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Introduction
In RAN #71, the technology study item for 5G new RAT (NR) has been approved [1]. URLLC (ultra-reliable low latency communication) requirements has been discussed in RAN plenary in June 2016. In RAN1#86bis and RAN1#87 the following agreements were made regarding URLLC and eMBB multiplexing and mini-slot designs: 
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
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
Agreements:
· For downlink preemption indication
· It is transmitted using a group common DCI in PDCCH
· FFS: This group common DCI is transmitted separately from SFI
· Whether a UE needs to monitor preemption indication is configured by RRC signaling
· The granularity of preemption indication in time domain can be configured 
· Details of granularity are FFS

In this contribution, we discuss the grant-based DL URLLC/eMBB dynamic multiplexing schemes and show the performance gain of current indication to eMBB UE(s). 
[bookmark: OLE_LINK17][bookmark: OLE_LINK18]Preemption multiplexing of eMBB and URLLC in DL
[bookmark: OLE_LINK5][bookmark: OLE_LINK6][bookmark: OLE_LINK7]Dynamic resource sharing between URLLC and eMBB (such as pre-emption, puncturing or superposition) is an essential feature that NR has adopted to serve different service types of very different latency, reliability and efficiency requirements in order to meet 5G URLLC and eMBB requirements respectively. Static/semi-static resource partitioning between URLLC and eMBB, e.g., through FDM-ing between URLLC and eMBB, would lead to low system efficiency as we showed in previous contributions [4]. Alternatively, dynamic eMBB and URLLC multiplexing can be performed at a mini-slot granularity to get the most efficient multiplexing scheme. For example, it is shown that 2/4-symbol mini-slot of 60kHz SCS provides significant capacity gain in URLLC compared with slot based URLLC scheduling in previous contributions [3], [4]. To better serve URLLC design in both the first and future releases, additional control signaling is desired to indicate where URLLC pre-emption happens.
Configurable pre-emption indication
As shown by many companies (also to be shown later in this contribution), the indication-based multiplexing approach is beneficial for both URLLC and eMBB UEs at the cost of indicator overhead. As discussed in our previous contributions [6], the current and/or post indication schemes should be considered. When indication-based approach presents, the gNB and UE operational behaviors are summarized as follows:
1. When URLLC traffic arrives, the gNB preempts the resources of eMBB for the URLLC transmission and transmits the (current and/or post) indication. 
2. When eMBB user is scheduled, this user detects indication of time and/or frequency region of impacted eMBB resources and then adapts its data processing accordingly. That is, this user could try to recover the impacted eMBB data (via coding protection technique) or request additional information to recover the impacted data. This indication, which could be different from the preemption indication, can occur during the current TTI (current indication) and/or after the current TTI (post indication).
3. URLLC UE needs to monitor the pre-configured preemption indication for potential URLLC grant.

To facilitate our discussion, we repeat one agreement in RAN1 #89ah [8] as follows. 
Agreements:
· For downlink preemption indication
· It is transmitted using a group common DCI in PDCCH
· FFS: This group common DCI is transmitted separately from SFI
· Whether a UE needs to monitor preemption indication is configured by RRC signaling
· The granularity of preemption indication in time domain can be configured 
· Details of granularity are FFS

