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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
It was agreed at RAN1 #87 that dynamic resource sharing between URLLC and eMBB will be supported in NR. In particular, the following agreements were reached [1][2].

	[bookmark: OLE_LINK7][bookmark: OLE_LINK6]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

[bookmark: OLE_LINK1]Agreements:
· For DL, support indication of time and/or frequency region of impacted eMBB resources to respective eMBB UE(s)
· FFS: Details of  the granularity for impacted region used in the indication 
· e.g., PRB (group)/symbol (group)/mini-slot (group)/CB (group)/TB/Slot
· The indication is transmitted at one of the following (will be down selected later)
· during current eMBB TTI
· after current eMBB TTI
· during  and after current eMBB TTI
· The indication is one of the following (will be down selected later)
· explicit
· implicit
· explicit and implicit




In this contribution, we elaborate on our considerations on the coexistence between DL URLLC and eMBB. Simulation results are provided for the purpose of performance comparison among some candidate solutions.
DL multiplexing between URLLC and eMBB
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	(a) FDD case
	(b) TDD case


Figure 1 FDM between eMBB only region and coexistence region
Divide a carrier into two parts is beneficial from the point of view of efficiently serving URLLC traffic and save standardization work load. As shown in Figure 1, an eMBB-only region is preserved to carry common signals/channels, e.g. PSS/SSS/PBCH/SIBs, which are important for initial access and mobility. In this separated region, only eMBB users can be scheduled. Another region is the coexistence region where eMBB and URLLC transmissions coexist with each other. The eMBB-only region and coexistence region can be configured by the gNB.
Grant-based orthogonal scheduling for eMBB and URLLC in coexistence region is preferred in order to guarantee the reliability of both eMBB and URLLC. Following this, the numerology and frame structure of coexistence region should be designed to meet the critical KPI requirements of URLLC transmission. Since the feasibility that different numerologies could multiplex via FDM has already been agreed in RAN1 #85 [3], the eMBB-only region and the coexistence region can adopt different numerologies. The eMBB-only region could utilize smaller SCS and the coexistence region could utilize larger SCS. This is because larger SCS-based slot could provide higher URLLC capacity than that smaller SCS-based mini-slot can give, which has been verified in [4]. Figure 1 shows the examples of FDD and TDD. In FDD case, 60kHz-SCS and 15kHz-SCS are adopted for the coexistence region and eMBB-only region, respectively. In TDD case, 0.25ms interval in coexistence region contains fourteen 60kHz-SCS symbols including two uplink symbols, while 0.25ms interval in eMBB only region contains seven symbols of 30kHz-SCS including one uplink symbol. The eMBB transmission in eMBB-only region can be based on 0.25ms or larger scheduling interval. Moreover, when ongoing eMBB transmission is pre-empted by URLLC traffic in the coexistence region, control region and RS of eMBB transmission should be avoided for scheduling URLLC traffic so that eMBB performance is not degraded.

