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Introduction

As a newly introduced feature, URLLC plays a unique role in the system design for the first release NR. Not only should the highly demanding requirements be fulfilled, but also the coexistence/multiplexing with eMBB service needs to be taken care of.

In the previous meetings, some aspects on frame structure, scheduling and also L1/L2 control channel design have been discussed to efficiently support URLLC and the resource sharing between URLLC and eMBB. Moreover, mini-slot was also extensively discussed in the email reflector regarding its design targets and also details, since this concept was initially raised for its shortened time domain duration to support URLLC.

This contribution shows our views on general principles of URLLC design. Additionally, some analysis are provided on how to support the multiplexing and coexistence of eMBB and URLLC in a wider scope.


Discussion

On URLLC latency and reliability requirements and design considerations

In the technical report [1], it gives a preliminary performance requirement in terms of the user plane latency and reliability. The descriptions of the two are quoted in below.
User Plane Latency
	For URLLC the target for user plane latency should be 0.5ms for UL, and 0.5ms for DL. Furthermore, if possible, the latency should also be low enough to support the use of the next generation access technologies as a wireless transport technology that can be used within the next generation access architecture.
NOTE1:	The reliability KPI also provides a latency value with an associated reliability requirement. The value above should be considered an average value and does not have an associated high reliability requirement.


 Reliability
	Reliability can be evaluated by the success probability of transmitting X bytes NOTE1 within 1 ms, which is the time it takes to deliver a small data packet from the radio protocol layer 2/3 SDU ingress point to the radio protocol layer 2/3 SDU egress point of the radio interface, at a certain channel quality (e.g., coverage-edge).
[bookmark: OLE_LINK9][bookmark: OLE_LINK10]The target for reliability should be 1-10-5 within 1ms.
A general URLLC reliability requirement for one transmission of a packet is 1-10-5 for X bytes (e.g., 20 bytes) with a user plane latency of 1ms.
NOTE1: Specific value for X is FFS



To analyze how to achieve the highly demanding URLLC requirement (1-10-5 reliability and 1 ms user plane latency), Table.1 and Table.2 briefly summarize the interaction procedures between gNB and UE and also the corresponding latency and reliability components, for DL and UL case, respectively.

Table.1 Latency and reliability analysis on DL transmission
	Steps
	Latency
	Reliability
	Comments

	(1) gNB transmitter processing incl. scheduling, DL control and data preparation
	T_1
	
	

	(2) Frame alignment
	T_2 = 0.5*TTI
	
	[bookmark: OLE_LINK11][bookmark: OLE_LINK12]Frame alignment depends on the TTI value and the DL control channel density in time domain

	(3) Control and data channel transmission
	T_3
	
	The minimum value of T_3 is one OFDM symbol

	(4) UE receiver processing incl. control channel and data channel and decoding
	T_4
	(1 - R_ctrl)(1 – R_data)
	R_ctrl and R_data stand for average error rate of control channel and data channel

	(5) UE Ack/Nack preparation
	T_5
	
	In LTE FDD, T_4 + T_5 = 3 TTIs

	(6) UL control transmission
	T_6
	
	The minimum value of T_6 is one OFDM symbol

	(7) gNB processing on decoding Ack and deliver to L2/3 protocol layer
	T_7
	(1-R_UL_ctrl)
	R_UL_ctrl stands for average error rate of UL control channel carrying Ack/Nack

	Overall latency and reliability for NR URLLC requirement
	Sum{T_i, i=1,2,…,7} needs to be equal or less than 1 ms
	(1 - R_ctrl)(1 – R_data) (1-R_UL_ctrl)
	



