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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
In RAN1#87, the following agreements were achieved for URLLC to support grant-free transmission [1]:
Agreements:
1. At least an UL transmission scheme without grant is supported for URLLC
· Resource may or may not be shared among one or more users 
0. FFS: resource configuration details
· FFS other details of design

While in RAN1#86bis, we had the following agreements on resource configuration, HARQ design and parameters for performance evaluation of URLLC scenario, respectively [2]:
Agreements:
· Consider further the tradeoffs for meeting URLLC requirements for the following.
· Semi-static resource allocation for UL data transmission.
· Dynamic indication of available resource (e.g., by broadcast DCI) for UL data transmission.
· Normal SR-based transmission
· Other solutions are not precluded

1. Study how to meet RAN requirements on latency and reliability using at least one HARQ re-transmission for DL data and UL data
· Further study TTI duration and achievable latency based on at least one re-transmission
· Further study details of HARQ operation in DL and UL taking into account reliability of overall HARQ signaling procedure (control, data and feedback channels)
1. This does not preclude studying single transmission to meet the RAN requirements on latency and reliability

· Slide 3 and slide 4 in R1-1610720 are agreed with the following updates:
· Option 1 for UE distribution on slide 4 is for DL only, optional, and 1 eMBB UE in the other 56 sectors is of the same traffic model as the eMBB UEs in the center sector
· Unidirectional and bidirectional (DL or UL).
· URLLC: Both FTP Model 3 (with Poisson arrival) and periodic packet arrivals with packet size 32, 50, 200 bytes.
· URLLC: Packet arrival to achieve URLLC capacity
· For “Simulation bandwidth”
· Add “other bandwidths are not precluded”
· For eMBB UE of FTP model 3, add that the packet size is 0.1Mbytes and 0.5Mbytes
· Companies are encouraged to report the power control parameters (e.g., open-loop, etc.) for UL URLLC evaluations

