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Introduction
The following agreements were reached regarding mini-slot length in RAN1#87 [1]
· Mini-slots have the following lengths
· At least above 6 GHz, mini-slot with length 1 symbol supported
· FFS below 6 GHz including unlicensed band
· FFS for URLLC use case regardless frequency band
· FFS whether DL control can be supported within one mini-slot of length 1 
· Lengths from 2 to slot length -1
· FFS on restrictions of mini-slot length based on restrictions on starting position 
· For URLLC, 2 is supported, FFS other values 
· Note: Some UEs targeting certain use cases may not support all mini-slot lengths and all starting positions
· Can start at any OFDM symbol, at least above 6 GHz
· FFS below 6 GHz including unlicensed band
· FFS for URLLC use case regardless frequency band
· A mini-slot contains DMRS at position(s) relative to the start of the mini-slot 

The following agreements were reached regarding NR-PDCCH monitoring for mini-slot in RAN1#87 [1]

· NR-PDCCH monitoring at least for single-stage DCI design,
· NR supports the following minimum granularity of the DCI monitoring occasion: 
· For slots: once per slot
· When  mini-slots are used: FFS if every symbol or every second symbol
· FFS with respect to which numerology if slot and mini-slot have different numerology (e.g. SCS, CP overhead)
· Note: slot/mini-slot alignment is not assumed here 
· Note: This may not apply in all cases

The following agreements were reached regarding mini-slot design in RAN1 NR-Adhoc [2]
· 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)

Based on these agreements, this paper focuses on overview of mini-slot design for NR.
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Different use cases have been identified for use of mini-slots, e.g., URLLC traffic scheduling during a slot of lengths 0.5ms or 1ms, LTE-NR coexistence where within a slot, where few symbols can be used for NR applications, finer TDM granularity of UE scheduling, especially at HF, and last but not least, for efficient unlicensed band operation. Below, we provide overview of different aspects of mini-slot design.   
Frame structure
Terminology for mini-slot resource scheduling unit
In situations when a time domain granularity less than a slot is used, i.e., for mini-slot, different terminology for time-frequency transmission unit (e.g., short-PRB or s-PRB) needs to be defined, cf. Figure 1a. Another example is shown in Figure 1b, where number of DL symbols in DL-only slot is 7 whereas it is 5 in a DL-dominated slot. The number of sub-carriers may still be the same as used in PRB. However, to avoid ambiguity when scheduling units of different lengths coexist, a transmission unit with less than 7 symbols may not be called a PRB.  

Observation 1: Mini-slot resource scheduling unit may not be called a PRB. New terminology is needed.
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Figure 1: Scheduling unit of duration less than a PRB may need different terminologies, as they may consist of same number of sub-carriers but different number of symbols.

DMRS Structure
Slot-based DMRS structure can be used. For example, front-loaded DMRS can be adopted for mini-slot for unified operation for both slot and mini-slots. As every mini-slot can be independently scheduled, it has to be self-contained in terms of DMRS for control channel and/or data demodulation. However, it is not clear if several mini-slots are aggregated, all mini-slots need to have DMRS or not. If aggregation is used, NW may choose to configure the aggregated mini-slots, except the first one, without DMRS. The UE may implicitly derive this configuration based on the aggregation level.
Mini-slot lengths
In RAN1#87, mini-slot length of 2 symbols was agreed for URLLC. To satisfy latency requirement of URLLC services (i.e., 0.5ms user plane latency), slot based on 60kHz and 7 symbols is shown to satisfy the requirement. Furthermore, 2 symbols based on 15kHz or 30kHz may also be used to satisfy the latency requirement. Reducing number of symbols further for larger sub-carrier spacing, e.g., 60 kHz, may be not necessary, and it also increases overhead, e.g., RS overhead. Moreover, support of any mini-slot length up to slot length -1 would require lot of standardization effort. In particular, as the length varies, how control and RS structure change and/or adapt is highly non-trivial.  Hence, in phase 1, we propose to support length of 2 OS only for mini-slot for URLLC. To obtain longer lengths, aggregation of a basic mini-slot length, e.g., 2 OS, can be used. This way, a unified control channel structure can be maintained. 
Observation 2: For sub-6GHz, a basic mini-slot unit, e.g., 2 symbols can be used to achieve low latency. Multiple lengths of mini-slot may require increased standardization effort. Aggregation based on a basic mini-slot granularity can be used to achieve longer length, if needed.  
For use cases other than URLLC, for example, beamforming in above 6GHz band, finer TDM granularity of scheduling may be desired, e.g., using single symbol mini-slot, to support beam sweeping operation in mmWave bands. However, comparing 1 symbol mini-slot with 2 symbol mini-slot for the similar payload size, the bandwidth can be reduced nearly by half and the overhead of 1-symbol mini-slot DMRS can be reduced approximately by half in 2-symbol mini-slot with sharing of DMRS between symbols. Thus, 2 symbol mini-slot is more favourable with relative lower bandwidth requirement and lower overhead compared with 1 symbol mini-slot for data. Please refer to [5] for mini-slot operation in HF.

