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1 Introduction
In RAN1#90bis, the following agreement was reached regarding Scheduling Request (SR) to enable UL grant-based transmission for NR [1], [2]
Agreements:
· For each “SR configuration”, the following is indicated via RRC 
· A periodicity and offset which identify the slots/symbols to be used for SR
· FFS the offset for the SR periodicity shorter than one slot for a given SCS
· Non-periodic SR solutions to meet URLLC latency requirements are not precluded
· At least support following as the periodicity of resources for SR
· FFS other values with taking into account the alignment with 14 symbols
	Subcarrier spacing (kHz)
	Supported periodicities [ms]

	15
	2 symbols, 7 symbols, 1,2,5,10,20,40,80

	30
	2 symbols, 7 symbols, 0.5,1,2,5,10,20,40,80

	60
	2 symbols, 7 symbols (6 symbols for ECP), 0.25,0.5,1,2,5,10,20,40,80

	120
	2 symbols, 7 symbols, 0.125,0.25,0.5,1,2,5,10,20,40,80



Prior to the above agreement, RAN1 considered a working assumption to reduce SR periodicity to be as low as one OFDM symbol, but this working assumption could not be confirmed at RAN1#90bis due to some technical problems, some of which were documented in our previous contribution [3]. In this contribution we consider some of the ramifications of the above agreement and its impact on grant-based latency, reliability and resource utilization performance for NR and how a non-periodic SR solution (see highlighted part of the agreement above) may offer some advantages to overcome the limitations introduced by the above agreement.
The agreement to have SR periodicity as low as two OFDM symbol is a compromise solution that does not reduce latency as much as the working assumption did (one OFDM symbol SR periodicity), yet, as will be shown in section 2 below, it suffers from at least some of the same drawbacks as the one-OFDM symbol working assumption did.  It is to be noted that although the waiting time with 2 OFDM symbol periodicity is significantly reduced with respect to the LTE minimum SR periodicity of 1 ms, the waiting time is not eliminated.  Although reducing SR periodicity with the PUCCH-based SR approach does reduce latency, this latency reduction is accompanied by reduced resource utilization efficiency and increased overhead.  This limitation is addressed below, and we show how our concept of Underlay SR (USR) overcomes it.
This contribution is organized as follows:
· Section 2 describes the limitations of PUCCH-based SR with low periodicity and addresses overhead with 2 OFDM symbol SR periodicity, as per the above agreement.
· Section 3 describes how Underlay SR eliminates the wait time while overcoming the overhead limitations of the PUCCH-SR.
· Section 4 presents a complete SR method with USR as the complementary solution.
· Section 5 presents a summary and conclusions. 

2 Limitations of PUCCH-SR with low periodicity
2.1	High Overhead for PUCCH-SR with Low Periodicity
Reducing latency for URLLC while still keeping a periodic PUCCH-based SR structure, as stated in the agreement cited in section 1, means that there will be increased SR opportunities in a slot. The choice that this periodicity can be as low as two OFDM symbols means that this latency reduction will be accompanied by SR opportunities (for which resources must be allocated) that may go unused, which leads to reduced resource utilization and increased overhead. An analysis of the overhead associated with reduced SR periodicity in terms of LTE-like control overhead based on the following assumptions is presented in [4] :
a) one RB over a 14-symbol sub-frame can typically support 18 UEs with SR multiplexing
b) bandwidth of 20 MHz (100 RBs) and 60 active URLLC UEs per cell[footnoteRef:1] [1:  This number could be easily exceeded in factory automation or robotics applications.] 

c) Subcarrier spacings of 15 KHz and 60 KHz
Based on the above assumptions, the analysis in [4] yields 23.4% and 93.3% of control overhead with 2-OFDM symbol periodicity for 15kHz and 60 kHz SCS, respectively. Similarly, there is a large overhead shown in [4] for 15 KHz SCS and also for 60 KHz SCS with any periodicity fewer than 20 OFDM symbols. Furthermore, as the SCS is further increased, this overhead increases significantly, thus offsetting the advantage gained by smaller transmission time intervals to reduce latency.
The above shows that in order to meet the most stringent URLLC latency targets with low periodicity, a prohibitively large overhead results and that to have reasonable overhead (i.e., under 10%), the SR period must be increased, in the range of 10 OFDM symbols or more [4], so that it may not be possible to meet the latency targets. These conflicting requirements can be resolved with our proposed method of Underlay SR summarized in section 3 and described in more detail in some of our previous contributions (see [5] and references therein).
Observation 1: LTE or PUCCH-based SR with reduced periodicity can decrease latency at the expense of excessive overhead. This overhead can be reduced by increasing the SR period, but then the URLLC latency requirements may not be met.

