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Introduction
[bookmark: _GoBack]During RAN#88-e plenary [1], it was agreed to specify in Rel-17 the required UE feedback enhancements for HARQ-ACK.

In this paper, we discuss some HARQ-ACK feedback enhancements like cross-carrier PUCCH switching and retransmission of cancelled HARQ. 
Dynamic cross-carrier PUCCH scheduling for TDD carriers 

Dynamic selection of the CC used for the PUCCH transmission will help reducing the latency for Carrier Aggregation operation with two or multiple inter-band carriers having different TDD patterns. Utilizing the nearest UL transmission opportunity on different CCs for PUCCH transmission will help reducing the HARQ feedback delay.



[bookmark: _Ref47109282]Figure 1: “Dynamic switching of CC carrying PUCCH” not currently allowed.

Evaluation of the dynamic cross-carrier PUCCH technique in terms of latency and capacity was carried out using the SLS assumptions in Appendix-B and simulation results are shown in Table 1, Figure 2 and Figure 3.

Also, further evaluation is now available in our contribution under the Performance and evaluation for the XR and Cloud Gaming service in [6] under section 5 (shown also in Appendix E).  With the additional CA enhancements, the capacity can further increase by 66% (6 to 10 users per cell) for Dense Urban and by 33% (6 to 8 users per cell) compared to the CA baseline. The additional enhancements for CA, including PUCCH on both carriers and cross-carrier HARQ retransmission where the PUCCH on both carriers provides the largest enhancement.

[bookmark: _Ref47268416]Table 1: Latency enhancement using the dynamic PUCCH on 2CCs with Carrier Aggregation
	
	Latency (ms) (90th percentile)

	# of UEs/Cell
	CA Baseline
	CA Baseline
TDD pattern DU
	CA w/ dynamic PUCCH on 2CCs

	2
	3.9996
	2.5371
	2.7571 (-31.07%)

	4
	3.7496
	2.5371
	2.7596 (-26.40%)

	6
	3.7496
	2.5371
	2.7571 (-26.47%)

	8
	3.9971
	2.5371
	2.7596 (-30.96%)

	10
	3.9971
	2.5371
	2.7571 (-31.02%)



Table 1 shows the gain in terms of latency of using the dynamic cross-carrier PUCCH compared to the carrier aggregation baseline operation. The obtained latency is very close to using a small periodicity TDD pattern like DU. The 3ms latency requirement of the power distribution use case is not met using the CA baseline but it is met with the dynamic PUCCH enhancement.
Observation 1: Dynamic cross-carrier PUCCH allows for up to 30% latency reduction.
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[bookmark: _Ref47341195]Figure 2: Capacity in terms of #UEs meeting the latency and reliability requirements
	[image: ]
[bookmark: _Ref47343172]Figure 3: Resource Utilization


Also, Figure 2 shows the capacity gain where a UE is considered successful if 99.9% of the files are delivered within the PDB. Figure 2 shows that, at 95-percentile, the capacity is doubled from 7 UEs with the baseline Carrier Aggregation to 14 UEs using the dynamic cross-carrier PUCCH. Also with the dynamic cross-carrier PUCCH enhancement, the obtained capacity is very close to the capacity achieved using the DU TDD pattern (#UEs = 16 at 95-percentile). 
Figure 3 shows the resource utilization where a substantial enhancement could also be observed using the dynamic cross-carrier PUCCH compared to the CA baseline. 

Observation 2: Dynamic cross-carrier PUCCH doubles the network capacity and reduces the resource utilization compared to the Carrier Aggregation baseline operation.

Proposal 1: Support dynamic cross-carrier PUCCH for Carrier Aggregation.

From specification perspective, the impact is minor. The dynamic indication of the carrier carrying PUCCH could be supported with a new DCI field PUCCH-carrier-Indicator.
Also, for the HARQ-ACK codebook construction and to keep the mechanism simple, the indication in the first DCI could be used to select the PUCCH carrier and the carrier couldn’t be overridden afterwards. TDD patterns are static and no need to change the carrier in the middle of the codebook construction.
Dynamic vs Semi-static PUCCH carrier switching
In RAN1#104e, the following agreement has been reached regarding the PUCCH carrier switching. 

