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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
In previous RAN1 meetings, some agreements on DL multiplexing of URLLC and eMBB were achieved [1]. DL multiplexing could be supported via scheduling based approaches and pre-emption or superposition.
	RAN1 #86
Agreements:
· At least the following potential options should be considered
· Dynamic resource sharing between URLLC and eMBB
· For DL, mechanisms to schedule a transmission where the resources of it can overlap with resources of ongoing/scheduled longer transmission at least from network perspective
· FFS: A similar or same mechanism applicability to UL
· Pre-emption or superposition
· Other schemes are not precluded 
· Scheduling based approaches (e.g., by adapting transmission duration or by using different subbands) to allow multiplexing of different durations of transmission
· Other schemes are not precluded
· Other mechanisms are not precluded



Our views on the coexistence between URLLC and eMBB were showed in the mail discussion [87-27]. In this paper, we elaborate on our considerations of this topic. 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 
A desired resource sharing scheme of eMBB and URLLC is expected to maximize the capacity of URLLC and eMBB. Dynamic resource sharing between URLLC and eMBB in DL is preferable because of the sporadic nature of URLLC traffic. To meet the tight latency requirement of URLLC service, URLLC traffic needs higher scheduling priority, e.g., a new arriving URLLC packet could occupy part of the resources which has been previously allocated to eMBB traffic.
Pure TDM manner could cause additional delay for URLLC traffic scheduling and may require additional standardization effort. For example, PSS/SSS and PBCH/SIB1 needs to be avoided. This possibly increases the waiting time of URLLC transmission. The position of other SIBs should be learned as well, and then URLLC transmission can manage to steer clear of them. This would require additional standardization work load. Furthermore, a scheduling-based TDM transmission with different scheduling intervals for eMBB and URLLC can cause delay in URLLC transmission, in particular when smaller SCS is adopted. 
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 those important signals/channels, e.g. PSS/SSS/PBCH/SIBs. 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 [2]. 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.
Proposal 1: NR supports grant-based orthogonal scheduling for eMBB and URLLC in DL coexistence region.

Dynamic sharing in coexistence region without pre-emption
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[bookmark: _Ref470108339]Figure 2 Scheduling-based multiplexing scheme without scheduling interval aggregation
In RAN1 #86 meeting’s agreement, scheduling-based approaches are described to allow multiplexing of different durations of transmission, e.g., by adapting transmission duration or by using different sub-bands. Further clarification of scheduling-based approaches could be found in mail discussion [87-27] that a ‘scheduling-based scheme’ means that the gNB would not schedule a URLLC transmission on resources which has been previously allocated to eMBB transmission. In other words, eMBB transmission and URLLC transmission could be independent of each other based on scheduling-based approaches, as shown in Figure 2. Small eMBB packets can be scheduled in the coexistence region whereas larger eMBB packets are assigned resources in the eMBB-only region.
Instead of an adapting transmission duration mentioned in RAN1 #86, a unified scheduling interval in scheduling-based approaches should be used for both eMBB and URLLC transmissions. The most important advantage of adopting scheduling-based approaches with a unified scheduling interval is that the standardization work load for DL multiplexing between eMBB and URLLC transmissions could be minimized, as it does not require any additional indication signaling for URLLC arrival. The unified scheduling interval could not be very long if the tight latency requirement of URLLC is expected to be achieved. Besides, scheduling interval aggregation may be not proper for eMBB transmission as well for the same reason. With the limited duration of single eMBB scheduling, more scheduling control overhead would be required compared with the case with longer transmission interval. However, the simulation results show that the performance of scheduling-based approaches with a unified scheduling interval is still better than that of pre-emption solution without indication even though the control/RS overhead is up to about 64%. This result benefits from the absence of pre-emption.
The choice of unified scheduling interval could be a tradeoff. On one hand, the larger the scheduling interval, the less the eMBB scheduling control overhead increase. On the other hand, in order to meet the tight URLLC latency requirement, sufficient transmission opportunities are necessary for URLLC transmissions. The unified scheduling interval could not be very long. According to [2][4], a slot with 60kHz-SCS and 7 symbols can be adopted.
We prefer the scheduling-based scheme as the baseline in the discussion on DL multiplexing of eMBB and URLLC transmissions. With scheduling-based approaches as a starting point, other schemes which may provide better performance at the expense of more standardization efforts could be studied further.
Observation 1: A slot with 60 kHz-SCS and 7 symbols is the preferred scheduling interval for both eMBB and URLLC in the scheduling-based scheme with a unified scheduling interval.

