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1. Introduction
NR is targeting to support broad range of vertical services categorized by eMBB, mMTC, and URLLC, by a single technical framework [1]. Multiplexing of the vertical services is an important aspect for efficient operation. 
At the RAN1#86 meeting, the following agreements were achieved:
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At the RAN1#86bis, the following agreements were achieved:
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At the RAN1#87, the following agreements were achieved:
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In the email discussion [87-27], multiplexing options of eMBB and URLLC for downlink have been further discussed [2]. In this contribution, we discuss multiplexing of eMBB and URLLC and present our proposals.
2. Multiplexing of eMBB and URLLC
2.1. Multiplexing of eMBB and URLLC having same transmission interval
For the multiplexing of eMBB and URLLC having the same transmission interval, dynamic resource sharing based on dynamic scheduling is possible for downlink. For uplink, feasibility of a SR-based UL transmission needs further discussion in regard to achievable latency. If a SR-based transmission cannot meet the latency requirement for URLLC, UL resource reservation should be introduced. With the UL resource reservation, URLLC UE would be allowed to transmit UL within the reserved (higher layer configured) UL resource candidate(s). For the higher frequency, e.g., above 6 GHz, it is natural to assume wider SCS, e.g., 60 kHz, for both eMBB and URLLC. Therefore, assuming the same transmission interval for both eMBB and URLLC is quite natural.

Note that even for lower frequency, if the URLLC traffic is dominant in the carrier, it is possible to use the same transmission interval for both eMBB and URLLC, which may be shorter than the transmission interval if there is no URLLC traffic in the carrier. Otherwise, most of resources in the carrier need to be reserved for URLLC operation and hence, eMBB DL transmission will be highly impacted by URLLC DL transmission.
Observation 1: For higher frequency, e.g., above 6 GHz, it is possible to multiplex eMBB and URLLC having the same transmission interval without sacrificing latency/spectral efficiency. Wider sub-carrier spacing, e.g., 60 kHz, can be applied to both eMBB and URLLC.
2.2. Multiplexing of eMBB and URLLC by different transmission intervals
For the multiplexing of eMBB and URLLC by different transmission intervals, four combinations of transmission directions/intervals for eMBB and URLLC are considered as shown in Figure 1. Here, we assume longer transmission interval is used for eMBB and shorter transmission interval is used for URLLC. In the following, we call longer transmission interval as normal TTI and shorter transmission interval as short TTI. 
For the paired spectrum, multiplexing of eMBB and URLLC only in the same transmission direction (case (a) and (b) in Figure 1) is applied. On the other hand, for unpaired spectrum, all the four multiplexing cases need to be considered.
Except multiplexing of eMBB and URLLC for the downlink (case (a)), some resources need to be reserved for the transmission of short TTI in the same or different directions. Since UE transmitting a UL normal TTI may not be able to cease its ongoing transmission, some resources of the UL normal TTI can be reserved for potential short TTI for UL or DL (case (b) and (c)). Also, gNB cannot be aware of UL buffer status without UE reporting, e.g., SR or BSR. So, UL short TTI during DL normal TTI transmission may require some reserved UL resource for UL short TTI (case (d)). If we consider UL transmission for unpaired spectrum, significant amount of resources will be reserved for short UL/DL transmissions. Considering the necessary resource reservation for unpaired spectrum, multiplexing of eMBB and URLLC with different transmission duration may not be so efficient operation. Ongoing discussion on efficient multiplexing of eMBB and URLLC for downlink may not improve the overall system performance for unpaired spectrum. 
Observation 2: For multiplexing of eMBB and URLLC having different transmission intervals in unpaired spectrum, considering necessary resource reservation due to multiplexing with different link direction

· the overall system performance benefit would be unclear 

· significantly complicated system design/implementation would be required.
Therefore, at least for lower frequency, e.g., below 6 GHz, FDD should be prioritized operation of multiplexing of eMBB and URLLC by different transmission intervals. For higher frequency, e.g., above 6 GHz, both eMBB and URLLC can be served by short TTI, as discussed in section 2.1.
Proposal 1: For the phase 1 study, FDD operation below 6 GHz frequency is prioritized as the scenario for multiplexing of eMBB and URLLC having different transmission intervals.
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Figure 1: Multiplexing of different transmission duration
3. Multiplexing of eMBB and URLLC having different transmission intervals for DL