Agreements: For further study on whether and how to support PUCCH carrier switching in a PUCCH group, focus on the following three alternatives:
· Alt. 1: PUCCH carrier switching is based dynamic indication in DCI
· Alt. 2B: PUCCH carrier switching is based on certain (semi-static) rules
· Alt. 2C: PUCCH carrier switching is based on RRC configured PUCCH cell timing pattern of applicable PUCCH cells
· Note: In above alternatives, it is assumed that HARQ-ACK corresponding to PDSCH received on a Pcell/PScell or an Scell in a PUCCH group, can be sent on a PUCCH on an Scell also instead of only on Pcell/PScell/PUCCH-SCell in the same PUCCH group, as opposed to Rel-16 where HARQ-ACK corresponding to PDSCH received on a Pcell/PScell or an Scell in a PUCCH group can only be sent on Pcell/PScell/PUCCH-SCell in the same PUCCH group.
· Note: Realistic deployment scenarios including TDD configurations should be considered for the study
We support Alt-1 and it should be included as one possible option for PUCCH carrier switching. The dynamic indication of the PUCCH carrier allows to anticipate the change in the UL/DL direction for aggregated carriers in TDD bands hence reducing the latency. Any set of aggregated carriers with different TDD patterns will benefit from a dynamic PUCCH carrier switching in terms of latency. The reduced latency allows for more HARQ-ACK transmission opportunities, hence better reliability and also better system capacity.
 FDD + TDD aggregated carriers will also benefit from the dynamic PUCCH carrier switching. FDD UL is always available which is ideal for latency. However, if the FDD UL carrier is experiencing bad channel conditions or sever interference, then there will be the option to switch to another TDD UL carrier on the available UL slots. 
Also, TDD carriers usually have wider bandwidth than FDD carriers and the gNB can allocate more UL resources on the TDD carriers, hence can guarantee better reliability by switching to the TDD carriers when PUCCH reliability on FDD is compromised.
Hence, the dynamic PUCCH carrier switching allows to counter the change in the UL channel conditions by selecting the best carrier for the UL PUCCH reliability. 
In terms of UE complexity, the dynamic PUCCH carrier switching doesn’t incur any additional complexity cost at the UE side. The UE needs to parse the PUCCH carrier index from the DCI and switch to another carrier when required for the PUCCH transmission, which doesn’t require any extra processing. 
Alt-2B and Alt-2C on the other hand have unclear benefits in terms of latency, reliability and capacity enhancement compared to the existing design in Rel-15 and Rel-16. Adding more flexibility in semi-static configuration, by allowing a semi-static switch to another PUCCH carrier with the cell group doesn’t bring any latency enhancement or any other benefits. 
Support of the Dynamic PUCCH carrier switching

Dynamic PUCCH carrier switching could be supported by a simple DCI indication and will only require an extra bit field in the DCI. First DCI in the HARQ codebook construction could be used to select the PUCCH carrier and doesn’t change during the codebook construction, hence no overriding. Also the same DCI bit-field will remain the same during the codebook construction, hence there is no ambiguity if one DCI is missed as all the DCIs carry the same information about the PUCCH carrier to be selected.
Proposal 2: All DCIs pointing to the same PUCCH carry the same PUCCH carrier index, hence no overriding and no risk if one DCI is missed.

Regarding the configuration, two possible options could be explored: 
· Option 1: Define a PUCCH configuration per PUCCH carrier. It is a simple approach where each PUCCH carrier will have its own PUCCH configuration.
· Option 2: Define two levels of PUCCH configuration, “per PUCCH group” and “per PUCCH carrier”. The “per PUCCH group” configuration carry the PUCCH configuration common to the PUCCH carriers per PUCCH group. And the “per PUCCH carrier” carry the PUCCH configuration specific to a carrier (e.g. K1 list, power control, PUCCH formats, PUCCH resources,…)

Proposal 3: Selection between Option-1 and Option-2 for the PUCCH configuration:
· Option 1: A PUCCH configuration per PUCCH carrier.
· Option 2: Define two levels of PUCCH configuration, “per PUCCH group” and “per PUCCH carrier”.