Performance of scheduling-based scheme with a unified scheduling interval
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[bookmark: _Ref471746584]Figure 3 SLS-based throughput performance of dynamic sharing in coexistence region without pre-emption
[bookmark: OLE_LINK2]The SLS results are given in Figure 3. 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. More details could be found in Table B.1. Two schemes are simulated: “Pre-emption without indication” and “Scheduling-based with unified scheduling interval”. In the scheduling–based scheme, scheduling interval of eMBB users is one 60kHz-SCS slot including 7 symbols (0.125ms) and control/RS overhead is about 64%. In pre-emption without indication scheme, the scheduling interval is eight 60kHz-SCS 7-symbol slots (1ms) and control/RS overhead is about 31%. The scheduling interval of URLLC is one 60kHz-SCS 7-symbol slot (0.125ms).
20% URLLC RU and 35% URLLC RU are considered. In the case of 20% RU and 35% RU, the arrival rate of URLLC packets are about 450 packets/second/user and 900 packets/second/user, respectively. With such a high arrival rate, 1ms scheduling interval may averagely meet about 4.5 or 9 URLLC packets. Hence, in the scheme “pre-emption without an indication”, almost all eMBB packets fail to be correctly decoded. Average cell throughput is very small. For the users locate at the edge of cells, almost no packet is correctly received. On the contrary, the scheduling-based approaches with a unified scheduling interval works much better even though the control/RS overhead is about 64%. This result benefits from the absence of pre-emption.
Observation 2: The scheme “scheduling-based with unified scheduling interval” significantly outperforms the scheme “pre-emption without indication”, especially when URLLC traffic is high.

Proposal 2: The scheduling-based scheme without pre-emption should be a baseline in the discussions on DL multiplexing of eMBB and URLLC transmissions, where 
· A unified scheduling interval is adopted for both eMBB and URLLC transmissions.

Dynamic sharing in coexistence region with pre-emption
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[bookmark: OLE_LINK13]Figure 4 Hybrid scheduling of eMBB and URLLC with scheduling interval aggregation
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[bookmark: _Ref470445942]Figure 5 Pre-emption via puncture or pre-emption with delayed transmission
[bookmark: _Ref129681832]In RAN1 #87, 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 4 shows an example of hybrid scheduling of eMBB and URLLC where on-going eMBB transmission is pre-empted for URLLC transmission.
Two options on pre-emption are further illustrated in Figure 5, 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 overlapped 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.
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		MCS index
	Working SNR under TDL-C 300ns

	5
	0.8 dB

	9
	13.2 dB

	11
	15.1 dB





[bookmark: _Ref471296406]Figure 6 Loss of correctly decoding probability caused by 10% pre-emption
A pre-emption indication is helpful to rescue the harmed transmission when pre-emption occurs. The Figure 6 shows the loss of correctly decoding probability due to about 10% puncture[footnoteRef:1]. Under AWGN channel, because of the unaware pollution, it is observed that the probability of correct decoding dramatically decreases if no indication of pollution position is available to the victim eMBB users. More results under AWGN channel could be found in the Figure 9 given in the Appendix A. The larger punctured part, the lower correctly decoding probability. Figure 6 and Figure 9 also give results with a pre-emption indication, i.e. the victim eMBB user could learn which part of its transmission has been pre-empted and correspondingly remove this corrupted part before channel decoding is operated. 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 part of the original transmission could be the key factor from the point of view of rescuing the corrupted transmission. Figure 6 also shows results obtained under multipath fading channel too[footnoteRef:2]. Similar trends as in AWGN channel are observable. A pre-emption indication is helpful in multiple path fading channels. [1:  Evaluation method of Figure 6: 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.]  [2:  The simulation assumption under multipath fading channel is given in Table B2 of Appendix B. ] 

