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Introduction
In RAN#80, the following was agreed [1]:

	URLLC L1 improvements (RAN1) for further improved reliability/latency and for other requirements related to the use cases identified, 
· PDCCH enhancements. Study focus on Compact DCI, PDCCH repetition, increased PDCCH monitoring capability. 
· UCI enhancements. Study focus on Enhanced HARQ feedback methods (increased number of HARQ transmission possibilities within a slot), CSI feedback enhancements.
· PUSCH Enhancements. Study focus on mini-slot level hopping & retransmission/repetition enhancements.
· Enhancements to scheduling/HARQ/CSI processing timeline (UE and gNB), (for existing TTI durations).




During the RAN1#94 meeting the following open issues still remain regarding the enhancements to the processing timeline for scheduling/HARQ/CSI.
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	· Evaluation assumptions and methodology 
· Discuss the additional simulation assumptions 
· Establish baseline performance achievable with Rel-15 URLLC
· Further investigate Layer 1 enhancements for further improved reliability/latency and for other requirements related to the use cases identified 
· PDCCH enhancements
· UCI enhancements 
· PUSCH enhancements
· Enhancements to scheduling/HARQ/CSI processing timeline (UE and gNB)
· Further study UL inter UE Tx prioritization/multiplexing 
· Further study enhanced UL grant-free transmission



In this contribution, we specifically focus on discussing potential improvements on the HARQ processing timeline. 

[bookmark: OLE_LINK15][bookmark: OLE_LINK16]Motivation for HARQ RTT reduction
K-repetition is one way to achieve high reliability with low latency. However, it comes at a cost of spectral efficiency. With the current discussion [8] proposed in this study item about explicit HARQ-ACK in K-repetition, more enhancements for the K-repetition can be observed. This makes it suitable for low data rate applications. Enabling new use cases and more users, improvements to spectral efficiency need to be made.

HARQ has successfully proven to enhance the reliability and spectral efficiency in previous standards. Incorporating feedback from the receiver achieves high reliability with good spectral efficiency gains, which is impossible to achieve with one-shot transmissions targeting very low BLERs. However, the main drawback of HARQ is the latency introduced by the so-called HARQ RTT, which poses a challenge for its applicability to URLLC.

In NR, the HARQ timeline is designed in a very flexible manner, allowing feedback bundling in the PUCCH. Although this concept incorporates many advantages, the feedback latency is significantly increased depending on the time instant at which the dedicated PUCCH is scheduled. This poses a severe limitation for achieving a low HARQ RTT. Even for UL transmissions, the PUSCH resource for the next retransmission has to be scheduled in a PDCCH occasion, which might not be available in the current timeslot when the feedback is ready at the gNB.

Two main components of HARQ latency:
· Scheduling latency of HARQ-ACK feedback
· gNB and UE processing times

Even if the parameters mentioned in the previous section are further reduced in NR, the HARQ RTT is composed of a propagation delay, processing times, and TTI durations. Note, the propagation delay cannot be decreased since it is a function of the physical distance between a transmitter and a receiver. Therefore, the processing time at the UE can be reduced by performing a low-complexity prediction regarding the decodability of the received CBs. Further reduction can be achieved by performing the prediction based on a portion of the CBs such that feedback can be provided significantly earlier. Feedback could be provided directly after full reception of the TTI or even earlier, if the following constraint can be met

Where,  is the TTI duration,  is the time of the symbols used for evaluation,  is the processing time and  is the timing advance.

[bookmark: OLE_LINK13][bookmark: OLE_LINK14]	Fast HARQ for URLLC
The flexible structure of NR perfectly suits the needs of eMBB with high data rates and the support of multi-user scheduling. However, in the case of URLLC, this flexibility might increase the latency. The HARQ RTT would benefit from a semi-static HARQ processing timeline for URLLC, which is not signaled for each URLLC transmission separately. 

Out-of-Order HARQ-ACK Feedback
As previously discussed, transmitting HARQ-ACK feedback for URLLC transmissions as fast as possible is crucial for low latency communication. However, there are issues when the HARQ-ACK feedback has to be transmitted in the chronological order of receiving the transmissions. In case of feedback bundling this prevents misinterpretation of the individual HARQ-ACK bits in the UCI by the gNB. This issue is addressed by excluding URLLC HARQ-ACK from feedback bundling and transmitting it on separate PUCCH resources in the UL. Therefore, NR URLLC should also enable transmission of the HARQ-ACK feedback of URLLC transmissions prior to the HARQ-ACK feedback of the previous eMBB transmissions.

Proposal 1: Study out-of-order HARQ-ACK feedback.

