Page 1
3GPP TSG-RAN WG1 #91	R1-1720692
November 27 – December 1, 2017
Reno, Nevada, US

[bookmark: Source]Agenda item:	7.3.3.6
Source: 	Qualcomm Incorporated
Title: 	URLLC DL pre-emption and UL suspension indication channel design
[bookmark: DocumentFor]Document for:	Discussion/Decision
Introduction
[This is a revision from R1-1718573]
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. Between RAN1#86bis and RAN1#90bis, 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

Agreements:
· No new physical channel specific for indication of DL resources being preempted by another DL transmission is introduced 
· FFS whether the indication is based on NR-PDCCH or a group common PDCCH
· FFS location of the indication
· FFS timing of the indication

Agreements:
· The minimum periodicity for UE to monitor group common DCI for DL preemption indication is down-selected between
· Option 1: one slot
· Option 2: less than a slot
Agreements:
· The time duration of the reference downlink resource for pre-emption indication equals to the monitoring periodicity of the group-common DCI carrying the pre-emption indication 
· In TDD, at least the semi-statically configured UL symbols are excluded from the reference downlink resource
· Note: This means the reference downlink resource only includes the DL or unknown symbols given by semi-static configuration within the semi-statically configured time duration of the reference downlink resource.
· FFS for the handling of reserved resource especially at RE level
Agreements:
· For minimum monitoring periodicity of pre-emption indication:
· At least slot level monitoring periodicity of preemption indication is supported
· FFS to additionally support other cases (e.g. non-slot level monitoring)
Agreements:
· For slot level monitoring periodicity, UE is not required to monitor preemption indication for a slot in which PDSCH is not scheduled
· UE is not required to monitor preemption indication in DRX slots
· UE is not required to monitor preemption indication for the deactivated DL BWP
· Note: not necessarily all of the above bullets will have spec impacts

Agreements:
· The HARQ timeline for a PDSCH transmission is not affected by preemption indication. 

Agreements:
· No concensus to introduce an explicit RRC configuration for frequency region of the reference downlink resource for pre-emption indication in Rel-15
· (working assumption) the frequency region of the reference downlink resource for pre-emption indication is the active DL BWP

Agreements:
· A fixed payload size (excluding CRC and potential reserved bits) of the group-common DCI carrying the downlink pre-emption indication (PI), in the format of a bitmap is used to indicate preempted resources within the semi-statically configured DL reference resource
· The bitmap indicates for one or more frequency domain parts (N>=1) and/or one or more time domain parts (M>=1)
· There is no RRC configuration involved in determining the frequency or time-domain parts
· The following combinations are supported and predefined {M, N} = {14, 1}, {7, 2}
· A combination of {M,N} from this set of possible {M,N} is indicated 1bit by RRC configuration for a UE

In this contribution, we discuss the concrete indication channel design for URLLC/eMBB downlink dynamic multiplexing.
[bookmark: OLE_LINK17][bookmark: OLE_LINK18]DL indication channel design
[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.
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 indication schemes with different periodicities should be considered. See Figure 1&2 for the examples of per mini-slot (or multi-mini-slot) indication and per slot indication (at the beginning and at the end of the slot), respectively.
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Figure 1. Scheme of per (multi-)mini-slot indication of preemption
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(a)
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(b)
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.
In particular, the current indication draws much attention due to its low processing latency. The current indication could be per mini-slot or per a few mini-slots. The indication periodicity could be configured semi-statically (via RRC) or dynamically (via PDCCH). It is agreed that pre-emption indication will be carried in group-common DCI (GC-DCI).
Minimum monitoring periodicity of pre-emption indication
[bookmark: OLE_LINK16]It is agreed that slot-level monitoring periodicity of pre-emption indication is supported. Next, we discuss the pros and cons of non-slot-based minimum monitoring periodicity of preemption indication.
In non-slot-based monitoring of preemption indication, eMBB UEs monitor group-common DCI for DL preemtion indication every few minislots. Figure 3 shows that an eMBB UE can start decoding with the preemption information before the entire slot is received, substantially improving the processing pipeline and reducing buffering for the eMBB UE. While the decoding performance of eMBB data improves with the implementation of preemption indication, some physical resources are needed to carry GC-DCI. The GC-DCI can share the URLLC mini-slot based CORESET for high efficiency and simplifying the design. Another concern regarding non-slot-based monitoring of preemption indication is the energy consumption of eMBB UEs. Note that eMBB UEs are only required to monitor preemption indication when their PDSCH is scheduled. The additional energy overhead of more frequent monitoring of preemption indication is relatively small compared to the energy consumption of the ongoing eMBB PDSCH transmissions. Hence, the impact on the energy consumption of eMBB UEs should be minor.
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Figure 3. Buffering behavior of an eMBB UE for slot-based and mini-slot-based monitoring of preemption indication.
Another benefit of non-slot-based monitoring of preemption indication is the demodulation performance of eMBB data. In Figure 4(a), if the first set of DMRS in a slot is punctured, the following preemption indication enables the eMBB UE to discard the punctured DMRS and only use the second set of DMRS in decoding data. On the other hand, Figure 4(b) shows that, in the case of slot-based monitoring, the eMBB UE may wrongly use the punctured DMRS to decode data within the slot, resulting in poor BLER performance. Of course, one may argue that DMRS and data can potentially be all buffered until at the end of the slot for decoding. But again, it adversely impacts the processing timeline and requires larger buffering at the eMBB UE, which is undesirable.
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(a) Non-slot-based monitoring of preemtion indication
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(b) Slot-based monitoring of preemption indication


