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In RAN1#86bis, the following agreements were achieved for URLLC and HARQ [1]:
Agreements:
1. Study how to meet RAN requirements on latency and reliability using at least one HARQ retransmission for DL data and UL data
0. Further study TTI duration and achievable latency based on at least one retransmission
0. 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
Agreements:
1. Timing relationship between UL assignment and corresponding UL data transmission can be (one or more of, FFS which ones)
0. dynamically indicated by L1 signaling (e.g., DCI)
0. semi-statically indicated to a UE via higher layer
0. a combination of indication by higher layers and dynamic L1 signaling (e.g., DCI)
1. FFS: minimum interval between UL assignment and corresponding UL data transmission
FFS: common channels (e.g. random access)
Agreements:
· Consider further the tradeoffs for meeting URLLC requirements for the following.
0. Semi-static resource allocation for UL data transmission.
0. Dynamic indication of available resource (e.g., by broadcast DCI) for UL data transmission.
0. Normal SR-based transmission
0. Other solutions are not precluded

In RAN1#86, the following agreements were achieved for UL grant-free transmission [2]:
Agreements:
· Continue study at least the following: 
· Retransmission/repetition and potential combining, e.g. HARQ

[bookmark: _Ref129681832]The URLLC services require very low latency (e.g., 0.5m – 1ms) and high reliability transmissions (e.g., successful packet transmission probability of 99.999%) [3], and to achieve these requirements in UL, the grant-free scheme can be applied to reduce the transmission latency, while taking into account special considerations on the reliability design. We consider HARQ retransmissions and design aspects for UL URLLC in this contribution.

Discussion
To achieve the latency requirement for UL URLLC services, one solution is to apply grant-free transmission to save the delay associated SR and UL SG signaling and overhead, due to the fact that  UL grant-free scheme can  transmit UE data in an arrive-and-go manner [5], which is especially meaningful to UL URLLC traffic with small-sized packets. 
To achieve the reliability requirement for UL URLLC services with the grant-free scheme, HARQ one or more transmissions per packet should be considered, as HARQ transmission can be very beneficial to increasing the reliability for URLLC services [4]. 
Due to the inherent nature of grant-free transmission, the signal collisions could happen.  To guarantee the high reliability quality of URLLC services, the pilot collisions should be avoided (or at least kept minimized). 
Observation 1:  To support high reliability URLLC services with grant-free transmissions, reference signal collisions should be avoided or minimized.

It is expected that URLLC services will not work in  highly loading scenarios, thus the pilots in the system can be well managed to avoid or minimize the collisions, e.g., by gNB semi-static signaling [9]. 
Furthermore, a limited number of transmissions for a packet can be used within the latency constraint, thus we need to well manage HARQ retransmissions and take use of this valuable time window to increase the reliability for URLLC services. Typical HARQ retransmission is waiting for a NACK feedback after each packet transmission, but this is probably not the best way in URLLC applications.  For example, one scheme is to continuously perform initial and retransmission(s) without waiting for a HARQ ACK/NACK feedback in between, where the number of transmission times can be configurable. We refer to this type of transmissions as single-shot [10], which will include here one or more consecutive transmissions in pre-defined UL grant-free MA resources (e.g., time/frequency/spatial, etc). 

HARQ reliability analysis for URLLC 
In this subsection, we provide an analysis on the reliability requirements with HARQ operations to support URLLC services, considering overall HARQ signalling procedure (control, data, etc) as suggested in [1].
  URLLC with grant-free  
We consider one initial and one HARQ retransmission in single-shot for UL grant-free scheme, as shown in Figure 1, where each transmission includes one pilot (e.g., RS) and data message (going simultaneously), and the pilot will serve as an indication of UE activity (and identity)  and a packet initial- or re-transmission , as well as the channel estimation.  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 retransmission signal will be combined with initial signal for HARQ detection only when gNB has successfully detected the pilots in the two transmissions.  
[image: ]
Figure 1: HARQ initial transmission and re-transmissions in single-shot 

