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Introduction
[This is a resubmission of R1-1716436] 
Dynamic multiplexing between eMBB and URLLC on the downlink was agreed in RAN1#86bis and RAN1#87:
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, at least for URLLC grant-free schemes 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

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 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 resources may need to become available for URLLC UL transmission as well in order to achieve high reliability with low latency.
This contribution provides SLS results for grant-based uplink URLLC transmissions. We show that dynamically multiplexing of eMBB and URLLC transmissions is highly desirable to maximize the spectral efficiency and the system capacity of both services. In contrast, reserving uplink resources statically or semi-statically for URLLC reduces the system spectral efficiency, making it less robust to the potentially high and changing demand of URLLC services that is unknown at the moment.

See [3] for more discussions on the design principles of URLLC and eMBB multiplexing on the uplink. 
[bookmark: OLE_LINK17][bookmark: OLE_LINK18]System-level assumptions
The SLS assumptions are given in Table I. 

s
Table I. System-level simulation assumptions.
The simulation is performed on the FDD uplink in the dense urban scenario. There is one URLLC serving cell with 22 URLLC UEs, and 20 eMBB neighboring cells in a wrapped-around model. The inter-cell interference seen in the URLLC serving cell is modelled by raising the noise floor in every mini-slot by a representative IoT value, for the sake of speeding up the simulations. The IoT 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 IoT, which is 8.64dB, is then used to raise the noise floor in the UL URLLC serving cell. 
Figure 2 shows a timeline of the grant-based URLLC transmissions in the SLS. The delay of scheduling, SR, and uplink grant is fully captured in the simulation. We note that the uplink grants may be further delayed in the figure according to the scheduling decisions of the gNB (for example, when all the available resources are allocated). Due to sporadic nature of Poisson traffic, queueing delay at the UE transmission buffer is also fully captured and may reduce the usable delay budget arbitrarily on a packet-by-packet basis.
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Figure 2. Timeline of the grant-based UL URLLC transmissions.
The scheduling policy is delay-based and focuses on providing equal grade of service to the UEs. A packet that cannot be received successfully by the deadline is dropped from the system in the run time of the simulation, resulting in loss of system reliability. SR and grant reception is assumed to be ideal and the overhead of control channels is not modelled in this set of simulations. Each URLLC UE performs open-loop power control and proper path-loss compensation to both manage the IoT to other cells and provide sufficient link budget not to be in outage. Incremental redundancy in HARQ transmissions and link adaption are used to meet the stringent reliability requirement within the low delay bound.
We assume all UEs have the same Poisson arrival rate following the FTP model 3. The system capacity for UL URLLC corresponds to the largest arrival rate at which the delay and reliability requirements are satisfied for all UEs, including the cell-edge ones. As an example, if the maximum Poisson arrival rate at which all UEs meet the QoS is 1000 packets/sec/UE, then the system capacity is
1000 packets/sec/UE * 256 bits/packet * 22 UEs/cell = 5.63 Mbps/cell,
which corresponds to the spectral efficiency of 5.63/20 = 0.2815 bps/Hz over the system bandwidth of 20MHz.
Simulation results
System capacity, spectral efficiency, and resource utilization
Table 2 shows the UL URLLC system capacity and system resource utilization under different reserved system bandwidth in the SLS.
	Reserved
bandwidth
	System
capacity
	Spectral
efficiency
	Resource
utilization