Scheduling of mini-slot 
In the section, we discuss various aspects of scheduling of mini-slot, e.g., mini-slot granularity and how/when mini-slot should be scheduled if it coexists with slot.
Scheduling granularity
As mini-slot, by definition, contains only few symbols, there is motivation for designs to reduce control channel overhead. One option is adopting RBG-based resource granularity for mini-slot. For example, if URLLC traffic is assigned to a two-symbol mini-slot, granularity of 1 s-PRB (12 sub-carriers) and 2 symbols may not be sufficient anyways, and it would require group of s-PRBs for scheduling, cf. Figure 2. Allocation of resources based on s-RBG would reduce DCI bitmap size significantly.
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                    Figure 2: RBG-based resource allocation among UEs for mini-slot
Observation 3: RBG-based resource allocation for mini-slot can reduce DCI overhead.   
Coexistence with slot
Mini-slot and slot may coexist in same frame structure. One example is URLLC using mini-slot and eMBB adopting slot for scheduling granularity. If URLLC traffic is scheduled by mini-slot and eMBB transmission adopts slot of same numerology, the following conditions should be met
· URLLC mini-slot scheduling should avoid symbols of the eMBB slot containing control and DMRS
· URLLC mini-slot should not be scheduled by crossing a slot boundary, to avoid affecting eMBB control region of next slot
Based on the above constraints, mini-slot may not start every symbol in a slot. Hence, PDCCH monitoring and/or starting locations for mini-slot within a slot should be pre-configured. On the other hand, searching for PDCCH every symbol increases power consumption from UE perspective. Mini-slot aggregation can be used, however aggregation should not cross slot boundary and/or interfere with control/DMRS of slotted transmission. 
In Figure 3, we show two examples of coexistence. Depending on when control and/or DMRS appear for eMBB transmission, mini-slot scheduling opportunity can be constrained. Even if mini-slot is scheduled in the symbols containing DMRS, the REs containing DMRS of slotted transmission may not be used for mini-slot transmission for which the traffic is rate-matched using other available REs. This can potentially limit spectral efficiency of a transmission using mini-slot. In Figure 4, we show use of mini-slot aggregation within a slot. In short, pre-configured starting positions and option of mini-slot aggregation can be used to schedule mini-slot traffic within a slot. It needs further study whether mini-slot aggregation across slot boundary can be used, considering the fact that length of control region in subsequent slots can be different. 
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Figure 3: Coexistence of mini-slot and slot. Due to additional DMRS (right figure), second start position is skipped.
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Figure 4: Mini-slot aggregation can be used for traffic scheduling in flexible manner within a slot. Scheduling should also avoid critical system information.
Even in unlicensed band, refer to [6] ,we have the observation that the performance gain from mini-slot starting any symbol is marginal when compared with mini slot in case of fixed starting symbol and slot with 60 KHz.

