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1 Introduction
During the last meetings, the following agreements about and the multiplexing of eMBB and URLLC were made:
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

In this contribution, we present an analysis about eMBB and URLLC multiplexing in the downlink.
2 Discussion
It was agreed in RAN1 #87 that dynamic resource sharing between eMBB and URLLC is supported. Two candidate concepts have been brought up, preemption (puncturing) and scheduling. In the first part of this discussion, these two methods are compared. In our view, at least for downlink, puncturing is the more efficient way to multiplex URLLC and eMBB. Therefore, in the second part, we elaborate on the details for this approach and discuss details for URLLC and eMBB aspects related to puncturing.
Multiplexing method – Puncturing or Scheduling
Discussion of the scheduling based approach
With the scheduling-based approach it is meant that both URLLC and eMBB are scheduled in such way that none of the services is taking resources from the other if that one already has an ongoing transmission. Such an approach had been proposed during RAN1#87 where eMBB and URLLC are FDMed. There is one frequency region where eMBB-only is operated and another one in which eMBB and URLLC are coexisting according to the above mentioned scheduling approach (see Figure 1 below).
[image: ]
Figure 1 – Scheduling based approach of eMBB/URLLC multiplexing. The available bandwidth is split into one eMBB-only part and one region that can be used by both eMBB and URLLC
In order to discuss the feasibility of such a method it is good to get a “feeling” for the amount of URLLC data that is transmitted during one burst. According to previous agreements a realistic assumption is to have 32 bytes to be transmitted with QPSK/CR=1/6. This would give 32*8*6/2 = 768 REs to be transmitted. These REs will be distributed in time and frequency. Depending on the numerology used and the number of symbols being available for the URLLC burst, the required BW can be very significant which is illustrated in table 1 below:



Table 1 – Needed bandwidth for URLLC transmissions depending on transmission burst length in OS and SCS
Therefore, when considering multiplexing between URLLC and eMBB, a FDM approach with reserved URLLC resources does not seem to be efficient, especially when the URLLC traffic is sporadic. The BW that would need to be reserved for the URLLC is very wide and for many available frequency bands, there would not many sub-carriers left for the eMBB-only deployment.
Observation 1: The URLLC traffic is sporadic and of wideband character. It is inefficient, at least in downlink, to reserve frequency resources for URLLC. This could take up a huge part of the overall available bandwidth.
The scheduling based approach has several disadvantages in our view:
· To use the resources efficiently, the size of the co-existence region needs to be reconfigured to adapt to the varying need of bandwidth. This could be done dynamically or semi-statically. In any case, it will increase the overhead.
· When eMBB and URLLC shall use the same resources, their transmission bursts must be aligned and it must be possible to schedule the eMBB with the same short periods as the URLLC. In this method, the scheduling granularity for URLLC is 0.125ms. Thus, also eMBB would need to be schedulable with a granularity of 0.125ms. URLLC and eMBB then need to use the same numerology. Assuming that URLLC uses 60 kHz SCS, means that eMBB also has to use 60 kHz SCS. It cannot be assumed that all eMBB UEs support this SCS and also the power dissipation of the eMBB UE would become larger than necessary. It would be more power efficient to allow longer scheduling units with longer symbol duration for the eMBB UE.
· If 60 kHz SCS is used for URLLC and the delay spread of the channel would require an ECP, then the same could also go for the eMBB UE. This will decrease the eMBB throughput significantly.
· A guard band between the 15 kHz and 60 kHz SCS is needed which is an unnecessary waste. Especially for the case that URLLC would use a high MCS, inter-numerology-interference from the 15 kHz eMBB could have a high impact on the URLLC reliability.
· Usually the scheduling duration for eMBB is longer than for URLLC, for eMBB even slot durations of 1ms are feasible. Why should one then use the 60 kHz SCS for eMBB when having long scheduling periods? Even for high Doppler, SCS = 30 kHz is probably good enough for the eMBB performance. 
· If URLLC always must use 60 kHz SCS, the required BW will be quite significant, especially in bad channel conditions. 
Discussion of the puncturing based approach
To overcome the above mentioned problems, a puncturing approach should be implemented to support the URLLC/eMBB multiplexing. The already scheduled eMBB data is preempted when a URLLC transmission occurs. The concept is described in more detail in the following sections.  
In the agreement from RAN1#87, an eMBB transmission can be configured to use 15, 30 or 60 kHz. In our view it is more suitable to use 15 or 30 kHz for eMBB, because:
· It requires smaller bandwidth and can be used in narrower frequency bands.
· The scheduling interval for eMBB is usually rather long and does not require short symbol durations or short transmission bursts.
· Better protection against the channel delay spread due to longer symbol and CP duration.
· We do not see a practical reason why to use SCS = 60 kHz for eMBB below 6GHz, more than multiplexing with it with URLLC when URLLC has to use 60 kHz. 
· However, multiplexing of 60 kHz eMBB/URLLC is not precluded by a puncturing approach
In our view, the preferred solution to multiplex eMBB/URLLC is to schedule the eMBB and to puncture some symbols when the URLLC transmission occurs. The URLLC can use different SCS and mini-slots with NCP, as well as 7-symbol slots of ECP.
Proposal 1: Puncturing is the preferred method, at least in downlink, to support dynamic resource sharing between URLLC and eMBB.

