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1 Introduction

It was agreed in RAN1#86 to consider grant-free transmission for URLLC service [1]. 
· At least the following potential options should be considered

· At least for shorter transmission UL, semi-static resource sharing between URLLC and eMBB

· FDM and/or TDM manner

· UL grant-free transmission for URLLC

· Other schemes are not precluded

· Dynamic resource sharing between URLLC and eMBB

· For DL, mechanisms to schedule a transmission where the resources of it can overlap with resources of ongoing/scheduled longer transmission at least from network perspective

· FFS: A similar or same mechanism applicability to UL

· Preemption or superposition

· Other schemes are not precluded 

· Scheduling based approaches (e.g., by adapting transmission duration or by using different subbands) to allow multiplexing of different durations of transmission

· UL grant-free transmission for URLLC

· Other mechanisms are not precluded.
In this contribution, we will discuss the design of the key technical components of grant-free for URLLC applications and prove their feasibility.
2 Discussion on grant-free transmission for UL URLLC
2.1 Motivation and potential benefits
As described in [2], the “arrive-to-go” design target of grant-free transmission could effectively reduce the time waiting for scheduling grant and thus relax the timing design in frame structure to support traffics that demands ultra low latency, especially for UL services. In light of this, it has been agreed to consider grant-free transmission as one important candidate technology for UL URLLC [1]. Moreover, as shown in Figure 1, a next level benefit by saving the time for scheduling request and grant is to have longer time for data transmission, which implies larger number of HARQ retransmissions and thus higher reliability within the same delay budget, compared to grant-based transmission [3]. 
On the other hand, the very short burst of small UL URLLC packet transmission also helps to close the conceptual gap between the fast link adaptation of grant-based transmission and the slow or semi-static link adaptation of grant-free transmission. 
As a result, we have the following observation on the motivation for applying grant-free in URLLC.
Observation 1: Grant-free transmission for UL URLLC can save the scheduling request/grant time for potentially more retransmissions, which can further achieve higher reliability. 
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Figure 1 Examples of time window for UL grant-based and grant-free transmission.
Proposal 1: NR should support grant-free transmission for UL URLLC.
2.2 Feasibility of technical components
2.2.1 General consideration of grant-free scheme design for UL URLLC
The application of grant-free transmission in URLLC scenario has the following three distinctive features as compared with other scenarios such as mMTC. 
· Firstly, the applications are mostly inter-active control and report operations with high accuracy and latency requirement, which demands the UEs to be most likely in Connected State or InActive State to guarantee higher reliability, and the UEs will most likely remain in such state without going to sleep mode until the whole period of URLLC traffic is completed. 
· Secondly, the number of UEs in URLLC is smaller and they are most likely to be in better coverage and thus the design will not be coverage oriented.
· Thirdly, the maximum number of repetition/retransmission in URLLC mainly depends on the latency requirement and frame structure design. 
Based on the above features, the design of grant-free scheme in URLLC scenario can be simplified in the following aspects.
· Synchronization is not a problem for URLLC with the assumption for a UE in either  Connected State or InActive State (where ECP can be applicable on demand).
· PAPR is not the main issue for UL URLLC UEs and the application  is usually not  deep coverage oriented.
· RS collision can be avoided (or minimized) due to limited number of UEs in a same burst.
· Limited number of HARQ/repetitions could be implemented within the given latency bound.
Based on the analysis above, we have the following observation. 
Observation 2: The grant-free scheme design in URLLC can start with the assumptions of UL synchronization, no (or minimized) RS collision, and limited number of HARQ/repetition within given latency bound.
2.2.2 Semi-static resource configuration and UE mapping
With periodic traffic, as long as the number of users is not very large, it is possible to pre-schedule the transmission in the way that there is no collision in physical resource. However, with Poisson type of sporadic traffic, it is very hard to avoid such collision since the start time of each packet transmission is impossible to predict. Reserving orthogonal physical resource for each user all the time is expensive in terms of resource utilization, especially when the number of user is not small or the activity frequency is low. Moreover, in the URLLC and eMBB multiplexing scenarios, it may cause larger negative impact to the eMBB services that share the common physical resources. In this case, collision tolerance, at least to certain level, should be supported for grant-free scheme design.
In this case, the resource for grant-free transmission should be configured in a semi-static manner with the collision tolerance capability taken into account. Moreover, the design of UE mapping can have more flexibility with the consideration of certain collision tolerance capability. For instance, resource hopping introduced by random resource partition selection or pre-configured resource hopping pattern can also help to reduce the potential collision along the HARQ/retransmission process [4]. Support of higher level collision to further enhance capacity with technologies such as non-orthogonal multiple access can be a second step for future study.
Figure 2 show two illustrative examples of semi-static resource configuration within each TTI, one with smaller but more partitions and one with larger but less partitions, given the same total BW. Assuming random UE mapping, namely each UE can randomly select one of the partitions in each TTI, the tradeoffs for resource configuration lies in the following facts.
