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[bookmark: _Ref521334010]Introduction
Potential enhancements to UL control mechanisms for Rel-16 URLLC were discussed at the RAN1 #94 meeting. Some agreed areas for further study include [1]:
Agreements: 
· Study further how to enable more than one PUCCH for HARQ-ACK transmission within a slot.
· Study further whether/how to enable enhanced reporting procedure/feedback for HARQ-ACK.
· Enhanced HARQ-ACK multiplexing on PUSCH and PUCCH
· Finer indication for HARQ feedback timing, e.g. symbol-level, half-slot, etc.
· Note: this may be related to more than one PUCCH for HARQ-ACK tx within a slot
· Other enablers are not precluded
· Study the need for enhanced CSI reporting/measurement mechanisms. E.g.,  
· DMRS based CSI
· A-CSI on PUCCH
· Trigger by DL assignment
· Enhanced CSI reporting mode
· Other approaches are not precluded
This contribution addresses several of these potential enablers for Rel-16 URLLC. 
Discussion
Enhancements to HARQ-ACK feedback
HARQ timing
In Rel-15 a UE may only transmit HARQ-ACK in one PUCCH per slot. If a UE receives multiple PDSCHs scheduled by corresponding PDCCHs and two or more of the scheduling PDCCHs indicate HARQ-ACK feedback in the same slot, the UE multiplexes all HARQ-ACK according to the resource determined from the PUCCH resource indicator (PRI) field of the latest received PDCCH. 
This approach to HARQ-ACK feedback procedure is limiting for URLLC for several reasons. Firstly, quick feedback is desirable in response to a received PDSCH as long as an UL resource is readily available, e.g. for paired spectrum it should be possible to follow the PDSCH scheduling granularity as shown in Figure 1(a) for two-symbol PUCCH format 0. Moreover for TDD, latency is minimized if a UE starts processing a received PDSCH and is ready to send the HARQ-ACK immediately after the PDSCH processing time capability subject to the UL-DL frame alignment. For instance, Figure 1(b) shows roughly an equal split between DL and UL and it is not necessary to wait for the second PDSCH to be received before feeding back HARQ-ACK for the first PDSCH.


[bookmark: _Ref528501041]Figure 1 Multiple PUCCHs conveying HARQ-ACK feedback for (a) paired spectrum, (b) unpaired spectrum
Secondly, as the overall target BLER is determined by PDCCH BLER, PDSCH BLER and PUCCH detection metrics of DTX->ACK and NACK->ACK, multiplexing HARQ-ACK for multiple PDSCHs in one PUCCH may not be desirable as larger payloads require higher SNR.
Different solutions can be envisioned for supporting multiple PUCCHs conveying HARQ-ACK feedback in a slot.
1) PDSCH group based HARQ-ACK feedback. HARQ-ACK corresponding to a set of PDSCH receptions can be multiplexed on the same PUCCH. An explicit indication can be provided in a PDCCH scheduling a PDSCH indicating which group a PDSCH belongs to. The PUCCH resource is determined by the last received PDCCH scheduling a PDSCH within the same group.
2) Time-domain based differentiation. A Rel-16 URLLC UE should at least support Rel-15 PDSCH processing capability 2 (or any enhancements thereof in Rel-16). The resources in a configured PUCCH resource set can be partitioned into different time segments. Within a group of received PDSCHs corresponding to the same HARQ-ACK feedback the PRI values in the associated PDCCHs indicate PUCCH resources within the same time segment of the PUCCH slot and the UE multiplexes HARQ-ACK according to the PRI value in the last received PDCCH for this group. An illustration is shown in Figure 2, where the first two PDCCHs indicate PUCCH resources in the first half of the PUCCH slot whereas the next two PDCCHs indicate PUCCH resources in the second half of the PUCCH slot.


[bookmark: _Ref528501358]Figure 2 Time-domain based differentiation of multiple HARQ-ACK in a slot
3) Finer granularity for PDSCH-to-HARQ timing. Given that HARQ-ACK feedback is expected to be much faster for URLLC operation, the granularity of the K1 timing can also be reduced to support HARQ timing with mini-slot granularity. For example in Rel-15, for DCI format 1_0 scheduling a PDSCH reception in slot n, HARQ-ACK is scheduled in slot n + k, where k ϵ {1, 2, …, 8}. For URLLC where the scheduling and HARQ-ACK timing is expected to be much shorter, the set of K1 timings can span 2 or 4 slots, which means the K1 granularity is respectively reduced to a quarter or half slot.