Multiplexing of eMBB and URLLC by puncturing
URLLC aspects
Mini-slot configuration
URLLC may use mini-slots as transmission units. In the companion contribution [2], our proposed general concept of the mini-slot design is described. The configurations used for the URLLC/eMBB multiplexing are supported as a subset and have the following properties:
Proposal 2: It shall be possible to configure mini-slots with the following lengths:
·  2 symbols for SCS = 15/30 kHz, 4 symbols for SCS = 30/60 kHz

Alignment of URLLC transmission bursts and eMBB
The key for efficient resource utilization is that the URLLC transmission bursts are aligned with the symbol boundaries of the eMBB numerology. This should be supported regardless the CP types that are used for the URLLC. Also, when URLLC employs an extended CP, its transmission bursts shall align with the symbol boundaries of eMBB.
Proposal 3: URLLC transmission bursts shall align with the symbol boundaries of the reference numerology (SCS=15 kHz and NCP). This shall be the case regardless is URLLC uses (scaled) NCP or an extended CP overhead.
This is illustrated below for the example of eMBB using SCS of 15 kHz and URLLC uses different configurations of mini-slots with NCP. Of course, also 30 or 60 kHz NCP can be used for eMBB with this kind of approach.  
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Figure 2 – URLLC transmission burst alignment with eMBB baseline numerology
It is worth noting that different kinds of UEs (using different SCS or different CP type) can be multiplexed into the ongoing eMBB transmission. Below, this is illustrated for two URLLC-UEs where one is using 7-symbol ECP and the other 8 symbol NCP which are transmitted during 2OS at 15 kHz.  
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Figure 3 – URLLC burst alignment with eMBB symbols. Two URLLC UEs are illustrated, one using 8 symbols of scaled NCP and the other 7 symbols of the 49-CP [3]
For the case that both eMBB and URLLC use 60 kHz, puncturing with symbol alignment can be performed as well.
· If the scheduling interval for eMBB is longer than the URLLC scheduling interval, puncturing (or pre-empting) can be performed for the duration of 1 URLLC transmission interval
· If the scheduling interval for both eMBB and URLLC is the same, then this realization is the equivalent to scheduling. For NCP, both eMBB/URLLC have the same slot format with 7 symbols/slot and 8 slots per ms. For ECP (ECP=49-CP [3]), both URLLC and eMBB use 7 symbols/slot and 7 slots per ms. This is illustrated below:
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Figure 4 – Multiplexing of eMBB/URLLC when both services are using the same SCS

