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1. Introduction
In this contribution, we discuss the two enhancements for PUCCH operation from the following objectives in the WID [1] for the Rel-17 coverage enhancement work item:
· Specification of PUCCH enhancements [RAN1, RAN4]
· Specify signaling mechanism to support dynamic PUCCH repetition factor indication [RAN1]
· Specify mechanism to support DMRS bundling across PUCCH repetitions [RAN1, RAN4].
For the dynamic PUCCH repetition objective, we identify a mechanism that can allow the coverage gains for CSI called for in the study item outcome, as well as be applied to all PUCCH formats and to HARQ-ACK. For the PUCCH DMRS bundling objective, we consider potential constraints on when DMRS bundling can be used, and how these may impact likely use cases and lead to different gNB and UE implementations. Simulation results are given showing the benefit of cross slot channel estimation, comparing it to frequency hopping without cross slot estimation, and where the gNB can ‘assist’ UE phase continuity through estimation of relative phase. The sensitivity of cross slot estimation to imperfect phase continuity between PUCCH repetitions is also studied.
2. Discussion
2.1 Dynamic PUCCH repetition
During email discussions in RAN1#104-e, the following was asked:
[bookmark: _Hlk62378408]Question: Whether dynamic PUCCH repetition factor indication can be applied to a PUCCH does not have corresponding DCI, such as P-CSI, SP-CSI, SR, HARQ-ACK for SPS PDSCH?
The motivation for PUCCH enhancement from the study item phase was for CSI, so dynamic repetition for PUCCH should support at least CSI. PUCCH transmitted in response to PDSCH does not support carrying repeated CSI in Rel-16, since when repeating PUCCH, HARQ-ACK will have higher priority and the CSI will be dropped. A second issue is that if HARQ-ACK does not require repetition, but CSI does, repeating both HARQ-ACK and CSI is a waste of resources at least to some degree, which is contrary to the resource savings motivation of dynamic PUCCH repetition in the first place. Perhaps more importantly, HARQ-ACK is unnecessarily delayed if it is repeated and does not need to be. Therefore, forcing CSI to be carried only in dynamically indicated PUCCH with HARQ-ACK seems excessively restrictive, and P-CSI and SP-CSI should be supported by dynamic PUCCH repetition indication.
On the other hand, repeating CSI with e.g. HARQ-ACK when it makes sense to do so from a coverage, latency, and spectral efficiency viewpoint should be supported. If the same PUCCH payload is repeated across all the transmissions, this should be relatively simple to manage from a collision and PUCCH multiplexing timeline perspective, as well as provide the needed coverage.
Neither SR nor HARQ-ACK were found to be limiting in the NR coverage enhancement study. However, the content of PUCCH formats is determined independently from the time or frequency resources it occupies. Therefore, if repetition is configured within a PUCCH resource, SR or HARQ-ACK can be repeated using the same mechanism as CSI. In fact, it would likely take more specification effort to preclude that they are repeated than to support their repetition.
Observations 1-4:
· Dynamic PUCCH repetition factor indication must support CSI if it is to reflect the study item outcome that CSI is a bottleneck.
· Rel-16 does not support repetition of CSI on dynamically indicated PUCCH resource.
· Forcing CSI to always share PUCCH resource with HARQ-ACK is spectrally inefficient.
· Rel-16 does support repetition of CSI-only payloads for periodic and semi-persistent CSI.
Proposals 1-2:
· Support dynamic PUCCH repetition factor indication for PUCCH carrying CSI
· CSI on periodic and semi-persistent resources is supported
· Repetition of PUCCH resources indicated by DCI and that carry CSI is supported
· The same information bits are present in each repetition
In RAN1#105-e, it was agreed to indicate the PUCCH repetition factor via PUCCH resource indication, where the repetition factor is configured per PUCCH resource. 
	Working assumption: In Rel-17, for a PUCCH with associated scheduling DCI, support the following for dynamic PUCCH repetition factor indication. 
· Enhance RRC signaling to allow configuration of PUCCH repetition factor per PUCCH resource. Reuse Rel-16 PUCCH resource indication mechanism based on “PUCCH resource indicator” (PRI) field and starting CCE index (when applicable based on Rel-16 spec) of DCI to indicate a PUCCH resource and its associated repetition factor.
· FFS: RRC signaling enhancement details


