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1 Introduction
At the RAN1#87 meeting RAN1 discussed various resource sharing/assignment schemes and the following agreement related to scheduling and control signalling was made [1]:  
Agreements:
· At least an UL transmission scheme without grant is supported for URLLC
· Resource may or may not be shared among one or more users 
· FFS: resource configuration details
· FFS other details of design

In addition to the above agreement, RAN1 has already agreed that at least for eMBB NR will support scheduling-based transmissions [2].  In this paper, we discuss enhancements needed for scheduling-based transmissions procedures to meet the stringent latency requirements for delay-sensitive URLLC and eMBB scenarios that also work in conjunction with grant-free transmission to improve both latency and reliability. The contribution is organized as follows:
· Section 2 discusses some of the issues related to eMBB/URLLC UL multiplexing related to grant-free and grant-based transmission
· Section 3 summarizes the advantages of zero-wait-time underlay scheduling request scheme for standalone grant-based transmission or to enhance grant-free transmission
· Section 4 presents the underlay SR signal design details and performance
· Section 5 presents the conclusion and summary

2 Facilitating eMBB/URLCC multiplexing with a grant-based transmission
The two agreements referred to in Section 1 point to coexistence of grant-free and grant-based approaches when it comes to eMBB/URLLC multiplexing.  In [3], two key points are made regarding URLLC deployments, namely that URLLC will require both low latency and high reliability, and that in order to meet both of these requirements a diversity approach may be needed. This may include time diversity in the form of HARQ transmissions, but it may also include a combination of grant-free and grant-based transmission to achieve stringent reliability and latency requirements simultaneously[footnoteRef:1].  In [4], simultaneous SR transmission along with a first grant-free transmission attempt was studied.  As pointed out in [4], this approach may enhance capacity, but has the drawback of suffering from a power split between SR and data when high reliability is required.  Alternatively, as also discussed and proposed in [4], URLLC may benefit from transmitting a SR followed by a grant-based or pre-granted eMBB transmission, i.e., dynamic multiplexing of URLLC and eMBB may yield enhanced system performance and capacity.   In addition, eMBB transmission back-off based on indication for URLLC retransmission is crucial to achieve high reliability with stringent latency requirements. [1:  Although low latency and high reliability must generally be met simultaneously, grant-free and grant-based transmission need not occur simultaneously.] 

The above considerations indicate that for effective eMBB/URLLC multiplexing, an effective mechanism to schedule grant-based transmissions must be used, either for standalone grant-based transmission such as eMBB or as a backup to enhance reliability when grant-free transmission is used, such as URLLC.

