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1 Introduction
As discussed in [1] URLLC services have several challenging scenarios requiring stringent latency and high reliability requirements. To meet such requirements operators must have all the flexibility to use both the SR-triggered grant-based and grant-free based schemes for UL transmissions. In previous RAN1 meetings, it has been established that in many scenarios to achieve high-reliability SR-triggered grant-based UL transmissions must be supported; therefore, during the RAN1#88bis meeting RAN1 made the following agreement [2]: 
Agreements:
· The Scheduling Request-triggered uplink grant-based data transmission design should consider all applicable reliability and latency requirements including URLLC when assessing different design proposals.
· FFS: SR details
· For initial grant-based transmission, retransmissions can be grant-based

In RAN2#98 meeting, the following agreement regarding support for multi-bit vs. single-bit SR for NR was reached [8]
Agreements
1.	Multiple SR configurations can be configured to the UE and which SR configuration is used depends on the LCH that triggers the SR.  The granularity of SR configuration for a logical channel is FFS.
2. 	From RAN2 point of view a single bit SR with multiple SR configuration is sufficient to distinguish the “numerology/TTI length” of the logical channel that trigger the SR.  RAN2 has not identified other use cases for which multibit SR is need with sufficient support.  
3.	RAN2 does not see the need to convey buffer status information.  
4. 	Send LS to RAN1 to indicate to RAN1 that RAN2 doesn’t see the need to support multi-bit SR. 

The above agreement indicates that from RAN2’s point of view, a multi-bit SR scheme is not required.  Although RAN1 needs to establish independently whether multi-bit SR is required to meet some NR requirements (e.g., incorporating BSR as part of SR to meet URLLC latency requirements), the above RAN2 agreement indicates that a single-bit SR may be sufficient for NR operation.
For the grant-based UL transmissions some contributions [3], [4] have presented performance results and indicated there is room for further enhancements to the traditional LTE SR scheme to meet the stringent low-latency UL transmissions requirements for URLLC services. In the last couple of RAN1 meetings, we’ve presented the underlay SR (USR) scheme that reduces the SR-related delay by eliminating the wait-time while preserving the benefits of high reliability due to grant-based schemes [1]. Table 1 in [1] lists some of the advantages of USR over the LTE SR based schemes. In this contribution, we present simulation results showing USR approach offers advantages over the traditional LTE SR scheme. 
The contribution is organized as follows:
· Section 2 describes the Underlay SR transmission scheme for the NR UL mini-slot structure
· Section 3 discusses the Underlay transmissions impact on gNB receiver operation 
· Section 4 presents the Underlay SR scheme performance
· Section 5 presents a summary of underlay SR performance with respect to that of a generic PUCCH-based SR design (e.g., LTE SR) in terms of latency, reliability and resource utilization 
· Section 6 presents summary and conclusions

2 Underlay SR Transmission Scheme for the NR UL Mini-slot structure
As mentioned in [1], USR provides significant advantages over the traditional LTE 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. The proposed USR method above 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. 
Based on the above mini-slot structure the following observations can be made regarding the USR compared to the traditional LTE SR:
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Figure 1 SR transmission at the mini-slot level within the NR frame structure
[bookmark: _Hlk484171893]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 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 2: To further reduce the latency, upon successful decoding, the gNB can transmit the grant in the next mini-slot. This additional latency reduction is possible because the gNB has sufficient lead time to make the scheduling decision and generate a grant for the UL transmission.

3 Underlay SR transmission impact on gNB receiver operation
In one of our previous contributions [5], an underlay communication channel (UCC) based on the Zadoff-Chu (ZC) sequence was introduced. It was shown that the well-known ZC sequences can be used to transmit a single bit or multiple bits of information per UE well below the noise level using spread spectrum techniques[footnoteRef:1]. Moreover, to stay in sync with the rest of OFDM symbols in the network, a cyclic prefix (CP) is added to each ZC spreading sequence. As already discussed in [5] the above design allows multiple simultaneous users to transmit their respective SRs without much degradation in detection at the gNB receiver.  [1:  All simulation results in this document are for single bit SR transmission.] 