[bookmark: _Ref129681832]Based on the agreement to support UL transmission scheme without grant for URLLC, in this contribution, we further discuss the technical aspects of HARQ and resource configuration design to meet the latency and reliability requirement of URLLC and provide corresponding LLS and SLS evaluation results. From the discussion and LLS evaluation results, we will show that contention based grant-free transmission with resource shared by multiple users can meet the requirements of URLLC services; while from SLS performance evaluation, we will show that contention based grant-free is most efficient  when comparing with the traditional SPS with exclusive resource configuration for each UE, and grant-based schemes with slot and mini-slot based frame structures in our study.
Resource Configuration
The resource configuration for UL grant-free transmissions includes at least the following parts:
· Basic resource unit(s)
· Frequency location(s) of the basic resource unit(s) in each transmission slot
· Other related information such as MCS
· UE identification from network perspective, especially in the case that multiple UEs share the same resource unit(s)
A basic resource unit can be pre-configured as the total number of time/frequency resource elements to transmit a typical URLLC physical layer packet size (such as 32 bytes with CRC included) under an assumed MCS. Note that it may not be necessary for the time/frequency elements to be continuous. Moreover, to ease the detection at the gNB side, the MCS can be pre-configured associated with the physical resource or with other UE specific features which can be easily detected by gNB, e.g., the DMRS of the UE. Due to lack of dynamic grant, at least semi-static resource configuration via RRC signaling should be supported to indicate the location, size, and the associated initial MCS of the physical resource. It can be further studied whether L1 signaling such as DCI, not as dynamic as per TTI, shall be used as complementary indication or not.
Proposal 1: At least semi-static resource (re-)configuration is supported for UL transmission without dynamic grant (i.e., UL grant-free transmission).
Resource utilization 
Traditional SPS can be taken as a special case of grant-free transmission, which is configured for periodic traffic with UE-exclusive resource reservation in time and/or frequency domain. This is efficient when the period(s) of different UE traffics are expected. However, in URLLC scenario, the traffic can have sporadic feature and is assumed to follow Poisson random arrival in general. Therefore, it is impossible to predict the transmission time of the UL URLLC packets. In this case, if using UE-exclusive way of resource reservation as in traditional SPS, the resource utilization could be very inefficient and will also increase latency for each UE. This is especially true in the scenarios when there are potentially a larger number of active users with low traffic activity than the number of mutually exclusive transmission resources. Figure 1 gives an illustrative example, in which, with exclusive resource configuration, two slots are needed to accommodate the total 8 UEs, and the latency is doubled compared with contention based grant-free with shared resource configuration among UEs, resulting in 50% reduction in the maximum number of HARQ retransmission opportunities and thus less chance to meet the reliability requirement of URLLC services.
[image: ]
Figure 1 Illustrative comparison of exclusive and shared resource configuration for grant-free transmission.
In light of above tables, at least for Poisson type of URLLC traffic, it would be preferred to share the same physical resource among a group of UEs. This, however, will lead to contention transmissions, in which data signal collisions among two or more UEs may happen. Figure 2 gives the probability of contention under the assumptions of 10 UEs with different packet arrival rate (PAR) and different number of resource units. Each UE is assumed to randomly select one resource unit for transmission. From the figure we can see that increasing the number of resource units shared by UEs can help reduce the contention probability. For instance, with one  resource unit, there is about 70% percent probability that contention happens at PAR=2 packets/ms/UE, while with 3 and 5 resource units, the contention probability reduces to about 20% and 10%, respectively. Note that even with 5 resource units, it is still (10-5)/10= 50% resource saving than the traditional SPS solution with exclusive resource configuration among UEs. In later sections, we will show that certain level of contention can be well handled by HARQ retransmissions and further enhanced by resource hopping with UE (re-)grouping.
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Figure 2 Probability of contention (> 1 active UE on the same resource unit) for initial transmission with total 10 UEs under different PAR and different numbers of resource units.
UE (re-)grouping
To take advantage of channel diversity and user traffic imbalance between resource units, UE (re-)grouping with some resource hopping can be considered for different transmissions if multiple resource units are available for each transmission slot. Namely, resource units can be configured in different frequency locations and over different time slots following some pre-configured hopping patterns. UEs can then have transmissions in different resource units over different time slots, resulting in UE (re-)grouping over transmission slots. Here the different transmissions can be initial transmissions and/or re-transmissions from a UE. Figure 3 is an example to demonstrate the idea, in which the number of UEs sharing the same resource units is limited, and the resource units over consecutive retransmissions have different frequency locations. One of the benefits of such resource hopping with UE (re-)grouping scheme is to balance the resource usages among different resource units in the cases when non-form traffic loadings occur among the resource units.  More benefits will be shown with LLS results in section 4.2
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Figure 3 Illustrative example of UE based frequency hopping along re-transmissions.
Proposal 2: UE (re-)grouping among different resource units over different transmission slots should be considered for UL grant-free transmission.
UE identification by RS
On the other hand, UE detection is needed in the contention based transmissions, i.e., the gNB needs to detect which UE(s) are active at each transmission. This can be done by, e.g., pilot/reference signal (RS) detection with some mapping to UEID (e.g., C-RNTI in active state), since each UE can have distinguishable RS(s) in URLLC services which can also be pre-configured. In this case, the basic data structure of RS and data same as in LTE PUSCH could be used for UL grant-free transmission. Such RS detection on UE activity can be shown to meet the reliability requirement of URLLC shown in Appendix B. We will also show in following evaluation results that the data collision problem can be well handled by HARQ re-transmissions with LTE receiver, e.g., MMSE-IRC. 
Proposal 3: RS associated with resource configuration is used for UE identification for UL grant-free transmissions.