Figure 4: The usage of DMRS under non-slot-based and slot-based monitoring of preemption indication.
Finally, URLLC UEs may exploit the preemption indication to improve the reliability of decoding their DL grants. As an example, if the preemption periodicity matches that of URLLC control monitoring periodicity, then the detection of preemption indication provides additional assurance that there may be a DL grant destined for URLLC UEs.
Observation 1: Non-slot-based monitoring of DL preemption indication improves the processing timeline, buffering requirement, and demodulation performance of eMBB UEs, as compared to the slot-based monitoring. The additional monitoring overhead is negligible as compared to the processing of ongoing eMBB PDSCH transmissions (especially considering the benefits of processing timeline, less than 1-slot based PI can have a net gain in terms of UE processing power).
Proposal 1: The minimum periodicity for an eMBB UE to monitor group common DCI for DL preemption indication should be less than one slot, e.g., every mini-slot or a few mini-slots.

Dynamic multiplexing between eMBB and URLLC on the uplink
It was agreed that dynamic multiplexing between eMBB and URLLC is supported on the downlink as shown in Section 1. For uplink URLLC and eMBB transmissions, it is important to manage inter-cell interference via power control at the UEs. In the interference-limited regime, UEs can target a lower received data SINR at the gNB and/or apply proper path-loss compensation to reduce IoT in neighboring cells. It means that achieving high system reliability for URLLC requires more frequency-domain resources to be allocated to an UL transmission instead of simply boosting power on narrowband allocation resource. As a result, wideband resource may need to become available for URLLC UL transmission as well in order to achieve high reliability with low latency. Dynamic multiplexing between eMBB and URLLC is suitable to achieve large bandwidth pre-emption so as to achieve high overall system resource utilization. In contrast, if uplink resources are statically or semi-statically reserved for URLLC, either the overall system utilization is very low (reserving too much bandwidth to URLLC) or the URLLC capacity is significantly reduced (reserving too little bandwidth to URLLC) as shown similarly in the downlink study [1]. See [5] for the system-level simulation results that support the need of dynamic multiplexing between URLLC and eMBB transmissions on the uplink.
Proposal 2: Dynamic multiplexing between eMBB and URLLC should be considered in NR uplink.
Indication channel for suspending eMBB traffic in the dynamic multiplexing of eMBB and URLLC on the uplink
Design motivation
In the context of the eMBB and URLLC multiplexing on the uplink, eMBB transmissions are scheduled in slots and URLLC transmissions in mini-slots. Consider the scenario that there is an ongoing eMBB UL burst when a URLLC UE initiates a grant-free UL transmission in the same cell. eMBB UE may completely jam URLLC transmissions, reducing overall system capacity of URLLC service. In contrast, grant-based transmission/retransmission schemes may allow the gNB to suspend ongoing eMBB transmissions, e.g., via indication channels (similar to those agreed for DL URLLC pre-emption indication) [3], in the time-frequency resources scheduled to URLLC UEs in the UL grants. As a result, system reliability and hence the URLLC capacity can be improved.
Next, we provide system-level simulation (SLS) results to evaluate the impact of intra/inter-cell interference from eMBB to URLLC transmissions on the uplink. The SLS assumptions and the details of the simulation setting are provided in [5]. We consider one URLLC serving cell with 22 UEs, surrounded by 20 eMBB cells. The intra/inter-cell eMBB-to-URLLC interference is modelled by raising the noise floor in every mini-slot by a representative RoT value, for the sake of speeding up the simulations. The RoT value is computed from a separate UL full-buffer eMBB SLS with the same network layout and real inter-cell interference. In particular, different settings of open-loop power control are simulated in the UL eMBB SLS to find the best one that balances the median and tail spectral efficiency among all eMBB UEs; the corresponding RoT, which is 15.8dB, is then used to raise the noise floor in the UL URLLC serving cell.
Table 1 shows the system capacity and spectral efficiency of UL URLLC subject to both intra- and inter-cell interference from eMBB under 1ms delay requirement, 1e-5 reliability, and different reserved bandwidth for UL URLLC. Table 2 shows the URLLC capacity and spectral efficiency when intra-cell eMBB-to-URLLC interference is removed (see [5] for more details). Comparing these two tables, we observe that the intra-cell eMBB traffic, if not monitoring the ongoing URLLC transmissions, can cause significant degradation in the UL URLLC capacity.
	Reserved bandwidth
	System capacity
	Spectral efficiency

	5 MHz
	negligible
	N/A

	10 MHz
	0.451 Mbps
	0.045 bps/Hz

	20 MHz
	4.51 Mbps
	0.23 bps/Hz


Table 1. System capacity and spectral efficiency of UL URLLC subject to both intra- and inter-cell interference from eMBB with full-buffer traffic.
	Reserved bandwidth
	System capacity
	Spectral efficiency

