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1 Introduction
At the last RAN1 Ad-Hoc meeting, multiplexing of eMBB and URLLC in NR was discussed and the following agreements were reached:
	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:
· DL dynamic resources sharing between eMBB and URLLC is supported without pre-emption by scheduling the eMBB and URLLC services on non-overlapping time/frequency resources.

· No specific specification work is expected  

· The above should be captured into TR 38.802

Agreements:
· For an UL transmission scheme without grant
· at least semi-static resource (re-)configuration is supported
· FFS: The resource configuration includes at least physical resource in time and frequency domain and RS parameters

· Higher-layer signaling could be similar to Rel-8 LTE SPS
· FFS: MCS

· RS is transmitted together with data
· channel structure of grant-based data transmission can be starting point

Agreements:
· For an UL transmission scheme with/without grant
· K repetitions including initial transmission (with the same or different RV and FFS with different MCS) (K>=1) for the same transport block are supported, 
· FFS the way K is determined

· FFS: hopping mechanisms over the transmissions
Agreements:
· Blocking probability of DL control channel should be taken into account in NR-PDCCH design

Agreements:
· To ensure the reliability requirement of NR-PDCCH for URLLC, at least the following aspects should be supported

· Defining a compact DCI format  targeting low BLER operation 
· The highest aggregation level should target a BLER of Y for this compact DCI format
· FFS  Y, Y<1% 
· FFS highest  aggregation levels, e.g., 16,32
· FFS other enhancements 
Agreements:
· Time interval between SR resources configured for a UE can be smaller than a slot




Concurrently, RAN1 discussed mini-slots at the last RAN1 Ad-Hoc meeting, and the following was agreed to be taken into account:
	Agreements:
· Take into account following targets/use-cases to design mini-slots:
· Support of very low latency including URLLC for certain slot lengths

· Target slot lengths are at least 1ms, 0.5ms.

· Support of finer TDM granularity of scheduling for the same/different UEs within a slot

· Especially if TRxP uses beam-sweeping (e.g., above 6GHz).

· NR-LTE co-existence

· Note that this use case also exists for slot-based scheduling
· Forward compatibility towards unlicensed spectrum operation

· FFS until phase II

· Take the following into account for designing slot-level channels/signals/procedures:

· Possible occurrence of mini-slot/slot transmission(s) occupying resources scheduled for ongoing slot transmission(s) of a given carrier for the same/different UEs

· At least one of DMRS format/structure/configuration for slot-level data channel is re-used for mini-slot-level data channel

· At least one of DL control channel format/structure/configuration for slot-level data scheduling is designed to be applicable to mini-slot-level data scheduling

· At least one of UL control channel format/structure/configuration for slot-level UCI feedback is designed to be applicable to mini-slot-level UCI feedback

· Take the following into account as starting point for designing mini-slot-level channels/signals/procedures:

· Possible occurrence of mini-slot/slot transmission(s) occupying resources scheduled for ongoing slot transmission(s) of a given carrier for the same/different UEs

· DMRS for mini-slot-level data channel is just a re-use of that for slot-level data channel

· DL control channel for mini-slot-level data scheduling is just a re-use of that for slot-level data scheduling

· UL control channel for mini-slot-level UCI feedback is just a re-use of that for slot-level UCI feedback

· Scheduling/HARQ timelines for a mini-slot can be based on scheduling/HARQ timelines for a slot

· Scheduling/HARQ timelines for a mini-slot can be based on scheduling/HARQ timelines shorter than those for a slot

· FFS: exact timelines

· FFS: One mini-slot does not contain symbols for different link directions (i.e., DL-only or UL-only)




In this contribution, we further discuss issues related to eMBB/URLLC multiplexing, which we assume will be accomplished by means of mini-slots, and how the mini-slot design targeted towards URLLC applications inter-relates with other use cases that were agreed upon for the new radio. 
2 Mini-slot Design and Operations in NR
It is worth recollecting that mini-slots have been conceived as an integral part of the NR design based on a desire to support flexible transmission time intervals (TTIs) for different services requirements. The basic notion of mini-slots from the onset has been that NR should support scheduling units smaller than slots—in fact, the shortest scheduling unit has always been understood as the shortest mini-slot in NR (see, e.g., agreements from the Gothenburg meeting). 
Naturally, mini-slots, by their short duration, lend themselves for ultra-reliable low-latency applications but in the course of the NR study item additional use cases have been identified and agreed. 