HARQ for UL Grant-free URLLC 
HARQ is one critical technique to improve the link reliability. In the subsections below, we first discuss the issues related to the grant-free HARQ design in URLLC scenarios, and then provide some simple analysis to show the necessity of HARQ as well as the potential benefit of grant-free transmissions over grant-based transmission in terms of joint reliability of both data and control signaling. 
Consecutive redundant re-transmissions
The traditional HARQ in UL LTE is synchronous ACK/NACK based HARQ. In applications of URLLC services, waiting for NACK feedback and re-transmitting afterwards is not desirable for following reasons: 1) it can potentially limit the number of re-transmission opportunities within the latency budget to achieve the desired reliability target, 2) high reliability of each NACK feedback channel needs to be maintained to ensure desired reliability and it comes at the expense of increased overhead. 
Instead, an alternative option to achieve high reliability with stringent latency constraints is to allow the URLLC UE to continue and redundant transmissions of a data packet until an ACK is received.  After the first transmission, each sub-sequent transmission can be repetitions with same or different redundancy versions, transmitted on pre-configured resource units with the same or different size of the initial transmission. In other words, UE can be pre-configured with a certain maximum number of re-transmissions (or repetitions) within the latency budget, which can be stopped if an ACK is received during the transmissions. 
Re-transmission identification for HARQ combining
The receiver procedure for UL grant-free re-transmissions include at least the following
· UE activity detection and channel estimation
· Re-transmission identification and HARQ combining for data decoding 
In grant-free HARQ, gNB does not know beforehand whether a transmission from a UE is a new one, or a subsequent re-transmission. And sometimes, the re-transmission index may also be needed. Therefore, certain mechanisms should be designed to support the acquisition of such information. Similar to UE detection in initial transmission, this can be done also by using pre-defined mapping between RS sequences and re-transmission indexes, without increasing any control information overhead. With the knowledge of which re-transmission(s) and initial transmission belongs to the same packet of a UE, the gNB can then perform HARQ combining for joint data decoding. The way of combining can be similar to those in current systems, e.g, CC, IR, etc. 
The reliability analysis will be given in the next section, along with some observations. Given that, we have
Proposal 4: Support the following mechanisms for URLLC HARQ with UL grant-free transmissions
· RS used for re-transmission identification;
· Consecutive re-transmissions (or repetitions) until ACK is received.
Reliability analysis with HARQ retransmissions 
For simply analysis, we consider one initial and only one HARQ re-transmission in two consecutive transmissions for UL grant-free scheme, as shown in Figure 4, where each transmission includes one pilot (e.g., DMRS, p1 and p2 for the two transmissions, respectively) and data message. At the BS, the UE activity (or pilot) detection is processed first and if successful, the channel estimation and data signal detection will be performed. The re-transmission signal will be combined with initial signal for HARQ detection only when gNB has successfully detected the pilots in the two transmissions.  
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Figure 4: HARQ initial transmission and re-transmissions in single-shot 
The required upper bound of error probability for each transmission under the above setting is summarized in Table 1 (Refer to [3] for analysis details.). 
Table 1: Tx reliability requirements for grant-free (GF) and grant-based (GB) scheme to support URLLC
	Tx reliability requirements for RULLC
	GF
	GB

	
	UL data signals
(two tx)
	SR/SG
(no retx)
	UL data signals
(two tx)
	SR/SG
(no retx)

	One transmission only
	

	n/a
	
	


	Two consecutive transmissions
	

	n/a
	
	




