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1	Introduction
An objective of the 5G study item [1] is to identify and develop technology components needed for new radio (NR) systems being able to use any spectrum band ranging at least up to 100 GHz. The goal is to achieve a single technical framework addressing all usage scenarios, requirements and deployment scenarios defined in TR38.913 [2]. 
This contribution relates to mini-slot design in the new radio. We focus on the mini-slot structure. In RAN1, the following agreements and working assumptions related to mini-slot have been made until now:
Agreements: (RAN1 #86)
· Followings are considered as starting points of NR frame structure at least within the CP overhead 
· Mini-slot
· Should at least support transmission shorter than y OFDM symbols in the numerology used for transmission
· May contain ctrl at the beginning and/or ctrl at the end
· The smallest mini-slot is the smallest possible scheduling unit (FFS: smallest number of symbols)
· Note: the names are for the purpose of discussion. Whether some terms can be merged or not is FFS
· FFS whether NR frame structure needs to support both slot and mini-slot or these can be merged

Working assumptions: (RAN1 #86bis)
· The NR frame structure should support both slots and mini-slots
· FFS: Timeline granularity for monitoring control of the mini-slot
· FFS: Terminologies of mini-slot

Agreements: (RAN1# 87)
· 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

· 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

We cover details related to mini-slot usage scenarios in a companion contribution [3]. Based on that, it can be noted that three main scenarios that could benefit from mini-slots are:
· Low latency services with relatively low sub-carrier spacings and frequency bands
· TDM of small data in case FDM is not possible (e.g. mm-wave bands and analogue beamforming component used in the design)
· Unlicensed band operation.

2	Discussion
We consider various mini-slot design -related aspects in this section. As it appears that Phase 1 will support mini-slots, it would be beneficial if the mini-slot design would cover all the relevant use cases (discussed in [3]) even if e.g. unlicensed band operation won’t be part of Phase 1 in order to avoid case-specific mini-slot options. 

2.1	Generic mini-slot design principles
In the preferred case, there is just one mini-slot design, which scales to different NR scenarios including:
· Different slot length (y=7, y=14)
· Different duplexing schemes, FDD/TDD
· Different GP lengths (TDD only)
· Different CP lengths (in the case multiple CP length options are supported)
· Licensed band and unlicensed band scenarios
· Different numerologies
· Carrier frequencies above and below 6GHz
· Different services (including URLLC and eMBB)
Furthermore, in the preferred case, mini-slot design should follow the slot –based design as much as possible. 
Proposal #1: Aim at single mini-slot design scalable to any NR scenario and service.

There are three main options for the mini-slot design, as illustrated in Figure 1:
· Opt. #1: Mini-slot with fixed length and fixed starting position. The most relevant options for the mini-slot length are 1 and 2 OFDMA symbols. In many cases the number of OFDM symbols available for certain link direction is not a multiple of 2. Hence, in these cases, the only option for the fixed length mini-slot is 1 OFDMA symbol. The main problem of this approach is that mini-slot with one OFDMA symbol involves relatively high control/RS overhead, which has negative impact to the performance (see performance comparison between mini-slot with one and two OFDMA symbols in the APPENDIX).
· Opt. #2: Mini-slot with fixed length and flexible starting position. The main problem of this approach is that depending on the mini-slot length and the number of symbols available in the slot, there can be orphan symbol(s) which cannot be utilized by fixed length mini-slots.
· Opt. #3: Mini-slot with variable length and flexible starting position. Following this approach, the mini-slot length can be indicated using DL L1 control signaling. Hence, the control signaling overhead increases slightly compared to other options. On the other hand, this provides the full flexibility to support all foreseen scenarios with a single design.
Based on the discussion above, we make the following proposal:

Proposal #2: Support mini-slot design with variable length and flexible starting position.  
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[bookmark: _Ref469054757]Figure 1. Three design options for mini-slot.

