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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 includes 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.
In this contribution we compare the feasibility of different options/formats to achieve URLLC latency requirements in the New Radio TDD scenario. The following working assumptions and agreements were made in RAN1#85:
Working assumptions:
· RAN1 concludes on alternative 1 (15 kHz) as the baseline design assumption for the NR numerology
· RAN1 concludes on scale factors N =2n for subcarrier spacing as the baseline design assumption for the NR numerology
· In the case of subcarrier spacing 15 kHz and 14 symbols per 1ms, the following applies:
· Baseline: Symbol boundary is aligned with LTE of normal CP
 .
2	Different transmission formats for URLLC
We assume that URLLC TDD operation is based on bi-directional subframes shown in Figure 1. For the bi-directional subframe, there is either downlink data or uplink data transmission in each subframe, as well as the corresponding downlink and uplink control. Bi-directional subframe facilitates many crucial TDD functionalities in the NR frame structure, such as
· Link direction switching between DL and UL
· Fully flexible traffic adaptation between DL and UL
· Opportunity for low latency, provided that subframe length is selected to be short enough. 
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[bookmark: _Ref455485032]Figure 1. Bi-directional subframe

As discussed, for URLLC the target for user plane latency should be 0.5ms for both UL and DL. In order to fulfil the latency target for UL and DL at the same time in a half-duplex TDD system certain assumptions for the resource split between UL and DL needs to be made. There are two main approaches for the resource split, namely semi-persistent scheduling (SPS) combined with predetermined DL/UL split shown in Figure 2 and dynamic scheduling combined with flexible DL/UL split, shown in Figure 3.
In the example shown in Figure 2, every second subframe is allocated to DL and UL. It can be noted that conventional semi-persistent scheduling on top of predetermined DL/UL split suffers from bad traffic adaptation capability as well as limited spectrum efficiency. On the other hand, dynamic scheduling in UL requires scheduling request procedure prior to UL data transmission. This will create additional latency components compared to SPS. However, this can be seen as feasible option also for URLLC, provided that subframe length and UE/eNB processing times are small enough (see details in Section 4). Hence, we propose that dynamic scheduling is used as the baseline solution for URLLC TDD studies.
Observation #1: Without any enhancement, the conventional semi-persistent scheduling reduces spectrum efficiency in TDD considerably especially considering various traffic patterns. 
Proposal #1: Dynamic scheduling is used as the baseline solution for URLLC TDD studies     
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Figure 2. URLLC scenario for TDD based on semi persistent scheduling
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Figure 3. URLLC scenario for TDD based on dynamic scheduling (GP not shown).


2.1	Short symbol/subframe length
With scalable numerology time domain parameters such as symbol length and CP length are scaled down (compared to LTE) by parameter N, whereas subcarrier spacing and other frequency domain parameters are scaled up by parameter N. Figure 4 illustrates resource element space corresponding to scalable numerology with four different subcarrier spacing values. In this example, each resource unit (subframe/PRB) consist of 7 OFDM symbols in time and 12 subcarriers in frequency.  
[image: ]
Figure 4. Principle of scalable numerology

It can be noted that short symbol/subframe on top of bi-directional subframe provides inbuilt support for low latency, provided that UE/eNB processing times are reduced accordingly (see section 4). Furthermore, latency improves without increasing the CP/GP/control overhead. On the other hand, scalable numerology will reduce the cell size with given overhead as discussed e.g. in [5].  
Observation #2: Short symbol/subframe on top of bi-directional subframe provides inbuilt support for URLLC, provided that UE/eNB processing times are reduced accordingly.

2.2	Short TTI length
An example of short TTI length on top of bi-directional DL subframe with 7 OFDM symbols is shown in Figure 5. In this example, there are two TTIs (or transport blocks/subframe/spatial layer) within subframe. 
TTI shortening allows further reduction of some latency components impacting URLLC latency and potentially shortening HARQ feedback delays at least for certain transport blocks. On the other hand, in TDD mode, link direction switching between DL and UL impacts certain latency components, such as frame alignment time and control plane latency, which depend on the subframe length (i.e. switching point periodicity). Hence, when shortening the TTI length, limited switching point periodicity becomes a bottleneck for considerable latency reduction, especially when compared to latency reduction in FDD systems. Furthermore, TTI length shorter than subframe may suffer from some practical issues: 
· The number of OFDM symbols available for DL/UL data may not be a multiple of TTI length. For example, the GP length may vary between scenarios.
· Each TTI may require dedicated RS and/or control resources. 
These issues may have negative impact to the system overhead and complexity.

Observation #3: Supporting multiple transport blocks/subframe/spatial layer involves practical issues in TDD systems.   
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Figure 5. Example of short TTI on top of bi-directional subframe.
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/subframe on top of bi-directional subframe provides inbuilt support for URLLC, provided that UE/eNB processing times are reduced accordingly. The preferred option would be to define numerology in such that all services can be supported with a single numerology. 
Observation #4: The preferred option is to support all services with a single numerology.

On the other hand, there are scenarios, which may require longer symbol/subframe length e.g. eMBB service running in the wide area. For these scenarios it might be economical to support URLLC services also on top of eMBB optimized numerology (such as 15 kHz). 
It can be noted that NR latency requirement set for URLLC may be a challenging target when operating at 15 kHz sub-carrier spacing. One approach in this scenario is to define a specific URLLC subframe format, as illustrated in Figure 6. An exemplary URLLC subframe contains extra GPs to support additional link direction switching within the subframe. It supports also transmission and reception of up-to two transport blocks/UE/spatial layer within a subframe.
Observation #5: Additional subframe types can be used to facilitate more frequent Tx/Rx switching opportunities within subframe.
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[bookmark: _Ref455485043]Figure 6. Example of URLLC subframe, M=7.