The gNB could assign dedicated control resources (PUCCH, PDCCH) in the DL and UL for each TB for providing the HARQ feedback. This would allow to issue feedback as fast as possible and thus minimize the HARQ RTT, as depicted in Figure 1.
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[bookmark: _Ref521435557]Figure 1: Semi-static feedback timeline.

Referring to the Compact DCI discussion, this makes the PDSCH-to-HARQ feedback timing indicator in the DCI unnecessary at least for FDD. However, an issue might occur in combination with the dynamic HARQ-ACK codebook for eMBB traffic. When the DAI also considers URLLC transmissions the same HARQ-ACK feedback would be transmitted twice, although the later transmission is unnecessary. Hence, double reporting should be further studied by RAN1.

Proposal 2: Study semi-static feedback timeline for NR URLLC in Rel. 16.

Enhanced UE Processing Time
In the previous section, we discussed out-of-order HARQ which can reduce N1 to a minimum, that is lower bounded by the UE processing time. Several companies have considered revisiting the UE processing capabilities for eURLLC [4-7]. This allows for an even tighter HARQ timeline.
To reduce the HARQ delay for URLLC applications, feedback can even be provided at an earlier time instant. Earlier feedback is obtained based on low-complexity evaluations of the received Log-Likelihood Ratios (LLRs), referred to as Early HARQ. This can either be done on the whole codeword or on portions of the CBs which are received in the first OFDM symbols. This approach is designated as “Aggressive Early” HARQ.



[bookmark: _Ref471393461]Figure 2: Comparison of different HARQ feedback approaches.

Figure 2 shows the comparison of HARQ feedback delays. The regular HARQ delay consists of the processing times at the UE and eNB and propagation delays. By employing an early HARQ scheme, e.g. as also proposed in [2], the processing time can be reduced as shown in Figure 1. A further reduction of the processing time can be achieved by providing “Aggressive Early” HARQ feedback based on a portion of the CB.

Proposal 3: Study ‘Early HARQ’ and ‘Aggressive Early HARQ’ feedback mechanisms for HARQ RTT reduction in NR URLLC.

Conclusion
In this contribution, we discussed potential improvements on the HARQ processing timeline to enable NR URLLC and propose the following:

Proposal 1: Study out-of-order HARQ-ACK feedback.

Proposal 2: Study semi-static feedback timeline for NR URLLC in Rel. 16.

Proposal 3: Study ‘Early HARQ’ and ‘Aggressive Early HARQ’ feedback mechanisms for HARQ RTT reduction in NR URLLC.
[bookmark: OLE_LINK43][bookmark: OLE_LINK44][bookmark: OLE_LINK34][bookmark: OLE_LINK35]
References
[1] 	RP-181477, “SID on Physical Layer Enhancements for NR URLLC”, Nokia, Nokia 	Shanghai Bell, 3GPP RAN#80, June 2018.
[2] 	G. Berardinelli et al., “Enabling early HARQ feedback in 5G networks,” in IEEE Vehicular 	Technology Conference (VTC’16), May 2016.
[3]	T. Fehrenbach et. al., ‘‘URLLC Services in 5G, Low Latency Enhancements for LTE’’, 	accepted for publication in IEEE Vehicular Technology Conference (VTC’18), August 2018.
[4] 	R1-1808147,	Enhancements to Uplink and Downlink Physical Channels for NR URLLC, 	Ericsson, RAN1#94, Gothenburg, August 2018.
[5]	R1-1808705,	Views on evaluation methodology and Layer 1 enhancements for Rel-16 	eURLLC, Intel Corporation, RAN1#94, Gothenburg, August 2018.
[6] 	R1-1808787,	Layer 1 enhancement for URLLC, Samsung, RAN1#94, Gothenburg, August 	2018.
[7] 	R1-1809457,	Layer 1 enhancements, Qualcomm Incorporated, RAN1#94, Gothenburg, 	August 2018.
[8]	R1-1809979, Summary of 7.2.6.3 Enhanced UL grant-free transmissions,  RAN1#94, Gothenburg, 	August 2018.

image1.png
PUCCH

€———Semi-static timing——)




image2.emf
received

Still receiving

eNB time

UE time

received

TTI

Agressive 

processing

received

Early 

processing

Regular processing

Aggressive early HARQ

Early HARQ

Regular HARQ


Microsoft_Visio_2003-2010_Drawing.vsd
�

Text�

received


Still receiving


Agressive processing


received


Aggressive early HARQ


eNB time


UE time


Early HARQ


Early processing


Regular HARQ


received


TTI�

Regular processing