While this directly allows repetition for PUCCH carrying HARQ-ACK, it does not allow dynamic PUCCH repetition factor indication for a PUCCH that does not have corresponding DCI, including periodic or semi-persistent CSI, and so does not meet the requirement identified above.
To support dynamic PUCCH repetition for periodic or semi-persistent CSI, the repetition factor must somehow be updated via DCI, as illustrated in Figure 1. One approach is to use the selected PUCCH resource indicated by PRI for periodic or semipersistent resources, where the resource is selected from those that have different repetition values. The resource for P/SP-CSI can be from a same set of resources used to carry HARQ-ACK (where R1’ is the same as R1 in the figure). Rel-16 PRI can be reused for this without increasing DCI overhead. On the other hand, the PUCCH resource may be over dimensioned for the HARQ-ACK transmission. However, if the repetition factor changes infrequently, because the PUCCH resource inefficiency only comes when a PUCCH resource intended for P-CSI or SP-CSI needs to be updated, the PUCCH resource inefficiency for HARQ-ACK should not be significantly degraded. If PRI selects from different sets of resources for P/SP-CSI CSI transmission and for HARQ-ACK (where R1’ is different from R1 in the figure), the PRI field can again be reused, and the resource can be better optimized for HARQ-ACK vs. CSI.
A variation on this approach is to select PUCCH resources and the corresponding repetition factor used for P/SP-CSI in an uplink grant. This requires one or more bits additional bits in DCI overhead, but allows the repetition factor to be updated when there is no PDSCH data.

[bookmark: _Ref71670218]Figure 1. Dynamic repetition factor indication for P/SP-CSI

Observation 5:
· Periodic or semi-persistent CSI can use the same basic mechanism as dynamically indicated PUCCH resource
· DCI can update a PUCCH resource used for P/SP-CSI reporting
· P/SP-CSI reporting resources can be selected by DL or UL grants
[bookmark: _Toc61342147][bookmark: _Toc32612989][bookmark: _Toc37452515]Proposal 3:
· PUCCH resources used in periodic and/or semi-persistent CSI reporting can be indicated via DCI in at least a DL grant
· FFS: if UL grants can also be used for this purpose
Moreover, it has been agreed during URLLC discussions to support PUCCH repetition for sub-slot HARQ-ACK and short PUCCH formats 0 and 2, as shown below.  Therefore, the specification of dynamic indication of PUCCH repetition in coverage enhancement should support short PUCCH formats.
	Agreements: Support sub-slot based PUCCH repetition for HARQ-ACK based on the Rel-16 PUCCH procedure for slot-based PUCCH applied to sub-slot based PUCCH
· Note: the intention is to take the Rel-16 slot-based PUCCH by replacing with “sub-slot” appropriately, without further optimization unless necessary
· FFS whether or not there is any restriction for the applicability of sub-slot based PUCCH repetition for HARQ-ACK
· Dynamic repetition indication is supported also for sub-slot based PUCCH in Rel-17
· FFS: if the method to be specified in Cov. Enh WI for slot-based PUCCH repetition can be directly applied to sub-slot PUCCH or if changes are needed

Agreements: Support PUCCH repetition for PUCCH formats 0 and 2 at least for sub-slot based PUCCH repetition. 
· FFS: Support for slot-based PUCCH repetition



In NR Rel-15, A-CSI can only be transmitted on PUSCH, and system level simulation results in the coverage enhancement study item show that A-CSI is one of the most limiting channels for cell coverage. This CSI coverage bottleneck can be resolved by the support of A-CSI on PUCCH with repetition. Although A-CSI on PUCCH is also being discussed in URLLC, the specification of dynamic indication of PUCCH repetition in coverage enhancement topic should not preclude A-CSI.
[bookmark: _Toc61342150]Proposal 4:
· The dynamic PUCCH repetition mechanism should be applied to all PUCCH formats and all UCI types including A-CSI.
2.2 DMRS bundling constraints and operation alternatives
PUCCH DMRS bundling was agreed for the coverage enhancement work item since channel estimation significantly degrades PUCCH performance (as compared to operation with ideal channel knowledge). As such, it is desirable to reap the benefit of multi-slot channel estimation as often as possible. RAN4 feedback to date [2] is that if the UE receives the downlink, it is not feasible to maintain phase continuity, and that if there is a gap in transmissions from a PUSCH, phase continuity can only be guaranteed for a gap of less than 14 symbols. Dependency on back-to-back transmission and the use of UL/DL switching is particularly problematic for TDD transmission, since high DL:UL TDD switching configurations are probably the most important use cases for coverage enhancement. 
Observation 6:
· Since high DL:UL ratio TDD operation is a primary use case for coverage enhancement, degradation or infeasibility of cross-slot channel estimation from UL/DL switching and back to back transmission can significantly impact the net benefit of cross-slot channel estimation.
The simplest way to enable cross-slot channel estimation is for the UE to maintain at least phase coherence across the slots. Then, presuming the channel is sufficiently static, the gNB can directly add channel estimates together to form a better channel estimate. However, if the UE can’t maintain phase continuity as discussed above, then such simple cross-slot estimation methods are precluded.

