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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 and #88 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:
· Indication of URLLC transmission overlapping the resources scheduled for an eMBB UE in downlink can be dynamically signaled to the eMBB UE to facilitate demodulation and decoding
· FFS details
Agreements:
· Indication can be dynamically signaled to a UE, whose assigned downlink resources have  partially been preempted by another downlink transmission, to increase the likelihood of successful demodulation and decoding  of the TB(s) transmitted within the above mentioned assigned resource
· The indication may be used to increase the likelihood of successful demodulation and decoding of the transport block based on the pre-empted transmission and/or subsequent (re)-transmissions of the same TB

In this contribution, we discuss the grant-based DL URLLC/eMBB dynamic multiplexing schemes and requirements for the indication channel design.
[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.
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Figure 1. Scheme of current-indication of preemption
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Figure 2. Schemes of post-indication of preemption: (a) post-indication occurs at the last symbol of the current slot; (b) post-indication occurs at the control channel of the next slot.

Configurable Indication Channels
As shown by many companies, 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. See Figure 1&2 for examples of current and post indication, respectively. 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 identifies whether there is a preemption indication, decodes this indication and 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.
3. URLLC UE needs to monitor the pre-configured indication channel for potential URLLC grant.

Although in certain cases the overhead of indication in terms of the throughput loss of eMBB could be justified, in the case of delivering information-rich indication (e.g. freq/time puncturing resources, power ratio, etc) for a finer granularity of punctured resource indication to eMBB UE(s), the sizable resource usage could significantly reduce the throughput of eMBB. In addition, the power consumption of UEs to detect indicator from slot-to-slot could drain the UE battery rapidly. Motivated by these facts, we propose that the indication channel should be configurable and only assigned in the presence of URLLC traffic. For example, if URLLC traffic is known to be highly sporadic, we can configure a subset of mini-slots within each slot for URLLC transmissions. This helps both eMBB and URLLC UEs save power by not monitoring the indication channel over every mini-slot. In the meanwhile, we only need assign resources for indication channel 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).
[bookmark: OLE_LINK16]Proposal 1: The indication channel could be configurable based on the presence of URLLC traffic and/or the URLLC traffic profile.
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 is challenging. Therefore, the current indication channel 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 indication channels in its own cell, the cell-edge eMBB UE needs to detect the indication channel 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 indication channels of the neighboring cells. 
[bookmark: OLE_LINK24]Proposal 2: eMBB UEs could detect configurable indication channels of neighboring cells to mitigate inter-cell interference.

Current Indication of Pre-emption
As we have discussed, time multiplexing of eMBB and URLLC at slot level could fundamentally violate the low latency requirement, or make it more difficult to fulfill this requirement. On the other hand, reserve frequency domain resources for URLLC traffic could limit the overall system capacity. Therefore, we propose dynamic URLLC/eMBB multiplexing and reserve limited resource for URLLC control/indication channel, which can only carry indication information and URLLC grant information. In particular, if the indication is in the current slot and aligned with the occurrence of URLLC traffic, the indication could be in a separate physical layer channel that contains such indication, which could be, for example, FDM-ed with regular eMBB data. See Figure 1 for an illustration. 
When an eMBB UE is scheduled, it could monitor that physical channel to get the required information, the information 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 addition, current indication helps eMBB UEs reduce buffering requirement, with the capability of processing data from mini-slot to mini-slot. 
On the other hand, URLLC UEs could also get the benefit of monitoring indication channel 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 reduce buffering requirement, and for URLLC UE to save processing power.  
The current indication channel 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 indication channel 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 indication channel can be either broadcast or unicast. 
In most applications, eMBB requires much looser latency such that eMBB UEs could buffer received data and perform decoding in a later slot. However, to help eMBB UE remove corrupted data, current indication should occur before eMBB UE decoding.
Proposal 3: Current indication should (at least) occur before eMBB UE decoding.
The current indication enables low latency of decoding and HARQ turn-around, but the overhead of dedicated recourses for indication within the current slot may become significant if a large number of information (e.g. freq/time puncturing resources, power ratio, etc) needs to be delivered to eMBB/URLLC UEs. The post indication can reuse resources in the control channel or other available symbols in a later slot, where the indication overhead may not matter too much. However, the low latency requirement of URLLC cannot be satisfied. Therefore, in order to deliver a reliable and information-rich indicator to eMBB UEs to improve decoding performance, we can utilizeI resource-limited current indication with the help of post indications. As an illustration, the current indicator only carries systematic bits and the post indicator carries all parity bits; Or the current indicator only carrier coarse information and the post indicator carries detailed information; Or we apply HARQ-like process over current and post indications. In particular, the original data is encoded with a FEC code (e.g. polar, Turbo, etc). The current indicator with limited resources carries a few encoded bits, and (without ACK/NACK feedback) the post indicator carries the redundancy bits. If the decoding of current indicator fails, the eMBB UE will combine the received encoded bits from both current and post indicators to further decode the information. Note that, in this scheme, URLLC UEs only monitor and decode the current indicator (with limited information) to meet the low latency requirement.  