Another benefit of a pre-emption indication is to protect the retransmission decoding procedure from soft buffer pollution. This can be verified by Figure 7[footnoteRef:3]. It can be seen that if pre-emption has been done during the initial transmission and since that the corrupted part is kept in the soft buffer, the residual error package ratio is about 0.6% after three re-transmissions. While, if the victim eMBB user is able to identify the pollution and remove its influence to decoder, the residual error ratio approaches to 1e-4 after two re-transmissions. [3:  Figure 7 is evaluated by fixing SNR to 10dB. Other assumptions are in line with the evaluation under multipath fading channel given in Figure 6.] 
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[bookmark: _Ref471302188]Figure 7 Impact of introducing soft buffer pollution into re-transmission
Observation 3: For the purpose of rescuing the transmission harmed by pre-emption:
· Performance can be improved if an indication is utilized to notify pre-emption information to victim eMBB UEs, compared to the case without indication.
· The missing part of the original transmission could be the bottleneck for the performance improvement, especially, when the modulation order and code rate is higher.
Supplementary transmission
As discussed in the previous part, the missing part of the original transmission could be the bottle neck to improve the reliability of the impacted transmission, particularly, when the original transmission is delivered under a higher SINR or the original transmission adopts a higher MCS level. To alleviate the reliability loss caused by pre-emption, 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. 
· [bookmark: OLE_LINK3][bookmark: OLE_LINK5]Automatic supplementary transmission
The supplementary part can be transmitted in the next transmission interval without any additional DCI. Based on the indication of pre-emption, the eMBB UE will receive the supplementary transmission in some pre-configured resources in the next interval. Information on where to expect supplementary transmission in the next interval can be based on where and how much pre-emption occurred during original transmission. A pre-defined rule can be adopted to map amount of pre-emption to pre-configured resources for supplementary transmission in next interval. 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
Supplementary transmission scheme could be based on scheduling as well to provide more flexibility to the gNB. 
The gNB could schedule the supplementary transmission via PDCCHs. Once the gNB determines that a supplementary transmission is necessary, the gNB don’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/K feedback overhead as well.
Another scheduling-based supplementary transmission reutilizes the HARQ mechanism. The victim MBB user feedbacks the A/N signal of original transmission. After that, if a supplementary transmission is determined to be necessary, it would be scheduled by the gNB. Reusing HARQ mechanism could save the standardization effort.
Performance of supplementary transmissions
[image: ] 
Figure 8 LLS-based throughput performance of dynamic sharing in coexistence region with pre-emption indication
In LLS simulation, the bandwidth of coexistence region is assumed to be 20MHz as well. The subcarrier spacing of coexistence region is 15 kHz. Poisson distribution is utilized for modeling URLLC traffic’s arrival. The arrival rate is 1000 packets per second in total. Each URLLC packet is assumed to be served by 5% resource which allocated to one eMBB TB. One-shot transmission of URLLC is assumed. More details could be found in Table B2. Three schemes are simulated: “No pre-emption”, “Pre-emption with supplementary transmission”, and “Pre-emption with TB-based re-transmission”. In the latter two schemes, a pre-emption indication is assumed to be available.
Figure 8 shows the LLS simulation results. Here automatic supplementary transmission is adopted. It can be seen that the throughput curve of supplementary transmission scheme is very close to the curve of ‘no-pre-emption’. The obvious performance gain over the TB-based retransmission scheme could be observed not only in the higher SNR region, but in the middle, and even lower SNR region as well. Note that in LLS simulation, the arrival rate of URLLC packets is not very high. With the increase of the arrival rate, the performance gap between re-transmission and supplementary transmission would be enlarging.
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 throughput performance of “pre-emption with supplementary transmission” and “pre-emption with TB-based retransmission” has been evaluated via SLS as well. 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). The scheduling interval of URLLC is one 60kHz-SCS 7-symbol slot (0.125ms). More details could be found in Table B1.
Following the RAN1 agreement, 500m inter-BS distance is adopted. In this circumstance, the system performance is mainly limited by interference. Ten eMBB users are assumed in SLS with full buffer traffic. Interference-limited circumstance plus ten users with full buffer traffic, the size of eMBB TBs is usually moderate. Actually, we observed that the ratio of TBs which have more than one CB is about 5%.
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 43.8% gain of 5-percentile user throughput could be achieved. In the case with 35%-URLLC RU, the average throughput gain could increase to about 42.2%, 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 4: In the case of 35% URLLC-RU, the pre-emption scheme with supplementary transmission can achieve 42.2% gain of average cell throughput and 47.4% gain of 5-percentile user throughput compared with the scheme “pre-emption with indication”.