[bookmark: OLE_LINK12]Proposal 1: 
· An eMBB-only region needs to be reserved to carry common signals/channels which are important for initial access and mobility, e.g. PSS/SSS/PBCH/SIBs.
· Pre-emption should avoid the reserved resource that contains eMBB control and RS in coexistence region between eMBB and URLLC.
Dynamic sharing in coexistence region with pre-emption
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[bookmark: OLE_LINK13]Figure 2 Hybrid scheduling of eMBB and URLLC via pre-emption
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[bookmark: _Ref470445942]Figure 3 Pre-emption via puncture or pre-emption with delayed transmission
[bookmark: _Ref129681832]In RAN1 #87 [1], it has been agreed, “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”. Figure 2 shows an example of hybrid scheduling of eMBB and URLLC where on-going eMBB transmission is pre-empted by URLLC transmission.
Two options on pre-emption are further illustrated in Figure 3, pre-emption via puncture and pre-emption with delayed transmission. For pre-emption via puncture, the originally scheduled eMBB data is taken away by the URLLC traffic directly. Other eMBB data not pre-empted is transmitted as usual. For pre-emption with delayed transmission, URLLC traffic is ‘inserted’ by temporarily halting eMBB data transmission. The eMBB data transmission is resumed right after URLLC transmission. Due to the URLLC ‘insertion’, the eMBB data in the very end of the originally scheduled slots are not transmitted. Although eMBB users need to be notified when the eMBB transmission is halted and when the transmission is resumed, pre-emption with delayed transmission could give the systematic bits better protection.
It is obvious that the indication is crucial to recover the eMBB transmission due to pre-emption. In RAN1 NR-Adhoc meeting [2], support of pre-emption indication was agreed. Several aspects should be taken into account for indication design, such as location of the indication, what granularity information can be provided via the indication etc. In our point of view, several factors play critical role, e.g., overhead, monitoring frequency, UE complexity, and eMBB transmission performance, which should be taken into account for indication design.
Supplementary transmission
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[bookmark: _Ref473135084]Figure 4 Loss of correctly decoding probability caused by 10% pre-emption 1
[bookmark: _Ref474183005]An eMBB user could position the impacted resource via a pre-empted indication and remove the corresponding polluted data from its soft buffer. In this way, the performance loss due to soft buffer pollution could be avoided. However, it is observed that the performance gap between “no pre-emption” and “pre-emption with indication” is still obvious, particularly, when the modulation order and code rate is higher. This is because some eMBB data have been missed. The resource previously allocated to the missing data is re-utilized for URLLC transmission. When the MCS level is low (the corresponding working SNR is lower), a pre-emption indication could effectively rescue the polluted data of victim eMBB users. With the increase of MCS level, i.e. the modulation order and code rate, the error correction capability of channel code gets weakened. The probability of correctly decoding could not be saved simply via an indication. In this case, the missing data of the original transmission could be the key factor from the point of view of rescuing the corrupted transmission. Figure 4 shows the performance loss caused by the 10% missing data [footnoteRef:1]. The results under both AWGN channel and multipath channel are provided. More results under AWGN channel could be found in Figure 8. [1:  Evaluation method of Figure 4: First, the SNR is determined at which a certain MCS could be correctly decoded with a probability of 90%. Then, a 10% part of the code block with this MCS is punctured and the correctly decoding probability after puncture has been recorded. The position of puncture part within the code block randomly changes. The simulation assumption under multipath fading channel is given in Table B2 of Appendix B. MCS Index is given in Table A1.] 


[bookmark: OLE_LINK2]Observation 1: Even though a pre-emption indication can provide information about the position of the impacted resource, victim eMBB users could still fail to correctly decode the information, especially when the modulation order and code rate is higher.

Different methods could be adopted to recover the performance loss due to pre-emption. One option is that the gNB could postpone the missing part and, after the pre-emption finishes, transmit it to the victim eMBB user as a supplementary transmission [5]. The eMBB UEs could use both the original and postponed transmission in decoding. The contents of supplementary transmission are related to the part which was not transmitted. 
Besides the reliability, another key factor utilized to assess eMBB traffic transmission is the UPT (user perceived throughput). Hence, at which time the supplementary transmission could be delivered to victim eMBB UEs is a critical point of supplementary transmission. Alternatively, the gNB can schedule a supplementary transmission after the impacted eMBB transmission, or HARQ mechanisms can be adopted after decoding of the initial transmission is performed based on the indication information. Below, we provide more details on the mechanisms.

· [bookmark: OLE_LINK3][bookmark: OLE_LINK5]Automatic supplementary transmission
[image: ]
[bookmark: _Ref470418573]Figure 5 Automatic supplementary transmission
[bookmark: OLE_LINK8][bookmark: OLE_LINK9]The supplementary part could be carried on a resource which the gNB previously configures to UE. This scheme provides the most prompt supplementary transmission, e.g. the pre-configured resource could be the slot right after the corrupted transmission finishes. Whenever an eMBB user determines that its transmission has been corrupted by reading an indication, the victim eMBB user could find its supplementary transmission which is automatically sent by the gNB. An example is shown in Figure 5, in time domain each block corresponds to a slot. eMBB users could be scheduled via slot aggregation. Before a URLLC packet arrives, the first four slots are allocated to three eMBB users, e.g. the pink user, the green user, and the blue user. When a URLLC packet comes into the gNB’s buffer during the second slot, the third slot is pre-empted and re-assigned to URLLC transmission by the gNB. The supplementary transmission of the missing part of the three impacted eMBB users are correspondingly sent in the fifth slot, which are shown in as colour shadow blocks. In this case, the previously appointed resource for automatic supplementary transmission is the following slots right after the impacted resource. Considering that the gNB can support dynamic resource sharing between eMBB and URLLC, the fast scheduling capability required by automatic supplementary transmission seems not a problem with gNBs.
The missing part of victim eMBB users could be exactly transmitted in pre-configured resource. No additional downlink assignment is needed for the automatic supplementary transmission. Hence, almost no additional PHY layer control signalling is required by the automatic supplementary transmission. Besides, if the appointed resource is very close to the resource which previously allocated to the impacted transmission, the automatic supplementary transmission could alleviate the influence of pre-emption on the UPT performance of impacted eMBB traffic.
A pre-defined rule can be adopted to map amount of pre-emption to pre-configured resources for supplementary transmission. A pre-defined rule can be a MCS threshold, e.g. the supplementary transmission could be necessary if MCS for the original transmission is high.
· Supplementary transmission scheduled by gNB
[image: ]
[bookmark: _Ref470447389]Figure 6 Supplementary transmission scheduled by gNB before A/N feedback of original transmission