It is seen from Table 1 that HARQ re-transmissions for two consecutive transmissions can significantly reduce the requirements for each data transmission on the error detection probability. Moreover, as the grant-free scheme may have more than two transmission opportunities in URLLC latency window [8], thus relaxing the reliability requirement even more for each transmission. As a result, it is capable of supporting URLLC services with the required low latency and high reliability with HARQ re-transmissions. 
For traditional grant-based transmission, the scheduling request (SR) has to be sent by UE and scheduling grant (SG) has to be sent by gNB, thus having fewer transmission opportunities than grant-free, with more details given in the following sections. Furthermore, as shown in the table, SR and SG messages each will require higher reliable transmission than data to guarantee the reliability of URLLC services; if SR and SG take redundant transmissions to improve their reliability, longer time will be taken within the limited latency budget of URLLC, i.e., 1ms, thus leaving less time for the data transmissions. 
Observation 1: HARQ re-transmissions will reduce the reliability requirement per transmission, which is of special importance to URLLC service within constrained latency boundary. 
Observation 2: Current LTE SR and SG control messages will be a bottleneck in achieving the reliability in the grant-based transmissions.
LLS Performance Evaluation 
In this subsection, the evaluation results show that contention based grant-free transmission with the resource shared by multiple UEs can well meet the reliability requirement of URLLC. The potential data transmission contention can be well handled by proper resource configuration and HARQ re-transmissions, which can be further enhanced by resource hopping with UE (re-)grouping. Note that in the following results, OFDMA is assumed at transmitter side and MMSE-IRC receiver is employed at the receiver. 
Grant-free OFDMA with HARQ
Figure 5(a) provides the evaluated grant-free OFDMA performance with HARQ operations under realistic UE detection (based on LTE uplink demodulation RS) and realistic channel estimation with and without random packet arrival. One resource unit is 5RB*7OS with 60kHz SCS. The blue dash lines in Figure 5(a) represent the BLER performance with maximum HARQ number of 1, 2, 4 times (with 0, 1, and 3 retransmissions, respectively) when the resource unit is exclusively used by 1 UE; the green dash lines in represent the BLER performance with HARQ when the resource unit is shared by 4 users constantly; and the red lines, in the middle of the blue and green ones, represent the BLER performance with 4 UEs with random traffic arrival following a Poisson traffic pattern with PAR = 1 packet/ms/UE sharing the same resource unit. Figure 5(b) gives the probability mass function (PMF) of number of active UEs under assumed random arrival rate, in which contention happens with 15% probability. More simulation assumptions can be found in Appendix A.
From the figure, we can observe that the reliability of grant-free transmission, both contention-free (1 UE) and contention-based (4 UE with and without random packet arrival), can be improved with increasing number of re-transmissions. For the contention-free case (blue dash lines), the performance can be improved by around 3.4 dB and 6.3 dB at BLER=10-5 with 1 and 3 retransmissions, respectively. For the constant contention case (green dash lines), the BLER performance of the initial transmission is bad due to the lack of degree of freedom and the limited capability of MMSE-IRC receiver. However, when the number of retransmission increases, the BLER performance improves significantly. The gain between only one transmission and two transmissions can be larger than 3 dB thanks to the fact that some correctly decoded users will stop transmitting after receiving ACK and/or in the next round the correctly received message from some UEs can be pre-canceled before decoding. Moreover, as the number of re-transmissions continues to increase, the BLER performance is approaching the single UE performance. Finally, the reliability performance under random packet arrival of 4 UEs (red lines) shows the same trend and is upper-bounded by that the blue dash lines and lower-bounded by green dash lines. 
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	5(a) Reliability of grant-free OFDMA with 1UE (blue), 4UE (green) and 4 UE random arrival (red) with PAR = 1packet/ms/UE
	5(b) PMF of #active UEs with PAR = 1packet/ms/UE


Figure 5 Performance of contention-free and contention-based grant-free OFDMA with HARQ operations
Observation 3: Grant-free transmission with certain level of contention can still meet the reliability requirement for URLLC services with HARQ re-transmissions. 
Grant-free OFDMA with HARQ and UE (re-)grouping
Figure 6 provides the evaluated reliability performance for grant-free OFDMA with and without UE (re-)grouping, where three resource units each with 5RB*7OS with 60kHz SCS are configured for a total number of 12 UEs, each with PAR of 1 packet/ms. Figure 6(a) provides the reliability performance for the resource allocation strategies shown in Figure 6(b), i.e., grant-free OFDMA with and without UE (re-)grouping, respectively.
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	6(a) BLER of grant-free OFDMA with and without UE (re-)grouping
	6(b) Resource allocation of grant-free OFDMA with and without UE (re-)grouping


Figure 6 Performance comparison of grant-free OFDMA with HARQ and UE (re-)grouping.
From the figures, we see that the reliability of grant-free transmission, both with and without resource hopping, can be improved with increasing number of re-transmissions. Resource hopping with UE (re-)grouping case provides around 1.8dB and 2.4dB gains at BLER=10-5 over the case without resource hopping and UE (re-)grouping for 1 and 3 re-transmissions, respectively.
Observation 4: The grant-free transmission with resource hopping and UE (re-)grouping over HARQ retransmissions can further improve the transmission reliability.