As shown in Figure 1, it can be obtained that the successful detection probability, P, after the two transmissions is given below.
       (1)
where
·  are, respectively,  the successful detection probability of the UE activity,  and the successful detection of the data, given the known UE activity (or pilot) in the first (initial transmission).
·  are, respectively,  the successful detection probability of the UE activity,  and the successful detection of the  data, given the known UE activity (or pilot) in the second (first re-transmission).
·  is the successful detection probability of HARQ combined signal from the two transmissions of the UE, given that the UE activity successfully detected in the two receptions and first tx data detection fails. 
· Note that the detection of the data here will also include the channel estimation process. 
We provide some numerical analysis based on simplified assumptions below:
· The two transmissions are independent with equal error pilot detection probability, denoted by , and equal data error detection probability given the success of pilot detection, denoted by . 
· The data error detection probability of the HARQ combined signals, given that the two pilots successfully detected in both transmissions and first tx data detection failed, is denoted by, 
As a result, using (1), the error detection probability after the two transmissions is given by
≈     
where   ,  and  can be assumed small enough (e.g., <10-2 ) to ignore the higher order terms. From above analysis, if there is no retransmission and to support the high reliability for URLLC, the grant-free error probably has to satisfy
   
which means that we need to have both   and .
For the two consecutive transmissions, the grant-free error probably will need to satisfy 
     
It is expected that,  however, by taking conservative considerations for simple analysis, we replace   by . We also assume , which gives and  as sufficient conditions to achieve the required reliability.
As a result, it is seen that HARQ retransmissions for two consecutive transmissions can significantly reduce the requirements on the error detection probabilities for both UE activity and data detections. It is expected that more retransmissions will lead to further relaxed reliability requirements; for example, within the URLLC latency constraint of 1ms, at least 6 transmissions in single-shot can be used for 60KHz subcarrier spacing with 7 symbols per slot [8]. Thus, the grant-free scheme with HARQ retransmissions is capable of supporting URLLC services with the required low latency and high reliability. 
Observation 2: The grant-free transmission with HARQ operations is able to achieve both latency and reliability requirements for URLLC services.

Grant-free versus grant-based 
In the previous subsection, we have demonstrated that with initial and retransmission, the grant-free scheme with HARQ operations is able to support URLLC services with the required latency and reliability requirements. One question can be naturally raised:  Comparing with grant-based scheme, is the grant-free scheme is competitive in terms of both latency and reliability perspectives? The grant-free latency advantage is obvious, so we focus on the reliability discussions below.
The advantage of the grant-based scheme is that there is no need to perform UE activity detection; in another word, the above UE miss detection probability is zero for grant-based scheme. On the other hand, its disadvantage is that scheduling request (SR) has to be sent by UE and scheduling grant (SG) by gNB, which will take at least two time slots before the grant-based scheme can start data transmissions.  SR and SG messages each will also require high reliable transmission to guarantee the reliability of URLLC services. If the detecting error probability on SR is denoted by  , and on SG is by  , they have to satisfy, at least,
; .
Using the same definition in the previous subsection, it can be readily shown that the data error detection probability for one transmission only is , which has to also satisfy, .
If the two transmissions (similar to Figure 1) are scheduled per each SG, the data error detection probability with HARQ operations can be written by . Same assumption as the grant-free above, replacing  by ,  and assuming that the three terms have almost the same probability,  we have 
,
which gives almost the same requirement as in grant-free. 
Table 1: Tx reliability requirements for grant-free (GF) vs grant-based (GB) scheme to support URLLC
	Tx reliability requirements for RULLC
	GF
	GB
	Comments

	
	UL data signals
	SR/SG
	UL data signals
	SR/SG
	

	One data Tx only

	


	n/a

	



	

	Both have similar requirements


	Two data consecutive Txs 

	


	n/a


	



	



