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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]. 
One of the scenarios considered in [1] is ultra-reliable and low latency communications (URLLC). For URLLC, the critical KPIs include user plane latency and reliability among others. The key requirements for URLLC relate to U-plane latency and reliability [2]:
· For URLLC the target for user plane latency should be 0.5ms for UL, and 0.5ms for DL.
· The target for reliability should be 1-10-5 within 1ms.
Two possible scheduling unit lengths for URLLC are slot and mini-slot. In RAN1 #86, the following agreements related to subframe, slot and mini-slot structures were made [3]:

Agreements:
· A subframe duration is defined by the duration of x OFDM symbols given a reference numerology 
· With the same CP overhead, a single value of x is specified irrespective of the subcarrier spacing value chosen for the reference numerology
· This does not preclude multiple data transmission opportunities in time within a subframe duration
· This does not preclude multiple control transmission opportunities in time for both DL and UL within the subframe duration
· This does not preclude one data transmission to span over multiple subframe durations
· A UE has one reference numerology in a given NR carrier which defines subframe duration for the given NR carrier
· FFS: In a given NR carrier, whether different UEs may have different reference numerologies or may not
· Specification supports multiplexing numerologies in TDM and/or FDM within/across (a) subframe duration(s) from a UE perspective

Agreements:
· Followings are considered as starting points of NR frame structure at least within the CP overhead 
· Subframe
· Already agreed upon
· Assume x=14 in the reference numerology for subframe definition (for normal CP)
· FFS: y=x and/or y=x/2 and/or y is signalled
· Slot
· Slot of duration y OFDM symbols in the numerology used for transmission
· An integer number of slots fit within one subframe duration (at least for subcarrier spacing is larger than or equal the reference numerology)
· The structure allows for ctrl at the beginning only
· The structure allows for ctrl at the end only
· The structure allows for ctrl at the end and at the beginning
· Other structure is not precluded
· One possible scheduling unit
· 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
In this contribution we compare the feasibility of different options/formats to achieve URLLC requirements in NR. Both link performance and latency are considered. In a companion contribution [3] we provide further details related to mini-slot structures.
2	URLLC transmission formats
As agreed in RAN1#86, two possible scheduling units being considered for the NR are 1) slot and 2) mini-slot. Both of them can be used to support URLLC. 
       
2.1	Slot based transmission
Large subcarrier spacing (such as 60 kHz) combined with short slot length (y=7) is one option to support URLLC services. Figure 1 illustrates the corresponding slot formats for bi-directional DL and UL slots, having inbuilt support for low latency. Scaled numerology allows to reduce latency while keeping the overhead unchanged. 
Link performance results shown in the Appendix indicate that slot based transmission with 60 kHz subcarrier spacing provides a good link performance in the scenarios where the delay spread of the channel stays within the cyclic prefix length. Hence, this approach can be seen as a natural option for providing low latency when operating at high carrier frequencies, and/or in the scenarios with small/moderate delay spread.
Observation #1: Short symbol/slot length supports URLLC when operating at high carrier frequencies, and/or in the scenarios with small/moderate delay spread.
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Figure 1. URLLC transmission based on bi-directional slots, y=7, SCS = 60 kHz.

2.2	Mini-slot based transmission
Mini-slot with one or two OFDMA symbols, on top of numerology with a small subcarrier spacing (such as 15 kHz) is another option to support URLLC services. Figure 2 illustrates the corresponding mini-slot formats for DL and UL cases assuming a mini-slot duration of one symbol (y=1). Mini-slot design considerations are given in a companion contribution [3].  
Link performance results shown in the Appendix indicate that mini-slot (with y=1 and y=2) 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, 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.
Observation #2: Mini-slot approach can facilitate latency reduction in the scenarios requiring 15 kHz subcarrier spacing.
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Figure 2. URLLC transmission based on mini-slots, y=1, SCS=15 kHz.


3	Different Usage scenarios for URLLC
In this section, we consider different ways to realize URLLC in the NR TDD scenario.  
3.1	Single numerology 
As discussed, short symbol/slot length on top of bi-directional subframe provides inbuilt support for low latency. This approach can be seen as a natural option for URLLC when operating at high carrier frequencies, and/or in the scenarios with small/moderate delay spread. On the other hand, mini-slot approach can be used to support URLLC in the scenarios with large delay spread and 15 kHz subcarrier spacing. Based on the discussion, it seems to be possible to support both eMBB and URLLC simultaneously on the same carrier, with a single numerology, and without compromising the URLLC performance.
Observation #3: From latency point of view, it is possible to support eMBB and URLLC with a single numerology.

3.2	Mixed numerology based on FDM 
It was agreed in RAN1#85 that multiplexing different numerologies within a same NR carrier bandwidth (from the network perspective) is supported. One scenario behind this is multiplexing URLLC and eMBB within a same NR carrier bandwidth.  
Figure 3 illustrates a scenario where URLLC traffic based on 60 kHz subcarrier spacing is multiplexed with 15 kHz eMBB using FDM. It is noted that when using TDD with half-duplex operation, it is highly beneficial to be able to achieve symbol boundary alignment with different numerologies. This allows e.g. alignment of GP between different numerologies with symbol resolution and without additional guard time [4]. 
When comparing mixed numerology based on FDM against mini-slot approach shown in Figure 2, it can be noted that mini-slot 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 mixed numerology based on FDM. 
Observation #4: URLLC does not provide a strong motivation for mixed numerology based on FDM.
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Figure 3. Mixed numerology, FDM.