2.1 Use cases for mini-slots and their corresponding design impact
First of all, there seems to be consensus that mini-slots are not only useful for URLLC-type applications, but for low latency transmissions in general. Hence, mini-slots should be apprehended as a tool provided by NR specifications to facilitate low latency regardless of any reliability constraint or requirement. In that sense, mini-slot based transmissions are the counter-part and evolution of the LTE Rel. 15 shortened TTI (sTTI) design and hence applicable to eMBB and URLLC transmissions alike. In fact, RAN1 has not agreed, as evident in the email reflector discussion leading up to the last meeting, whether and to what extent mini-slot based transmissions will differ from slot based transmissions, although some companies expressed views that the stringent requirements on URLLC-type applications may manifest themselves in the physical layer design as well. But nevertheless, it is fair to assume that the adaptive coding and modulation techniques prevalent for eMBB-type of applications to a large extend can be reused for URLLC-type of applications and it remains to be seen to what degree dedicated channel and reference signal designs are deemed necessary to fulfil the stringent URLLC requirements. 
Hence, from a specification and design point-of-view, NR should not tie reliability and latency into one package and RAN1 should acknowledge the need for eMBB low-latency use cases as well. To be precise, it should be left to the network operator how to utilize various features of the NR specifications and how they map to services based on an operator’s traffic management decisions and business needs and priorities.
Observation 1: Low latency is an important requirement for eMBB traffic as well and is not necessarily tied together with a requirement for increased reliability.

Proposal 1: NR specifications provide tools that operators can use as they see fit in their networks and they don’t restrict features to certain use cases, scenarios, services applications, etc.  
In addition to guaranteeing low latency, mini-slots provide a powerful tool to increase spectral efficiency as they are generally more dynamic and flexible in nature compared to slots. For example, slots are defined by a fixed number of OFDM symbols for a given CP overhead and possibly conditioned on the underlying subcarrier spacing. For example, a slot is defined as 14 OFDM symbols with normal CP and subcarrier spacing larger than 60kHz. If the network needs to transmit small packets over a large bandwidth, or if gNBs employ analog beamforming with a limited number of antenna panels, it will be more efficient compared to slots to shorten the TTI duration. In case this cannot or is not desired to be accomplished by increasing the subcarrier spacing, for instance, the network wants to operate with a single subcarrier spacing or a UE does not support multiplexing of numerologies, then mini-slots can be used to TDM users in mmWave systems with narrow beams or to transmit small packets in wider bandwidth.
Observation 2: Mini-slots not only provide means for low latency transmissions. They are also a powerful tool to increase overall spectral efficiency, e.g., when hardware limitations exist in mmWave systems with narrow beams or when small packets need to be transmitted in wide bandwidths

Lastly, the flexibility and dynamicity of mini-slots provides increased spectral efficiency when NR systems need to coexist with other radio technologies, e.g., in unlicensed spectrum or when operators share spectrum between RATs [1]. When LTE, for example, is deployed in license-assisted access mode, the eNB may have to block channel access by transmitting a wasteful reservation signal to occupy the channel until the subframe boundary. For NR operation in unlicensed spectrum, a reservation signal could be avoided by occupying partial slots with useful transmissions based on mini-slots. 
Similarly, when LTE and NR coexist in the same spectrum resources, durations shorter than a slot may be available for NR transmissions. For instance, in an MBSFN subframe, depending on the eNB’s antenna configuration, 12 or 13 symbols, namely, the MBSFN-region of the subframe, could be used for NR transmissions. Since neither slots of 7 or 14 OFDM symbols duration fit into said MBSFN region, mini-slots have to be used that can fill the resources not used by LTE with NR transmissions.
Observation 3: Mini-slots are a powerful tool for efficient coexistence of NR with other RATs such as WiFi or LTE.

Even for the coexistence of NR with itself, mini-slots are an important design tool. For example, NR specifications eventually will introduce features such as integrated backhaul or sidelink or novel services and applications unknown at this point. If these are TDMed with eMBB traffic, then mini-slots can be used to partition slots at a given subcarrier spacing between eMBB services and other services (sidelink, backhaul, future evolutions ….). 