	SR & SG will dominate the requirements,     which are performance bottleneck





Given the same assumptions in the previous subsection, the comparison of the grant-free vs grant-based reliability requirements can be summarized by Table 1. It should be noted that the grant-based scheme will have to use a minimum of 2 time slots for SR and SG signaling, thus the grant-free scheme will have (at least) 2 more transmission opportunities than grant-based to further relax the reliability requirements.
The grant-free is able to provide stringent latency requirement for URLLC services in NR; from Table1, it can be seen that the grant-free scheme can provide a very competitive solution in NR to support URLLC high reliability transmission, which in fact can provide better solution than the current LTE grant-based scheme due to its SR and SG reliability bottlenecks as shown in Table 1.  Note that for grant-based scheme, SR and SG can be retransmitted one or more times to improve the reliability; however, this will occupy valuable time resources that could be used by data in the URLLC limited transmission time window (i.e., latency budget period).  
As a result, for each grant-free transmission, the pilot and data signals should go simultaneously in order to better use the URLLC limited transmission time window.  Note that if the pilot is transmitted first for UE activity detection by gNB (e.g., RACH preamble) before the data transmission, it will introduce the same time and reliability problems as SR and SG messages. 

Observation 3: The grant-free scheme can provide a very competitive solution to URLLC high reliability transmissions, which in fact can provide better a solution than the current LTE grant-based scheme by taking into account reliability of overall HARQ signalling procedure (control and data, etc).
[bookmark: OLE_LINK55][bookmark: OLE_LINK56][bookmark: OLE_LINK57][bookmark: OLE_LINK58]Observation 4: Separately handling of pilot before data transmission for, e.g. UE activity detection at gNB like existing preamble RACH process will introduce the same latency and reliability problems as the SR and SG messages in grant-based transmissions.
Observation 5: Pilot and data signals should be transmitted simultaneously in each transmission to better use the URLLC limited transmission time window, and to satisfy the URLLC stringent latency and high reliability constraints.
Proposal 1: UL grant-free transmission with HARQ operations for URLLC should be supported in NR.
· Pilot and data signals should be transmitted simultaneously in each transmission
· Initial and retransmissions in single-shot should be supported

HARQ retransmission resource allocation and identification 
Resource mapping for initial transmission and re-transmissions
In applications of URLLC services, to achieve high reliability with stringent latency constraints, HARQ re-transmissions can be preconfigured with a fixed number of consecutive transmissions for each packet (without waiting for HARQ feedbacks), while it is possible to feedback an ACK from gNB to stop the transmissions earlier during one single shot transmission once the data has been correctly decoded.  
Resource-wise, each multi-user group can be mapped to a different multiple-access (MA) resource in a different time duration when the system has to support the number of users larger than the available resources; each user can be mapped to different time and/or frequency resources for initial transmission to retransmissions. 
Figure 2 is an example to demonstrate these ideas: two users can share one MA physical resource in their initial transmissions may not share next MA physical resources in their subsequent redundant transmissions, where the MA resource mapping for one user may include time and frequency hopping-like patterns as shown in Figure 2. Such resource allocation and retransmission strategy can minimize the collision probabilities in order to enhance the performance.  
[image: ]
Figure 2 UE group mapping to MA resources for retransmissions with different time and frequency patterns

These resource allocation and mapping with UE groups can be adjusted semi-statically or on demand based on e.g., the system traffic loading of URLLC. As an alternative, the re-transmissions can be switched to grant-based if the system increases overloading to certain level in the available grant-free regions. On a trade-off, the grant-based scheme will introduce the increased signaling messages, which also requires a high reliable transmission to support URLLC traffic.  
Proposal 2:  MA resource mapping to UE access opportunities for grant-free initial and retransmissions should be studied for URLLC services to minimize the signal collisions.   