4.  Latency analysis
According to [5], the TDD U-plane one way latency for a scheduled UE consists of the fixed node processing delays, radio frame alignment time (tFA) and TTI duration (tTTI). This is illustrated in Figure 5 for LTE downlink and in Figure 6 for LTE uplink.
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[bookmark: _Ref450647634]Figure 4. User plane latency components for TDD LTE DL.
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[bookmark: _Ref450647642]Figure 5. User plane latency components for TDD LTE UL.

In LTE, tTTI is 1 ms, the total one-way processing time is 1.5 ms + 1 ms = 2.5 ms and tFA depends on the selected TDD UL/DL configuration. In addition, in case of non-zero HARQ re-transmission probability, a component representing the average HARQ re-transmission latency should be added to the total user plane latency calculation. In case of reasonable BLER, user plane latency can be seen to be highly dominated by the initial transmission. Thus, the HARQ terms is not seen to play a significant role in this analysis on the average latency and is ignored in the following for simplicity.
For NR, certain improvement to the 1.5 ms and 1 ms UE/BS processing times of LTE could be assumed. Table 1 summarizes NR user plane latency in downlink for 
1. Slot-based format (N=4, SCS=60 kHz, scenario according to Figure 1) 
2. Mini-slot based format (N=1, SCS=15 kHz, y=1, mini-slots are assigned in a semi-static manner according to principle shown in Figure 6)
including certain processing time reductions w.r.t. LTE. Here it is assumed that the 0.5 ms URLLC target for user plane latency needs to be valid simultaneously for both UL and DL traffic.
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Figure 6. Semi-static allocation of mini-slots (N=1, 15 kHz).

It can be seen from Table 1 that the 0.5 ms URLLC requirement can be achieved with ~10x smaller processing times w.r.t. LTE for both short and long symbol configurations. Similar analysis could also be done for UL with same conclusion.
Observation #5: It is possible to achieve the URLLC 0.5 ms user plane latency target with both short and long symbol configurations in case assuming ~10x processing time improvement w.r.t LTE.




Table 1. U-plane latency analysis (with 0% HARQ BLER) for DL.
	Step
	Description
	NR short symbol (60 kHz SCS) / bi-directional slot
	NR long symbol (15 kHz SCS) / mini-slot length = 1 OFDMA symbol
	LTE DL [4]

	
	Processing time reduction vs LTE
	10x
	~9x
	N/A

	1
	BS Processing Delay
	100 us
	114.3 us
	1 ms

	2
	Frame Alignment
	125 us
	142.9 us
	0.6-1.7 ms

	3
	TTI duration
	125 us
	71.4 us
	1 ms

	4
	UE Processing Delay
	150 us
	171.4 us
	1.5 ms

	
	Total one way delay
	500 us
	500 us
	4.1-5.2 ms



Time diagram for UE initiated scheduling latency is illustrated in Figure 8 and respective analysis is given in Table 2.    It can be noted that it is possible to achieve the URLLC latency target (0.5 ms) also with scheduled UE initiated access with short symbol configurations assuming ~10x processing time improvement w.r.t. LTE. Furthermore, using SPS instead of dynamic scheduling for URLLC, it is possible to further reduce the one way latency or to loosen the UE processing delay requirements [7].
Observation #6: It is possible to achieve the URLLC latency target (0.5 ms) also with scheduled UE initiated access with short symbol configurations assuming ~10x processing time improvement w.r.t LTE. 
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[bookmark: _Ref458161205]Figure 7. Time diagram for UE initiated scheduling latency, 60 kHz subcarrier spacing.

[bookmark: _Ref458161253]Table 2 UE initiated scheduling latency
	Step
	Description
	Value
	Comment

	1.
	Average delay to next SR opportunity
	62.5 us
	SR periodicty /2 

	2.
	UE sends SR
	18 us
	

	3.
	eNB decodes SR and generates scheduling grant
	125 us
	Estimated to happen during 1 slot

	4.
	Transmission of scheduling grant (assumed always error free)
	18 us
	

	5.
	UE processing delay (decoding Scheduling grant + L1 encoding of data)
	125 us
	

	6.
	UE sends UL transmission
	89.3 us 
	

	7.
	eNB receives and decodes the UL data
	62.5 us
	Requirement for 0.5 ms latency

	
	Total delay
	 500 us
	



5	Conclusions
In this contribution we compared the feasibility of different options/formats to achieve URLLC requirements in NR. Based on the results, we make the following observations: 
Observation #1: Short symbol/slot length supports URLLC when operating at high carrier frequencies, and/or in the scenarios with small/moderate delay spread.
Observation #2: Mini-slot approach can facilitate latency reduction in the scenarios requiring 15 kHz subcarrier spacing.
Observation #3: From latency point of view, it is possible to support eMBB and URLLC with a single numerology.

Observation #4: URLLC does not provide a strong motivation for mixed numerology based on FDM.

Observation #5: It is possible to achieve the URLLC 0.5 ms user plane latency target with both short and long symbol configurations in case assuming ~10x processing time improvement w.r.t LTE.
Observation #6: It is possible to achieve the URLLC latency target (0.5 ms) also with scheduled UE initiated access with short symbol configurations assuming ~10x processing time improvement w.r.t LTE. 
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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, similarly as in [6]. However, instead of using ideal channel estimation and taking just DMRS overhead into account [6], we conduct the channel estimation in the receiver using the actual DMRS patterns shown in Figure 9.

Link level simulation parameters are given in Table 2. 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 8 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 10.
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Figure 8 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 9 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 9 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 2 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 10. RS patterns used in link simulations
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