[bookmark: _Hlk490123780]As shown in the above agreements, both the monitoring action and the granularity of monitor can be configured by RRC. Since URLLC traffic is scheduled in a mini-slot level, say, every mini-slot or every a few mini-slots, the preemption indication should be configured to follow the mini-slot granularity as well. Note, however, that the preemption indication is only needed when either serving cell or the surrounding neighbor cells have URLLC traffic. Hence, it is reasonable that the preemption indication is configurable and only configured in the presence and duty cycle of URLLC traffic. For example, if there is no URLLC traffic, no preemption indication needs be configured and monitored. Similarly, when URLLC load is low, the periodicity of the preemption indication and the UE monitoring action could be low as well. This helps both eMBB and URLLC UEs save power by not monitoring the preemption indication over every mini-slot. In the meanwhile, we only need assign resources in a group common DCI for the preemption indication within this subset of mini-slots, enabling more resources used for scheduled eMBB traffic in other mini-slots. The configuration can be conducted in a manner of broadcast/multi-cast to a group of users, or in a UE-specific manner with unicast to a particular user via PDCCH or higher layer signaling (e.g. RRC signaling). Also, it should be up to gNB to determine the frequency of scheduling of pre-emption indication. When the HARQ turn-around time is long (non-self-contained, N+X (slots) turn-around, less frequent group common DCI for pre-emption indication can be used (per slot for example), while more frequent scheduling could be used when there are many UEs in the network that support self-contained ack turn-around for different UE processing efficiency and control overhead tradeoffs.
[bookmark: OLE_LINK16]Proposal 1: The transmission of preemption indication in a group common DCI in PDCCH could be configurable to occur at a minimum of mini-slot granularity. The exact configuration of occurrence frequency can be at one mini-slot, multiple mini-slots, slot or multi-slot levels based on the presence of URLLC traffic and/or the URLLC traffic profile, and eMBB UE HARQ turnaround timeline.
Besides the URLLC traffic scheduled by the serving cell, the eMBB performance (especially for the cell-edge users in the serving cell) may be impacted by the bursty URLLC services scheduled by the adjacent cells. If the eMBB users are able to estimate the interference power per mini-slot or symbol, no inter-cell indication is needed. However, interference estimation on a per mini-slot/symbol basis may become challenging. Therefore, the current preemption indication with information of time/freq. resources used by URLLC in the neighboring cells can be employed to improve eMBB performance. That is, in addition to detect the preemption indication s in its own cell, the cell-edge eMBB UE needs to detect the preemption indication in its neighboring cells.  Toward this end, gNBs can coordinate their URLLC time/freq. resource assignments via backhaul communication, and then inform eMBB UEs via RRC or PDCCH. An alternative solution is that eMBB UEs blindly monitor the current preemption indication s of the neighboring cells.
[bookmark: OLE_LINK24]Proposal 2: eMBB UEs could detect configurable preemption indications of neighboring cells to mitigate inter-cell interference.

Current Indication of pre-emption
As discussed above, when an eMBB UE is scheduled, it could monitor an indication that indicates the punctured time/freq. resources by URLLC traffic. This indication can help eMBB UE erase corrupted LLRs in decoding, thus improving the decoding performance in the current slot transmission decoding and for the subsequent retransmission combining and decoding. Given that the power cost of monitoring information-limited current indication (in a mini-slot level during the current TTI) may be negligible while the power saving from not decoding the corrupted data could be significant, the overall power cost for eMBB UE could be to the similar level. Also, note this is only additional decoding when eMBB has data traffic scheduled, which is very different from the scenario where eMBB has to monitor control for every mini-slot w/ or w/o a grant (which may be a huge power drain for eMBB UEs).
From URLLC UE perspective, URLLC UEs could also get the benefit of monitoring current preemption indication in a mini-slot level to see if there is a potential grant without attempting to decode the actual control grant for UE power saving.
Observation 1: Current indication is beneficial for eMBB UEs to improve decoding performance and potentially for URLLC UE to save processing power.
The current preemption indication can be either broadcast or unicast. If broadcast, all eMBB users should be able to benefit from the indication. In particular, this channel only indicates the presence of the URLLC traffic in terms of per PRB (costly) or per subband. In the meanwhile, URLLC users are also able to decode this channel. If unicast, the preemption indication only provides information for a specific UE, or a group of UEs. Hence, not all users can use this information. The intended users can then decode the channel, and infer which time/frequency resources are punctured. Since this channel is intended for an eMBB user or a group of eMBB users, URLLC users cannot decode it.
Observation 2: Current preemption indication can be either broadcast or unicast. 
It can be seen that indication is important to eMBB performance. To help eMBB UE remove corrupted data, current indication should occur before at least to be able to help eMBB UE decoding.
Proposal 3: Current indication occurrence should (at least) make it possible for eMBB to use the indication information to assist decoding (or demod also) data of the current slot.
Preemption multiplexing of eMBB and URLLC in UL
In RAN1-87 [2], it was agreed that UL transmission without a grant is supported for URLLC:
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