Supplementary transmission schemes could be based on scheduling as well to provide more flexibility to the gNB, e.g., more frequency diversity and channel robustness can be enjoyed by scheduling initial and supplementary transmission in different frequency resources. The gNB could schedule the supplementary transmission via PDCCHs. Once the gNB determines that a supplementary transmission is necessary, the gNB doesn’t wait for the original transmission’s A/N and immediately schedule this transmission. In this case, after receiving the supplementary transmission, the victim user could produce an A/N signal by combining the original transmission and the supplementary transmission. Scheduling a supplementary transmission before A/N feedback could alleviate the delay extension caused by pre-emption and correspondingly provide better UPT experience, and reduce A/N feedback overhead as well. An example is given in Figure 6. The supplementary transmission which are shown as shadow color blocks in Figure 6 is scheduled via additional DCIs before the victim eMBB users feed their A/N of the impacted transmission to the gNB. The DCIs could indicate the time-frequency resource and MCS for supplementary transmission.

[image: ]
[bookmark: _Ref470452016]Figure 7 Supplementary transmission scheduled by gNB after A/N feedback of original transmission
Alternatively, the victim eMBB user can decode the initial transmission based on indication information, and scheduled supplementary transmission will work as partial HARQ, i.e., the UE can combine the latter transmission with previous one and produce A/N. Reusing HARQ mechanism could save the standardization effort. As shown in the Figure 7, after receiving the A/N feedback from the impacted eMBB users, the gNB determines that the pink eMBB user successfully decodes its downlink signal even if there is a part of the signal has been missed. No supplementary transmission is scheduled by the gNB for the pink eMBB user. In the meanwhile, due that the green eMBB user and the blue eMBB user fail to correctly decode the information carried by the corrupted transmissions, the corresponding supplementary transmission signal is scheduled by the gNB. Because some eMBB data impacted by pre-emption may be correctly decoded without supplementary transmission, the HARQ-based supplementary transmission scheme requires less resource than those schemes before A/N feedback.

[bookmark: _Ref473983523]Simulation results
The throughput performance of “pre-emption with supplementary transmission” and “pre-emption with TB-based retransmission” has been evaluated. In the supplementary transmission scheme, the missing data of victim eMBB users is automatically transmission after the pre-emption happens and normal retransmission is based on TB. In the case of “pre-emption with TB-based retransmission”, retransmission mechanism of legacy LTE is adopted.
[bookmark: OLE_LINK4]In the simulation, the bandwidth of coexistence region is assumed to be 20MHz. The subcarrier spacing of coexistence region is 60 kHz. The outer loop link adaptation is turned on for eMBB users. Poisson distribution is utilized for modeling URLLC traffic’s arrival. The scheduling interval of eMBB users is eight 60kHz-SCS 7-symbol slots (1ms). More details of simulation conditions could be found in Table B1.
Table 1 Performance gain of “pre-emption with supplementary transmission” 
over “pre-emption with TB-based re-transmission”
	
	20%-URLLC RU
	35%- URLLC RU

	Average cell throughput
	33.0%
	43.8%

	5-Percent user throughput
	42.2%
	47.4%


The performance gain of “pre-emption with supplementary transmission” over “pre-emption with TB-based re-transmission” is given in Table1. In the case with 20%-URLLC RU, about 33% gain of average cell throughput and 42.2% gain of 5-percentile user throughput could be achieved. In the case with 35%-URLLC RU, the average throughput gain could increase to about 43.8%, and 5-percentile user throughput gain is 47.4%. The scheme with supplementary transmission can greatly improve eMBB UE performance after pre-emption. This may benefit from the proper protection of eMBB transmission via supplementary transmission.
Observation 2: In the case of 35% URLLC-RU, the pre-emption scheme with supplementary transmission can achieve 43.8% gain of average cell throughput and 47.4% gain of 5-percentile user throughput compared with the scheme “pre-emption with TB-based re-transmission”.
[bookmark: _GoBack]Proposal 2: Pre-emption with supplementary transmission should be supported in DL multiplexing of URLLC and eMBB transmissions.
· Mechanisms for supplementary eMBB data transmission needs further study.