2.2	Mini-slot time alignment
Time alignment between slot and mini-slot is of the open issues related to mini-slot design. We think that mini-slot should not exceed the slot/subframe boundaries, or at least gNB scheduler should have the possibility to avoid mini-slot allocations extending over the slot/subframe boundaries. Otherwise, it starts creating too many scheduling dependencies between consecutive slots, as indicated in Figure 2. This can be seen as a problem not only from scheduler complexity but also from forward compatibility point of view.
Proposal #3: It should be possible for gNB to avoid mini-slot allocations extending over the slot/subframe boundaries
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Figure 2. Mini-slot exceeding the slot boundary

2.3	Mini-slot length
One of the goals for mini-slot design is to make it agnostic to the sub-carrier spacing (and carrier frequency). Given the prior agreements in RAN1, the generic mini-slot design principle would imply mini-slot lengths given by 1 and 2 OFDMA symbols. 
· For below 6GHz carrier frequency, we think that 2-symbol mini-slot length is insufficient due to poor coexistence with 7-symbol slot in TDD case (1 out 7 symbols would be blank then).
· 1-symbol mini-slot length is required to fulfill the URLLC latency requirements with TDD for 15kHz subcarrier spacing. Furthermore 1-symbol mini-slot is good for compatibility with different slot formats.
Furthermore, it seems that 3-symbol mini-slot could be beneficial in addition to 1- and 2-symbol mini-slots as it provides a spectrum efficient solution having good compatibility with 7-symbol slot and TDD. Based on the discussion above we make the following proposal:
Proposal #4: Mini-slot length is agnostic to sub-carrier spacing. Supported mini-slot lengths are 1, 2 and 3 OFDM symbols.

Concerning the selection of the mini-slot length we think that some form of dynamic selection via DCI should be supported, at least in certain scenarios. This kind of solution allows to provide the required latency depending on the traffic type. Dynamic selection could include also the switching between slot and mini-slot allocations. Dedicated higher layer signaling for selecting or constraining the mini-slot length for a UE should be considered as part of the solution. Dynamic switching of mini-slot length together with the above range of mini-slot lengths provides efficient adaptation to possible slot formats and traffic patterns, therefore we think there is no need for additional mini-slot aggregation.
Proposal #5: Dynamic selection of mini-slot length via DCI signalling shall be supported, including the selection between mini-slot and slot allocation.

2.4	Mini-slot starting positions
It has already been agreed in RAN1 that PDCCH monitoring occasions can be configured by gNB (e.g. between 7 symbols and 14 symbols). It makes sense to support similar configuration also for the mini-slots:
· Signaling mechanisms should be provided to restrict the frequency of DCI monitoring occasions, e.g. to reduce the blind search effort and related battery consumption.
· Dedicated RRC signaling should be defined for that purpose. Different UE types or services have different requirements, and the signaling solution should be able to cope with all NR scenarios.

Proposal #6: The mini-slot starting positions / DCI monitoring positions should be configurable via dedicated higher layer signalling.

Given the configured mini-slot starting positions / DCI monitoring occasions, additional variability of the mini-slot length should not be precluded, i.e. the DCI monitoring occasions may occur more frequently than actually allocated mini-slots, at least for some UE types. But in order to contain the required overhead in the DCI signaling, it should be possible to configure mini-slot length also by means of the higher layer signaling combined with DCI monitoring occasions.
Proposal #7: It should be possible to configure mini-slot length semi-statically together with mini-slot starting positions / DCI monitoring occasions.

A mini-slot example configuration with three DCI monitoring occasions per slot is depicted in Figure 3. The higher layer signalling to configure the DCI monitoring positions may be implemented in the form of a bitmap, e.g., using a 14bit bitmap for below 6GHz carrier frequency (e.g. 10101001010100 extending over two 7-symbol slots in this example). The UE may be configured to monitor DCI in the first symbol of a slot (blue), and if no data allocation is found for that slot, it may monitor further DCI occasions (red and yellow). (Alternatively the UE may monitor all configured DCI occasions, allowing to e.g. puncture ongoing transmissions.) The configured DCI occasions may implicitly define the mini-slot length, e.g. providing mini-slot lengths given by 1, 2 and 3 OFDMA symbols in the example (assuming TDM between control and data in the first OFDMA symbol per slot, and FDM/TDM else). The DCI may carry as little as a single bit to switch between slot allocation and mini-slot allocation.
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[bookmark: _Ref468977763]Figure 3: Mini-slot example configuration with three DCI monitoring occasions per slot