3	Advantages of zero-wait-time underlay scheduling request scheme
In general grant-free/SPS transmission schemes for UL periodic traffic perform well; however, as several contributions have previously examined, the grant-based vs. grant-free transmission schemes and noted the grant-based schemes perform much better for sporadic UL traffic scenarios [5], [6]. In fact, as shown in [7], grant-based transmissions perform significantly better than grant-free/SPS schemes as the number of UEs within the cell increases. This occurs because the grant-based scheme has much better resource utilization at the same time provide much higher reliability. It is well known that this better performance of the grant-based schemes comes at the cost of higher latency. Fortunately, there are solutions available to improve the latency of the existing SR-triggered/grant-based based schemes.
Observation: Further improvements to the existing SR-triggered/Grant-based schemes are needed in NR to support delay-sensitive UL transmissions for both eMBB and URLLC.  
In [8] it is noted that regardless of whether a grant-free/SPS or a grant-based scheme is being used, the average delay to the next UL and SR opportunities, respectively, are significant. Furthermore, in the delay-budget analysis shown in the same paper, the grant-based schemes have larger latency than the grant-free/SPS schemes due to the SR-related signals exchange. 
Some companies have proposed a multi-level SR scheme in which the SR carries additional control information such as the BSR to reduce the number signals exchanged between the UE and the gNB [5], [6]. However, these methods do not address the delay caused due to the wait-time for the next SR transmission opportunity and the processing time of the SR signals, hence, their latency results are incomplete.  Additional efforts, such as those proposed in [9] to reduce the granularity with which SRs can be transmitted can at best mitigate the problem since the issue of SR periodicity and wait time to send an SR remains.
Observation: Additional control information carrying SR-based solutions help to reduce the latency in the grant-based UL transmission, but there is still delay due to the SR periodicity and decoding/processing before the gNB transmits the grant to the UE. 
To handle the trade-off between latency and resource utilization efficiency for UL access, an essential aspect for URLLC deployments, a new scheme with a zero-wait-time underlay scheduling request (SR) signal was described in [10]. For further details refer to [10], where we discussed several advantages of the underlay SR signal, which are summarized below: 
· Uplink access latency reduction by eliminating the wait-time
As discussed in [10], [11], during the UE-initiated transmission one of the dominant factors is the SR-related latency. We showed the underlay SR signal allows the UEs to transmit SRs immediately such that in response the gNB can transmit the corresponding UL grants in the very next available DCI transmission. This scheme reduces the average waiting time to almost zero for the UE to transmit its SR and it also eliminates the delay uncertainty since the unknown wait-time for SR transmission component is removed. Hence, we name this scheme the zero-wait-time SR method. In addition, the underlay SR method allows the gNB to perform SR decoding and processing in parallel when the gNB is performing DL transmissions. The underlay SR received at the serving gNB provides a sufficient lead-time to the scheduler to schedule the requested uplink transmissions in an efficient manner. As a result, the underlay SR method eliminates the delay caused due to the next SR opportunity period, UE sending the SR, gNB decoding and generating the SR. For example, based on the TDD scenario presented in [8] (reproduced as case ‘a’ in Table 1 below) a 38.3% and 34.5% in case ‘a’ and case ‘b’ improvement, respectively, over the traditional SR-based UL transmission scheme is achieved.



Table 1: One-way latency components of grant-based UL transmission (TDD)
	Description
	Grant-based
Case ‘a’ [6]
	Advantage due to the Underlay SR based method

	Average delay to next SR opportunity
	125 μs
	This delay is eliminated because the UE can transmit a SR almost immediately after the packet arrival

	UE sends SR
	17.84 μs
	Both UE SR transmission and gNB decoding occurs in parallel (see Figure 2) resulting in no-delay from packet arrival at the UE to grant transmission by the gNB. 

	gNB decodes SR and generate grant 
	250 μs
	

	gNB sends grant
	17.97 μs
	17.97 µs

	UE processing delay (decoding grant + encoding packet)
	267.84 μs
	267.84 µs

	UL transmission 
	196.37 μs
	196.37 µs

	gNB decoding delay
	150 μs
	150 µs

	Total
	1025.02 μs
	632.18 μs (38.3% reduction w.r.t .1025.02 μs) 



Note the underlay SR signal does not require any dedicated resources and provides always-on availability for contention-based SR transmissions and no spectrum fragmentation as in the case of PUCCH/PUSCH in LTE.
· Delay granularity

Decreasing the granularity (for example, mini-slots) over which SRs can be transmitted, can at best mitigate the problem of reducing delay, but the main drawback of SR periodicity remains. With the underlay SR scheme, any desired granularity can be chosen and the wait time is eliminated, as discussed above.
 