Other enhancement schemes
Except for the scheme with a pre-emption indication, some other enhanced techniques have been put forward to improve the reliability of eMBB transmission punctured by URLLC traffic.
One of them is utilizing per-CB A/N feedback and CB-based retransmission. According to Figure 10, though the CB-based retransmission could outperform the TB-based retransmission, without a pre-emption indication the performance gap between the CB-based scheme and the case ‘no pre-emption’ is still obvious.
Introducing an interleaver could alleviate the impact of pre-emption as well. As shown in Figure 11, the interleaving-based scheme does improve the reliability compared with the scheme which has no indication and no interleaver, but adopts CB-based retransmission. However, with the increase of code rate, the error correction capability of channel code gets weakened. The performance of interleaving-based scheme is even worse than the scheme without interleaver.
Besides, 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 5: 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.
Conclusions 
In this contribution, the DL multiplexing between eMBB and URLLC is discussed. FDM between eMBB only region and coexistence region is preferred. Regarding to the dynamic sharing scheme, we have following observations:
Observation 1: A slot with 60 kHz-SCS and 7 symbols is the preferred scheduling interval for both eMBB and URLLC in the scheduling-based scheme with a unified scheduling interval.
Observation 2: The scheme “scheduling-based with unified scheduling interval” significantly outperforms the scheme “pre-emption without indication”, especially when URLLC traffic is high.
Observation 3: For the purpose of rescuing the transmission harmed by pre-emption:
· Performance can be improved if an indication is utilized to notify pre-emption information to victim eMBB UEs, compared to the case without indication.
· The missing part of the original transmission could be the bottleneck for the performance improvement, especially, when the modulation order and code rate is higher.
Observation 4: In the case of 35% URLLC-RU, the pre-emption scheme with supplementary transmission can achieve 42.2% gain of average cell throughput and 47.4% gain of 5-percentile user throughput compared with the scheme “pre-emption with indication”.
Observation 5: 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.

Based on the above observations, the following proposals are put forward:
Proposal 1: NR supports grant-based orthogonal scheduling for eMBB and URLLC in DL coexistence region.
Proposal 2: The scheduling-based scheme without pre-emption should be a baseline in the discussions on DL multiplexing of eMBB and URLLC transmissions, where 
· A unified scheduling interval is adopted for both eMBB and URLLC transmissions.
[bookmark: _Ref124589665][bookmark: _Ref71620620][bookmark: _Ref124671424]References
[bookmark: _Ref471315050]RAN1 #86 chairman’s notes, Aug 2016
[bookmark: _Ref471315372][bookmark: _Ref471315572][bookmark: OLE_LINK1]R1-1611219, “Overview of DL URLLC Support in NR”, Huawei, HiSilicon, 3GPP RAN1 #87.
[bookmark: _Ref471315438]RAN1 #85 chairman’s notes, May 2016.
[bookmark: _Ref471315815]R1-1700023, “Discussion on mini-slot for URLLC”, Huawei, HiSilicon, 3GPP RAN1 Adhoc meeting, Jan. 2017.
[bookmark: _Ref471315961]R1-1611222, “DL URLLC multiplexing considerations”, Huawei, HiSilicon, 3GPP RAN1 #87.

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 9[footnoteRef:4]  [4:  MCS Index is given in Table A1.] 
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[bookmark: _Ref471306667]Figure 10
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[bookmark: _Ref471308194]Figure 11
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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