In addition to successful detection in the presence of inter-user collisions, we also evaluated the interference impact of underlay SR transmitting UEs on the overlay signals received at the gNB. This was studied by measuring the rise in interference over thermal (IoT) as defined in the LTE literature (for example, [6]) due to the underlay SR transmissions during the reception of the UL data transmissions at the gNB receiver.
Obviously, the underlay SR transmissions add noise over the existing thermal noise and the inter-cell interference at the gNB receiver. Figure 2 shows the additional noise generated due to the USR signals versus the maximum number of underlay UEs The results show the increase in the IoT is negligible even for the case when a high number of UEs transmit their respective underlay SRs. The two sets 
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Figure 2 Average IoT rise due to USR at the gNB receiver versus the number of UEs transmitting the underlay SRs

of plots are based on different packet rates and the underlay SNR is set to -6 dB and -12 dB relative to the thermal noise plus inter-cell interference at the gNB receiver. For derivation details refer to Appendix A.1.  
Observation 3: A large number of simultaneous underlay SR transmitting UEs has an insignificant impact on the IoT at the gNB receiver resulting in negligible impact on the UL data transmissions. 


4	Underlay SR scheme performance   
The main disadvantage of the traditional LTE SR signal is its direct dependency on the increase in resource utilization as the number of UEs and/or the packet arrival rates increases. In LTE systems, the number of UEs that can transmit SR is a function of total PRBs allocated for SR transmissions within a subframe and the SR opportunity periodicity. Therefore, even under the unrealistic assumption that all the PRBs within a subframe are available for SR transmissions, the latency still increases since it depends on the periodicity of the SR opportunities. This puts a heavy burden on the gNB scheduler, especially when the amount of available resources is limited. For example, using the mini-slot structure, suppose the available RBs for SR can accommodate a maximum of 5 users. Hence, if the number of users is less than or equal to 5, they all send their SR in the first mini-slot and the one-way latency is 2 mini-slot (including the decoding time). However, if the number of users is higher, those additional UEs have to be multiplexed in the time domain (assign more resources) in different mini-slots to avoid collision. This leads to an increase in latency. 

On the other hand, the underlay SR has no such limitation since its operation is not dependent on the SR resource allocation. In the underlay SR case, the limitation is only when the underlay SR transmissions are causing additional noise at the gNB receiver such that it is resulting in unacceptable UL data detection error rate. As discussed before in section 3, the noise increase to such level due to the underlay SR transmissions is very unlikely.

Based on the above analysis, Figure 3 shows the simulation results with the assumptions described in Appendix A.2. Figure 3 shows the delay from the time of the packet arrival for UL transmission to the time UE receives a scheduling grant from the gNB (one-way latency). For the traditional LTE SR, the SR periodicity has to be increased in order to accommodate higher number of SR transmissions. Hence, the latency grows almost linearly as more PRBs are allocated for the SR transmissions to avoid collisions. Clearly, the USR has no such issue and the latency simply stays constant for a fixed underlay SNR (Figure 3 shows underlay SR signal SNR=-6 dB and -12 dB). 

Observation 4: Unlike LTE SR scheme, in the underlay SR scheme the latency is independent of the number of SR transmissions.
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Figure 3 Packet-arrival to grant transmission by the gNB delay vs. the number of SR transmitting UEs for the LTE SR and the Underlay SR schemes