· Scheduler flexibility to implement dynamic TDD 
In dynamic TDD deployments, the opportunity to transmit a SR within the required time is much more difficult when delay-tolerant eMBB type transmissions use an aggregation of multiple subframes [12] to reduce the control-signalling overhead. Assuming no resources available for UCI during the multi-subframes, the UEs have to wait a long time for an opportunity to transmit the SR. This is a problem especially for URLLC services since they are required to meet stringent latency requirements. Figure 1 shows the scenario when there is no opportunity to transmit the UCI during the multi-subframes DL transmission. This is a perfect situation for the interested UEs to transmit their respective underlay SR signals requesting UL resources. 
[image: ] 
Figure 1: Scheduling requests transmitted during the multi-subframes downlink transmissions  
In [5] SR resource-allocation methods (semi-static, dynamic and hybrid) were discussed to meet different requirements of different scenarios. On the other hand, the zero-wait-time underlay SR approach gives a universal design that meets the requirements of all the scenarios. 
· Elimination of dependence of resource utilization efficiency on SR period
LTE’s SR approach suffers from the coupling of resource utilization efficiency to the SR period, namely that resources are utilized more efficiently as the SR period is long (yielding longer overall delay) and less efficiently as the SR period is decreased (i.e., smaller overall delay occurs at the cost of reduced resource utilization efficiency).  The underlay SR method decouples this dependence on SR period.
· SR Resource Allocation
Any SR method that is based on LTE will need to allocate time and frequency resources for SR as part of the UL control channel (PUCCH).  The underlay SR scheme uses resources that are already allocated (see Section 4 below), hence no additional resource allocation is needed.
· Implicit SR messaging
The spreading sequence or mechanism of the SR signal determines what type of resource allocation is requested by the UE to the scheduler, which means that a multi-level SR signal becomes unnecessary or that, if necessary, can also be transmitted as part of the underlay signal (see Section 4 below).
The above advantages of the Underlay SR scheme are summarized in Table 2 below.
Table 2   Summary of advantages of Zero Wait Time SR scheme
	Category
	LTE-based 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

	Resource utilization efficiency
	Coupled to SR period (higher for long SR period and hence long delay, lower for short period)
	N/A

	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 (see figure 1) 

	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 
	N/A
	Available by assigning different SR codes for different traffic types resulting in reduction of message-exchange delay. 