Latency components for DL case
Based on the listed latency components in Table 1, we can further abstract the limiting factors as below:
· gNB and UE processing delay: 
· {T_1, T_7} are subjected to the hardware capability and also the data amount that the processes need to handle. To shrink these components, it is meaningful to simplify the gNB and UE processing complexity in terms of, e.g. resource allocation, channel estimation, link adaptation, and etc. To pursue smaller delay, it is not necessary to reuse all the supported resource allocation type and AMC mechanisms from LTE/LTE-A. Thus a more limited set of resource allocation granularities, transport block size and transmission modes can be considered for URLLC. By this mean, the base band processing pressure at gNB and UE can be relaxed.
· Frame alignment
· This component depends on the detailed frame structure design. Also, the value may be different between FDD and TDD case. Initially we can try to quantify with the 0.5*TTI. Hence if we assume the minimum TTI supported for NR is one OFDM symbol, then this value depends on the numerology that is employed by URLLC service.
· DL and UL transmission opportunity duration and density
· This component also depends on the frame structure and FDD may face less challenge than TDD case. The channel format of DL control channel, DL data channel, and UL control channel can also impact the overall latency that is needed. This also has relevance with the resource allocation time domain granularity design, which is under discussion regarding the mini-slot.
Therefore, based on the above analysis we have the following observations:
Observation 1: Simplified resource allocation and transmission modes design can reduce the gNB and UE processing complexity and then lower the processing latency.
Observation 2: Employing shorter format for control and data channels is a general way to achieve low latency but the reliability and coverage should also be considered in the tradeoff. The choice depends on the scenarios and also frequency band.

Reliability factors for DL case
Based on the listed reliability factors in Table.1, we can see the overall error rate is determined by DL control channel, DL data channel and UL control channel error. The channel with highest error rate basically determines the achievable upper bound. Technically it is already challenging even to make only one of the three channels achieve 10-5 error rate. In general the DL and UL control channels are more reliable than the DL data channel, so the data channel is more likely to the bottleneck. Thus to be more realistic, the resource efficiency and power efficiency should be largely relaxed for URLLC oriented design.
Observation 3: To ensure high reliability, the resource and power efficiency requirements could be relaxed to some extend in the URLLC related channel format design.
It is noted that the above observations also apply to UL URLLC

Table.2 Latency and reliability analysis on grant-based UL transmission
	Steps
	Latency
	Reliability
	Comments

	(1) UE processing and generating SR
	T_1
	
	

	(2) Frame alignment
	0.5*TTI
	
	Frame alignment depends on the available SR resource density in time domain

	(3) SR transmission
	T_3
	
	The minimum value of T_3 is one OFDM symbol.

	(4) gNB processing incl. SR decoding, scheduling and UL grant preparation
	T_4
	(1- R_SR)
	R_SR stands for the average error rate of SR

	(5) Frame alignment
	T_5
	
	Frame alignment depends on the TTI value and the DL control channel density in time domain

	(6) UL grant transmission
	T_6
	
	The minimum value of T_6 is one OFDM symbol

	(7) UE receiver processing incl. decoding UL grant, UL data preparation, encoding, resource mapping and modulation
	T_7
	[bookmark: OLE_LINK15][bookmark: OLE_LINK16](1 - R_DL_ctrl)
	In LTE FDD, T_7 = 3 TTIs
R_DL_ctrl stands for the average error rate of the DL control channel

	(8) UL Data and BSR transmission
	T_8
	
	The minimum value of T_8 is one OFDM symbol

	(9) gNB processing incl. decoding data and preparing next UL grant based on BSR
	T_9
	(1 - R_UL_data)
	R_UL_data stands for the average error rate of UL data channel

	(10) Frame alignment
	T_10
	
	

	(11) UL grant transmission
	T_11
	
	

	(12) UE receiver processing incl. decoding UL grant, UL data preparation, encoding, resource mapping and modulation
	T_12
	(1 – R_DL_ctrl)
	In LTE FDD, T_12 = 3 TTIs

	(13) UL data transmission
	T_13
	
	

	(14) gNB processing incl. decoding data and preparing HARQ Ack/Nack
	T_14
	(1 - R_UL_data)
	

	(15) Frame alignment
	T_15
	
	In LTE FDD, T_13 + T_14 = 3 TTIs

	(16) DL HARQ Ack/Nack transmission
	T_16
	
	

	(17) UE processing incl. decoding Ack in DL control channel and deliver to L2/3 protocol layer
	T_17
	(1 – R_DL_ctrl)
	

	Overall latency and reliability for NR URLLC requirement
	Sum{T_i, i = 1,2,…,17} with the optimization target of l ms
	(1- R_SR) (1 - R_DL_ctrl)3( 1 - R_UL_data)2
	



