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1 Introduction

A new SI on URLLC enhancements for Rel-16 was approved at RAN #80 with one of the core objectives being [1],

· Enhanced UL configured grant (grant free) transmissions, with study focusing on improved configured grant operation, example methods such as explicit HARQ-ACK, ensuring K repetitions and mini-slot repetitions within a slot. (RAN1/RAN2)

In this contribution we first review the Rel-16 use cases and requirements set forth in [1], [2] and provide a preliminary analysis of how well Rel-15 configured grant operation addresses these requirements. Finally, we identify possible areas for enhancement in Rel-16. 
2 Discussion
The URLLC SID lists factory automation, transport industry and electrical power distribution as prime use cases for Rel-16. In addition AR/VR for the entertainment industry is listed as an example of a Rel-15 use case that could be further enhanced in Rel-16. Of these use cases we argued in [3] that motion control for factory automation should be a high priority use case in Rel-16 given its attractiveness as a promising, albeit challenging, vertical for NR. Factory automation in general and motion control in particular is characterized by cyclic communications with very stringent reliability and latency constraints as can be seen in [2]. For instance, motion control requires end-to-end latency of 0.5 – 2 ms, 99.9999% reliability in a deployment area up to 100 m2. 

The periodic and deterministic nature of cyclic traffic is well suited to configured grant operation. Nevertheless, motion control and other URLLC applications still require non-cyclic communication with more typical traffic patterns. Therefore, NR should support both types of traffic with high reliability and low latency. 

Figure 1 is an illustration of the UL User plane latency starting from when data arrives at the application layer. For the latency evaluation we have the following assumptions based on Rel-15 specification

· SR periodicity = 2 symbols and 2-symbol PUCCH Format 0 for SR

· Worst case alignment delay for SR is equal to the SR periodicity

· UE L1 processing delay according to PUSCH timing capability 2 in 38.214
· For simplicity, gNB PUSCH processing delay is same as PUSCH timing capability while SR processing delay is half this number
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Figure 1 Illustration of UL User plane latency for 1 PUSCH transmission
In Table 1 we show the L1 end-to-end latency for 1 HARQ transmission without considering higher layer (including CN) processing delays. In addition we did not take into account the additional latencies incurred by a limited number of PDCCH monitoring occasions where the UE monitors for a PDCCH scheduling the PUSCH nor the impact of PDCCH blocking, which would require system level evaluation. Nevertheless, it can be seen that 15 KHz cannot achieve 1ms latency even in this idealized scenario, whilst the latency margin would be considerably reduced for 30 KHz in a more practical scenario. Therefore, it should be clear that configured UL grant operation is an essential feature for URLLC.
Table 1 UL U-plane latency in ms for 1 PUSCH transmission

	PUSCH duration (symbols)
	15 KHz
	30 KHz
	60 KHz

	2
	1.43
	0.75
	0.62

	4
	1.57
	0.82
	0.66


Observation: Configured grant operation is an essential feature for both cyclic and non-cyclic URLLC traffic.
3 Discussion of Rel-15 configured grant operation and potential enhancements

Rel-15 configured grant operation has the following key features:

· Type 1 and Type2 configured UL grants are supported where Type1 is configured and activated by RRC signaling, whereas Type2 is configured by RRC but activated by a PDCCH. Multiple configured grant configurations can be simultaneously active but only on different serving cells and for a serving cell the MAC entity is configured with either Type1 or Type2.
· A configured timer is used to reserve a HARQ process for a TB until it expires. Each transmission of the same HARQ process restarts the configured timer. Upon timer expiry the UE assumes the NDI is toggled and can send a new TB with the same HARQ process ID.

· Synchronous HARQ operation: the HARQ process ID for a configured grant is determined by the configured PUSCH occasions.
· A UE is configured for a set of K repetitions from the set of values {2, 4, 8}. Repetitions of a TB must end within the configured grant period.  

A first step in the SI is to evaluate the ability of these Rel-15 features in meeting the Rel-16 URLLC requirements. A general discussion on evaluation methodology is provided in a separate contribution [3]. In parallel we provide some analysis here of potential enhancements that could be considered for configured grant operation.

3.1 Mini-slot-level repetition
Only slot-level repetition is supported in Rel-15. We will define a transmission occasion (TO) as a set of UL symbols in a slot indicated by the time domain resource allocation provided in either the activation PDCCH for Type2 or in the rrc-ConfiguredUplinkGrant IE for Type1. 

An illustration of the scenario is shown in Figure 2(a), where data arrives after the starting symbol of the first TO. For a configured RV sequence of {0, 0, 0, 0} the UE has to wait till the next slot to start transmission. The worst case in terms of latency occurs for RV sequence of {0, 2, 3, 1}, where the UE has to wait for up to 4 slots before transmitting as Rel-15 has the restriction that the initial transmission for a HARQ process using RV sequence {0, 2, 3, 1} starts at the first TO within a configured period. Unfortunately, RV sequence {0, 2, 3, 1} is also known to offer the best performance over 4 transmissions but for URLLC the latency may not be acceptable.