Of course some of the above, and potentially all, may not apply to the initial release of NR. But forward compatibility is one of the landmark features and novelties of NR compared to its predecessor LTE. For example, when LTE Rel. 13 specifications introduced Narrowband-IoT, it had to be rate matched around legacy channels and signals in inband operation. Regardless of the timeline with which NR introduces any of the above features, it is of utmost importance that mini-slots become an integral part of NR in its first release, simply for the sake of forward compatibility. 
Observation 4: Mini-slots are an integral feature of NR and guarantee forward compatibility with many future releases to come regardless of the timeline of their introduction
 In that sense, NR must also strive towards a unified mini-slot design that at least allows for the possibility to extend mini-slot usage to any future use case beyond what is standardized in NR Rel. 15. For example, it may very well be that in its initial release, mini-slots are only specified for URLLC-type of applications due to time constraints and other non-technical considerations. That, however, shall not lead to a mini-slot design that is specifically tailored towards this use case. Regardless of the timeline with which features will be introduced into NR specifications, NR should provision a unified framework for all mini-slot based use cases and applications to the extent possible. For example, even if use cases for mini-slots than span a single OFDM symbol or start at any OFDM symbol cannot be identified in its first release, such considerations should not constrain the mini-slot based design, e.g., signalling or reference signals should provide a seamless and forward compatible means of introducing new mini-slot based applications and use cases at a later stage.
Proposal 2: Mini-slots are specified in the initial release of NR.

Proposal 3: NR specifies a single mini-slot based framework not tailored towards a single use case

2.2 Mini-slot design considerations
As a general design paradigm, mini-slot based transmissions should resemble slot based ones as much as possible. Deviations from the slot based design should be technically justified and only specified as necessary. For example, the differing requirements for eMBB and URLLC, e.g., in reliability, may necessitate novel channels or reference signals for URLLC but at the same time, it should be thoroughly evaluated whether the eMBB design can be reused and suffices to meet URLLC requirements. 
Proposal 4: Mini-slot based transmissions should resemble slot based ones as much as possible. Deviations from the slot based design should be technically justified and only specified as necessary.

In light of the above, and not precluding future optimizations, the HARQ design for mini-slot based transmissions could reuse the same procedures as for slot [2]. This, of course, would lead to some restrictions on the number of mini-slots that can be scheduled to the same UE within the duration of one slot, however, these limitations could be removed in future releases and would simply be introduced in Rel. 15 due to time constraints and specification effort. 
Proposal 5: Consider the same HARQ procedure for slots and mini-slots in the initial release of NR

Acknowledging the observations in Section 2.1, some further design guidelines can be formulated. First of all, as argued above, the mini-slot design should provide a unified framework for all current and future use cases. In particular, mini-slot based design should be band and service agnostic. Hence, we propose that mini-slots of length one OFDM symbol are supported irrespective of the use case, application, scenario, service, carrier frequency, bandwidth, and so forth.
Proposal 6: Mini-slots of length one OFDM symbol are supported by specification 

Consequently and similarly, mini-slots should be allowed to start on any OFDM symbol regardless of use case, application, scenario, service, carrier frequency, bandwidth, and so forth.
Proposal 7: Mini-slots can start on any OFDM symbol