In this section, we further discuss the necessary enhancement for multiplexing of eMBB and URLLC having different transmission intervals for downlink. In this case, eMBB DL resource can be preempted due to URLLC transmission during eMBB DL transmission by gNB decision. If the UE receiving eMBB DL data is not aware of the presence of impacted resource, BLER performance of eMBB DL data will significantly be degraded. In the Figures 2 and 3, we show the impact on preemption due to URLLC DL transmission. One or two OFDM symbol(s) out of 14 symbols for eMBB is assumed to be punctured for URLLC transmission in the simulation. For the impacted eMBB DL reception, we also evaluate the benefit of repair information, which indicates the location of impacted symbol(s). The eMBB DL data performance without URLLC puncturing is labelled as “w/o URLLC”; the eMBB performance with URLLC puncturing and with repair indication is labelled as “w/ URLLC w/ indication”; and the eMBB performance with URLLC puncturing without repair indication is labelled as “w/ URLLC w/o indication”. In the evaluation, existing LTE encoding, interleaving, rate-matching, modulation scheme, and resource mapping, are reused. 
In the LTE system, each transport block is potentially split into multiple code blocks (CBs), where each code block is independently encoded. The output of all CBs will be sequentially concatenated, modulated and then mapped to the available REs in a frequency-first time-second fashion. Due to the size limitation of a single CB, each CB may occupy only a few number of symbols. Assuming that similar/same TB/CB structure is adopted for NR, depending on which part of eMBB DL transmission is punctured by URLLC DL transmission, different impact on CBs of a given TB of the eMBB DL transmission may be observed. In the evaluation, we simulated different locations of URLLC DL transmission within the eMBB DL transmission interval to observe the impact on eMBB performance. If two symbols of eMBB DL transmission are punctured for URLLC, there are two possible cases: 1) a single CB occupies both symbols and thus the only 1 CB is impacted; and 2) two symbols are at the boundary of two CBs and thus the 2 CBs are impacted. In the Figure 3, both cases are evaluated (which are labelled as “1 CB” and “2 CB”, respectively). The BLER vs. SINR of the individual impacted CB(s) when 2 symbols are punctured with indication are also shown in the Figure 4. If a single CB is impacted, only CB 1 will be impacted; otherwise the other CB (CB2) will be impacted. In the Figure 4, the BLER of CB1 or CB2 without URLLC puncturing is labelled as “w/o URLLC”; the BLER of CB1/CB2 when 1 CB or 2 CBs are impacted is labelled as “w/ URLLC, w/ indication, 1 CB” or “w/ URLLC, w/ indication, 2 CB”. The detailed evaluation assumptions are described in the Appendix Table I.
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Figure 2: BLER performance of eMBB DL transport block when 1 symbol are punctured due to URLLC Tx 

(left: eMBB data QPSK, right: eMBB data 16QAM)
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Figure 3: BLER performance of eMBB DL transport block when 2 symbols are punctured due to URLLC Tx
(left: eMBB data QPSK, right: eMBB data 16QAM)
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Figure 3: BLER performance of impacted CBs when 2 symbols are punctured due to URLLC Tx
(left: eMBB data QPSK, right: eMBB data 16QAM)
Apparently, even puncturing one symbol will significantly degrade the BLER of eMBB DL transmission. On the other hand, if the UE receiving eMBB DL transmission is aware of the location of impacted resource, eMBB UE can discard the soft bits that had been punctured and minimize the degradation in BLER. The degradation compared to performance without puncturing is significant especially when the ratio of punctured resource compared with a single CB is relatively small. Although blind detection of impacted resource is proposed, we consider at least some indication on the impacted or punctured resource is needed considering the increased UE complexity if full blind detection is used. 
Observation 3: Indication of the location of impacted/punctured resource can provide great benefit on eMBB performance with URLLC puncturing.
However, it can be observed that the BLER performance of eMBB still severely degrades due to puncturing, e.g., when only 1 CB is impacted and 16QAM is used, even if UE is aware of the impacted/punctured resource. Overall BLER performance of the whole TB is roughly determined by the performance of the most severely impacted CB. The reason is that a large ratio of REs from an individual CB will be impacted if higher order modulation is used and all the impacted symbols belong to the same CB. Therefore, solutions on stronger protection/repair for eMBB transmission may need to be further studied.
Following options can be further considered for potential enhancement:
Option 1: URLLC transmission is scheduled such that the impact on eMBB performance is tolerable

For example, gNB scheduler can decide URLLC resource allocation such that it does not puncture huge resources of one CB of eMBB data. However, due to stringent latency requirement of URLLC, it may not be always feasible for gNB to find such kind of scheduling. 
Option 2: New CB size for eMBB DL data
One CB length can be increased such that the potential impacted resource size due to URLLC is relatively small compared to the CB size. The solution is robust to puncturing by URLLC. However, it may introduce longer processing time for encoding/decoding, and is less friendly to parallel/pipeline processing.
Option 3: Time-interleaving for eMBB DL data
The mapping from CB to REs can be changed to, e.g., PUSCH-like manner, such that the impact of puncturing can be averaged over all CBs. However, similar to option 2, the solution may introduce longer processing time and is less friendly to parallel/pipeline processing. Also, eMBB performance degradation after averaging over multiple CBs need to be further evaluated.
Option 4: CB-level HARQ for eMBB DL data
CB-level HARQ has been proposed to achieve higher efficiency on HARQ operation. By applying HARQ in CB selective manner, only the impacted CB(s) is/are retransmitted and thus the overall spectrum efficiency is expected to be improved. However, it may cause more UL control signaling cost even when there is no URLLC multiplexing. The impact on eMBB performance without URLLC multiplexing needs to be further clarified.
Option 5: CB-level retransmission without HARQ for eMBB DL data
As both eMBB and URLLC transmissions are scheduled by gNB, gNB should be able to predict whether a CB of eMBB data will be severely impacted due to URLLC, e.g. by the ratio of resource impacted. Therefore, it is possible to allow gNB to directly retransmit the CB which is severely impacted by URLLC Tx without A/N feedback from the eMBB UE. The retransmission may happen only when URLLC puncturing happens, and the eMBB performance without URLLC puncturing will not be impacted.

