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Introduction
In RAN#86, the system-level simulations of downlink URLLC [1] show that statically multiplexing eMBB and URLLC transmissions is inefficient in system resource utilization. Subsequently, dynamic multiplexing between eMBB and URLLC on the downlink was agreed in RAN1#86bis and RAN1#87:
Agreements:
· From network perspective, multiplexing of transmissions with different latency and/or reliability requirements for eMBB/URLLC in DL is supported by  
· Using the same sub-carrier spacing with the same CP overhead
· FFS: different CP overhead
· Using different sub-carrier spacing 
· FFS: CP overhead
· NR supports both approaches by specification
NR should support dynamic resource sharing between different latency and/or reliability requirements for eMBB/URLLC in DL
Agreements:
· For DL, dynamic resource sharing between URLLC and eMBB is supported by transmitting URLLC scheduled traffic
URLLC transmission may occur in resources scheduled for ongoing eMBB traffic
Notice that the URLLC transmissions on the downlink are grant-based. On the uplink, grant-free schemes for URLLC were agreed to be supported in RAN1#87 [2]:
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 this contribution, we examine the need of dynamic multiplexing between eMBB and URLLC transmissions on the uplink that are grant based. We motivate the use of indication channels to eliminate intra-cell eMBB-to-URLLC interference on the uplink, which can significantly improve the system capacity of UL URLLC. Design principles for the indication channels are also highlighted.
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It was agreed that dynamic multiplexing between eMBB and URLLC is supported on the downlink as shown in Section 1. For uplink URLLC and eMBB transmissions, it is important to manage inter-cell interference via power control at the UEs. In the interference-limited regime, UEs can target a lower received data SINR at the gNB and/or apply proper path-loss compensation to reduce IoT in neighboring cells. It means that achieving high system reliability for URLLC requires more frequency-domain resources to be allocated to an UL transmission instead of simply boosting power on narrowband allocation resource. As a result, wideband resource may need to become available for URLLC UL transmission as well in order to achieve high reliability with low latency. Dynamic multiplexing between eMBB and URLLC is suitable to achieve large bandwidth pre-emption in order to achieve with high system resource utilization. In contrast, if uplink resources are statically or semi-statically reserved for URLLC, either the overall system utilization is very low (reserving too much bandwidth to URLLC) or the URLLC capacity is significantly reduced (reserving too little bandwidth to URLLC) as shown similarly in the downlink study [1]. See [5] for the system-level simulation results that support the need of dynamic multiplexing between URLLC and eMBB transmissions on the uplink.
Proposal 1: Dynamic multiplexing between eMBB and URLLC should be considered in NR uplink.
Grant-based and grant-free schemes for UL URLLC
In grant-based URLLC transmissions on the uplink, scheduling requests are sent from UEs to gNB for newly arrived packets, and the gNB responds by sending UL grants to the UEs. Since grant resources are orthogonal, there will be no collisions among transmissions from URLLC UEs in the serving cell, simplifying the decoding implementation at the gNB and improving system reliability. On the other hand, grant-free UL transmissions may result in collisions that adversely affect the tail behaviour of URLLC UEs. Nevertheless, grant-free transmissions do reduce initial transmission latency and can be used for new transmissions opportunistically.
Observation 1: Grant-based uplink transmissions for URLLC avoid collisions, improve system reliability, and simplify decoding implementation at the gNB. Grant-free UL transmissions may result in collisions that adversely affect the tail behaviour of URLLC UEs. Nevertheless, grant-free transmissions do reduce initial transmission latency and can be used for new transmissions opportunistically.
One potential benefit of grant-free transmissions is the latency reduction in the handshake between UEs and gNB regarding scheduling requests and UL grants. UEs will have more delay budget to complete UL transmissions within the hard deadline requirement. Yet, the performance study [4] shows that grant-free URLLC UL transmissions have limited performance gains as compared to grant-based schemes. The system-level simulation results in [Section 3.2, 5] also suggests that the impact of the delay overhead of SR and uplink grant on the UL URLLC system capacity is relatively mild around the 1ms delay requirement. To further investigate this topic, the potential benefits of grant-free transmissions should be carefully studied, for which grant-based schemes should be used as benchmarks.
Observation 2: Due to increased complexity and potentially limited performance gains, grant-free transmissions should be carefully studied and benchmarked against grant-based schemes.
From the above observations, we have the following proposal.
Proposal 2: Grant-based schemes for UL URLLC transmissions should be considered. The potential performance gains of grant-free methods should be carefully studied and benchmarked against the grant-based ones.
Indication channel for suspending eMBB traffic in the dynamic multiplexing of eMBB and URLLC on the uplink
Motivation from system-level simulation results
In the context of the eMBB and URLLC multiplexing on the uplink, eMBB transmissions are scheduled in slots and URLLC transmissions in mini-slots. Consider the scenario that there is an ongoing eMBB UL burst when a URLLC UE initiates a grant-free UL transmission in the same cell. eMBB UE may completely jam URLLC transmissions and reducing overall system capacity of URLLC service. In contrast, grant-based schemes may allow the gNB to suspend ongoing eMBB transmissions, e.g., via indication channels (similar to those agreed for DL URLLC pre-emption indication) [3], in the time-frequency resources scheduled to URLLC UEs in the UL grants. As a result, system reliability and hence the URLLC capacity can be improved.
Next, we provide system-level simulation (SLS) results to evaluate the impact of intra/inter-cell interference from eMBB to URLLC transmissions on the uplink. The SLS assumptions and the details of the simulation setting are provided in [5]. We consider one URLLC serving cell with 22 UEs, surrounded by 20 eMBB cells. The intra/inter-cell eMBB-to-URLLC interference is modelled by raising the noise floor in every mini-slot by a representative RoT value, for the sake of speeding up the simulations. The RoT value is computed from a separate UL full-buffer eMBB SLS with the same network layout and real inter-cell interference. In particular, different settings of open-loop power control are simulated in the UL eMBB SLS to find the best one that balances the median and tail spectral efficiency among all eMBB UEs; the corresponding RoT, which is 15.8dB, is then used to raise the noise floor in the UL URLLC serving cell.
Table 1 shows the system capacity and spectral efficiency of UL URLLC subject to both intra- and inter-cell interference from eMBB under 1ms delay requirement, 1e-5 reliability, and different reserved bandwidth for UL URLLC. Table 2 shows the URLLC capacity and spectral efficiency when intra-cell eMBB-to-URLLC interference is removed (see [5] for more details). Comparing these two tables, we observe that the intra-cell eMBB traffic, if not monitoring the ongoing URLLC transmissions, can cause significant degradation in the UL URLLC capacity.
	Reserved bandwidth
	System capacity
	Spectral efficiency