Other enhancement schemes
Some other enhanced techniques have been put forward to improve the reliability of pre-empted eMBB transmission as well. Introducing an interleaver could alleviate the impact of pre-emption. The interleaving-based scheme brings significant impact to the eMBB coding chain, as well as another enhanced scheme which is based on outer erasure code. Both of them require a new coding chain at the gNB side, and a new decoding chain at the eMBB UE side. This is not preferable because the transceiver architecture has to be changed correspondingly.
Observation 3: Additional UE complexity, transceiver architecture change, and UE buffer cost are required if an interleaver or outer code is adopted for DL multiplexing of URLLC and eMBB transmissions.

Conclusions 
In this contribution, the DL multiplexing between eMBB and URLLC is discussed. FDM between eMBB only region and coexistence region is preferred.
Proposal 1: 
· An eMBB-only region needs to be reserved to carry common signals/channels which are important for initial access and mobility, e.g. PSS/SSS/PBCH/SIBs.
· Pre-emption should avoid the reserved resource that contains eMBB control and RS in coexistence region between eMBB and URLLC.

Regarding to the dynamic sharing scheme between eMBB and URLLC, we have following observations and proposal:

[bookmark: _Ref124589665][bookmark: _Ref71620620][bookmark: _Ref124671424]Observation 1: Even though a pre-emption indication can provide information about the position of the impacted resource, victim eMBB users could still fail to correctly decode the information, especially when the modulation order and code rate is higher.
Observation 2: In the case of 35% URLLC-RU, the pre-emption scheme with supplementary transmission can achieve 43.8% gain of average cell throughput and 47.4% gain of 5-percentile user throughput compared with the scheme “pre-emption with TB-based re-transmission”.
Proposal 2: Pre-emption with supplementary transmission should be supported in DL multiplexing of URLLC and eMBB transmissions.
· Mechanisms for supplementary eMBB data transmission needs further study.

Observation 3: Additional UE complexity, transceiver architecture change, and UE buffer cost are required if an interleaver or outer code is adopted for DL multiplexing of URLLC and eMBB transmissions.
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Appendix
Appendix A. Evaluation results
Table A1
	MCS Index
	Modulation
	Code rate

	1
	QPSK
	0.10

	2
	QPSK
	0.21

	3
	QPSK
	0.33

	4
	16QAM
	0.21

	5
	QPSK
	0.58

	6
	16QAM
	0.49

	7
	16QAM
	0.58

	8
	64QAM
	0.51

	9
	64QAM
	0.61

	10
	64QAM
	0.74

	11
	64QAM
	0.77

	12
	64QAM
	0.93
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[bookmark: _Ref471297679]Figure 8[footnoteRef:2]  [2:  MCS Index is given in Table A1.] 


Appendix B. Simulation conditions
B.1 Assumptions of system-level simulation
Table B1
	Parameters
	Description

	Inter-BS distance
	500 m

	Carrier frequency
	4 GHz

	Simulation bandwidth
	20 MHz

	Channel model
	3D UMa

	BS Tx power
	46 dBm

	BS antenna configurations
	2TX

	BS antenna height
	25 m

	BS antenna element gain + connector loss
	8dBi

	UE antenna configurations
	2RX

	UE antenna height
	Follow the modelling of TR 36.873

	UE antenna gain
	Follow the modelling of TR 36.873

	UE receiver noise figure
	9 dB

	Traffic model
	URLLC: FTP Model 3 with packet size 32bytes
eMBB: Full buffer

	Traffic load (Resource utilization)
	URLLC: Poisson packet arrival with arrival rate λ to achieve URLLC target resource utilization ratio

	UE distribution
	20% Outdoor in cars: 30 km/h,
80% Indoor: 3 km/h
URLLC: 10 UE/sector
eMBB: 10 UE/sector

	UE receiver
	MMSE-IRC



B.2 Assumptions of link-level simulation
Table B2
	
	Simulation assumptions

	Bandwidth
	20MHz

	Subcarrier space
	15kHz

	eMBB scheduling interval
	14symbol

	URLLC scheduling interval
	2 symbol

	Rank
	1

	Tx/Rx Antenna
	2X2

	Channel Model
	TDL-C 300ns

	AMC
	ON

	Max HARQ retransmission
	3

	URLLC arrival rate
	1000/second (in total)

	Puncture ratio
	5% resource of an eMBB TB for one URLLC packet

	CP type
	Normal CP
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