SLS Performance Evaluation
UL URLLC schemes evaluated
We compare the following transmission schemes listed in Table 2 for UL URLLC under the same number of total UEs, the same traffic arrival models, the same total bandwidth available, and the same total latency budget (1ms). Detailed simulation parameters and detailed descriptions of each scheme are provided in Appendix C and D, respectively. Note that schemes involving grant-free assume a fixed MCS, where the MCS is chosen to be the most reliable allowing for transmitting one packet using one resource unit (or one  resource partition in the following description)  of 5RB*7OS, including 1OS for DMRS, with 60kHz SCS. The HARQ scheme in the evaluation of GF and SPS is the same as that proposed in section 3, i.e., each UE in grant-free transmission will keep transmitting a packet until an ACK is received.  The base station combines all different versions of the received packet to decode and send an ACK immediately after successfully decoding the packet. Packets that have not been decoded beyond the latency bound are dropped.

Table 2: UL URLLC schemes evaluated. Detailed description is in Appendix D.
	Index
	Category
	Scheme name
	In short
	Brief description

	1
	Grant-free
	Contention based grant-free
	GF
	Slot based grant-free OFDMA allowing all resource units to be shared by multiple UEs. Consecutive re-transmission with frequency hopping until ACK is received.

	2
	
	Non-contention based SPS (special case of grant-free)
	SPS
	Slot based grant-free OFDMA with pre-configured exclusive resource reservation for each UE by serving gNB. NACK-less re-transmissions may occur on reserved resource

	3
	Grant-based
	Slot based grant-based
	GB slot
	Grant-based OFDMA transmission with link adaptation and A/N-based synchronous non-adaptive re-transmissions. Slot based frame structure according to the RTT assumed.

	4
	
	Mini-slot based grant-based
	GB mini-slot
	Grant-based OFDMA transmission with link adaptation and A/N-based synchronous non-adaptive re-transmissions. Mini-slot based frame structure according to the RTT assumed.

	5
	Grant-free to grant-based switching
	GF2GB
	Slot-based grant-free OFDMA for initial transmission on gNB-configured subset of resources and then switch to non-adaptive grant-based contention-free re-transmissions within the rest of resources according to the RTT. 


Performance Evaluation Results
We compare the scheme in FDD framework and show the percentage (%) of UEs satisfying the latency of 1ms and target reliability of 1-10-5 for different PAR per UE at 10 URLLC UEs/cell for all schemes. The reliability of each UE is determined by measuring the average residual BLER within the latency bound over all simulated packets of each UE.  If the reliability is above the target reliability threshold, the UE is considered satisfied. The following figures show the performance of GF, SPS, GF2GB and GB slot using 60 KHz SCS as well as GB mini-slot using 15KHz SCS. It can be seen from these figures that, given a target UE satisfaction of 95% for instance, GF transmission provides much higher UE reliability and substantial URLLC system capacity gains with respect to the GB schemes in particular, a well as the GF2GB and SPS schemes, in general. This is mainly because GF has comparatively more transmission/re-transmission opportunities within the latency bound of 1ms as illustrated in Figures D-1 to D-5 in Appendix D, which can greatly improve the reliability per packet in contrast to the other schemes. 

5.2.1 Contention-based Grant-free vs. the Contention-free Schemes
Due to the dynamic scheduling of GB and its associated measurement and control signaling, GF and SPS can both save latency and control overhead. It is worth noting that, considering a decoding delay of 1 TTI, GB with 2OS mini-slot and 15 KHz SCS can exploit at most 1 re-transmission opportunity within the 1 ms latency bound as compared to 2 re-transmission opportunities at most for GB slot with 60 KHz SCS.  It is also worth noting that GB with 2OS mini-slot and 15 KHz SCS suffers from increased DMRS overhead (2 out of 24 REs) compared to GB slot (6 out of 84 REs). To factor out the impact of control and DMRS overhead, Figure 7 shows such upper-bound performance of the GB schemes, i.e., the GB performance without assuming any control and DMRS overhead.  
When comparing contention-based GF with contention-free SPS, contention-based GF allows multiple UEs to access the same time-frequency resources, thus more transmissions and re-transmission opportunities for each UE; while SPS dedicates resources to the UEs in exclusive manner, leading as well to increased latency especially with larger number of UEs. 
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Figure 7: Percentage of UEs satisfying the URLLC latency and reliability requirement for the contention-based GF, the contention-free (SPS), and several GB schemes at different traffic loads.