One possible enhancement is to introduce mini-slot-level repetition which essentially provides a much finer scheduling granularity. As shown in the example of Figure 2(b), mini-slot TOs would reduce the alignment delay for RV sequence {0, 2, 3, 1}.
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Figure 2 Illustration of less than K transmission depending on data arrival
Proposal 1: Mini-slot-level repetition should be studied in Rel-16 to reduce UL transmission latency.
3.2 Ensuring K repetitions
The main use case for K repetitions is either for coverage enhancement in the case of slot-level repetitions or to improve reliability for mini-slot-level repetitions. In Rel-15, the K transmission occasions are confined within a configured period, which means that the actual number of transmissions may be less than K due to the following reasons,

· Data arrival and network processing time extends beyond the first symbol of the first TO of a repetition bundle.

· The UL-DL configuration assigns DL symbols within the set of symbols of a slot indicated by the time domain allocation (SLIV) in one or more of K consecutive slots starting from the first slot of the bundle.

· A received DCI format 2_0 provides SFI indicating flexible or DL symbols within the configured grant time domain allocation as flexible or DL for one or more of the K consecutive slots.

Clearly, this affects reliability as the number of repetitions is dimensioned according to the reliability objective.
Allowing repetitions across the boundary of two periods was discussed in Rel-15 but it is problematic because configured grant operation uses synchronous HARQ operation, wherein the HARQ process ID for a configured grant period is determined by the timing of the configured grant instance as shown in 38.321. As a consequence of this synchronous operation it is specified in TS 38.214 that “The UE is not expected to be configured with the time duration for the transmission of K repetitions larger than the time duration derived by the periodicity P”. 
One possible solution therefore is to consider more TOs in case the data arrival instance means that the UE does not start transmission from the first TO within the configured period.

An alternative solution is to revert to an asynchronous HARQ operation by providing at least the HARQ process ID within the PUSCH transmission. This is similar to LTE FeLAA where for autonomous uplink (AUL) operation a UE may be configured to multiplex UCI with UL-SCH on PUSCH, where the UCI consists of the HARQ process ID, RV and NDI for the associated UL-SCH. This is beneficial for RV sequence {0, 2, 3, 1} and {0, 3, 0, 3} as the UE can start transmission in any transmission occasion and essentially eliminates the boundary between configured periods. One concern with this approach is that it partially reduces the reliability of the UL-SCH since for the same PUSCH allocation, the effective coding rate goes up for the TB. 

Proposal 2: New mechanisms to ensure K repetitions should be studied in Rel-16.
3.3 Necessity of explicit ACK
In the Rel-15 specifications, implicit ACK of a HARQ process is supported by timer expiration. A gNB may dynamically schedule a retransmission of the same TB at any time before the timer expires. A possible issue with this HARQ-ACK mechanism is that if the gNB does not detect all actual repetitions of a TB, it cannot schedule a retransmission and higher layer ARQ (if supported for URLLC) would have to be used to recover the data but this is anyway likely to violate the latency budget. As such explicit ACK has been proposed instead of explicit NACK. As discussed during the Rel-15 standardization, an additional benefit of explicit ACK is that it provides early termination, which is helpful to save UE power and also reduce intra-cell and inter-cell UL interference.
It should be noted that these benefits are more useful to interference heavy scenarios such as NOMA or unlicensed operation rather than for URLLC.
Regarding its application to URLLC we have the additional observations

· First of all explicit ACK implies that the UE is able to receive DL control within the time duration of the K transmissions either on a different carrier (FDD) or if DL symbols are available within the duration of K repetitions for a shared carrier. 

· Secondly if we consider K = 2 or 4, the time required for gNB receiver processing, transmission of a PDCCH carrying ACK and UE receiver processing of PDCCH has to finish before K repetitions, if mini-slot-level repetitions are used for reduced latency.

In summary it is not clear that explicit HARQ-ACK is needed for URLLC with a tight latency budget. 

Explicit NACK on the other hand seems better suited for URLLC because the gNB can quickly reschedule a retransmission rather than waiting until the next configured grant for the same HARQ process. Note that this is also helpful for the shared UL grant scenario if a gNB is able to detect a collision – and the identity of one or more colliding UEs – using the DMRS but not able to decode the PUSCH. 
Observation: The benefits of explicit ACK are better suited to interference-heavy scenarios rather than URLLC. 
3.4 Frequency hopping
Frequency hopping is supported for Rel-15 configured UL grant operation. The same frequency allocation is used for each frequency hop of a set of K repetitions. Frequency hopping between repetitions can also be considered for interference randomization. One solution would be to introduce a pseudo-random hopping pattern as in LTE Type2 hopping. However, since hopping is UE-specific and different UEs may be configured with different values of repK, it may be simpler to configure frequency hopping offset values for each repetition. 

Proposal 3: Consider different frequency hopping offset for each transmission in a set of K repetitions of a TB.
4 Conclusion
In this contribution, we reviewed the URLLC use cases and requirements for UL transmission. We also provided a preliminary analysis of what areas of Rel-15 configured grant operation should be investigated in order to meet the Rel-16 requirements. Some observations and proposals are as follows:
Observation: Configured grant operation is an essential feature for both cyclic and non-cyclic URLLC traffic

Proposal 1: Mini-slot-level repetition should be studied in Rel-16 to reduce transmission latency

Proposal 2: New mechanisms to ensure K repetitions should be studied in Rel-16.
Observation: The benefits of explicit ACK are better suited to interference-heavy scenarios rather than URLLC.
Proposal 3: Consider different frequency hopping offset for each transmission in a set of K repetitions of a TB.
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