	5 MHz
	around 0
	N/A

	10 MHz
	0.451 Mbps
	0.045 bps/Hz

	20 MHz
	4.51 Mbps
	0.23 bps/Hz


Table 1. System capacity and spectral efficiency of UL URLLC subject to both intra- and inter-cell interference from eMBB with full-buffer traffic.
	Reserved bandwidth
	System capacity
	[bookmark: _GoBack]Spectral efficiency

	5 MHz
	4.51 Mbps
	0.9 bps/Hz

	10 MHz
	12.39 Mbps
	1.24 bps/Hz

	20 MHz
	28.16 Mbps
	1.41 bps/Hz


Table 2. System capacity and spectral efficiency of UL URLLC subject to inter-cell interference only from eMBB with full-buffer traffic. The only difference from Table 1 is that there is no intra-cell interference from eMBB here.
Observation 3: Grant-based schemes may allow the gNB to suspend ongoing eMBB transmissions and improving the URLLC UE reliability and overall system capacity.
The design principles for the indication channel
The contribution [3] discusses the benefit of using indication channels for the dynamic multiplexing between URLLC and eMBB on the downlink. Therein, eMBB UEs can monitor which portion of their allocated resources that have been pre-empted, punctured, or superpositioned for serving URLLC traffic, and recover the impacted eMBB data afterwards. Indication channels are also beneficial for the dynamic multiplexing of eMBB and URLLC on the uplink. Consider the following procedures (see Figure 1 for an example):
1. There is an ongoing UL eMBB transmission in the current slot.
2. Upon a new arrival of URLLC traffic at the UE in the same cell, the UE sends SR on a dedicated channel to the gNB in the next minislot to request for an UL grant.
3. The gNB sends the UL grant and signals the eMBB UE via the indication channel to mute the eMBB transmission for one or a few minislots that are scheduled for the UL URLLC transmission. Both eMBB and URLLC UEs need to monitor this indication channel for the UL grant.

These procedures help to eliminate intra-cell eMBB-to-URLLC interference and improve the URLLC performance as explained in Section 4.1.
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Figure 1. A unified indication channel for UL URLLC/eMBB multiplexing.
Since the indication channels for both UL and DL URLLC are used for the gNB to signal the eMBB UEs, they could be unified in the structure and channelized in the same DL channel to minimize the indication overhead. See [6] for a unified design of indication channels for UL/DL URLLC.
Observation 4: Indication channels for both UL and DL URLLC could be unified in the structure and channelized in the same DL channel to minimize the indication overhead.
Since the purpose of the indication channel is to prevent the ongoing UL eMMB transmission from jamming the URLLC transmission, the indication channel design for UL URLLC has to be current per mini-slot to achieve effective signal suspension. See [7] for discussions on current indication channels for DL URLLC; the design principles therein are applicable to UL URLLC as well.
Observation 5: Indication channels are beneficial to remove intra-cell eMBB-to-URLLC interference to improve the URLLC capacity on the uplink. The indication channels need to be current per mini-slot to achieve effective signal suspension.
Conclusion
Observation 1: Grant-based uplink transmissions for URLLC avoid collisions, improve system reliability, and simplify decoding implementation at the gNB. Grant-free UL transmissions may result in collisions that adversely affect the tail behaviour of URLLC UEs. Nevertheless, grant-free transmissions do reduce initial transmission latency and can be used for new transmissions opportunistically.
Observation 2: Due to increased complexity and potentially limited performance gains, grant-free transmissions should be carefully studied and benchmarked against grant-based schemes.
Observation 3: Grant-based schemes may allow the gNB to suspend ongoing eMBB transmissions and improving the URLLC UE reliability and overall system capacity.
Observation 4: Indication channels for both UL and DL URLLC could be unified in the structure and channelized in the same DL channel to minimize the indication overhead.
Observation 5: Indication channels are beneficial to remove intra-cell eMBB-to-URLLC interference to improve the URLLC capacity on the uplink. The indication channels need to be current per mini-slot to achieve effective signal suspension.
Proposal 1: Dynamic multiplexing between eMBB and URLLC should be considered in NR uplink.
Proposal 2: Grant-based schemes for UL URLLC transmissions should be considered. The potential performance gains of grant-free methods should be carefully studied and benchmarked against the grant-based ones.
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