5	Underlay SR vs. PUCCH-based/LTE SR 
From the results of the previous sections we can observe that the Underlay SR method offers a significant advantage in latency since the waiting time, inherent in the LTE SR method and in any PUCCH-based SR method that is dependent on SR periodicity, is eliminated.  The elimination of this wait time can be crucial in meeting latency requirements for some URLLC applications, such as in factory automation, where latency requirements as low as 250 µs are cited in the literature [9].
As Figure 3 indicates, as the number of UEs sending SRs increases, a PUCCH-based SR method needs to allocate resources proportionately, whereas the Underlay SR method needs no additional dedicated resources since the underlay signal is spread over the available bandwidth.  In order to alleviate this resource allocation problem for a PUCCH-based SR design, some companies have suggested bundling SR with ACK/NACK [10]. Note that at best this would mitigate the resource allocation problem, whereas in the Underlay SR method this problem is not an issue. 
[bookmark: _Hlk484937729]Observation 5: As the number of UEs increases, the Underlay SR method needs no further resource allocation and, as a result, requires no bundling of the SR with the ACK/NACK, which allows maintaining the higher UE multiplexing capacity for the ACK/NCK signal transmissions.
Table 1 below summarizes the advantages of the Underlay SR method over LTE SR and, by extension, over PUCCH-based SR methods. Note that the elimination of wait time coupled with the lack of additional frequency resources to transmit SRs give the scheduler great flexibility in fast grant allocation with the availability of resources that otherwise would not be available (because they would have been needed for SR allocation in a PUCCH-based SR method).

Table 1   Summary of advantages of Underlay SR scheme over the PUCCH-based/LTE SR method
	Category
	PUCCH-based/LTE SR
	Underlay SR

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

	Delay granularity
	Works with whatever granularity is chosen but remains fixed
	Works with any chosen granularity (mini-slots, slots, sub-frames or multiple sub-frames) to adapt to transmission

	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 [5]

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

	Implicit SR messaging
	Not available
	Available by assigning different SR codes for different traffic types resulting in reduction of message-exchange delay.




Proposal: NR should support the Underlay SR to reduce latency that is an important aspect for delay-sensitive UL transmissions. 

6	Conclusion
In this contribution, we made the following observations and proposals:
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 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 2: To further reduce latency, upon successful decoding, the gNB can transmit the grant in the next mini-slot. This additional latency gain is possible because the gNB has sufficient lead-time to make such a scheduling decision and generate a grant for the UL transmission.
Observation 3: A large number of simultaneous Underlay SR transmitting UEs has an insignificant impact on the IoT at the gNB receiver resulting in negligible impact on the UL data transmissions. 
Observation 4: Unlike LTE SR scheme, in the Underlay SR scheme the latency is independent of the number of SR transmissions.
Observation 5 As the number of UEs increases the Underlay SR method needs no further resource allocation and, as a result, requires no bundling of the SR with the ACK/NACK, which allows maintaining the higher UE multiplexing capacity for the ACK/NACK signal transmissions.

Proposal: NR should support the Underlay SR to reduce latency, which is an important aspect for delay-sensitive UL transmissions. 
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Appendix A.1
Derivation of increase in IoT due to simultaneous underlay SR transmissions
To quantify the percentage of SRs that may collide, we consider two traffic scenarios that have been discussed in [7]. The traffic scenarios considered in [7] are 250 packets/s/user and 500 packets/s/user. Equivalently, here, we consider the cases where the rate of SR for each user is 250 and 500 SR/s. Assuming a subcarrier spacing 30 kHz, the duration of each OFDM symbol will be obtained as

Accordingly, the probability of an SR transmission by randomly selected UE is obtained as

And

For the above , assuming out of total of K UEs in a cell,  number of instantaneous active underlay UEs transmit SR in a given OFDM symbol increase the IoT by
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Table A-2. Simulation Parameters
	Parameters
	Values or assumptions

	Layout
	Single-cell network with overlay and underlay activities

	Number of overlay users
	5 (each user is active with probability of 0.5)

	RB allocation for overlay users
	5 contiguous RBs selected randomly for each user

	SNR of overlay users
	0 dB

	SNR of underlay users
	-6 dB and -12 dB

	Number of underlay users
	1, 10, 30, and 50

	Packet arrival rate
	500 packets/user/sec

	Sub-carrier spacing
	30 kHz

	Zadoff-Chu sequence length
	1024

	CP duration
	NCP

	Mini-slot length
	67 μs (2 OFDM symbol duration)

	Channel model
	TDL-A; user speed = 3km/h

	Power control
	Ideal
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