Transmission opportunities for URLLC
Data arrival for URLLC will impact the overall latency. For a latency critical service, it may occur at any time instance and requires an immediate scheduling opportunity. For the definition of the transmission opportunity, there are two options:
· Option 1: The scheduling unit of URLLC can start at any eMBB symbol within eMBB numerology slot.
· Option 2: The scheduling unit of URLLC should start at predefined eMBB symbols within eMBB numerology slot.
For Option1, it is good to support the “arrive-and-go” nature of URLLC at the expense of higher complexity and power consumption for URLLC UEs. In this option, the URLLC UE has to monitor downlink control channel symbol by symbol. Moreover, the overhead of indicating the puncturing position may also increase as well. 
[bookmark: OLE_LINK9][bookmark: OLE_LINK10]For Option 2, the transmission to a URLLC UE can start only at predefined eMBB symbols within the slot of eMBB. In this way, DCI monitoring may reduce. The complexity and power consumption for URLLC UEs may also reduce at the expense of increased latency for URLLC traffic. 
Taking all these factors into account, Option 2 is slightly preferred. As an example, the URLLC traffic can start on some specific positions in the following figure 5. Within the 14 OFDM symbols, there are six starting positions for the URLLC transmission and two available positions for the transmitting the puncturing information. For this example, the mini-slot length for the URLLC transmission is 2 OS with 15 kHz SCS and the slot length for the eMBB transmission is 7 OS or 14 OS with 15kHz SCS. 


Figure 5 – Example for multiplexing URLLC and eMBB
Proposal 4: URLLC should start at predefined eMBB symbols within eMBB numerology slot.
eMBB aspects 
Dedicated and shared resources:
Two resource types are considered in downlink with a time length equal to the scheduling interval for the eMBB UE: 
· One resource type that is dedicated for the eMBB UE transmission. In this region it can be assumed that no puncturing occurs
· One resource that is shared between the URLLC and the eMBB UEs. In this region, the URLLC data can puncture the downlink transmission to eMBB UEs 
It is worth noticing that the shared region can be changed dynamically depending on the traffic load and shall not be regarded as a way of reserving resources. As it is explained further down, the reason to introduce these two regions is to limit the eMBB UE complexity when it has to handle punctured slots. Also, not all eMBB UEs might have the capability to handle punctured slots efficiently. For these UEs, it would be better to schedule them on the dedicated resources.  
For the shared resource case, the eMBB UE should detect the puncturing position and then exclude these symbols when decoding the data. Considering the UE may need to detect the URLLC transmission quite frequently, there could be a further indication to eMBB UE for performing that detection.  For that purpose, a mechanism  to notify the eMBB UE would be helpful. In Figure 6, an example for the allocation of dedicated and shared resources in FDM fashion is given. When the gNB schedules the eMBB UE on dedicated resources, the eMBB UE does not need to detect the puncturing position. The shared resource can be adjusted according the URLLC traffic load. A slow common DCI can notify the change of the shared resource to all the eMBB UEs.

 
Figure 6 - FDM for the shared resource and the dedicated resource
An alternative method in which there is no need to define a dedicated resource area is the following: The downlink control information in the PDCCH indicates whether it is possible that the eMBB data is punctured by the URLLC traffic. This is illustrated in Figure 7 below. If the DCI indicates that scheduled eMBB data will not be punctured, then the eMBB UE receiving the eMBB data will not attempt to detect the puncturing position. 


Figure 7 – The potential puncturing indication in DCI
Proposal 5: RAN1 introduces a mechanism to notify the eMBB UE whether it is possible to be punctured in the resource which already has been assigned to transmit the eMBB data.

Performance evaluation – the need for puncturing indication
In previous contributions [4], [5] and [6], simulation results are provided that show that the eMBB performance is improved when the UE knows that it is punctured and which symbols are impacted. It is observed that
· Significant performance loss is experienced when the eMBB UE has no puncturing information.
· If the puncturing information is known at the first transmission, the performance can be improved significantly compared to the case when no puncturing information is available for the first transmission.
For the second observation, if the puncturing information is known already for the first transmission, the eMBB UE can already then exclude the damaged part and remove the URLLC interference. This can have significant impact on the spectrum efficiency in higher SNR regions, where successful decoding often is achieved with a single transmission. 
Proposal 6: The puncturing position information should be known to eMBB UE while it is processing the first transmission. 
Mechanisms for puncturing indication
In the previous paragraphs we have described the necessity to have an indication signal. Here, several candidate methods how to realize this are discussed. Both implicit and explicit puncturing indications are under comparison. 
With implicit indication we mean, that the eMBB UE would attempt to detect puncturing without signaling. One possibility could be that the eMBB searches for a certain RS that is transmitted within the URLLC burst. An advantage of this method is that it does not require extra control overhead. However, the eMBB UE might not be able to perform frequent and high complexity detection. 
For the explicit indication, we could see two different methods:
In the first approach the gNB transmits the puncturing information in the DCI of the next eMBB UE slot. This could be done for a UE specific DCI or for a common DCI. If a UE specific DCI is used, the DCI overhead is increased, but if the puncturing information is included in a common DCI, other problems might come up. For example, if an eMBB UE would receive its downlink data in a specific RF bandwidth. For power saving reasons, it could then not receive a common DCI in a basic common search space which would be located in another RF bandwidth. Another issue with having the puncturing information in a common DCI search space would be for UEs that are not punctured. If they fail to decode their DL data, they might also assume that they are punctured and would also read the common DCI.