As can be seen in Table.2, UL URLLC is facing more challenges than DL case to achieve the requirement target of both latency and reliability, since the legacy procedure has too many steps. Simplification is required in order to reduce the latency.
Latency components for UL case
Besides the components that have already been discussed in DL case, the essential way to pursue low latency for UL URLLC is to simplify the legacy procedures. As shown in Table.2, a complete UL data transmission for an RRC_Connected UE needs three rounds of interaction with gNB. A more appropriate mechanism for URLLC should make the gNB aware of the nature of the traffic as early as possible and start the real data scheduling fast.
In some cases, NR may use large SCS in high frequency band and employ simplified grant-based UL transmission, which can be a tradeoff between latency and reliability. Moreover, using grant-free transmission in low load case is also attractive to achieve low latency, especially with the aid of advanced receiver.

Reliability factors for UL case
The ultimate reliability for the UL case without any retransmission is (1- R_SR) (1 - R_DL_ctrl)3( 1 - R_UL_data)2. More steps comes with the cost of reduced reliability. Three rounds of interaction between UE and gNB are definitely obstacles to achieving the required 1-10-5 reliability. In this sense, the optimization direction for UL reliability should be the same with that of latency.
Observation 4: Simplified grant-based and grant-free transmission should be considered to achieve low latency and high reliability for UL URLLC.

On multiplexing and coexistence of URLLC and eMBB

DL eMBB and URLLC multiplexing for different UEs

As discussed by many companies, due to the latency requirement, the URLLC transport block sometimes needs to utilize the resource that has been scheduled to eMBB transport block.
[image: ]                                                                                              Figure.1 An example of eMBB and URLLC multiplexing

We assume overlapping eMBB and URLLC transmissions are scheduled to different UEs served by a gNB. As shown in Figure.1, the URLLC service may use different numerologies to meet its latency and reliability requirements. It could either be the same or different with the numerology of the multiplexed eMBB transmission, which was agreed in the previous meeting.
In this context, the gNB could choose to puncture the overlapped eMBB transmission and allocate the power & resource to the inserted URLLC data. This can best ensure the reliability of URLLC reception with short latency. 
It is noted that the puncturing implementation from gNB side would be different under different numerologies. If we assume the URLLC transport block#1 in Figure 1 utilizes the same numerology as eMBB, puncture is done in the frequency domain. However, if the URLLC TB#2 in Figure 1 employs larger subcarrier spacing than eMBB for shorter symbol length, which is normally the case, the puncturing operation would not be that straight forward. As shown in Figure.2, where the eMBB symbol length is four times of that of URLLC, if the gNB wants to puncture the eMBB transmission in certain sub-bands with one, two or three URLLC symbols, the puncturing operation would be more complicated since it cannot be handled purely in the frequency domain. Time domain filtering may also be needed. Hence this processing is up to gNB implementation on how to best protect URLLC transmission but with as little impact to eMBB as possible.

[image: ]                                                                                                                                                      Figure 2. Examples of eMBB puncturing to guarantee URLLC transmission

From the eMBB receiving UE’s point of view, the performance loss of eMBB traffic will suffer due to the contamination from the inserted URLLC transmission. The degree of the impact depends on the eMBB UE’s channel condition, the amount of the punctured resource, URLLC power spectrum density and also the MCS used by eMBB traffic. There are some potential methods to improve the eMBB performance by making UE aware of the interference from URLLC before demodulation and decoding, e.g. indicating URLLC puncturing related information to eMBB receiver(s) through DL control channel, UE detecting possible URLLC transmission by front-loaded RS or power fluctuation, and etc. Similar to the puncturing operation at the transmitter side, the processing at the receiver side is also coupled with the numerology combination of the URLLC and eMBB. 
On the other hand, if eMBB uses CB (Coding Block) based Ack/Nack feedback, the resource selection of the URLLC may consider aligning with the boundaries of the slot carrying CBs. The purpose is to reduce the impact to eMBB, e.g. limited to one certain CB of the eMBB TB.
Based on the above discussion, we have:
[bookmark: OLE_LINK29][bookmark: OLE_LINK30]Proposal 1: To support effective multiplexing eMBB and URLLC in DL, the details of resource puncturing at transmitter, control procedure to assist receiver and also proper numerology setting should be studied.