Proposal 1: consider the following mechanisms for enabling multiple HARQ-ACK feedback in a slot  
· Explicit indication in the scheduling DCI of a group of PDSCHs with corresponding HARQ-ACKs multiplexed in the same PUCCH or PUSCH.
· Time-domain based differentiation of HARQ-ACK feedback
· Finer granularity of PDSCH-to-HARQ timing

On necessity for enhancements to PUCCH formats
It is also instructive to investigate whether any enhancements are needed to PUCCH formats. We consider the case of PUCCH Format 0 over 2-symbol duration with frequency hopping. In Figure 3 we show the average DL SINR for Urban Macro scenario according to the agreed simulation assumptions in [2] (see Table 2 of the Appendix).

[image: ]
Figure 3 CDF of average DL SINR for UMa

It can be seen that the 5th percentile average SINR is about -0.28 dB. Secondly, to evaluate the success probability for UMa, we simulate PUCCH Format 0 with frequency hopping for the TDL-C channel with delay scaling of 300ns (simulation assumptions described in Table 1 of the Appendix). The false alarm detection threshold is set to 1%. The results of the ACK missed detection and NAKACK BERs are shown in Figure 4.
[image: ]
[bookmark: _Ref528929135]Figure 4 ACK miss and NAKACK BER for PUCCH Format 0 with hopping in TDL-C

The end-to-end success probability for a single user in up to 2 transmissions (i.e. one retransmission) is given by,




Where,   is the success probability of PDCCH,,  are the false alarm (DTXACK) and NAKACK error probabilities,  is the PDSCH success probability in one HARQ transmission and  is the PDSCH success probability after two transmissions with HARQ combining. 

[bookmark: _GoBack]A first question to investigate is whether the false alarm threshold needs to be lowered for URLLC. It is not clear that this is needed given a PDCCH BLER in the range of [1E-6, 1E-5], i.e. the DTX event at the UE is already much less than the DTXACK event at the gNB. For the 5th percentile point, . It can be shown that a success probability of 5 nines can be obtained by setting the PDSCH BLER for first and second transmissions to 1E-4, 1E-5 respectively and the PDCCH BLER to 1E-5. Thus, at least for this case we do not see a need to enhance PUCCH formats.

Observation: we do not see a clear need to enhance the PUCCH formats in Rel-16.

UCI Multiplexing on PUSCH
This is one area where the traffic use case matters. If a UE only supports URLLC traffic, UCI multiplexing on PUSCH should be supported, otherwise either DL or UL reliability suffers depending respectively on whether HARQ-ACK or PUSCH is dropped.
If a UE supports mixed mode (URLLC and non-URLLC) traffic, some differentiation of what UCI is multiplexed on URLLC PUSCH is needed. For instance URLLC-UCI may be multiplexed on URLLC-PUSCH while eMBB-UCI is dropped. Dynamic signaling of beta offsets provides flexibility in supporting different effective coding rates for UCI on PUSCH. 
Alternatively if semi-static configuration of beta offsets is applied, independent configuration of beta offsets for URLLC and non-URLLC PUSCH can be used to restrict the UCI multiplexed on PUSCH. As such a new signaling mechanism would be needed to indicate which beta offset is applied for a PUSCH transmission. One example would be to base it on the search space where the PDCCH is detected as discussed in [2]. 
Similarly, the higher layer parameter scaling in the UCI-OnPUSCH IE can be independently configured for URLLC and non-URLLC PUSCH.
Proposal 2: for a UE supporting URLLC and non-URLLC traffic, consider restrictions to UCI multiplexed on PUSCH based on
· Independent beta offsets for URLLC and non-URLLC UCI
· Independently configured higher layer parameter scaling for URLLC UCI and non-URLLC UCI multiplexed on PUSCH