Note that the pre-defined resource allocation in Figure 2 is different from the current LTE SPS with OMA-based resource allocation, where no more than one user will share the same time-frequency resource. Unless no time-frequency resources are limited for usage of the SPS URLLC UEs, as the number of the URLLC UEs increases, some of the UEs may not have (enough) timely resources to transmit their data within the URLLC budgeted time window, thus leading to both the latency and/or reliability issues.  
     
Retransmission identification for HARQ combining
HARQ is able to enhance the transmission reliability for URLLC services. As discussed in [6] and Section 2.1, the receiver procedure for UL grant-free transmissions will include UE activity detection, channel estimation & HARQ operation for data detection.  However, one of the challenges for HARQ in UL grant-free transmission is that gNB does not know whether a transmission from a UE is a new one, a first re-transmission or a sub-sequent re-transmission. Thus, certain mechanisms should be devised to map transmission attempt number to redundancy version for HARQ operation.
gNB can perform HARQ combining as long as it knows which re-transmission(s) and initial transmission belongs to the same packet of a UE. This can be done, for example, by using pre-defined mapping between pilot sequence and transmission attempt number. This way, even if gNB misses some of the transmissions by a UE, it can recover them by having successful detection of the UE in some transmission attempts and using the pre-defined resource mapping as described in section 2.2.1 and [7].  

UE activity miss detection and management
A UE activity miss detection will impact significantly on the URLLC performance in terms of reliability as it will lead to 100% transmission failure. In such a case, the retransmission and HARQ operation mechanism can help overcome the problem.  To evaluate UE activity miss detection, a link-level simulation was done to capture the miss detection probability as well as the false detection probability, shown in Table 2, where the evaluation assumptions can be found in [9].
It is seen from Table 2 that the UE miss detection probability can achieve low as low as 6.8x10-5 at SNR of 0 dB, and more results can be found in [9].  As derived from Section 2.1, the UE miss detection probability with the two transmissions can be kept below 10-3, thus the simulation results here can well support the Observation 3.  Moreover, more HARQ retransmissions will make the UE miss detection requirement further more relaxed. 
It is also worth to note that during UE detection process, it is possible that some UEs are wrongly claimed to be active (false alarm), which has no impact on the detection performance. The only impact is that gNB has to perform some useless decoding efforts which may increase the decoding complexity. As can be seen in Table 2, the number of false-alarmed UEs can be kept very low to minimize the impact on receiver complexity. 
Table 2: Simulated UE miss detection probability and the false detection results
	
	SNR=0dB

	Miss detection probability
	6.8x10-5

	Average number of false alarmed users
	0.24



Observation 6: UE miss detection is not a bottleneck in UL grant-free URLLC transmission.

Conclusions
In this contribution, we have addressed HARQ design aspects for UL URLLC. According to the above discussions, we have following observations and proposals:
Observation 1:  To support high reliability URLLC services with grant-free transmissions, reference signal collisions should be avoided or minimized.
Observation 2: The grant-free transmission with HARQ operations is able to achieve both latency and reliability requirements for URLLC services 
Observation 3: The grant-free scheme can provide a very competitive solution to URLLC high reliability transmissions, which in fact can provide better a solution than the current LTE grant-based scheme by taking into account reliability of overall HARQ signalling procedure (control and data, etc).
Observation 4: Separately handling of pilot before data transmission for, e.g. UE activity detection at gNB like existing preamble RACH process will introduce the same latency and reliability problems as the SR and SG messages in grant-based transmissions.
Observation 5: Pilot and data signals should be transmitted simultaneously in each transmission to better use the URLLC limited transmission time window, and to satisfy the URLLC stringent latency and high reliability constraints.
Observation 6: UE miss detection is not a bottleneck in UL grant-free URLLC transmission.
Proposal 1: UL grant-free transmission with HARQ operations for URLLC should be supported in NR.
· Pilot and data signals should be transmitted simultaneously in each transmission
· Initial and retransmissions in single-shot should be supported
Proposal 2:  MA resource mapping to UE access opportunities for grant-free initial and retransmissions should be studied for URLLC services to minimize the signal collisions.   
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