Proposal 1: NR should support the underlay SR to reduce latency that is an important aspect for the delay-sensitive UL transmissions. This applies to eMBB, which will use scheduling-based transmissions and will also help reliability of grant-free transmission when used for URLLC (e.g., grant-based HARQ retransmissions or grant-based transmissions when grant-free transmissions fail due to contention).
4	Underlay Scheduling Request Signal Design and Performance 
The underlay SR signal for NR can be similar to LTE, i.e., using on/off mechanism so as to allow the gNB to perform the presence/detection of the underlay SR signal. As mentioned before, only those UEs interested in the uplink transmission transmit orthogonal SR underlay signals using the entire channel bandwidth. In this section we describe two designs to present the flexibility of the underlay SR channel concept. In the first design a single SR bit is spread over the entire channel bandwidth resulting in a support for a large number of UEs (approx. 100) to transmit their respective SR per mini-slot. In the second design, an underlay SR carrying 12 control information bits (e.g., BSR) is presented. As expected in this case the number of UEs supported is reduced.  
A UE that wishes to send an SR transmits a direct-sequence spread-spectrum signal (DSSS), appended with a cyclic prefix (CP). As shown in Figure 2, the CP-assisted DSSS signal is generated such that it will be aligned with the OFDM symbols within the respective cell. In other words, the DSSS signals that are adopted are compatible with OFDM signals within the network, thus, can benefit from any synchronization that has been adopted. The spreading sequence is a cyclic-shifted ZC-sequence. Different numbers of shifts are applied for each bit to assure orthogonality of the signals associated with different UEs.  A subset of M cyclic-shifted sequences out of total N cyclic-shifted versions of the root ZC-sequence are assigned to each UE if there are M different sizes of uplink transmission formats available. For example, in the URLLC case three different uplink transmission format sizes {32, 50, 200 bytes} are considered [14] then three cyclic-shifted ZC-sequences are assigned to a UE. 
[image: ]
Figure 2: Generation of CP-assisted DSSS based scheduling request underlay signal
Figure 3 presents the probability of miss-detection as a function of SNR and two choices of the ZC sequence length N1= 512 and 1024 (see Table 1 in Appendix A for simulation assumptions). Zeros are inserted between ZC-sequences samples to match the FFT length of N = 1024 and N=2048 for 10 MHz and 20 MHz channel bandwidth, respectively. Coincidentally, the plots also indicate the probability of false alarm, i.e., no signal has been sent, but a bit of one is detected. The number of simultaneous UEs that can be supported per symbol-duration depends upon the length of the ZC-sequence, N1, and the length of CP.
With the CP length of L where L<< N1, within each OFDM symbol, one can transmit  ISI free bits of the DSSS signal. Furthermore, assuming 7 available OFDM symbols within each downlink subframe (not including DCI and UCI symbols), a total of UEs can be transmitted over each subframe. With a typical CP length of 7% of the OFDM symbol-duration, one will find that  UEs can transmit their underlay SR signals per subframe-duration without interfering with each other.
In the second design, a multi-level SR transmission design is provided which helps in reducing the number of signals exchanged between the UEs and the base station resulting in further latency-reduction. As discussed in [3], [4] additional control information such as the BSR carrying control signal can also be transmitted as an underlay SR channel. We propose a packet format for underlay SR channel and evaluate its performance through simulations. Our design follows the OFDM signalling as in LTE with subcarrier spacing 15 kHz. As in DSSS case, here also, we consider two choices of the bandwidth: 10 MHz and 20 MHz for transmission. The 10 MHz bandwidth can accommodate 666 subcarriers and the 20 MHz bandwidth can accommodate 1332 subcarriers. Each SR packet is transmitted over one OFDM symbol. Each UE transmission could be watermarked with a signature code that spreads across the whole OFDM symbol (not assumed in the simulations here). This OFDM symbol carries a total of 12 information bits. These 12 bits are expanded to 36 coded bits and mapped to 18 QPSK symbols. In the case of 10 MHz bandwidth, each QPSK symbol is spread across  subcarriers that are spaced out across the full bandwidth. Obviously, the number 37 increases to 74 (=2x37) when the bandwidth is 20 MHz. For coding, we use the rate  convolutional code that has been suggested for transmission of control information (PUCCH/PUSCH) in LTE; see Section 5.1.3 of [13] for details. As shown in Figure 4 this design provides an acceptable performance at an SNR as low as -15 dB. 
Proposal 2: NR should support the underlay scheduling request channel
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Figure 3: Probability of miss-detection for the underlay DSSS scheduling request signal
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Figure 4: Packet error rate as a function of SNR for the OFDM-based underlay SR signal

4	Conclusion
In this contribution we made the following observations and proposals:
Observation: Further improvements to the existing SR-triggered/Grant-based schemes are needed in NR to support delay-sensitive UL transmissions, for both eMBB and URLLC..  
Observation: Additional control information carrying SR based solutions help to reduce the latency in the grant-based UL transmission but there is still delay due to the SR periodicity and decoding/processing before the gNB transmits the grant to the UE. 
Proposal 1: NR should support the underlay SR to reduce latency that is an important aspect for delay-sensitive UL transmissions. This applies to eMBB, which will use scheduling-based transmissions and will also help reliability of grant-free transmission when used for URLLC (e.g., grant-based HARQ retransmissions or grant-based transmissions when grant-free transmissions fail due to contention).
Proposal 2: Proposal: NR should support the underlay scheduling request channel 
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Appendix A
Table A-1: Simulation Assumptions for the results in Figure 3
	Parameter
	Values

	System bandwidth
	10 and 20 MHz

	Chip rate
	7.68 and 15.35 Mcps

	Spreading factor
	512 and 1024

	CP length
	4.7 us

	Channel estimation/receiver
	Ideal

	Channel model
	TDL-C, 3 kmph



Table A-2: Simulation Assumptions for the results in Figure 4
	Parameter
	Values

	System bandwidth
	10 and 20 MHz

	CP length
	4.7 us

	Channel estimation/receiver
	Ideal

	Channel model
	TDL-C, 3 kmph
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