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 7 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 [3]. 
As shown in Figure 7, half-duplex constraint limits the feasibility of FDM between different numerologies. This will impact to certain URLLC latency components, such as frame alignment time and control plane latency, which become dependent on the subframe length of the eMBB service. 

Observation #6: Half-duplex constraint limits the feasibility of mixed numerology based on FDM.
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Figure 7. Mixed numerology, FDM.


3.3	Mixed numerology based on TDM
Figure 8 illustrates a scenario where URLLC service based on 60 kHz subcarrier spacing is TDM multiplexed with eMBB based on 15 kHz subcarrier spacing. Compared to FDM, TDM multiplexing between different numerologies can be seen as a feasible option for TDD systems. For example, half duplex issue does not involve any specific issues when multiple numerologies are multiplexed based on TDM.


Observation #7: TDM multiplexing between different numerologies can be seen as a feasible option for TDD systems


[image: ]
Figure 8. Mixed numerology, TDM.

4.  Feasibility, performance	
4.1	Processing time requirements
According to [4], 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 9 for downlink and in Figure 10 for uplink.
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[bookmark: _Ref450647634]Figure 9. User plane latency components for TDD LTE DL.
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[bookmark: _Ref450647642]Figure 10. 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 5G, certain improvement to the 1.5 ms and 1 ms UE/BS processing times of LTE could be assumed. Table 1 summarizes 5G user plane latency in downlink for 
1. short symbol configuration (N=4, bi-directional subframe format illustrated in Figure 1) 
2. long symbol configuration (N=1, latency optimized URLLC subframe format illustrated 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[footnoteRef:1]. [1:  With short symbol configuration, this can be realized e.g. via TDD configuration with alternating DL and UL subframes, leading the average frame alignment time to correspond to the TTI length. In case of long symbol configuration, the latency optimized URLLC subframe type can be utilized.] 

It can be seen from the table 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.
Table 1. U-plane latency analysis (with 0% HARQ BLER) for DL.
	Step
	Description
	5G short symbol (N=4) / bi-directional subframe
	5G long symbol (N=1) / latency-optimized subframe
	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



Observation #8: 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.

Time diagram for UE initiated scheduling latency is illustrated in Figure 11 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.
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[bookmark: _Ref458161205]Figure 11. 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 subframe

	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
	



Observation #9: 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. 

4.2	Traffic adaptation and overhead
In order to guarantee certain control signalling latency and HARQ RTT, some symbols in the frames/subframes need to be statically reserved for DL and UL directions. In a bi-directional subframe, there is a reservation for at least one DL and one UL symbol in each subframe for this purpose. In other words, with short symbol length it is possible to guarantee both DL and UL (control) transmission opportunities in every bi-directional short (0.125 ms) subframe with feasible overheads
· maximum control overhead (control symbols can be also utilized for data): 29% for N=4, 14% for N=8 
· GP overhead: 14% for N=4, 7% for N=8. 
With short symbol configuration, it is further possible to support fully flexible traffic adaptation between DL and UL symbols within a short subframe. In other words, the data symbols in the subframe can be switched flexibly to the desired link direction.
Observation #10: Utilization of short symbols enables fully flexible traffic adaptation between DL and UL, directing capacity to the link direction where it is really needed.
Also for long symbol configuration (N=1), certain fixed DL / UL symbols needs to be defined in the additional URLLC subframe formats. For N=1, due to the long symbol length, it is not possible to have support for both DL and UL within e.g. 0.125 ms timeframe. The latency optimized subframe configuration illustrated in Figure 4 guarantees both DL and UL transmission opportunities within 3 symbols (in every 214 us). The long symbol durations lead however that these fixed configurations cause remarkable restrictions to the flexibility w.r.t traffic adaptation to different link directions. For example for the latency optimized subframe, in case there is no data/ctrl info to be transmitted to either of the link directions, 50% of the DL/UL symbols are left unused. The long symbol lengths also lead to large GP overhead (~43% in low latency optimized subframe).
Observation #11: Utilization of long symbols causes remarkable restrictions to the traffic adaptation capabilities, including non-efficient usage of resources and large overhead.

Proposal #2: Short symbol/subframe length is the primary solution for achieving URLLC in TDD     


5	Conclusions
In this contribution we have compared the feasibility of different options/formats to achieve URLLC requirements in NR TDD systems. Based on the discussion, we make the following observations and proposals: 
Observation #1: Without any enhancement, the conventional semi-persistent scheduling reduces spectrum efficiency in TDD considerably especially considering various traffic patterns
Observation #2: Short symbol/subframe on top of bi-directional subframe provides inbuilt support for URLLC, provided that UE/eNB processing times are reduced accordingly.
Observation #3: Supporting multiple transport blocks/subframe/spatial layer involves practical issues in TDD systems.   
Observation #4: The preferred option is to support all services with a single numerology

Observation #5: Additional subframe types can be used to facilitate more frequent Tx/Rx switching opportunities within subframe
Observation #6: Half-duplex constraint limits the feasibility of mixed numerology based on FDM.

Observation #7: TDM multiplexing between different numerologies can be seen as a feasible option for TDD systems
Observation #8: 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 #9: 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.
Observation #10: Utilization of short symbols enables fully flexible traffic adaptation between DL and UL, directing capacity to the link direction where it is really needed.
Observation #11: Utilization of long symbols causes remarkable restrictions to the traffic adaptation capabilities, including non-efficient usage of resources and large overhead.
Proposal #1: Dynamic scheduling is used as the baseline solution for URLLC TDD studies     
Proposal #2: Short symbol/subframe length is the primary solution for achieving URLLC in TDD.     
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