It is also possible for the gNB to estimate the relative phase of uplink transmissions in different slots. For cross slot phase estimation to work, the phase should be sufficiently stable across the PRBs of the PUCCH transmission such that a sufficiently small number of phase correction factors are needed. A simplest scenario is therefore when a single wideband phase correction factor is used. In [3], it is shown that at least in some conditions, a receiver can correct for a wideband phase error between PUSCH repetitions in different slots, such that the performance is relatively close to where the ideal relative phase is known. This is further studied for PUCCH in section 2.3. Consequently, the use of wideband relative phase estimation to facilitate cross-slot channel estimation should be considered at least when the UE can’t adequately maintain relative phase between slots. The benefit of such techniques depends on the ability of UEs to maintain PUCCH relative phase over its transmission bandwidth across slots, and so it is necessary to identify if and when such maintenance is possible in UEs that do not otherwise support control of relative phase across slots.

Observation 7:
· At least in some conditions, a receiver can correct for a wideband phase error between repetitions of an uplink channel in different slots, such that the performance is relatively close to where the ideal relative phase is known [3].

Proposal 5:
· Further study the benefit of gNB estimated inter-slot relative phase correction for PUCCH, addressing how frequency selective such phase corrections would need to be for UEs and/or conditions that do not sufficiently support maintaining inter-slot relative phase.
· Consider operation with and without frequency hopping and with and without transparent transmit diversity.

2.3 [bookmark: _Ref71571410]Performance of DMRS bundling 
In this section, we study the ability to correct for imperfect phase continuity between PUCCH repetitions as well as compare the performance gains of frequency hopping and joint channel estimation. Figure 2 compares BLER results for using cross-slot channel estimation with and without a phase rotation between slots (due to the UE’s inability to maintain phase continuity) and compensation for this phase rotation between slots, without frequency hopping to single-slot channel estimation with and without frequency hopping for 4 or no repetitions. 

Given current discussions, it seems unlikely that four slots with phase continuity will be feasible for typical TDD scenarios, presuming that phase continuity cannot be maintained across downlink slots. However, the sensitivity to impairments is easier to observe with larger numbers of repetitions, and such results can be seen as an upper bound on the sensitivity for TDD or as relevant to UL heavy TDD patterns, if they become of interest in the future. Therefore, the results here and in the next section with JCE over 4 and 8 repetitions for FDD at 4 GHz can be used as a starting point for the range of values to be used in further studies on sensitivity. 

The setup is for PUCCH format 3 with frequency hopping, sending an 11-bit payload over TDL-C 30ns channel with 1 TX and 4 Rx antennas. More setup parameters can be found in Table 1. The phase rotation between slots is statistically independent and uniformly distributed. The phase compensation between slots is done by comparing the phase between single slot DMRS channel estimates and then adjusting the phase for each slot. The results show around 2 dB gain with cross-slot compared to single slot channel estimation without phase error and phase compensation. With phase error and compensation, the gain over single slot estimation is around 0.4 dB. Comparing the results with and without frequency hopping at 10%, the results without frequency hopping are 0.5-2.5dB better depending on which curve to compare with. At 1% using frequency hopping is 0.5dB better than using single slot, 0.2dB better than using cross slot with completely random phase between slot and 1.5 dB worse than cross-slot with no phase rotation between slots. By having restrictions on the phase rotation between slots, for example where UE capability imperfectly maintains phase continuity, it should be possible to improve the case with phase rotation and phase compensation, performing closer to the case without phase rotation.
 
Observation 8:
· At least in some cases, with low speed and phase continuity between slots, cross-slot channel estimation can increasingly improve PUCCH performance with the number of repetitions, for example with roughly 2dB with 4 repetitions compared to single slot channel estimation. 
· Gains from cross slot estimation without frequency hopping may be greater than for frequency hopping without cross slot estimation.
· Mechanisms such as gNB based estimation of relative phase that improve performance when phase continuity is not present may be less straightforward to use for PUCCH than for PUSCH, but should be further studied.

 [image: ] 

[bookmark: _Ref61594426]Figure 2. PUCCH BLER for single-slot versus cross-slot channel estimation for no or 4 repetitions, with frequency hopping on and off.
2.4 Sensitivity of DMRS bundling to imperfect phase continuity
In this section, we study the sensitivity of imperfect phase continuity between PUCCH repetitions without doing any phase correction when doing cross-slot channel estimation. Figure 3 compares BLER results for using single-slot and cross-slot channel estimation with varying phase rotation between slots without frequency hopping for 2 (a) and 8 (b) repetitions. The setup is same as in the previous section except that here the phase error between slots is modelled using a Gaussian variable with zero-mean, varying standard deviation (STD), and independent distribution. More setup parameters can be found in Table 1. The result shows that for 2 receptions cross-slot estimation performs better up to around 40-degree STD phase rotation before single slot estimation performs better. For 8 repetitions the cross-slot estimation performs better for 20-degree STD. Having a large STD for the phase rotation results in a large performance loss compared to single slot estimation, e.g., 6dB at 1% BLER for 8 repetitions with 40-degree STD.          