CSI reporting
Possible enhancements to CSI reporting/measurements were discussed at RAN1 #94. One approach is to support A-CSI feedback on short PUCCH. This was discussed in Rel-15 but it was not agreed to introduce for various reasons including the specification impact versus the benefits. For URLLC the motivation is that faster CSI feedback is beneficial for link adaptation relative to the faster scheduling timing needed for low latency traffic. On the other hand, it is recognized that signaling an A-CSI request in a DCI format is not very efficient particularly when there is no need to schedule PUSCH from the UE. Moreover, as PDCCH for URLLC scheduling would typically utilize higher aggregation levels on average, PDCCH overhead is already an issue in URLLC without considering A-CSI feedback. Therefore, it has been proposed to signal A-CSI in a PDCCH scheduling PDSCH. The choice of RS for performing CSI measurements could be DMRS or CSI-RS. 
Many aspects need to be investigated to properly assess the feasibility of this scheme, namely
1) Use cases: it should be noted that for periodic traffic observed for remote driving, motion control and differential protection in electric power distribution networks, P-CSI feedback is sufficient. Fast A-CSI may be beneficial for bursty traffic but since URLLC may likely be scheduled over large bandwidths and fewer symbols the CSI reporting mechanisms need to be investigated – wideband versus subband reporting. It would also be worthwhile to evaluate at system level the gains of such faster feedback over Rel-15.
2) Signaling details are FFS including 
a. How to indicate an A-CSI request in a DCI format scheduling PDSCH
b. PUCCH resource for A-CSI – multiplexed with HARQ-ACK or separate
3) UE capability:
a. DMRS-based CQI may require new CQI tests in RAN4 but it is not expected to introduce significant processing delays before CSI feedback since the DMRS-based channel and interference estimation are anyway performed to process PDSCH.
b. For CSI-RS-based CSI measurements, we note that currently the minimum CSI processing timeline is longer than the minimum HARQ-ACK timeline and so without even more aggressive processing capability reduction it may not be possible to multiplex the A-CSI with HARQ-ACK corresponding to the PDSCH scheduled by the PDCCH triggering the A-CSI. Moreover, any reduction in UE processing time for Rel-16 would not target only CSI processing but also HARQ-ACK. In other words, we expect CSI processing to lag HARQ-ACK processing.

Proposal 3: the gains of A-CSI feedback on PUCCH should be investigated for the URLLC scenarios characterized by bursty traffic including grid fault and outage management, AR/VR and possibly remote driving. The baseline for comparison is Rel-15 CSI reporting mechanisms.

Conclusion
This contribution discussed possible PHY enhancements to adequately support Rel-16 URLLC use cases. A few observations and proposals are as follows:

Proposal 1: consider the following mechanisms for enabling multiple HARQ-ACK feedback in a slot  
· Explicit indication in the scheduling DCI of a group of PDSCHs with corresponding HARQ-ACKs multiplexed in the same PUCCH or PUSCH.
· Time-domain based differentiation of HARQ-ACK feedback
· Finer granularity of PDSCH-to-HARQ timing
Proposal 2: for a UE supporting URLLC and non-URLLC traffic, consider restrictions to UCI multiplexed on PUSCH based on
· Independent beta offsets for URLLC and non-URLLC UCI
· Independently configured higher layer parameter scaling for URLLC UCI and non-URLLC UCI multiplexed on PUSCH
Proposal 3: the gains of A-CSI feedback on PUCCH should be investigated for the URLLC scenarios characterized by bursty traffic including grid fault and outage management, AR/VR and possibly remote driving. The baseline for comparison is Rel-15 CSI reporting mechanisms.
Observation: we do not see a clear need to enhance the PUCCH formats in Rel-16.
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Appendix

[bookmark: _Ref528928748]Table 1 Link-level simulation assumptions
	Parameter
	Value

	Bandwidth (MHz)
	40

	PHY resources
	1 PRB

	PUCCH format, duration
	0, 2 symbols

	Channel model
	TDL-C, DS = 300ns

	UE speed (km/h)        
	3

	Antenna configuration
	1T, 4R

	SCS (KHz)
	30 

	Frequency hopping
	Enabled

	Channel estimation
	Realistic

	Noise estimation 
	Ideal




[bookmark: _Ref528927366]Table 2 System-level simulation assumptions
	Parameter
	Value

	Layout
	Single macro layer: Hex. Grid

	Channel model
	UMa in 38.901

	Inter-BS distance (m)
	500

	Numerology (KHz)
	30

	Simulation bandwidth (MHz)
	40

	Antenna configuration at TRxP
	4Tx/4Rx, (8,4,2,1,1;1,2)
(dH, dV) = (0.5, 0.8)λ

	Transmit power per TRxP
	46 dBm per 20 MHz

	BS antenna height
	25m

	BS antenna element gain + connector loss
	8 dBi

	BS receiver noise figure
	5dB

	Total transmit power per TRxP (dBm)
	49 dBm

	Antenna configuration at UE
	4Rx,(1,2,2,1,1;1,2)
2TX (1,1,2,1,1;1,1)
(dH, dV) = (0.5, 0.5)λ

	UE Tx power (dBm)
	23

	UE antenna height
	1.5 m

	UE antenna gain
	0 dBi

	UE receiver noise figure
	9 dB

	Carrier frequency
	4GHz

	TRxP number per site
	3

	Mechanic tilt 
	90° in GCS

	Electronic tilt
	99 degree

	Handover margin (dB)
	0

	UT attachment
	Based on RSRP in TR 36.873

	Wrapping around method
	Geographical distance based wrapping

	Polarized antenna model
	Model-2 in TR36.873

	Number of UEs per TRxP
	10

	UE distribution
	100% of users are outdoors 

	UE speed (km/h)
	3
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