Regarding the PUCCH power control for dynamically switched PUCCH resources. TPC commands for PUCCH are provided using DCI format 2_2 (TPC-PUCCH-RNTI). In mmWave operation, the MAC CE (PUCCH spatial relation activation/deactivation) signals to the UE to change the beam used for the PUCCH transmission. While changing the beam, the UE also changes the power control parameter sets at the same time. A similar approach could be adopted for the dynamic PUCCH carrier switch. Each cell carrying PUCCH has its own TPC configuration (PUCCH-PowerControl) and has its own TPC loop and when changing the PUCCH carrier the UE changes the power control parameters to use the ones associated to the new PUCCH carrier. 

Proposal 4: Each cell carrying PUCCH has its own TPC configuration (PUCCH-PowerControl) and has its own TPC loop. When switching the PUCCH carrier, UE changes the power control parameters to use the ones associated to the new PUCCH carrier.

PUCCH carrier switching could also be supported between carriers of different numerologies within the same PUCCH group and without any major issue. 

PUCCH carrier switching could also be supported for CSI and SR. However, to reduce the specification effort and comply with the defined scope it is better to focus on the HARQ feedback and cover SR and CSI later with lower priority. 


Retransmission of cancelled HARQ

Aborting PUCCH carrying eMBB HARQ is not always the best strategy as it tends to trigger multiple superfluous retransmissions of large chunks of data in the downlink. For instance, if 10% of eMBB HARQ transmissions is aborted, the eMBB DL BLER degrades by 10%. Therefore, this should be accounted for unless it occurs infrequently. 
In some cases the gNB might decide to prioritize eMBB actually. For instance, the cost of single-shot URLLC transmission is lower than the cost of triggering superfluous eMBB retransmissions. 
Also, in most cases the URLLC PUCCH would be carrying an ACK and in these circumstances it is not very crucial for the URLLC service. Obviously, it is still required (e.g. for statistics) but the latency and (possibly) reliability are no longer a concern.
Hence, the LP-HARQ case should be supported to alleviate the negative impact on (eMBB) PDSCH performance. Also, HP-HARQ should also be supported as dropped (URLLC) HARQ feedback is also very important to be received by gNB. 

The same mechanism to study and specify can be used for low priority and high priority HARQs. Although we think it is more relevant for low priority HARQ, it is also very useful for high priority HARQ and we don’t see a need to optimize the mechanism separately for high priority HARQ.

Proposal 5: Support retransmission of cancelled low priority and high priority HARQ. 

However, to minimize specification effort, we support reusing the existing Rel-16 Type 3 HARQ-ACK codebook. 

Proposal 6: Support reusing the existing Rel-16 Type 3 HARQ-ACK codebook.

However, type 3 HARQ-ACK codebook may show some limitations to support a URLLC service as it is not very flexible and enhancing an existing mechanism may become very complex and time consuming. Introducing minor enhancements to enable the feature is fine, like supporting the triggering with DCI format 1_2. However, some other enhancements like size reduction and DCI signaling of the size, or using HARQ processes as basis for construction will require a substantial effort to specify.


If type 3 HARQ-ACK codebook is not suitable for URLLC operation, we support adopting the “UL DCI scheduling PUSCH to carry dropped HARQ” option.

The gNB triggers a resending of the HARQ-ACK payload by dynamic signalling. A possible solution is to query the stored HARQ-ACK information similar to a A-CSI measurement/report using UL-DCI scheduling a PUSCH grant. An advantage of UL-DCI is that the uplink retransmission mechanism can handle further de-prioritization or unsuccessful decoding by regular PUSCH retransmissions. The standardization effort could be minimized by taking over elements of the A-CSI mechanism. An alternative solution would be to use PUCCH for the delayed sending, which for small codebook sizes could result in a more efficient encoding. For instance, a specific DL-DCI could trigger resending the eMBB HARQ using the original PUCCH resource or a newly indicated one.    
Delayed eMBB HARQ sending could be used in other collision scenarios where eMBB is dropped, too, as opposed to PUCCH multiplexing, which only addresses the HARQ vs. HARQ collision.   

Proposal 7: Support the use of DCI scheduling new PUCCH / PUSCH resource for HARQ re-transmission / 	One-shot triggering of dropped HARQ-ACK.