This grant-less agreement helps remove the round-trip delay of the conventional LTE scheduling request (SR) mechanism. In [5], a contention-based grant-free approach is proposed as follows: the UE sends a scheduling request (SR) together with its first HARQ transmission. The first HARQ transmission may occur in a grant-free contention-based manner, thereby avoiding the round-trip delay for grant reception. The purpose of this SR is for the UE to indicate the presence of URLLC UL data and to request the gNB to schedule resources for subsequent HARQ transmissions of the data, in case the first HARQ transmission fails to decode. The SR may be transmitted on a dedicated (reserved) resource to ensure higher reliability. This mechanism could then be used to ensure that the retransmissions are not subject to severe collisions, and this is expected to improve the reliability.
In this mechanism, based on the receipt of URLLC SR, gNB could suspend/re-schedule the eMBB UL traffic in the next few mini-slots via current indication in DL. At this point, the proposed current indication mechanism can help on both DL and UL in the same manner.
Proposal 4: A unified indication mechanism for eMBB/URLLC multiplexing in both DL and UL could be considered. 
Simulations
In this section, we evaluate the performance gain of using current indication for DL URLLC/eMBB multiplexing. Simulation assumptions can be found either readily from the figures or from the parameter table in Appendix.
Low MCS scenario
Recall that one of the main purpose of preemption indication is to assist data decoding by nulling out LLRs on the impacted eMBB resources. Figure 3 shows that, for single CB per slot scenario, current puncturing indication could significantly improve link-level performance by nulling out the LLRs pre-emptied by URLLC traffic. With URLLC indication, eMBB performance is 1dB away from no puncturing performance, while performance degradation without URLLC indication is more than 5dB. It is clear that, for low MCS, each TB per slot only contains 1 or 2 CBs.
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Figure 3. eMBB performance comparison w/ and w/o indication (symbol 2 and 3 punctured)

Moderate-to-high MCS scenario
When eMBB TB contains large number of CBs, the case of using moderate-to-high MCS, Figure 4 shows that at low geometry indication helps to close the gap to the case without puncturing. At moderate to high geometry, the current indication still helps but there is significant performance loss. The reason is despite only single CB being punctured, single ACK HARQ feedback will require the entire TB being retransmitted, which can significantly affect the overall UE (and system) throughput.
One way to remedy this single bit HARQ issue to maximize the gain of current indication is to employ the multi-bit feedback for CB-level HARQ. The main idea of CB-level HARQ is that, UE will report the CBs that fail decoding back to gNB. gNB does not retransmission the entire TB of the previous transmission if only small number of CBs are not decoded. More details can be found in our companion contribution [7]. Figure 5 shows that current indication with multi-bit CB-level HARQ significantly improve the throughput, leading to a uniformly near-optimal performance (especially in the regime of low URLLC duty cycle, e.g. < 0.2). 
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Figure 4. eMBB performance comparison w/ and w/o indication open loop link adaptation (OLLA) results (URLLC puncturing rate = 10%)
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Figure 5.  eMBB performance comparison w/ and w/o indication under different URLLC puncturing rate
Observation 3: Current indication improves the eMBB performance in both high and low throughput regimes. In high throughput regime, current indication itself is not sufficient. Current indication with multi-bit CB-level HARQ could lead to uniformly near-optimal performance.
Proposal 5: Current indication with multi-bit Ack feedback based HARQ should be considered in URLLC/eMBB DL multiplexing.

Conclusion
Observation 1: Current indication is beneficial for eMBB UEs to improve decoding performance and potentially for URLLC UE to save processing power.
Observation 2: Current preemption indication can be either broadcast or unicast. 
Observation 3: Current indication improves the eMBB performance in both high and low throughput regimes. In high throughput regime, current indication itself is not sufficient. Current indication with multi-bit CB-level HARQ could lead to uniformly near-optimal performance.
Proposal 1: The transmission of preemption indication in a group common DCI in PDCCH could be configurable to occur at a minimum of mini-slot granularity. The exact configuration of occurrence frequency can be at one mini-slot, multiple mini-slots, slot or multi-slot levels based on the presence of URLLC traffic and/or the URLLC traffic profile, and eMBB UE HARQ turnaround timeline.
Proposal 2: eMBB UEs could detect configurable preemption indications of neighboring cells to mitigate inter-cell interference.
Proposal 3: Current indication occurrence should (at least) make it possible for eMBB to use the indication information to assist decoding (or demod also) data of the current slot.
 Proposal 4: A unified indication mechanism for eMBB/URLLC multiplexing in both DL and UL could be considered. 
Proposal 5: Current indication with multi-bit Ack feedback based HARQ should be considered in URLLC/eMBB DL multiplexing. 
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Appendix 
Link Level study: Simulation assumptions
	Parameter
	Value

	Sampling Frequency
	FFTLength * Tone spacing

	FFT length
	2048

	System Tones
	2048

	Numerology
	15 KHz NCP

	Fading Channel
	AWGN channel

	Doppler Profile
	0 Hz

	Number of BTS antennas
	2

	Number of UE antennas
	2

	Number of Layers
	Link and Rank Adaptation

	Antenna correlation
	low

	Overhead
	pilot/control overhead

	Coding
	Turbo Code (15 iterations)

	Interleaving  within a CB
	random permutation

	HARQ
	RV: 0,0,0,0

	Channel Estimation
	Practical WB chanEst

	Demapper
	Near ML-type


[bookmark: _Ref463024558]
Table 1 Link-level Simulation parameters
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