	5 MHz
	4.51 Mbps
	0.9 bps/Hz

	10 MHz
	12.39 Mbps
	1.24 bps/Hz

	20 MHz
	28.16 Mbps
	1.41 bps/Hz


Table 2. System capacity and spectral efficiency of UL URLLC subject to inter-cell interference only from eMBB with full-buffer traffic. The only difference from Table 1 is that there is no intra-cell interference from eMBB here.
Observation 2: Indication channel for UL data transmission suspension may allow the gNB to suspend ongoing eMBB transmissions and improving the URLLC UE reliability and overall URLLC system capacity.
The design principles for the indication channel
The contribution [3] discusses the benefit of using indication channels for the dynamic multiplexing between URLLC and eMBB on the downlink. Therein, eMBB UEs can monitor which portion of their allocated resources that have been pre-empted, punctured, or superpositioned for serving URLLC traffic, and recover the impacted eMBB data afterwards. Indication channels are also beneficial for the dynamic multiplexing of eMBB and URLLC on the uplink. Consider the following procedures (see Figure 4 for an example):
1. There is an ongoing UL eMBB transmission in the current slot.
2. Upon a new arrival of URLLC traffic at the UE in the same cell, the UE sends SR on a dedicated channel to the gNB in the next minislot to request for an UL grant.
3. The gNB sends the UL grant and signals the eMBB UE via the indication channel to mute the eMBB transmission for one or a few minislots that are scheduled for the UL URLLC transmission. Both eMBB and URLLC UEs need to monitor this indication channel for the UL grant.

These procedures help to eliminate intra-cell eMBB-to-URLLC interference and improve the URLLC performance as explained in Section 4.1.
[image: ]
Figure 4. A unified indication channel for UL URLLC/eMBB multiplexing.
Since the indication channels for both UL and DL URLLC are used for the gNB to signal the eMBB UEs, they could be unified in the structure and channelized in the same DL channel to minimize the indication overhead. See [6] for a unified design of indication channels for UL/DL URLLC.
Observation 3: Indication channels for both UL and DL URLLC could be unified in the structure and channelized in the same DL channel to minimize the indication overhead.
Since the purpose of the indication channel is to prevent the ongoing UL eMMB transmission from jamming the URLLC transmission, the indication channel design for UL URLLC has to be current per mini-slot to achieve effective signal suspension. See [7] for discussions on current indication channels for DL URLLC; the design principles therein are applicable to UL URLLC as well.
Observation 4: Indication channels are beneficial to remove intra-cell eMBB-to-URLLC interference to improve the URLLC capacity on the uplink. The indication channels need to be current per mini-slot to achieve effective signal suspension.
Application to the Indication Channel Design for UL eMBB/URLLC multiplexing
The aforementioned indication schemes can directly apply to the indication channel for the UL URLLC/eMBB multiplexing. In particular, when UL URLLC traffic presents, a scheduling request (SR) is sent on a dedicated uplink resource. Upon receiving a SR, gNB will send UL URLLC grants on the current indication channel (e.g. PCFICH-type structure burst) in the next DL mini-slot. Both eMBB UEs (if transmitting on UL) and URLLC UEs could monitor this indication channel for the scheduling information. The on-going eMBB UL transmission will yield on the resources indicated by the UL URLLC. One can notice that, by doing so, we achieve a unified indication channel design for both UL and DL transmissions URLLC. One example is presented in Figure 5, where we assume an indication channel separated from the eMBB data and carried by the mini-slot PDCCH/GC-PDCCH.
[image: ]
Figure 5. A unified indication channel design for UL URLLC/eMBB multiplexing
Proposal 3: A unified indication channel design for both DL and UL should be considered. 
Conclusion
Observation 1: Non-slot-based monitoring of DL preemption indication improves the processing timeline, buffering requirement, and demodulation performance of eMBB UEs, as compared to the slot-based monitoring. The additional monitoring overhead is negligible as compared to the processing of ongoing eMBB PDSCH transmissions (especially considering the benefits of processing timeline, less than 1-slot based PI can have a net gain in terms of UE processing power).
[bookmark: _GoBack]Observation 2: Indication channel for UL data transmission suspension may allow the gNB to suspend ongoing eMBB transmissions and improving the URLLC UE reliability and overall URLLC system capacity.
Observation 3: Indication channels for both UL and DL URLLC could be unified in the structure and channelized in the same DL channel to minimize the indication overhead.
Observation 4: Indication channels are beneficial to remove intra-cell eMBB-to-URLLC interference to improve the URLLC capacity on the uplink. The indication channels need to be current per mini-slot to achieve effective signal suspension.
Proposal 1: The minimum periodicity for an eMBB UE to monitor group common DCI for DL preemption indication should be less than one slot, e.g., every mini-slot or a few mini-slots.
Proposal 2: Dynamic multiplexing between eMBB and URLLC should be considered in NR uplink.
Proposal 3: A unified indication channel design for both DL and UL should be considered. 
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