Observation 9:
· The sensitivity for imperfect phase continuity between PUCCH slot when doing cross-slot channel estimation increases with the number of repetitions. In the simulated example we can have up to roughly 40 degrees STD for 2 repetition and 20 degrees STD for 8 repetitions.  

 [image: ] [image: ]
(a)                                       (b) 
[bookmark: _Ref78892312]Figure 3. PUCCH BLER for single-slot versus cross-slot channel estimation for 2 (a, left) or 8 (b, right) repetitions for different STD of the phase offset between slots, with frequency hopping off.

3. Summary
In this contribution, we have considered various aspects of dynamic PUCCH repetition and PUCCH DMRS bundling. For the dynamic PUCCH repetition objective, we identified a mechanism that can allow the coverage gains for CSI called for in the study item outcome, as well as be applied to all PUCCH formats and to HARQ-ACK. For the PUCCH DMRS bundling objective, we considered potential constraints on when DMRS bundling can be used, and how these may impact likely use cases and lead to different gNB and UE implementations. Simulation results were given showing the benefit of cross slot channel estimation, comparing it to frequency hopping without cross slot estimation, and where the gNB can ‘assist’ UE phase continuity through estimation of relative phase.  The sensitivity of cross slot estimation to imperfect phase continuity between PUCCH repetitions was also studied.
We made the following observations and proposals:
Observations:
1. Dynamic PUCCH repetition factor indication must support CSI if it is to reflect the study item outcome that CSI is a bottleneck.
2. Rel-16 does not support repetition of CSI on dynamically indicated PUCCH resource.
3. Forcing CSI to always share PUCCH resource with HARQ-ACK is spectrally inefficient.
4. Rel-16 does support repetition of CSI-only payloads for periodic and semi-persistent CSI.
5. Periodic or semi-persistent CSI can use the same basic mechanism as dynamically indicated PUCCH resource
· DCI can update a PUCCH resource used for P/SP-CSI reporting
· P/SP-CSI reporting resources can be selected by DL or UL grants
6. Since high DL:UL ratio TDD operation is a primary use case for coverage enhancement, degradation or infeasibility of cross-slot channel estimation from UL/DL switching and back to back transmission can significantly impact the net benefit of cross-slot channel estimation.
7. At least in some conditions, a receiver can correct for a wideband phase error between repetitions of an uplink channel in different slots, such that the performance is relatively close to where the ideal relative phase is known [3].
8. At least in some cases, with low speed and phase continuity between slots, cross-slot channel estimation can increasingly improve PUCCH performance with the number of repetitions, for example with roughly 2dB with 4 repetitions compared to single slot channel estimation. 
· Gains from cross slot estimation without frequency hopping may be greater than for frequency hopping without cross slot estimation.
· Mechanisms such as gNB based estimation of relative phase that improve performance when phase continuity is not present may be less straightforward to use for PUCCH than for PUSCH, but should be further studied.
9. The sensitivity for imperfect phase continuity between PUCCH slot when doing cross-slot channel estimation increases with the number of repetitions. In the simulated example we can have up to roughly 40 degrees STD for 2 repetition and 20 degrees STD for 8 repetitions.  

Proposals:
1. Support dynamic PUCCH repetition factor indication for PUCCH carrying CSI
· CSI on periodic and semi-persistent resources is supported
2. Repetition of PUCCH resources indicated by DCI and that carry CSI is supported
· The same information bits are present in each repetition
3. PUCCH resources used in periodic and/or semi-persistent CSI reporting can be indicated via DCI in at least a DL grant
· FFS: if UL grants can also be used for this purpose
4. The dynamic PUCCH repetition mechanism should be applied to all PUCCH formats and all UCI types including A-CSI.
5. Further study the benefit of gNB estimated inter-slot relative phase correction for PUCCH, addressing how frequency selective such phase corrections would need to be for UEs and/or conditions that do not sufficiently support maintaining inter-slot relative phase.
· Consider operation with and without frequency hopping and with and without transparent transmit diversity.
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5. [bookmark: _Ref47688562][bookmark: _Ref47620963]Appendix 1
Table 1: Basic setup of LLS for CSI repetition on PUCCH
	System
	Carrier frequency 4GHz
30 kHz SCS
FDD
2*100 MHz BWP (2*273 PRBs)

	UE speed
	3kph

	Payload
	11 bits on 1 PRB, 14 Symbols

	Channel
	TDL-C (NLoS), 30ns delay spread, medium correlation

	Antennas
	1T4R

	Frequency hopping
	Enabled & Disabled

	Impairments
	With and without independent uniform (Figure 2) and Gaussian (Figure 3) phase rotation between slots; non-ideal channel estimation used

	DMRS
	4 DMRS symbols (Additional DMRS)
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