2.5	Mini-slot numerology support
As agreed in RAN1 #87, “NR strives for efficient support of dynamic resource allocation of different numerologies in FDM/TDM fashion”. We provide our view on the mixed numerology in [5] and [6]. The needed time scale for the numerology adaptation is one of the open items.
Link performance results shown in the Appendix indicate that mini-slot (with y=1 and y=2) with 15 kHz SCS provides a robust performance also with large delay spreads. Hence this approach can be seen as a feasible option in the scenarios requiring smaller subcarrier spacing and/or larger slot length. An example of such scenario is eMBB service running in the wide area, below 6 GHz. In these scenarios, 15 kHz mini-slot approach can be seen as the most economical way to support URLLC services on top of eMBB service based on 15 kHz numerology.
When comparing mini-slot with mixed numerology against mini-slot with single numerology, it can be noted that single numerology approach can achieve comparable latency performance with better link performance (see Appendix), and without the need for guard band. Based on that, it seems that URLLC is not a good enough motivation for mini-slot with mixed numerology and TDM switching between different numerologies on a mini-slot basis is not required.
Proposal #8: The time scale for TDM switching between different numerologies should be multiples of slots/subframes, and not be related with mini-slots.

2.6	Mini-slot control design
RAN1 agreed in RAN1#87 that a mini-slot contains DMRS at position(s) relative to the start of the mini-slot. To make use of DMRS for the decoding of control channel/data, as well as to reduce decoding latency, also the control channel/data should be allocated relative to the start of the mini-slot, preferably within the same OFDMA symbol position(s) as DMRS. This should be possible at least for DCI on PDCCH and UCI on PUSCH (FFS for UCI on PUCCH).
Proposal #9: The mini-slot design should strive to contain control information (DCI or UCI) at position(s) relative to the start of the mini-slot.

In the case of regular slots, multiplexing between DL control/data, as well UL control/data (from an UE point of view) is preferably based on time division multiplexing when possible (exact multiplexing details are FFS). This allows not only fast energy efficient pipeline processing at the receiver but provides also favorable interference conditions for control signals, also in the case of flexible TDD. 
To some extent, this approach can be applied also to mini-slots. However, due to the fact that mini-slot duration in terms of number of OFDMA symbols can be relatively small (such as one or two OFDMA symbols), we think that FDM between control and data needs to be supported with mini-slots.
Proposal #10: Support FDM between control and data with mini-slots.  

2.7	HARQ/scheduling timing for mini-slots
Variable mini-slot length implies variability in the timing for HARQ and scheduling. To cope with that variability and to enable maximum flexibility we propose to tell the UE in which symbol(s) in a slot to transmit or receive scheduled data or HARQ feedback, i.e. to have symbol-level granularity for the HARQ/scheduling timing-related signaling (compliant with the RAN1 agreement for the short PUCCH for at least above 6GHz). 
Proposal #11: Resolution for HARQ/scheduling timing-related signaling should be in units of OFDM symbols.

2.8	Mini-slot support in TDD
Link direction switching in TDD mode can be facilitated by means of bi-directional slots. Half-duplex constraint will set boundary conditions for mini-slot allocations in TDD. This means that when a regular slot is in DL phase, also mini-slot needs be in the DL phase, and when regular slot is in UL phase, mini-slot needs to be in UL phase, respectively. This principle is shown in Figure 5. Based on that, there seems to be no need for bi-directional mini-slot containing both DL and UL. This approach will also maximize the commonalities for mini-slot design between TDD and FDD. 
In addition, the duration of mini-slots would be fairly short. Supporting DL-UL switching within a mini-slot would result in additional non-negligible overhead.

