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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#94b meeting the following open issues still remain regarding the enhancements to the processing timeline for scheduling/HARQ/CSI.

	· 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 [6] 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. To enable 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.
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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. 

Enhanced UE/gNB Processing Time
Table 1 shows the Rel. 15 UE processing capabilities for different SCSs, assuming the gNB processing time to be the same. However, these are incapable of achieving the target of 1 ms latency. Several companies have considered revisiting the UE processing capabilities for eURLLC [2-5]. Although it is possible to improve the processing times by defining more stringent UE/gNB processing times, there is a physical limit defined by the underlying chip design.
[bookmark: _Ref528672941]Table 1: Rel. 15 UE processing capability #2
	
	15 kHz SCS
	30 kHz SCS
	60 kHz SCS

	Processing time in OS (front-loaded DMRS)
		3
	4.5
	9

	Stringent UE processing time in OS (Early HARQ) [2]
	2.5
	2.5
	5



Proposal 1: Introduce more stringent UE processing capabilities for URLLC.

Proposal 2: Study the limit of more stringent UE processing capabilities.
Aggressive UE/gNB Processing Time

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.
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[bookmark: _Ref471393461]Figure 1: Comparison of different HARQ feedback approaches in means of time till HARQ feedback is ready.

Figure 1 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 a more stringent UE processing capabilities (Early HARQ), as discussed in the previous section, the processing time can be reduced. However, further reduction of the processing time can be achieved by using “Aggressive Early” HARQ (AE-HARQ) feedback based on a portion of a TTI.
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[bookmark: _Ref528246093]Figure 2: Exploiting substructures of LDPC codes for computing HARQ feedback earlier (AE-HARQ).

As shown in Figure 2, substructures in the Tanner graph of LDPC codes can be exploited to predict the decodability of the transmission by using already received check nodes (blue in Figure 2) and associated variable nodes (red in Figure 2) in the first portion of the TTI. Using standard LDPC decoders on this so-called subcode allow having HARQ-ACK available even during reception of the TTI. The AE-HARQ fraction of the transmission used for feedback generation is designated as the rate of the AE-HARQ, thus rate-1/2 AE-HARQ corresponds to computing the feedback based on the first half of the TTI. The processing time then results to: 

,

where  is the rate of the AE-HARQ, i.e. the fraction of the whole TTI used for HARQ prediction, and  is the length of the TTI in OS.

Table 2 shows exemplary the resulting UE and gNB processing times based on Processing capability #2. As obvious, the processing time is reduced especially for long TTI. Hence, the PUCCH for HARQ-ACK or the PDCCH scheduling a retransmission can be provided at an earlier stage.

	Scheme
	TTI length
	SCS 15 kHZ
	SCS 30 kHZ
	SCS 60 kHz

	Baseline
	X OS PDSCH
		3
	4.5
	9

	AE-HARQ
	14 OS PDSCH
	0
	0
	2

	
	7 OS PDSCH
	0
	1.5
	6

	
	4 OS PDSCH
	1
	2.5
	7

	
	2 OS PDSCH
	2
	3.5
	8


[bookmark: _Ref528245402]Table 2: UE and gNB processing times  for rate-1/2 AE-HARQ.
The same scheme could also be applied to more stringent UE processing capabilities, as shown in Table 3.

	Scheme
	TTI length
	SCS 15 kHZ
	SCS 30 kHZ
	SCS 60 kHz

	Baseline (stringent processing) [2]
	X OS PDSCH
		2.5
	2.5
	5

	AE-HARQ
	14 OS PDSCH
	0
	0
	0

	
	7 OS PDSCH
	0
	0
	2

	
	4 OS PDSCH
	0.5
	0.5
	3

	
	2 OS PDSCH
	1.5
	1.5
	4


[bookmark: _Ref528683266]Table 3: UE and gNB processing times T_proc for rate-1/2 AE-HARQ for more stringent UE processing.


Proposal 3: Study introducing a new processing capability for aggressive early processing.

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

Proposal 1: Introduce more stringent UE processing capabilities for URLLC.

Proposal 2: Study the limit of more stringent UE processing capabilities.

Proposal 3: Study introducing a new processing capability for aggressive early processing.
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