· With larger but less partitions, lower code rate can be applied for given TBS transmission to improve reliability but higher possibility of data collision on each partition (i.e., more than one active user choose the same partition).
· With smaller but more partitions, less possibility of data collision on each partition, but higher code rate is needed to transmit the given TBS within the given time/frequency resource. 
Observation 3: The semi-static resource configuration and UE mapping can be optimized to strike a balance between less data collision and lower code rate, and thus achieve the best reliability performance under given available bandwidth and given traffic load.
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Figure 2 Examples of pre-configured resources for UL grant-free URLLC transmission.
2.2.3 Collision tolerance with advanced multi-user receiver
With grant-free transmission, assuming the same resource configuration in Figure 2 a) with 5 partitions of 5RB each and random UE mapping, the probability for different number of active users on each partition is shown in Figure 3. Statistic data is derived directly from the system level simulation platform with the same setting [5], in which HARQ process has also been taken into consideration. As we can see from the figure, under assumptions of 5 resource partitions and random selection of partition for transmission, the number of active users per partition is no larger than 4 with packet arrival rate up to 1 packet per ms per UE. 
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Figure 3 Example PMF of #active UEs on the same resource partition in grant-free transmission at different traffic load (in terms of packet arrival rate and #UEs per cell). 
In order to tolerant collision, the basic design component is to employ multi-user receiver. In the following, we shall show that with the advanced multi-user receiver, in the worst case of the collision shown in Figure 3 (max 4 active UEs) does not have large impact on reliability. 
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Figure 4 Reliability in terms of BLER with RCE for different number of data collisions.
Figure 4 gives the BLER performance with 1, 2, and 4 UEs without HARQ. From the figure, we see that with increasing number of UEs, there will be minor performance degradation. Thus, the collision tolerance up to 4 simultaneous transmitting UEs is feasible with advanced receiver and realistic channel estimation (RCE). It can be further expected that with HARQ/retransmissions and certain resource hopping procedures along the HARQ retransmissions, the collision can be reduced and the BLER performance can be even better. As a step further, if advanced non-orthogonal multiple access schemes are to be applied, even better BLER performance can be expected, as suggested by [6].
Observation 4: Data collision will not be a bottleneck issue for UL contention based grant-free design to meet the URLLC reliability requirement. 
From the discussion and observation in the previous two subsections, we have
Observation 5: The semi-static resource configuration and UE mapping for grant-free UL URLLC should allow certain contention, while resource hopping and multi-user receiver should be introduced to deal with the potential data collision brought by the contention.
2.2.4 UE identification with RS detection
One big difference between grant-free and grant-based transmission is the requirement of UE identification at the receiver side. This could be done by reference signal (RS) detection if some mapping between UEID (e.g., C-RNTI in connected state) and RS can be pre-configured/pre-defined. In this case, the basic channel structure with only RS and data such as in LTE PUSCH could be used for UL grant-free transmission. 
Detailed RS design needs further investigation and both orthogonal RS and non-orthogonal RS can be considered [7], depending on the potential number of URLLC users under service sharing the same physical resource. As seen from the example statistics shown in Figure 3, the maximum number of UEs sharing the same resource is no larger than 4 UEs. In this case, LTE UL DMRS design or sequences of the similar functionality can be applied as a starting point. For example, 12 orthogonal RSs correspond to 12 potential UEs, and each UE is considered to be active if the power of corresponding RS is larger than a threshold. More advanced RS design can be further investigated to enhance the detection performance and to accommodate more UEs. 
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Figure 5 RS detection performance in the worse case of data collision but no RS collision.
Following the assumptions in the Appendix, LLS simulation is applied to verify the feasibility of RS application, and the detection performance is shown in Figure 5.  From the figure we see that for a given SNR, there is a tradeoff between the miss detection probability and the number of false alarmed UEs, which depends on the level of predefined threshold. With higher SNR, the miss detection probability is lower given the same number of false alarmed UEs. When the SNR is larger than -5 dB, i.e. the interested SNR region, the miss detection probability can be lower than 10-5 with proper designed threshold. Moreover, by selecting the proper detection threshold, the miss detection probability can always be made at least two orders lower than the BLER of the data decoding given the same SNR. Therefore, the RS detection even with the reuse of current LTE UL DMRS will not be a bottleneck issue for grant-free transmission in UL URLLC.
Observation 6: RS detection will not be a bottleneck issue for UL contention based grant-free design to meet the URLLC reliability requirement. 
From the discussion and observation above, we have
Proposal 2: The basic channel structure with RS and data should be supported, in which RS could be used for both UE detection and channel estimation for data decoding.
2.2.5 HARQ with either CC or IR
HARQ/retransmission is one important technique to improve the link reliability, which is also an important component in the grant-free UL design for URLLC [8]. 