5.2.2 Contention-based Grant-free with Grant-free to Grant-based Switching 
In GF2GB, regions for GF initial transmission and GB re-transmissions need to be configured respectively by gNB. It can be seen from the comparison of the blue (3 resource units for GF and 2 resource units for GB) and purple (1 resource unit for GF and 4 resource units for GB) curves in Figure 8 that, the more resources configured for GB re-transmission, the less overall achievable URLLC system capacity compared to the GF only scheme. In fact, configuring more resource units for GF could result in less collision for the first transmissions, and hence, higher probability of success in these first transmissions without waiting for GB re-transmissions to be scheduled by the gNB; while configuring more resource units for GB leads to less resource units for GF, which will increase queuing delays for those packets failed in first transmissions and then scheduled in GB retransmissions. The performance bottleneck in the latter case is even more prominent at higher packet arrival rates, as can be seen from Figure 8.
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Figure 8: Percentage of UEs satisfying the URLLC latency and reliability requirement for the contention-based GF and the GF2GB scheme over traffic loads.

5.2.3 Performance Benefit of UE (Re-)grouping 
As can be seen from Figure D-1, the evaluated GF scheme in this SLS study performs random resource hopping which also implies random UE (re-grouping) during the retransmissions as well as frequency diversity over the life span of the URLLC HARQ process. In this section, we assess the benefit of the UE (re-)grouping. To this end, we compare the performance of the GF shown earlier in Figures 7 and 8 with another GF baseline where first transmission of a UE starts at a randomly chosen partition, and then the UE keeps using the partition for its retransmissions. As a result, the baseline UEs who collide on a given partition  in their first transmissions will continue to collide with each other during the subsequent re-transmissions (unless some of them are correctly received and stop transmitting). Note that the frequency hopping is also assumed for this baseline, so the performance difference is due to UE re-grouping among different partitions over retransmission slots.
Table 3 shows the URLLC system capacity (in terms of supportable packet arrival rate) gains attained at different target UE satisfaction and number of UEs/cell. It can be observed that the benefit of UE(re)-grouping is more prominent at higher loads and/or more stringent URLLC system outage criteria. 
Table 3: System Capacity Gain of UE (Re)-grouping
	
	System Capacity Gain at Target URLLC UE Satisfaction

	
	98%
	95%

	10 UEs/Cell
	14.91%
	13.50%

	20 UEs/Cell
	21.11%
	13.49%



Observation 5: Contention based grant-free transmission is shown to achieve significantly higher URLLC system capacity than contention-free SPS, grant-based (either slot or mini-slot), and grant-free to grant-based switching schemes due to more re-transmission opportunities within the latency bound.
Observation 6: Contention based grant-free only scheme achieves higher URLLC system capacity than grant-free to grant-based switching scheme, and reserving more resources for grant-free transmission can improve performance.