Option 6: Outer/erasure coding for eMBB DL data
Although option 1 has less standardization impact, it would not be feasible as its scheduling is highly complicated. Option 2 -6 can be further studied. However, it should be noted that eMBB data may not be frequently punctured by URLLC data in certain scenarios/use-cases. Therefore, solutions on protection/repair for eMBB transmission should be designed such that it has sufficiently good performance without puncturing. If the solution degrades the performance of eMBB data without URLLC puncturing, the solution should only be considered as potential optional scheme(s); Otherwise, single uniform design could be applied to eMBB data transmission for with and without URLLC puncturing. 

Proposal 2: Solutions on protection/repair for eMBB transmission when impacted by URLLC data puncturing need to be further studied
· The solutions should not degrade the performance of eMBB data transmission without URLLC puncturing 

If the DL short TTI transmission can occur at any symbol, we further need to discuss the impact on DL control channel and DL RS. For example, if DM-RS for eMBB UE is punctured, it is likely that decoding of corresponding DL data fails even if the repair information is indicated. If data RE or symbol location of URLLC can be restricted, the impact on eMBB will be reduced to acceptable level while performance degradation of URLLC DL may happen, e.g., latency increase if some symbols are not allowed for short TTI transmission. If two symbols are used for DL control channel and following one symbol is fully occupied by DMRS, then maximum latency of three symbols can be additionally introduced for URLLC transmission. Therefore, restriction of short TTI transmission and potential impact on eMBB frame structure needs to be clarified as soon as possible to move eMBB discussion forward. 
Observation 4: If URLLC transmission can occur at any symbol, further protection mechanism on DL control channel and DL RS for eMBB would be necessary.
Proposal 3: Whether URLLC transmission can occur at any symbol of eMBB DL transmission should be clarified as soon as possible.
4. Conclusion
In this contribution, we discuss multiplexing of eMBB and URLLC. Observations and proposals are summarized below.
Observation 1: For higher frequency, e.g., above 6 GHz, it is possible to multiplex eMBB and URLLC having the same transmission interval without sacrificing latency/spectral efficiency. Wider sub-carrier spacing, e.g., 60 kHz, can be applied to both eMBB and URLLC.
Observation 2: For multiplexing of eMBB and URLLC having different transmission intervals in unpaired spectrum, considering necessary resource reservation due to multiplexing with different link direction

· the overall system performance benefit would be unclear 

· significantly complicated system design/implementation would be required.

Observation 3: Indication of the location of impacted/punctured resource can provide great benefit on eMBB performance with URLLC puncturing.
Observation 4: If URLLC transmission can occur at any symbol, further protection mechanism on DL control channel and DL RS for eMBB would be necessary.
Proposal 1: For the phase 1 study, FDD operation below 6 GHz frequency is prioritized as the scenario for multiplexing of eMBB and URLLC having different transmission intervals.
Proposal 2: Solutions on protection/repair for eMBB transmission when impacted by URLLC data puncturing need to be further studied
· The solutions should not degrade the performance of eMBB data transmission without URLLC puncturing 

Proposal 3: Whether URLLC transmission can occur at any symbol of eMBB DL transmission should be clarified as soon as possible.
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Appendix
Table I: Evaluation assumptions
	Carrier Frequency 
	4 GHz 

	Channel coding
	Turbo coding with transport block processing in LTE PDSCH

	Subcarrier spacing
	15 kHz  for eMBB and URLLC

	System Bandwidth 
	10 MHz 

	Transmission bandwidth
	50 PRB for eMBB and URLLC

	Modulation
	QPSK, 16QAM for eMBB and QPSK for URLLC

	Coding rate
	0.5 for eMBB

	BS antenna configuration 
	1Tx 

	UE antenna configuration 
	2Rx 

	Channel estimation
	Ideal

	Channel
	CDL

	TTI length
	eMBB: 14 OFDM symbols,
URLLC: 2 symbols

	Repair information
	Location of impacted symbol
If the repair information is indicated, eMBB UE shall discard the soft bits that had been impacted by URLLC

	URLLC symbol location (starting from symbol 0)
	1 symbol
	eMBB QPSK: symbol 4; 16QAM: symbol 5;

	
	2 symbols
	1 CB
	eMBB QPSK: symbol 4, 5; 16QAM: symbol 5, 6;

	
	
	2 CB
	eMBB QPSK: symbol 6, 7; 16QAM: symbol 3, 4;


Agreements:


At least the following potential options should be considered


At least for shorter transmission UL, semi-static resource sharing between URLLC and eMBB


FDM and/or TDM manner


UL grant-free transmission for URLLC


Other schemes are not precluded


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


Preemption 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


UL grant-free transmission for URLLC


Other schemes are not precluded


Other mechanisms are not precluded





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
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