2.2	PUCCH-SR with Low Periodicity and URLLC Traffic Statistics
Reducing periodicity to two OFDM symbols with PUCCH-SR is necessary to meet the URLLC latency requirements. However, having a configured SR periodicity is inefficient because it cannot adapt to the various traffic patterns that are possible in a deployment. For example, on a factory floor various machines may perform different tasks at different rates.  Additionally, due to random arrival of traffic, multiple packets could arrive at the same time for multiple UEs and having a lower periodicity can handle this situation at the expense of reduced efficiency (i.e., high overhead, as discussed above).  Furthermore, when multiplexing SR transmissions from UEs that respond to random or periodic traffic with different arrival rates, the SR periodicity will generally be dictated by the fastest traffic update rate or smallest periodicity, with its inherent high overhead. The cumulative inefficiency due to the difference between the actual and the assumed packet arrival rates could be significant.  Therefore, it is very important in order to meet these practical issues to consider an adaptive scheme such as USR that can more easily match different arrival rates without the need for setting SR periodicity, as discussed in the following section.

Observation 2: USR adapts to various URLLC traffic patterns and can more easily handle the scenarios when multiple simultaneous packets arrive at different UEs. 
3 Underlay SR eliminates the wait-time with no overhead
The Underlay SR method (USR) spreads the SR signal over already allocated spectrum using a very low transmit power spectral density to ensure interference is minimized (see [5] and other INL references therein). As mentioned in [5], USR provides significant advantages over the traditional LTE or PUCCH-based SR scheme with respect to reduced wait-time, improved resource utilization, increased scheduling flexibility and other benefits. In this section, we apply the USR scheme to the agreed NR mini-slot frame structure. 
In RAN1#87, mini-slot length of 2 OFDM symbols was agreed (it makes no difference if a single OFDM or multiple OFDM symbols are used). The proposed USR method can be utilized to transmit the SR symbol within each mini-slot during any symbol because the USR signal does not require any dedicated resources due to the underlay transmission. This procedure is illustrated in the Figure 1 below. 
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Figure 1 SR transmission at the mini-slot level within the NR frame structure

Based on the above mini-slot structure the following observations can be made regarding the USR compared to the traditional LTE SR:
Observation 3: If a packet arrives within a given OFDM symbol duration, the USR approach allows the UE to transmit a Scheduling Request in the next symbol(s), thus eliminating the wait-time. In the traditional LTE SR the UE has to wait for the next SR transmission opportunity, thus increasing latency. This is an important consideration, especially for URLLC services.
Observation 4: To further reduce latency, upon successful decoding, the gNB can transmit the grant in the next mini-slot since USR SRs can be transmitted on any mini-slot within a slot, not just on those designated as SR opportunities. This additional latency reduction is possible because the gNB has sufficient lead-time to make the scheduling decision and generate a grant for UL transmission.

Because the USR signal is spread as an underlay signal over already allocated spectrum, there is no additional overhead incurred, thus USR is able to meet the most stringent URLLC latency requirements with no overhead and overcomes the limitations of PUCCH-based SR addressed in the previous section. Furthermore, the analysis presented in [5] shows that the USR method can accommodate a large number of users while keeping the level of interference (rise over thermal noise) due to USR transmissions typically under a fraction of one dB.
Observation 5: Because the USR signal is spread at a low power spectral density over already allocated spectrum, the USR method incurs no resource overhead.
[bookmark: _Hlk497149420]Proposal: Given the above limitations of periodic PUCCH-SR, NR should support the Underlay SR method as an option to reduce latency with no waiting time, no overhead and better adaptivity to URLLC traffic sources to help meet the wide range of URLLC requirements.  


4 Spectral efficiency impact of USR vs. PUCCH-SR 
With PUCCH-based SR, the bandwidth required for SR transmission will increase linearly with the number of UEs and also as SR periodicity is reduced due to the number of increased SR opportunities per slot. Assuming a fixed total bandwidth and that the remaining bandwidth (after accounting for the bandwidth reserved for SR transmission) is allocated for data transmission, this leads to lower capacity (throughput) for data transmission. Following the analysis in [4], it is assumed that, as in LTE-SR, resources in 1 RB and 1 subframe are reserved to support 18 users. Hence, roughly, each UE requires 12*14 resource elements, which leads to the bandwidth required for SR transmission as
BWSR = Number of UEs * [(12*14)/18] * (1/SR periodicity in OFDM symbols)*Subcarrier Spacing