The above two proposals are crucial both above and below 6GHz. For example, in unlicensed spectrum, the gNB, upon idle clear channel assessment should be allowed to commence transmission immediately. Similarly, for example when the mini-slot based transmission is scheduled from a slot-based PDCCH (slot-to-mini-slot cross-scheduling) there doesn’t seem to be a reason to conclude a mini-slot based PDSCH transmission of length one OFDM symbol when self-scheduled mini-slot transmissions of length two OFDM symbols are supported where the PDCCH and its corresponding DMRS are carried on the first mini-slot symbol and the PDSCH and its corresponding DMRS o the second one. 
Since unlicensed operation of NR has been deprioritized, self-scheduled mini-slot based transmissions that span a single OFDM symbol, i.e., PDCCH and PDSCH are FDMed on the same symbol, may not be necessary in the first release of NR, also from a specification effort perspective. But since FDM reuse of unused control resources has been agreed for slot based transmissions—a PDCCH can schedule a PDSCH where both PDCCH and PDSCH start on the first OFDM symbol—we would like to see further justification as to why self-scheduled mini-slots of length one OFDM symbol require additional specification effort. Nevertheless, in case RAN1 agrees to not support mini-slots of length one in the initial NR release, such a limitation shall not influence the overall mini-slot design framework and shall not preclude future extension of mini-slot based transmissions to just span a single OFDM symbol. For example, in the design of EPDCCH and TM10/CoMP in Rel. 11, RAN1 could not agree on specifying a CFI value of 0. Nevertheless, reserved bits were agreed in the EPDCCH set configuration and PQI signalling that allow for extension to CFI=0 in future LTE releases. 
Proposal 8: If RAN1 agrees that mini-slots of length one OFDM symbol are not supported in Rel. 15, this decision shall not have any bearing on the mini-slot design itself 
2.3 Coexistence of slots and mini-slots
One important question in the coexistence of slots and mini-slots is how the two align. For slot based transmissions, two concepts have been agreed that govern the alignment of slots with different numerologies. For numerologies with identical CP overhead, scaling laws have been defined that determine the subcarrier spacings and in turn, via the fixed number of OFDM symbols per slot for a given CP overhead, the durations of a slot for different subcarrier spacings. In a second step, subframe boundaries define how these slots of different duration (viz. OFDM symbol duration/subcarrier spacing) align in time: they all align at the subframe boundary. For example, for normal CP overhead, one subframe corresponds to one slot at 15kHz subcarrier spacing, two slots at 30kHz subcarrier spacing, four slots at 60kHz subcarrier spacing, and so forth. 
In order to fit mini-slots into this framework, three proposals were entertained: mini-slots are bounded by the slot boundary, mini-slots are bounded by the subframe boundary, and mini-slots can span across slot/subframe boundaries. In our view, a subframe is a logical concept that simply assigns a number to a slot (cf. how the system frame number assigns a number to a radio frame in LTE). So an alignment of mini-slots (physical) with subframes (logical) seems arbitrary. Hence, RAN1 needs to decide whether mini-slots can or cannot span across slot boundaries. We think that the actual physical waveform is not impacted by this decision and that this is merely a matter of signalling design. For example, it has already been agreed that variable mini-slot durations between two and 13 OFDM symbols are supported. Assume that in order to achieve the reliability requirement, a mini-slot based transmission to a given UE requires at least four OFDM symbols. Moreover, assume that the same mini-slot based transmission cannot commence at the slot boundary due to latency constraints. Hence, the gNB needs to transmit a mini-slot based transmission of duration 4 OFDM symbols somewhere in the middle of a slot. If the slot is of length four and the mini-slot starts on symbol {1,2,3,4,5,6,7,8,9,10} then the mini-slot will naturally finish within the slot duration assuming slot and mini-slot use the same numerology. If, on the other hand, the mini-slot starts on symbol {11,12,13}, then at least some symbols of the mini-slot based transmission will extend into the next slot. The question then becomes whether a mini-slot is confined to the duration to a slot in which case the aforementioned transmission needs to be realized be two aggregated mini-slots whereby the first mini-slot ends always ends at the slot boundary (viz. two mini-slots of {3+1, 2+2 or 1+3} symbols are aggregated) or, alternatively, a single mini-slot of length four is scheduled that spans across the slot boundary. In other words, whether it should be possible to aggregate mini-slots depends on whether mini-slots can span across slot boundaries.
Observation 5: Whether it should be possible to aggregate mini-slots depends on whether mini-slots can span across slot boundaries.