Dynamic-scheduling Based Current Indication
Scheduling-based approach means that URLLC transmission does not occur in the resources scheduled for ongoing eMBB traffic. Such an approach had been proposed in RAN1 where eMBB and URLLC are FDMed. In particular, there is one frequency region where eMBB-only is operated and another one in which eMBB and URLLC are coexisting. URLLC puncturing only occurs in the coexisting region. However, there are some issues in the scheduling-based approach: 
1. FDM is inefficient, since URLLC traffic is unpredictable
2. Excessive URLLC control overhead in the coexistence region 
3. Excessive reference signal (RS) overhead in the coexistence region 
4. Excessive power consumption due to the need to monitor control with much higher frequency in the coexistence region 
In order to overcome the aforementioned issues, we propose a hybrid multiplexing mechanism leveraging the advantages from both the scheduling-based and dynamic current indication based approaches. See Figure 3 as an illustration. In particular, 
1. eMBB control only at slot interval to reduce current indiacation overhead and reduce monitoring periodicity
2. Like LTE PDCCH, this control signal consists of scheduling grant with full information, e.g. MCS, HARQ indicators (Re-tx or new packet), etc
3. Indicate intended resources for an eMBB UE to receive data in each mini-slot within the current eMBB slot. The intended resources can be overlapped among eMBB UEs
4. only for eMBB UE having ongoing DL traffic (notified in eMBB DL control channel), in each mini-slot (or a bundle of mini-slots) that contains the allocated intended resources, it will check the indicator channel (or light control channel) instead of a full-blown grant to see if it has scheduled data on the intended resources in this mini-slot.
5. shared RS across each slot at least, therefore the RS overhead is reduced
 
[image: ]
Figure 3. Dynamic-scheduling based indication channel

Semi-static pre-configuration of Current Indication
Remark that one issue of pre-emption based approach can be that, if large amount of information needs to convey, the current indicator of high payload could be a big overhead and the mini-slot based UE processing cost could be unacceptable. One way to deal with such an issue is to apply the SPS idea from VoLTE. In particular, an URLLC UE can be pre-configured (via RRC) by gNB with necessary puncturing information, e.g. an allocation ID (i.e. the location/resources in every mini-slot if puncturing occurs), URLLC MCS, etc. There can be N configurations with index from 0 to N-1. When associated with gNB, an URLLC UE will be assigned with a configuration index. In the meanwhile, eMBB UEs also need to know this selected configuration, thus knowing at least the intended puncturing locations. Then, the current indicator only needs to convey single bit (flag) to indicate puncturing. If flag is on, both eMBB and URLLC UEs know the occurrence of puncturing with all the pre-configured information including the freq/time locations of the puncturing, MCS, etc. When extended to multiple URLLC UEs, a few bits can be contained in the current indicator to flag multiple URLLC UEs where each UE is pre-assigned with a particular configuration. Furthermore, if needed, PDCCH can over-write the pre-assigned configurations of an URLLC UE in the slot-level.
Observation 3: Both dynamic-scheduling based and semi-static pre-configuration of current indication scheme could significantly reduce the indicating overhead.
Requirements of Indication Design
In this section, we discuss some requirements that need to consider while designing current/post indication channel. These requirements are motivated from processing timeline perspective. 
Alignment of Codeblock Segmentation
As discussed in previous RAN1 meetings, one way of dynamic puncturing shall perform in the granularity of mini-slot. This alignment significantly facilitates mini-slot based decoding process and simplifies mini-slot structure design. However, for eMBB data scheduled with full degree of freedom in RB selection, the performance of scheduled eMBB might be degraded by URLLC mini-slot based puncturing. Especially, if codeblocks (CB) of an eMBB user are partially punctured, the decoding performance could be further degraded for this user to process a number of partially corrupted codeblocks. See Figure 4 as an illustration. Motivated by this analysis, we propose that the eMBB codeblock segmentation needs to be at least aligned with the mini-slot boundary.  Several benefits are discussion below: 
1. the mini-slot aligned CB segmentation can facilitate mini-slot based processing;
2. In high SNR regime, (short) CBs can be contained within one mini-slot rather than across several mini-slot, facilitating the efficient URLLC and eMBB multiplexing.   

On the other hand, this CB mini-slot alignment could be challenging in the sense of rate matching. In particular, given rate matching of eMBB CBs is imperative and non-trivial if DMRS or CSI-RS could not be punctured, this extra requirement of CB segmentation on mini-slot alignment leads to a more challenging task in rate matching.
Observation 4: In URLLC/eMBB DL multiplexing, eMBB codeblock segmentation aligned with the mini-slot boundary could be considered.