Conclusions
[bookmark: _Ref124589665][bookmark: _Ref71620620][bookmark: _Ref124671424]In this contribution, we have addressed resource configuration and HARQ operations for UL grant-free URLLC, and both LLS and SLS performance evaluations on grant-free and other schemes. According to the above discussions, we have following observations and proposals:
Observation 1: HARQ re-transmissions will reduce the reliability requirement per transmission, which is of special importance to URLLC service within constrained latency boundary. 
Observation 2: Current LTE SR and SG control messages will be a bottleneck in achieving the reliability in the grant-based transmissions.
Observation 3: Grant-free transmission with certain level of contention can still meet the reliability requirement for URLLC services with HARQ re-transmissions.
Observation 4: The grant-free transmission with resource hopping and UE (re-)grouping over HARQ retransmissions can further improve the transmission reliability.
Observation 5: Contention based grant-free transmission is shown to achieve significantly higher URLLC system capacity than contention-free SPS, grant-based (either slot or mini-slot), and grant-free to grant-based switching schemes due to more re-transmission opportunities within the latency bound.
Observation 6: Contention based grant-free only scheme achieves higher URLLC system capacity than grant-free to grant-based switching scheme, and reserving more resources for grant-free transmission can improve performance.
From the above observations, we have the following proposals.
Proposal 1: At least semi-static resource (re-)configuration is supported for UL transmission without dynamic grant (i.e., UL grant-free transmission).
Proposal 2: UE (re-)grouping among different resource units over different transmission slots should be considered for UL grant-free transmission.
Proposal 3: RS associated with resource configuration is used for UE identification for UL grant-free transmissions.
Proposal 4: Support the following mechanisms for URLLC HARQ with UL grant-free transmissions
· RS used for re-transmission identification;
· Consecutive re-transmissions (or repetitions) until ACK is received.
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Appendix A LLS Assumptions
Table A-1: LLS simulation parameters 
	Parameter
	Value

	Carrier frequency
	4 GHz

	Number of RBs for Grant-free
	5 RB for 1 resource unit
15RB for 3 resource units

	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

	TTI length
	0.125 ms

	OFDM symbols per TTI
	7

	OFDM symbols for reference signals
	1

	Number of reference signals
	12 

	Traffic model
	Constant transmitting, or 
Random packet arrival, Poisson arrival

	BS Antenna configuration
	4 Rx

	UE antenna elements
	1 Tx

	ACK feedback assumption
	Ideal, in both latency and reliability

	
	

	
	

	
	

	Channel estimation
	Realistic

	CQI feedback assumption
	/

	UE detection
	Realistic, based on LTE UL DMRS

	Receiver 
	MMSE-IRC



Appendix B UL DMRS based UE detection Performance
[image: ]
Figure B-1 RS detection performance in the case of data collision but no RS collision.

We give an example of UE detection performance based on LTE UL DMRS design with 12 RS for 12 potential UEs among which 4 are assumed to be active simultaneously and need to be detected. 
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.
Appendix C SLS Assumptions
Table C-1:  SLS Simulation Parameters
	Attributes
	Values or assumptions

	Layout
	Urban Macro: Hex. Grid, 57 cells wrap around; 500m ISD

	Carrier Frequency
	4 GHz

	Duplexing Mode
	FDD

	System BW
	20 MHz

	Number of RBs in total
	25 RBs (60 KHz SCS), 100 RBs (15 KHz SCS)

	Number of GF resource units
	5 (5RB per resource unit)

	Sub-carrier spacing
	60 kHz

	SLOT length
	0.125 ms (60 KHz SCS)

	MCS
	QPSK, rate 1/3 (fixed for GF and SPS)

	OFDM symbols per SLOT
	7 Symbols (NCP)

	Channel model
	3D-UMa; user speed = 3km/h  (Following TR 36.873)

	UE TX power
	23 dBm

	OL Power Control
	P0 = -85 dBm , PL Compensation = 0.93

	BBU Receiver Noise Figure
	5dB

	PHY Packet size
	32 bytes (CRC included)

	BS Antenna Configuration
	4 Rx  (Following TR 38.802)

	BS Antenna Pattern
	Following TR 36.873

	BS Antenna Gain + Connector Loss
	Following TR 38.802

	UE Antenna Configuration
	2 Tx (Following TR 38.802)

	UL Tx mode
	SFBC

	Traffic Model
	FTP3

	RB Allocation
	GF: Random Selection of resource unit (for both new and re-transmission)

	UL Scheduler at BBU (for grant-based)
	Delay based

	ACK Feedback assumption
	Ideal

	Channel estimation
	Ideal

	Latency bound
	1ms

	Target Reliability
	1 – 10-5

	RTT
	3 SLOTs/Mini-slots

	Decoding Delay
	1 SLOT ( BBU and UE)

	Ctrl RBs (GB SLOT/Minin-slot)
	4 RBs (60 KHz SCS), 16 RBs (15 KHz SCS)

