type to be used by each UE.
NR uses mini-slot lengths of 2 OFDM symbols, which is also the minimum periodicity of NR SR. This minimum periodicity helps in reducing latency for delay-sensitive applications such as URLLC. However, as shown in [2] and references therein, this approach to latency reduction comes at the expense of very high resource overhead since time-frequency resources must be allocated for SR transmission, which crowds out the data transmissions from the available bandwidth. The resource overhead increases proportionately as the number of users sending SRs increases and also as more frequent SRs need to be transmitted. In addition to large overhead, with NR SR with minimum periodicity of 2 OFDM symbols, there exists an average wait time of one OFDM symbol and a worst-case wait time of two OFDM symbols. Given the tight latency budgets for some URLLC applications (e.g., air interface latency of 1 ms for factory automation with 0.5 ms one-way), this wait time, although small, becomes a non-negligible part of the latency budget, especially for the lower SCSs (e.g., SCS = 15 kHz and 30 kHz), as illustrated in Table 1. On the other hand, as shown in Figure 2, a USR can be transmitted in the OFDM symbol immediately following the arrival of a packet, hence the wait-time associated with having to wait for SR opportunities is eliminated.  
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Figure 1: Generation of CP-assisted DSSS USR signal
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Figure 2: USR transmission within the NR frame structure


Some companies [4] have proposed meeting the stringent URLLC latency budgets by increasing UE processing capability. This amounts to reducing N1, the number of OFDM symbols required for UE processing from the end of PDSCH to the earliest possible start of the corresponding ACK/NACK transmission on PUSCH or PUCCH, and reducing N2, the number of OFDM symbols required for UE processing from the end of PDCCH containing the UL grant reception to the earliest possible start of the corresponding PUSCH transmission from UE perspective. Note that these definitions of UE processing capability do not take into account the inherent NR SR waiting time, which is not negligible when compared to the N1 and N2 values being proposed in [4]. As analyzed in [8] and in references cited therein, we have split the air interface latency limit evenly between UL and DL to assess the effect of SR Wait Time properly with respect to the UL fraction of the latency budget. Table 1 shows the amount of wait-time as a percentage of uplink air-interface latency time of 0.5 ms for Factory Automation. 
Table 1 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
	[bookmark: _GoBack]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%



Viewed within this context, an SR mechanism such as USR, where the wait time is eliminated can reduce the UE processing timeline by one OFDM symbol on the average and by two OFDM symbols in the worst-case for grant-based transmission, thus relieving UE processing capability as summarized in Table 2, where we have used the N1 and N2 values that are being proposed in [4].

Table 2 Average NR SR wait-time (SR Periodicity = 2 OFDM Symbols) based on proposed UE processing capability [4]
	Configuration
	HARQ Timing
(nr of OS)
	SCS = 15 kHz
	SCS = 30 kHz
	SCS = 60 kHz
	SCS = 120 kHz

	Front-loaded DMRS only
	N1
	2.5
	2.5
	5
	10

	Frequency-first RE-mapping
	N2
	2.5
	2.5
	5
	10

	Average wait-time (one OS) as a percentage of N1 or N2
	
	40%
	40%
	20%
	10%


[bookmark: _Hlk484171893]
Based on the above, the following observations can be made regarding the USR compared to NR SR:
[bookmark: _Hlk488818893]Observation 1: If a packet arrives within a given OFDM symbol duration, the USR approach allows the UE to transmit a Scheduling Request in the OFDM symbol immediately after, thus eliminating the wait-time. In NR SR, even with minimum periodicity of 2 OFDM symbols, the UE has to wait for the next SR transmission opportunity, which is one OFDM symbol on average and two OFDM symbols in the worst-case, thus increasing latency. This is an important consideration for URLLC applications, especially for the lower SCSs (i.e., SCS = 15 KHz and 30 KHz)
Observation 2: Due to the elimination of the wait-time with USR, UE processing capability (reduction in parameters N1 and N2 described above), is not tight as with NR SR.

Table 3 below lists some of the advantages of USR with respect to NR SR.
Table 3   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)



For the NR-SR, setting the periodicity to 2 OFDM symbols allows the UEs to meet the one-way 0.5 ms URLLC latency requirement; however, as discussed in [5] and [6], this reduced latency due to low periodicity comes at a cost of larger overhead since additional SR resources need to be allocated. Furthermore, as the SCS is further increased, overhead increases significantly, thus offsetting the advantage gained by smaller transmission time intervals to reduce latency. In the USR case, the UL latency stays below the required latency bound with respect to NR SR.
Following the same analysis as [7] (see Section 3), Figure 3 shows the impact on bandwidth available for data transmission, where we have assumed a value of 30% for control channel bandwidth overhead. Note how this available bandwidth decreases drastically for NR-SR with the lowest periodicity of 2 OFDM symbols due to increased overhead and as a result NR-SR may fail to satisfy the latency requirement. Fortunately, in the USR case the available bandwidth remains unchanged and as a result the latency remains under the required limit. As Figure 3 shows, the bandwidth overhead for NR-SR is severe, especially as the number of users increases.
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Figure 3 Impact on Available Bandwidth for Data Transmission for PUCCH-SR vs. USR for BW = 40 MHz


Proposal: NR should support the Underlay SR to reduce latency and mitigate overhead, which is an important aspect for delay-sensitive URLLC UL transmissions. 
3	Text Proposal for TR 38.824
Based on the above 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 the overhead, but then the URLLC latency requirements are difficult to meet. For Rel. 16, 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 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.
With USR lower resource overhead can significantly enhance the bandwidth available for data transmission.
(Insert Figure 3 above)
Consideration of non-negligible Wait Time with PUCCH 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. 
(Insert Table 1 above)
Since USR also allows SR transmission in the OFDM symbol immediately following packet arrival on the UL, thus eliminating the Wait Time for an SR opportunity, this reduces the burden on increased UE processing capability as proposed in [4].
(Insert Table 2 above)
4	Conclusion
In this document we have presented the impact on latency results for both the PUCCH-SR and USR methods. The results indicate clear USR advantage over the traditional PUCCH-SR method used in NR because the wait time and the frequency resource overhead necessary for the periodic SR solution is eliminated.  Based on the discussion we propose the following for the Rel-16 URLLC study:
Proposal: NR should support the Underlay SR to reduce latency and mitigate overhead, which is an important aspect for delay-sensitive URLLC UL transmissions. 
In addition to the above proposal we have also provided a text proposal for the TR 38.824 in section 4 based on our preliminary results and observations.
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