[image: ]
Figure 4. Alignment of codeblock segmentation
3.2 Location of Current Indication
Given that an indicator is transmitted along with URLLC or eMBB data within a mini-slot, both URLLC or eMBB UEs have to store all data within the mini-slot while decoding the current indicator. In some cases, eMBB may need more processing timeline to achieve full pipeline processing of indication channel decoding/eMBB’s own data demod and decode. One way to achieve this is via sending indication channel in the early part of the mini-slot or sending the indicator in mini-slot N-1 indicates the data in mini-slot N. By doing so, UEs are explicitly informed by the indicator where to retrieve data in mini-slot N. However, one drawback of such scheme is that one mini-slot latency is added to URLLC traffic. Essentially, the location of current indicator shows a tradeoff between URLLC latency and UEs’ processing overhead. To find a better performance tradeoff,  in what follows, we propose that the current indication is preferably located at the early part of a mini-slot. See Figure 5 as an example.
Observation 5: In URLLC/eMBB DL multiplexing, the current indication is preferably located at the early part of a mini-slot.

[image: ]
Figure 5. Location of current indication

  3.3 Location of Post Indication
Similarly to the preceding discussion on the location of current indication, if the post indication is conveyed in the control channel, e.g., PDCCH, of the next slot, UEs have to buffer data in the current mini-slot for a longer time. From processing timeline and HW complexity perspective, this buffering requires additional HW complexity for the receiver processing. Therefore, if the post indicator can be sent in the current slot, say, last one symbol of PDSCH, the decoding process timeline can be well aligned with slots rather than across two slots. Also, the signalling will be completely “self-contained” within the same slot.
Observation 6: In URLLC/eMBB DL multiplexing, the post indication is preferably located at in the current slot rather than across multiple slots.
Proposal 4: Requirements from processing timeline and HW complexity should be considered in the indication channel design. 

Conclusion
Observation 1: Current indication is beneficial for eMBB UEs to improve decoding performance and reduce buffering requirement, and for URLLC UE to save processing power.  
Observation 2: Current indication channel can be either broadcast or unicast. 
Observation 3: Both dynamic-scheduling based and semi-persistent-scheduling (SPS) based current indication scheme could significantly reduce the indicating overhead and UE power cost in monitoring/decoding indicators.
Observation 4: In URLLC/eMBB DL multiplexing, eMBB codeblock segmentation aligned with the mini-slot boundary could be considered.
Observation 5: In URLLC/eMBB DL multiplexing, the current indication is preferably located at the early part of a mini-slot.
Observation 6: In URLLC/eMBB DL multiplexing, the post indication is preferably located at in the current slot rather than across multiple slots.
Proposal 1: the indication channel could be configurable based on the presence of URLLC traffic and/or the URLLC traffic profile.
Proposal 2: eMBB UEs could detect configurable indication channels of neighboring cells to mitigate inter-cell interference.
Proposal 3: Current indication should (at least) occur before eMBB UE decoding.
Proposal 4: Requirements from processing timeline and HW complexity should be considered in the indication channel design. 

References
[1] [bookmark: _Ref450583331][bookmark: _Ref430766234]R1-160671, New SID Proposal: Study on New Radio Access Technology 
[2] RAN1-87, chairman’s notes
[3] R1-166360, “URLLC numerology and frame structure design”, Qualcomm, 3GPP TSG-RAN WG1 #86
[4] [bookmark: OLE_LINK22][bookmark: OLE_LINK23]R1-1612014, “Mini-slot design for URLLC”, Qualcomm , 3GPP TSG-RAN WG1 #87
[5]  R1-1700828, “Simultaneous scheduling request and data transmission for uplink URLLC”, Qualcomm, 3GPP TSG-RAN WG1 NR Ad-hoc, Spokane, Washington, USA 
[6] R1-700827, “URLLC/eMBB downlink dynamic multiplexing schemes”, Qualcomm , 3GPP TSG-RAN WG1 #87




1/10
image2.png
frequency

Mini-siot
Thin Grant R L
eMBB
eMBB siot

time

Y wucsa
N ndeatoncramne

%/, eMBB control channel




image3.png
frequency

eMBB

eMBa siot

Y wuces

[ —
Y/
% MBB control channel

time




image4.png
Y wicsm

frequency © indeation chamet

MBS control channel

eMBB /

eMBa siot

time




image5.png
frequency

eMBB_UE monitors this indicator to see if DL data transmitted

Mini-slot on the intended resources
—
AN N T T T T T T T R

Intended resource
punctured

eMBB

N

MBB siot

_—_mm

URLLC data
indication channel

Intended resources for
an eMBB UE 1

Intended resources for
an eMBB UE 2

eMBB DL control
channel




image6.png
frequency

eMBB

Mini-slot
—

VAN

I T T T T T T TR

One CB punctured

two CBs punctured

N

_—_mm

eMBB slot

>

time

URLLC data
indication channel

Intended resources for
an eMBB UE 1

Intended resources for
an eMBB UE 2

eMBB DL control
channel




image7.png
frequency

Mini-slot Y
. N indication channel
N

Thin Grant Y~ > g >
eMBB / /
«

MBB siot

time