DL eMBB and URLLC multiplexing for a single UE

There may be cases that an upcoming URLLC packet is to be delivered to a UE by using a portion of resource that has already been scheduled for its own DL eMBB transmission.  This may be caused by lack of resource in the near future symbols. The gNB can then choose to puncture the eMBB resource of the URLLC target UE. One obvious advantage is that the receiving UE can naturally acquire puncturing related information to help decode the eMBB TB. In this case, it is better for gNB to use same subcarrier spacing for two services as a starting point for simple implementation. However we are open with study on different numerologies.

Proposal 2: To ease gNB implementation, for multiplexing eMBB and URLLC in DL, it is better to first consider puncturing eMBB transmission belonging to the URLLC target UE.

 UL eMBB and URLLC multiplexing from different UEs

For the same reason as the DL case, a certain UE can be indicated by gNB to transmit UL URLLC packet using resource overlapping with other UEs’ eMBB transmission. Unlike the DL case, puncturing at transmitter side is not possible due to the separate operation from two UEs.
However, the gNB side has the full knowledge of the overlapping and can do the puncturing at receiver for eMBB. Or it can also decode URLLC firstly and then cancel its interference before decoding eMBB TB. This is up to gNB capability and the scheduling strategy to consider such IC operation.
Besides the performance loss of eMBB transmission, the performance of URLLC TB may also be degraded under this superposition assumption. Hence to guarantee the URLLC traffic reliability, puncturing at UE side is one possible option. This needs eMBB UE monitor and decode UL grant for URLLC to acquire necessary information. Justification is needed to introduce such procedure.
In addition, grant-free transmission is also a promising mechanism to achieve short latency. The UE can be configured to sporadically transmit URLLC TB in the reserved resource or resource superpostioned with other transmissions. Study is also needed on necessary control procedure and gNB implementations to justify each possible option.

UL eMBB and URLLC multiplexing from a single UE

This scenario is mainly derived from the eMBB and URLLC services for a single UE that arrive simultaneously in UL. For multiplexing eMBB and grant-based URLLC, the handling is straight forward since the UL grant for URLLC signals to the UE in DCI on how to puncture on the resource scheduled for eMBB. The gNB receiver is also fully aware of which part of the received signal to give up before decoding.
If the UE is configured with grant-free resource and operation for URLLC, the gNB needs to always detect the presence of URLLC burst first and then proceed to the eMBB decoding. By this mean, the resource reserved for grant-free transmission actually can be shared by the eMBB and URLLC of the same UE dynamically.

Proposal 3: To support effective multiplexing eMBB and URLLC in UL, the details of resource puncturing at transmitter or receiver, control procedure and grant-free operation should be studied.
  
Conclusions
In this contribution, we provide a step-by-step procedure analysis on the potentials to support URLLC with the highly challenging requirements. By discussing all the possibly limiting factors of latency and reliability on both DL and UL case as listed in Section 2, we can have a clearer design and optimization direction. Also some considerations on the multiplexing of eMBB and URLLC are also given. In summary, we have the following conclusions:
Observation 1: Simplified resource allocation and transmission modes design can reduce the gNB and UE processing complexity and then lower the processing latency.
Observation 2: Employing shorter format for control and data channels is a general way to achieve low latency but the reliability and coverage should also be considered in the tradeoff. The choice depends on the scenarios and also frequency band.
Observation 3: To ensure high reliability, the resource and power efficiency requirements could be relaxed to some extend in the URLLC related channel format design.
Observation 4: Simplified grant-based and grant-free transmission should be considered to achieve low latency and high reliability for UL URLLC.
Proposal 1: To support effective multiplexing eMBB and URLLC in DL, the details of resource puncturing at transmitter, control procedure to assist receiver and also proper numerology setting should be studied.
Proposal 2: To ease gNB implementation, for multiplexing eMBB and URLLC in DL, it is better to firstly consider puncturing eMBB transmission belonging to the URLLC target UE.
Proposal 3: To support effective multiplexing eMBB and URLLC in UL, the details of resource puncturing at transmitter or receiver, control procedure and grant-free operation should be studied.
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