Proposal 9: RAN1 to agree on aggregation and alignment of mini-slots jointly
Aggregation of slots with mini-slots and mini-slots with slots should always be supported, in order for the gNB MAC scheduler to be able to match the NR transmissions exactly to the COT in unlicensed spectrum. 
Proposal 10: Aggregation of slots with mini-slots and mini-slots with slots is always supported.
From the above, it can be observed that whereas slots exist on a fixed nested grid (one subframe corresponds to one slot at 15kHz subcarrier spacing, two slots at 30kHz subcarrier spacing, four slots at 60kHz subcarrier spacing …) no such grid exists for mini-slots. Both starting symbol and duration of a mini-slot based transmission are basically scheduler decisions. Assuming the duration of a mini-slot is signalled in the DCI, two cases can be distinguished. For example, for the LTE/NR coexistence use case, when mini-slots are used to transmit NR signals and channels in LTE MBSFN subframes, the NR PDCCH is always transmitted on the first symbol of the MBSFN region of the MBSFN subframe which is also the first symbol of the mini-slot that is used to transmit NR signals and channels in the partial LTE subframe. Similarly, for the case where a single PDCCH schedules several TDMed PDSCH whereby each PDSCH is based on a mini-slot that PDCCH would always occur at the beginning of a slot (slot-to-mini-slot cross scheduling). And even if the PDCCH monitoring occasion that schedules the mini-slot is not semi-statically configured as in the above two examples, for examples in unlicensed spectrum with LBT or when NR is operated in mmWave spectrum just using mini-slots, i.e., a PDCCH could potentially be transmitted on any OFDM symbol, in call these cases the mini-slots can coexist with slot based transmissions simply by gNB scheduler implementation. For the case, however, where services with different latency requirements are multiplexed, e.g., eMBB and URLLC, whereby eMBB transmissions use slots and URLLC transmissions use mini-slots, the gNB scheduler may not have all the information to make a decision when it schedules a slot based transmission. For instance, the gNB scheduler may schedule a wideband slot based transmission and while the slot based transmission is on-going URLLC traffic may arrive at the gNB MAC buffer forcing the gNB scheduler to schedule a mini-slot based transmission for said URLLC data even though the wideband slot based transmission is still on-going (assuming waiting until the slot boundary would violate the URLLC latency requirement). In this case, the gNB may decide to drop the on-going slot based eMBB transmission at least in part of the time/frequency resources in order to transmit the URLLC traffic in these resources using mini-slots instead. 
Such puncturing of on-going slot based transmissions with mini-slots will obviously degrade the performance of the slot-based eMBB traffic and hence, there may be a benefit in defining procedures and mechanisms to mitigate the detrimental effect of such puncturing on the performance of slot based transmissions. Such techniques probably involve some kind of signalling at least to inform the UE that such an event has occurred but more advanced schemes can also be envisioned that provide the UE with means to recover from the puncturing. We are generally supportive of such schemes but prefer that any such signalling would be based on and reuse existing NR signals and channels that have been defined for other purposes. 
Proposal 11: Mini-slot based transmissions should be able to pre-empt slot based transmissions even when the slot based transmissions are on-going. 
Proposal 12: For both transmissions on PDSCH and PUSCH, RAN1 should study whether the UE receiving the slot based transmission needs to or does not need to be dynamically signaled on the fly about mini-slot puncturing.
3 Conclusion

This contributions discussed downlink aspects of multiplexing eMBB and URLLC in the NR DL. The following observations are made leading to the following proposals:
Observation 1: Low latency is an important requirement for eMBB traffic as well and is not necessarily tied together with a requirement for increased reliability.

Observation 2: Mini-slots not only provide means for low latency transmissions. They are also a powerful tool to increase overall spectral efficiency, e.g., when hardware limitations exist in mmWave systems with narrow beams or when small packets need to be transmitted in wide bandwidths

Observation 3: Mini-slots are a powerful tool for efficient coexistence of NR with other RATs such as WiFi or LTE.

Observation 4: Mini-slots are an integral feature of NR and guarantee forward compatibility with many future releases to come regardless of the timeline of their introduction

Observation 5: Whether it should be possible to aggregate mini-slots depends on whether mini-slots can span across slot boundaries.

Proposal 1: NR specifications provide tools that operators can use as they see fit in their networks and they don’t restrict features to certain use cases, scenarios, services applications, etc.  
Proposal 2: Mini-slots are specified in the initial release of NR.

Proposal 3: NR specifies a single mini-slot based framework not tailored towards a single use case

Proposal 4: Mini-slot based transmissions should resemble slot based ones as much as possible. Deviations from the slot based design should be technically justified and only specified as necessary.

Proposal 5: Consider the same HARQ procedure for slots and mini-slots in the initial release of NR

Proposal 6: Mini-slots of length one OFDM symbol are supported by specification 

Proposal 7: Mini-slots can start on any OFDM symbol

Proposal 8: If RAN1 agrees that mini-slots of length one OFDM symbol are not supported in Rel. 15, this decision shall not have any bearing on the mini-slot design itself 

Proposal 9: RAN1 to agree on aggregation and alignment of mini-slots jointly
Proposal 10: Aggregation of slots with mini-slots and mini-slots with slots is always supported.

Proposal 11: Mini-slot based transmissions should be able to pre-empt slot based transmissions even when the slot based transmissions are on-going. 
Proposal 12: For both transmissions on PDSCH and PUSCH, RAN1 should study whether the UE receiving the slot based transmission needs to or does not need to be dynamically signaled on the fly about mini-slot puncturing.
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