The second method is that the gNB transmits the puncturing information in the last part of the current eMBB UE slot. The required data to transmit the puncturing information is very small, e.g. 1 bit for information on the existence of the URLLC traffic in the current eMBB traffic or just a few bits on the time/frequency information for the puncturing position. It is possible that the gNB overwrites a predefined resource position in the eMBB data region and sends the URLLC preempting information instead. In Figure 8 it is illustrated that predefined resource elements in the last one or two symbols are punctured out and puncturing position information is sent instead. After an eMBB UE detects this information, it knows which symbols to exclude from the data decoding.


Figure 8 – Puncturing the predefined resource position for notifying the puncturing

If the eMBB UE does not detect the puncturing information for the first transmission, then, the need for a retransmission has a higher probability. The gNB could then retransmit the puncturing information in the DCI of the retransmission as well. This will reduce the residual BLER of the eMBB data. In case that the residual BLER already is small enough, the puncturing information does not need to be retransmitted.
Proposal 7：RAN1 should further study how to indicatee the puncture position information to eMBB UEs. Transmitting about puncturing information in the end of eMBB or low complexity implicitly detection should be considered.
[bookmark: OLE_LINK7][bookmark: OLE_LINK8]Impact on DMRS
In order to reduce the impact on the eMBB UE, the puncturing should be carefully considered. For example, it should be avoided to puncture the DMRS for eMBB with URLLC traffic. Two solutions can be considered.
· Solution-1: Simply avoid puncturing the symbols where the eMBB DMRS is located.
· Solution-2: Rate-matching of the eMBB DMRS REs, at least for case that eMBB and URLLC apply same numerology. The URLLC can’t use the reserved DMRS REs.
The selection between Solution-1 and 2 depends heavily on the DMRS pattern design for eMBB. In general, the DMRS pattern design for eMBB should also take the possibility of puncturing into account. 
Proposal 8: Essential DMRS for eMBB should not be punctured by URLLC traffic.
3 Conclusion
In this contribution we have discussed the dynamic multiplexing of the URLLC and eMBB in the downlink. As summary, we have following observations and proposals:
Observation 1: The URLLC traffic is sporadic and of wideband character. It is inefficient, at least in downlink, to reserve frequency resources for URLLC. This could take up a huge part of the overall available bandwidth.
Proposal 1: Puncturing is the preferred method, at least in downlink, to support dynamic resource sharing between URLLC and eMBB.
Proposal 2: It shall be possible to configure mini-slots with the following lengths:
·  2 symbols for SCS = 15/30 kHz, 4 symbols for SCS = 30/60 kHz

Proposal 3: URLLC transmission bursts shall align with the symbol boundaries of the reference numerology (SCS=15 kHz and NCP). This shall be the case regardless is URLLC uses (scaled) NCP or an extended CP overhead.
Proposal 4: URLLC should start at predefined eMBB symbols within eMBB numerology slot.
Proposal 5: RAN1 introduces a mechanism to notify the eMBB UE whether it is possible to be punctured in the resource which already has been assigned to transmit the eMBB data.

Proposal 6: The puncturing position information should be known to eMBB UE while it is processing the first transmission. 
Proposal 7：RAN1 should further study how to indicatee the puncture position information to eMBB UEs. Transmitting about puncturing information in the end of eMBB or low complexity implicitly detection should be considered.
Proposal 8: Essential DMRS for eMBB should not be punctured by URLLC traffic.
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