There are different ways to do HARQ/retransmission. In the tradition HARQ transmission design, explicit ACK/NACK feedback is provided by the network side after each codeword detection, which, however, is not an efficient way for UL URLLC due to the cost in round trip time for the ACK transmission and decoding. And even if it is feasible within the delay bound of 1ms, it greatly reduces the number of possible retransmissions within the delay bound. 
Therefore, ACK/NACK-less retransmission with either CC or IR should be fully studied and supported. On top of it, certain notification of successful decoding after several retransmissions, i.e. the ACK for some continuous CC/IR based retransmission, could be applied to terminate the retransmission and thus reduce the potential interference to the remaining transmissions. More detailed HARQ analysis and discussion can be referred to [9].
Proposal 3: Continuous CC or IR retransmission based HARQ with certain ACK/NACK facilitation for early termination should be supported.
2.2.6 Slow link adaptation and power control adjustment
Fast link adaptation is the key technology component for grant-based transmission to achieve capacity approaching performance. However, in URLLC scenario with sporadic small packet transmission and very tight latency bound, measurement/feedback based fast link adaptation may not be  available. 
The reasons are two folds. Firstly, it is costly to configure the UE specific measuring signal or the feedback resource for the short packet burst, especially with the short frame structure that has less number of symbols in one slot. Secondly, it is impossible to configure such measuring or reporting resource/period to match the unpredictable UL burst of URLLC packets. 
Therefore, in URLLC scenarios, even with grant-based transmission, comparatively slower link adaptation and power control adjustment is more suitable and feasible. And such slow adaptation and adjustment can also be feasible for grant-free transmission due to the assumption of Connected or InActive UE state. 
Observation 7: In UL URLLC scenario with short burst and small packets transmission, slow link adaptation and power control adjustment is suitable and feasible in grant-free design.
2.3 Overall reliability evaluation with LLS
In this section, we give some preliminary LLS evaluation to show the reliability of grant-free under non-ideal HARQ with realistic RS detection and realistic channel estimation. 
Figure 6 gives the reliability performance with 1 and 4 simultaneously transmitting UEs. From the figure we see that under non-ideal HARQ with realistic UE detection and channel estimation, the reliability of grant-free transmission can still be improved with retransmissions. In particular, the performance can be improved by around 2.5 and 5 dB at BLER=10-5, with 1 and 3 CC retransmissions, respectively. And the performance of 4 UE has negligible degradation compared with that of 1 UE case.
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Figure 6 Reliability of grant-free transmission under non-ideal HARQ with realistic RS detection and RCE. 
From all the discussion and observation in previous sections, we have the overall conclusion that
Observation 8: Contention based grant-free transmission with certain data collision and realistic RS detection as well as realistic channel estimation is able to meet the reliability requirement of URLLC within the 1ms latency bound.
3 Conclusion
In this contribution, we discussed about the design and feasibility of grant-free transmission for UL URLLC scenario. The following observations are derived during discussion.
Observation 1: Grant-free transmission for UL URLLC can save the scheduling request/grant time for potentially more retransmissions, which can further achieve higher reliability. 
Observation 2: The grant-free scheme design in URLLC can start with the assumptions of UL synchronization, no (or minimized) RS collision, and limited number of HARQ/repetition within given latency bound.
Observation 3: The semi-static resource configuration and UE mapping can be optimized to strike a balance between less data collision and lower code rate, and thus achieve the best reliability performance under given available bandwidth and given traffic load.
Observation 4: Data collision will not be a bottleneck issue for UL contention based grant-free design to meet the URLLC reliability requirement. 
Observation 5: The semi-static resource configuration and UE mapping for grant-free UL URLLC should allow certain contention, while resource hopping and multi-user receiver should be introduced to deal with the potential data collision brought by the contention.
Observation 6: RS detection will not be a bottleneck issue for UL contention based grant-free design to meet the URLLC reliability requirement. 
Observation 7: In UL URLLC scenario with short burst and small packets transmission, slow link adaptation and power control adjustment is suitable and feasible in grant-free design.
Observation 8: Contention based grant-free transmission with certain data collision and realistic RS detection as well as realistic channel estimation is able to  meet the reliability requirement of URLLC within the 1ms latency bound.
Based on the observations and our preliminary LLS results, we have the following proposals. 
Proposal 1: NR should support grant-free transmission for UL URLLC.
Proposal 2: The basic channel structure with RS and data should be supported, in which RS could be used for both UE detection and channel estimation for data decoding.
Proposal 3: Continuous CC or IR retransmission based HARQ with certain ACK/NACK facilitation for early termination should be supported.
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Appendix
Table A-1: Simulation parameters used in LLS evaluation.
	Parameter
	Value

	Carrier frequency
	4 GHz

	User bandwidth
	5 RB 

	PHY packet size 
	32 bytes (including CRC)

	Latency bound
	1ms

	Modulation and coding
	QPSK, Turbo CR=0.356

	HARQ scheme
	CC, Max number of transmissions = 4

	Total number of users
	12

	Channel model
	TDLA, DS=30ns, 3km/h

	SNR range
	-10 dB to 10 dB

	Subcarrier spacing
	60KHz

	Number of RBs
	5 (equal to 60 REs)

	TTI length
	0.125 ms

	OFDM symbols per TTI
	7

	OFDM symbols for reference signals
	1

	Number of reference signals
	12 

	Number of active users
	1, 2, 4

	BS Antenna configuration
	4 Rx

	UE antenna elements
	1 Tx

	ACK feedback assumption
	Ideal

	
	

	
	

	
	

	Channel estimation
	Realistic

	CQI feedback assumption
	/