Multiplexing considerations
Latency tolerant slotted transmission may be pre-empted by low latency sporadic traffic which may use mini-slot. However, if the resource granularity of mini-slot and slot in the coexistence region is not managed properly, mini-slot traffic can potentially impact slotted transmission in an undesired manner and would require increased signaling overhead to rescue the performance of slotted transmission. Mini-slot granularity in frequency and minimum scheduling granularity in frequency of slotted transmission should align. This assumption helps in the fact that when mini-slot arrives, it does not affect multiple transport blocks of slotted transmission adversely. In other words, it is desired that integer multiple mini-slot frequency granularity is contained within the BW of a TB of slotted transmission. If the transmission granularity is not coordinated, multiple TBs of slotted transmission maybe impacted by mini-slot traffic, which otherwise could have been avoidable. Alignment in granularity would ensure pre-emption of slotted transmission by mini-slot has minimal impact.
In Figure 5, we show an example for the benefit of aligning resource granularity. In Figure 5 (left), TB scheduling of slotted traffic can start at any PRB. Mini-slot granularity is set as 3PRBs. In Figure 5 (left), mini-slot traffic can potentially be scheduled with partial overlap of multiple TBs. If minimum scheduling granularity of slotted traffic and mini-slot granularity is same, as assumed in Figure 5 (right), then partial overlap of mini-slot traffic and multiple TBs can be avoided, i.e., mini-slot granularities align at the boundary of the TB BW.  
                     [image: ]
Figure 5: Resource granularity alignment is taken into account in right figure, whereas in left figure, miss-alignment in resource granularities is shown to cause mini-slot traffic spanning transmission of multiple TBs in an undesired manner.  
Mini-slot control signaling and HARQ timing
             [image: ]
Figure 6: DL and UL control channel structure examples for mini-slot.
As a starting point, we propose to re-use most of the design feature from slot-based operation, i.e., control channel and HARQ procedure can follow slot-like design. Control region should be mapped to at least first symbol. Depending on UE BW capability, UE will buffer data over a BW partition during a mini-slot which, of course, contains the control region. At least for URLLC, split-DCI like control channel design can be studied, i.e., part of the DCI for data demodulation is front loaded whereas rest comes in the data region. UCI region in a UL mini-slot can follow same structure as slot-based PUCCH region. Like long PUCCH, UCI region can be identified at the edge of BW. If the UE is scheduled, the UCI can be embedded into the data as well. UCI transmission of slot-based traffic and mini-slot based traffic should be orthogonal, so that necessary reliability of UCI can be achieved. It needs further study whether UCI resources of slot and mini-slot traffic are pre-configured semi-statically or a common UCI resources can be dynamically shared.
                [image: ]
[bookmark: _GoBack]Figure 7: HARQ timeline of mini-slot. Here, n+4 A/N timing is assumed and one slot contains four mini-slots. Red UL mini-slot shows slot-based HARQ timeline whereas blue UL mini-slot shows mini-slot based scaled HARQ timeline.
Mini-slot based HARQ timeline can potentially result in faster A/N turn-around time. However, it needs further study, what is the minimum A/N timing that can be supported and/or whether a UE can receive DL data and send A/N in the duration of one slot. Following slot-level design, DCI of mini-slot may contain a field to indicate HARQ timeline between DL transmission and corresponding A/N transmission.  It also needs further study, whether length of UCI of a mini-slot traffic spans the same or different length compared to the length of DL mini-slot transmission. 
	
Conclusion
In this contribution, we present our views on different aspects of mini-slot design. Observations and proposals can be found below.
Observation 1: Mini-slot resource scheduling unit may not be called a PRB. New terminology is needed.
Observation 2: For sub-6GHz, a basic mini-slot unit, e.g., 2 symbols can be used to achieve low latency. Multiple lengths of mini-slot may require increased standardization effort. Aggregation based on a basic mini-slot granularity can be used to achieve longer length, if needed. 
Observation 3: RBG-based resource allocation for mini-slot can reduce DCI overhead. 
Based on the above discussions and observation, we present the following proposals:
[bookmark: _Ref124589665][bookmark: _Ref71620620][bookmark: _Ref124671424]Proposal 1: Mini-slot scheduling should avoid crossing a slot-boundary and pre-empting the symbols containing control and DMRS of slotted transmission and other system information
Proposal 2: Mini-slot should not start at any symbol, the start locations can be pre-configured based on frame structure of slotted transmission, i.e., based on where control and DMRS are located and forward compatibility.
Proposal 3: Support of length other than 2 for mini slot may not be required for URLLC in Phase 1.
Proposal 4: At least length 2 is supported for lower sub-carrier spacing, for example, 15KHz. Support of length 2 for larger sub-carrier spacing is FFS.
Proposal 5: RBG based resource allocation granularity is supported for mini-slot.
Proposal 6: Alignment of resource granularities of mini-slot and slot in frequency should be considered.
Proposal 7: Slot-based control and HARQ timeline can be used for mini-slot as baseline.
Proposal 8: UL control channel of slot-based traffic and mini-slot based traffic should be mapped to resources in orthogonal manner.
Proposal 9: Front loaded DMRS should be adopted as baseline for mini-slot based transmission.
Proposal 10: Mini-slot DCI may contain a field to indicate HARQ timeline from a set of values; the values are configured by higher layer. 
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