Figure 2 below shows the SR transmission bandwidth as a function of the number of UEs and the SR periodicity in OFDM symbols assuming a subcarrier spacing of 30 KHz.
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Figure 2 SR transmission bandwidth as a function of user load and reduced PUCCH-SR periodicity (in OFDM symbols)
SCS = 30 KHz

The data transmission capacity for both PUCCH-SR and USR can be evaluated through the Shannon capacity formula
C (Mbps) = BW (MHz) * log2(1 + SNR), as shown in Figure 3 (see applicable parameter table under the figure).  
Note that for USR the bandwidth is not affected by the number of SRs since SRs are transmitted in an underlay manner over the same spectrum that is used for data transmission. The presence of USR only reduces SNR (SINR to be more exact) by a small fraction of a decibel (see [5]). Hence, it has a minimal impact on the capacity.  In PUCCH-SR, on the other hand, a fraction of the spectrum is allocated for each SR opportunity. As a result, the effective bandwidth available for data transmission (parameter BW in the above formula) is reduced as the number of SR opportunities increases, or equivalently, as the number of UEs increases. This bandwidth reduction has a direct impact on the capacity and, as the results in Figure 3 reflect, this reduces the capacity significantly as the number of UEs increases.  
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Figure 3   Data transmission capacity reduction as a function of user load for USR and PUCCH-SR

	Parameter
	Value

	USR SNR
	-10 dB

	Data SNR
	+10 dB

	Periodicity
	2 OFDM symbols

	Total system BW
	20 MHz

	Traffic model
	Poisson packet arrival with rate 500 packets/sec



Observation 6: USR has the potential to offer significantly higher data throughput for grant-based transmission than PUCCH-SR because it requires no separate bandwidth allocation for SR transmission.
[bookmark: _Hlk506272084]
5	USR as a complementary solution
Additionally, in NR TDD deployments it is possible that with low periodicity PUCCH-SR configured resources may collide with other DL and UL signals as discussed in [6]. On the other hand, USR can be transmitted during the UL and DL data mini-slots. During the DL data mini-slots the HARQ retransmissions for DL and power control for UL will compensate when the near-by UE and the gNB receive the DL / UL data transmissions, respectively.
Proposal 1: USR should be considered as a complementary solution and a complete method described in Table 1 below (section 5) should be considered for NR TDD deployments. 
6	Conclusion
In this contribution, we have pointed out that PUCCH-based SR with reduced periodicity may lead to prohibitively large overhead and that the Underlay SR method overcomes this limitation. We made the following observations and proposals:
Observation 1: LTE or PUCCH-based SR with reduced periodicity can decrease latency at the expense of prohibitively large overhead. This overhead can be reduced by increasing the SR period, but then the URLLC latency requirements may not be met.
Observation 2: USR adapts to various URLLC traffic patterns and can more easily handle the scenarios when multiple simultaneous packets arrive at different UEs.

Observation 3: If a packet arrives within a given OFDM symbol duration, the USR approach allows the UE to transmit a Scheduling Request in the next symbol(s), thus eliminating the wait-time. In the traditional LTE SR the UE has to wait for the next SR transmission opportunity, thus increasing latency. This is an important consideration, especially for URLLC services.
Observation 4: To further reduce latency, upon successful decoding, the gNB can transmit the grant in the next mini-slot since USR SRs can be transmitted on any mini-slot within a slot, not just on those designated as SR opportunities. This additional latency reduction is possible because the gNB has sufficient lead-time to make the scheduling decision and generate a grant for UL transmission.
Observation 5: Because the USR signal is spread at a low power spectral density over already allocated spectrum, the USR method incurs no resource overhead.
Observation 6: USR has the potential to offer significantly higher data throughput for grant-based transmission than PUCCH-SR because it requires no separate bandwidth allocation for SR transmission.
[bookmark: _Hlk492890462]Proposal 1: Given the above limitations of periodic PUCCH-SR, NR should support the Underlay SR method as an option to reduce latency with no waiting time, no overhead and better adaptivity to URLLC traffic sources to help meet the wide range of URLLC requirements.  
Proposal 2: As a complete SR solution for NR, the following should be considered:

Table 1: A complete Scheduling Request solution for NR
	Situation
	Solution

	Mini-slots with DCI transmissions present
	No SR transmissions

	Mini-slots with DL or UL data transmissions present
	Underlay SR transmissions

	Mini-slots with UCI transmissions (PUCCH) present
	PUCCH-SR transmissions
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