	GB DMRS Overhead
	6 REs/RB (60 KHz SCS), 2 REs/RB (15 KHz SCS)

	GF, SPS, GF2GB DMRS Overhead
	1 OS = 12 REs/RB (60 KHz SCS)

	
	


Evaluation metrics
We show percentage (%) of UEs satisfying the latency of 1ms and reliability of 1-10-5 for different arrival rate/UE and different number of UEs/cell. Reliability of UE is calculated based on the methodology described in [4]
· 
The reliability of the i-th UE is predicted as, where Ki is the number of packets transmitted by the i-th UE during simulation time Tsim, Ri,k  reliability for k th packet with latency Lk at a given spectral efficiency. 
· If Ri >R0 (where R0 is the reliability requirement), this UE is regarded to have “reliable” link, and could be accounted into URLLC capacity C (the number of reliable UEs/ links). Otherwise, this UE is not “reliable”, and should not be accounted into URLLC capacity C.
Hence, a URLLC UE is counted as satisfied if the average residual BLER over its packets is less than the target BLER. System outage is defined as the percentage of unsatisfied URLLC users exceeding a given threshold, e.g., 5%. System capacity is calculated as the supported traffic load under which the percentage of unsatisfied URLLC UEs is below a given threshold. 

Appendix D Description of UL URLLC Schemes Evaluated

Slot-based Grant-Free and Contention-Free SPS
As shown in Figure D-1, upon URLLC packet arrival, slot based grant-free allows the UE to randomly select any of the resource units (partitions). Consecutive re-transmissions with frequency hopping occur until an ACK is received. As such, the GF scheme can exploit the frequency diversity and benefit from the random re-grouping in terms of the collision pattern experienced. For SPS transmission, the resources assigned to each UE are pre-configured by the BS.  It is assumed that SPS only allows for exclusive resource configuration among UEs, where the cycle and pattern of the resource assignment depend on the number of UEs and the number of resource units available per slot.  Figure D-2 shows an example of SPS resource assignment of 7 users within one cell, wherein the minimum SPS cycle is 2 slots and the pattern repeats itself every SPS cycle. When packet arrives, each UE will seek the first dedicated resource for transmission. To achieve the highest possible reliability, the UE will keep re-transmitting the packet in every following opportunity until an ACK is received, within the latency bound. SPS scheme can avoid the latency caused by grant-based SR; however, if the number of UEs to be served is high compared to the available BW, waiting time until the pre-configured instance can be large.

[image: ]
Figure D-1: Grant-free OFDMA Scheme with resource hopping using 7 OS slots at 60 KHz SCS.
[image: ]
Figure D-2: UL SPS of 7 URLLC UEs on 5 Frequency Partitions using 7 OS slots at 60 KHz SCS.

Grant-Based Scheduling based on Slots/Mini-slots
For grant-based transmission (Figures D-3 and D-4), UE sends an SR immediately after a packet arrival. After receiving a grant from BS, UE transmits the packet according to the grant (in the next slot if possible). Re-transmission of a packet follows the legacy HARQ process, where the re-transmission is done immediately after a NACK, with a very short RTT assumption of only 3 slots/mini-slots. Grant-based scheme adopts MCS selection based on link adaptation and CSI from SRS measurements.
[image: ]
Figure D-3: Grant-based UL URLLC using 7 OS slots at 60 KHz SCS.
[image: ]
Figure D-4: Grant-based UL URLLC using 2 OS mini-slots at 15 KHz SCS.
Slot-based GF2GB
As shown in Figure D-5, upon URLLC packet arrival, slot based GF2GB allows the UE to randomly select any of the GF-configured resource units (partitions) during the immediately following slot. If the decoding fails, the gNB schedules the UE to transmit on one of the GB-configured resource partitions during the slot forthcoming after a decoding delay and a grant delay from the end of the first GF transmission. In this implementation of the GF2GB, same fixed MCS of the initial GF transmission is used for the GB re-transmission. 

[image: ]
Figure D-5: UL GF2GB on 5 Frequency Partitions: 3 GF and 2 GB Partitions.
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