	5 MHz
	4.51 Mbps
	0.9 bps/Hz
	51.5%

	10 MHz
	12.39 Mbps
	1.24 bps/Hz
	65.3%

	20 MHz
	28.16 Mbps
	1.41 bps/Hz
	74.4%


Table 2. System capacity, spectral efficiency, and resource utilization for UL URLLC under different reserved bandwidth.
Similarly to the downlink case [1], the uplink system capacity grows super-linearly with bandwidth due to trunking efficiency. Specifically, the spectral efficiency improves by 37.8% from the reserved bandwidth of 5MHz to 10MHz, and another 13.7% from 10MHz to 20MHz. Note that, simulation results shown in Table 2 are quite optimistic for URLLC in the sense that it assumes no intra-cell eMBB interference at all. When eMBB interference is present, the results can be a lot worse for narrow-band systems.
It is important to design a system with the high spectral efficiency to best accommodate the demand of URLLC services in the future, hence wideband resource allocation is preferred for UL URLLC just like in the DL URLLC case. It implies that URLLC and eMBB should be dynamically multiplexed in the frequency domain, especially when we consider the relatively low resource utilization at the capacity-achieving point of UL URLLC traffic in all cases in Table 2. The 25.6-48.5% of unused resources should be able to be exploited by the eMBB traffic to improve the eMBB capacity on the uplink. Note also that, this set of simulation based on ISD = 200m corresponds to relatively small cell scenario. We would expect the results of ISD = 500m to further favour WB URLLC hence suggesting dynamic multiplexing of eMBB and URLLC. Since URLLC services are best scheduled over minislots and eMBB services over slots, dynamic multiplexing in the time domain is also desirable to reduce the scheduling delay for URLLC. Consequently, dynamic multiplexing of URLLC and eMBB in both time and frequency domains is desired on the uplink.
Observation 1: SLS results show that dynamic multiplexing between URLLC (mini-slot based scheduling) and eMBB (slot based scheduling) is needed on the uplink.
Proposal 1: Dynamic multiplexing between URLLC and eMBB in both time and frequency domains should be considered on the uplink.
The impact of SR turn-around delay on URLLC system capacity
Figure 2 shows that the transmission of SR and uplink grants consumes two minislots (i.e., 142.86us under subcarrier spacing 30KHz and 2-symbol minislot) and reduces the usable delay budget for the actual data transmissions. It is of interest to study the impact of such delay overhead on the UL URLLC system capacity around the delay requirement of 1ms. We repeat the SLS with system bandwidth 20MHz and the delay requirements of 928.57us and 1071.43us. The additional delay budget of 142.86us in the latter case is used to compensate for the delay overhead of SR and uplink grants prior to the first transmission. The simulations show that the difference in system capacity is less than 1.13Mbps, or 1.13Mbps/28.16Mbps = 4%. The delay overhead will have a lot more impact on system capacity due to queueing effect and reduced retransmission opportunities when the delay requirement is even more stringent, e.g., 500us. However, its impact is relatively mild around the 1ms requirement. On the other hand, the benefit of reliable detection of SR and subsequent suspension of same cell eMBB transmission and grant-based URLLC on preferred resources will be more substantial and could potentially offset the added latency.
Observation 2: In grant-based uplink URLLC, the impact of the delay overhead of SR and uplink grants on the system capacity is relatively mild around the 1ms delay requirement. On the other hand, the benefits of suspending intra-cell eMBB transmissions and collision-free URLLC transmissions could be substantial.
Proposal 2. Grant-based uplink should be considered as a baseline for NR URLLC.
Conclusion
Observation 1: SLS results show that dynamic multiplexing between URLLC (mini-slot based scheduling) and eMBB (slot based scheduling) is needed on the uplink.
[bookmark: _GoBack]Observation 2: In grant-based uplink URLLC, the impact of the delay overhead of SR and uplink grants on the system capacity is relatively mild around the 1ms delay. On the other hand, the benefits of suspending intra-cell eMBB transmissions and collision-free URLLC transmissions could be substantial.
Proposal 1: Dynamic multiplexing between URLLC and eMBB in both time and frequency domains should be considered on the uplink.
Proposal 2. Grant-based uplink should be considered as a baseline for NR URLLC.
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Parameters Urban Macro

Layout

Single layer

 - Macro layer: Hex. Grid, 21 cells wrap around

Inter-BS distance  200m

Carrier frequency  2GHz

System bandwidth 5, 10, 20MHz (FDD UL) below 6GHz

Channel model 3D UMa

Tx power 

BS: 49 dBm PA scaled with simulation BW

UE: 23dBm

antenna configuration 2 Tx / 2 Rx  (X-pol)

BS antenna height  35 m

BS antenna element gain + 

connector loss

8 dBi

BS/UE receiver noise figure 5/9 dB

Open-loop power control

target received data SNR=23 dB, partial path-loss 

compensation alpha=0.9

Traffic model Possion arrival of 32-byte packets (FTP3)

UE distribution

22 URLLC UEs in the serving cell. Uniformly 

random drop in a cell with 80% indoor/ 20% outdoor. 

20 eMBB neighboring cells

Inter-cell interference

Raising the noise floor in the serving cell by a 

representative IoT value of 8.64 dB

Tone spacing 30KHz

CyclicPrefix duration NCP

Minislot/RTT duration 2-symbol minislot, 6-symbol RTT

HARQ Incremental redunancy

Reliability target Tx missed deadline + Rx HARQ failure < 1e-5

Hard latency bound 1ms

MIMO 2x2 SU-MIMO


Microsoft_Excel_Worksheet.xlsx
Evaluation assumption

		Parameters		Urban Macro

		Layout		Single layer
 - Macro layer: Hex. Grid, 21 cells wrap around

		Inter-BS distance 		200m

		Carrier frequency 		2GHz

		System bandwidth		5, 10, 20MHz (FDD UL) below 6GHz

		Channel model		3D UMa

		Tx power 		BS: 49 dBm PA scaled with simulation BW
UE: 23dBm

		antenna configuration		2 Tx / 2 Rx  (X-pol)

		BS antenna height 		35 m

		BS antenna element gain + connector loss		8 dBi

		BS/UE receiver noise figure		5/9 dB

		Open-loop power control		target received data SNR=23 dB, partial path-loss compensation alpha=0.9

		Traffic model		Possion arrival of 32-byte packets (FTP3)

		UE distribution		22 URLLC UEs in the serving cell. Uniformly random drop in a cell with 80% indoor/ 20% outdoor. 20 eMBB neighboring cells

		Inter-cell interference		Raising the noise floor in the serving cell by a representative IoT value of 8.64 dB

		Tone spacing		30KHz

		CyclicPrefix duration		NCP

		Minislot/RTT duration		2-symbol minislot, 6-symbol RTT

		HARQ		Incremental redunancy

		Reliability target		Tx missed deadline + Rx HARQ failure < 1e-5

		Hard latency bound		1ms

		MIMO		2x2 SU-MIMO














image3.png
RTT

minislot
gNB —4 ;

SR data retx

t
I gran

-—

+—
-+ —

UE }

1
packet
arrival