Proposal #12: Mini-slot supports only one link direction.  
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Figure 5. Mini-slot operation following half-duplex constraint.
3	Conclusions
In this contribution we have discussed the mini-slot design aspects in the new radio. Based on the discussion, we make the following proposals:
Proposal #1: Aim at single mini-slot design scalable to any NR scenario and service.
Proposal #2: Support mini-slot design with variable length and flexible starting position.  
Proposal #3: It should be possible for gNB to avoid mini-slot allocations extending over the slot/subframe boundaries
Proposal #4: Supported mini-slot lengths are 1, 2 and 3 OFDM symbols. Mini-slot length is agnostic to sub-carrier spacing.
Proposal #5: Dynamic selection of mini-slot length via DCI signalling shall be supported, including the selection between mini-slot and slot allocation.
Proposal #6: The mini-slot starting positions / DCI monitoring positions should be configurable via dedicated higher layer signalling.
Proposal #7: It should be possible to configure mini-slot length semi-statically together with mini-slot starting positions / DCI monitoring occasions.
Proposal #8: The time scale for TDM switching between different numerologies should be multiples of slots/subframes, and not be related with mini-slots.
Proposal #9: The mini-slot design should strive to contain control information (DCI or UCI) at position(s) relative to the start of the mini-slot.
Proposal #10: Support FDM between control and data with mini-slots.  
Proposal #11: Resolution for HARQ/scheduling timing-related signaling should be in units of OFDM symbols.
Proposal #12: Mini-slot supports only one link direction.  
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Appendix: URLLC link level evaluation
In the following, we compare link performance of the following formats:
· Slot based transmission, SCS 60 kHz, NCP 
· Slot based transmission, SCS 60 kHz, ECP
· Mini-slot based transmission, y=1, SCS 15 kHz, NCP
· Mini-slot based transmission, y=2, SCS 15 kHz, NCP.

A general URLLC reliability requirement for one transmission of a packet is 1-10-5 for X bytes within a user plane latency of 1 ms. To evaluate what is the impact of subcarrier spacing and CP length for URLLC performance we transmit short data packets and measure the required SNR giving BLER less than 10-5. For each SNR we take the highest throughput of the MCS with BLER less than 10-5 and calculate the overall URLLC performance. However, instead of using ideal channel estimation and taking just DMRS overhead into account, we conduct the channel estimation in the receiver using the actual DMRS patterns shown in Figure 8.

Link level simulation parameters are given in Table 1. In order to see the impact of delay spread consider two different channel profiles:
· a large delay spread: TDL-C-1000ns (worst case scenario)
· a typical delay spread: TDL-B-300ns

Figure 6 show the achievable throughput for BLER lower than 10-5 with 4x4 Tx-Rx antenna configurations and Rank 1 in a scenario with a large delay spread (TDL-C-1000ns). Results indicate clearly that mini-slot approach with 15 kHz SCS outperforms slot based approach with 60 kHz SCS. Furthermore, it can be noted that mini-slot length with two OFDMA symbols (y=2) performs better than mini-slot with one OFDMA symbol (y=1). The reason behind is the larger RS overhead, as shown in Figure 9.
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Figure 6 Throughput for BLER lower than 10-5, Slot based (60 kHz SCS) and mini-slot based (15 kHz SCS) transmission, 4Tx-4Rx antennas, Rank 1.

Figure 7 show the achievable throughput for BLER lower than 10-5 with 4x4 Tx-Rx antenna configurations and Rank 1 in a scenario with a typical delay spread (TDL-B-300ns). Results indicate that slot based approach with 60 kHz SCS provides comparable performance with mini-slot based approach with two OFDMA symbols (y=2). Mini-slot approach with one OFDMA symbol (y=1) is the worst option, due to large RS overhead.
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Figure 7 Throughput for BLER lower than 10-5, Slot based (60 kHz SCS) and mini-slot based (15 kHz SCS) transmission, 4Tx-4Rx antennas, Rank 1.
 




Table 1 Link level simulation parameters 
	Parameter
	Value

	
	60 kHz subcarrier spacing 
	15 kHz subcarrier spacing

	Carrier frequency
	4GHz

	Active BW 
	12RB, 12 subcarriers per RB
	48RB, 12 subcarriers per RB

	TTI length
	0.125 ms
	0.071ms/0.143ms 

	Symbols/TTI
	7(NCP)/6(ECP)
	1/2

	FFT size
	256
	1024

	OFDM symbol duration
	16.67us
	66.67us

	CP duration
	1.17us(NCP)/4.17us(ECP)
	4.69us

	Overhead due to DMRS symbols and increased CP length (ECP case) 
	NCP: 7.1%
ECP:  21.3% 
	1 symbol/TTI: 16.7% 
2 symbols/TTI: 8.3 %  

	Transmission mode
	4x4, rank 1

	MCS
	10 MCS, QPSK/16QAM/64QAM, code rate range [0.33, 0.83]

	Coding
	Turbo

	Channel model
	TDL-C-1000ns, 3km/h
TDL-B-300ns, 3km/h

	Channel estimation
	Wiener filter based estimator

	BLER
	Lower than 10-5 



RS patterns
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Figure 8. RS patterns used in link simulations
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