Conclusion
In this contribution, we have made the following observations and proposals:

Observation 1: Dynamic cross-carrier PUCCH allows for up to 30% latency reduction.
Observation 2: Dynamic cross-carrier PUCCH doubles the network capacity and reduces the resource utilization compared to the Carrier Aggregation baseline operation.

Proposal 1: Support dynamic cross-carrier PUCCH for Carrier Aggregation.
Proposal 2: All DCIs pointing to the same PUCCH carry the same PUCCH carrier index, hence no overriding and no risk if one DCI is missed.

Proposal 3: Selection between Option-1 and Option-2 for the PUCCH configuration:
· Option 1: A PUCCH configuration per PUCCH carrier.
· Option 2: Define two levels of PUCCH configuration, “per PUCCH group” and “per PUCCH carrier”.

Proposal 4: Each cell carrying PUCCH has its own TPC configuration (PUCCH-PowerControl) and has its own TPC loop. When switching the PUCCH carrier, UE changes the power control parameters to use the ones associated to the new PUCCH carrier.

Proposal 5: Support retransmission of cancelled low priority and high priority HARQ. 

Proposal 6: Support reusing the existing Rel-16 Type 3 HARQ-ACK codebook.

Proposal 7: Support the use of DCI scheduling new PUCCH / PUSCH resource for HARQ re-transmission / 	One-shot triggering of dropped HARQ-ACK.
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	Use case
	Reliability
	Latency 
	Data packet size and traffic model
	Description

	Rel-15
	generic
	99.999
(BLER 10-5)
	1 ms
	32 bytes 
	 

	Rel-16
	Factory automation
	99.9999
(BLER 10-6)
	1 ms
	32 bytes
Periodic and deterministic, arrival interval 2 ms
	Motion control

	
	Power distribution
	99.9999
(BLER 10-6)
	2-3 ms
	100 bytes 
FTP model 3, arrival interval 100 ms
	Power distribution grid fault and outage management

	
	
	99.999 
(BLER 10-5)
	6-7 ms
	250 bytes  
Periodic and deterministic, arrival interval 0.833 ms
	Differential protection

	
	Transport Industry
	99.999
(BLER 10-5)
	3 ms
	UL: 2.5 Mpbs; Packet size 5220 bytes
DL: 1Mbps; Packet size 2083 bytes
	Remote driving

	
	
	99.999
(BLER 10-5)
	7 ms
	1.1 Mbps; Packet size 1370 bytes 
Arrival rate 100 packets/sec for periodic traffic
	Intelligent transport system (ITS)
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TDD pattern for PUCCH enhancement evaluation (CMCC TDD patterns used in GTI URLLC paper 04/2020) [7]:
· Baseline (same TDD patterns on both CCs): 
· TDD pattern CC1= [D D D S U D D S U U]  
· TDD pattern CC2= [D D D S U D D S U U]  
· Test case: 
· TDD pattern CC1 = [D D D S U D D S U U]  
· TDD pattern CC2 = [S U U U D S U U U D]  which is [D S U U U D U U U] with offset = 1







SLS Assumptions

	Use case
	Electric Power Distribution (22.804:5.6.6)

	Description 
	Power distribution grid fault and outage management

	Criteria
for each transmission
	Reliability
	99.999 %

	
	Latency
	· 15 ms (end to end latency)
· 2-3 ms air interface latency

	Requirement
	95% UEs satisfy the criteria

	Data packet size  and traffic model
	· DL & UL: 100 bytes  
· Periodic and deterministic with arrival interval 100 ms
· Random offset between UEs 






	Parameters
	Value

	
	Electric Power Distribution

	Channel model 
	UMa in TR 38.901

	Duplexing
	TDD

	Carrier frequency (GHz)
	2.6GHz 

	Simulation bandwidth (MHz)
	20MHz

	SCS (kHz)
	30KHz

	BS antenna configurations
	4 Tx/ 4 Rx: (8,4,2,1,1; 1,2)
dH = 0.5λ; dV = 0.8λ

	UE antenna configuration
	2 Tx: (1,1,2,1,1; 1,1), 4 Rx: (1,2,2,1,1; 1,2), dH = 0.5λ

	BS antenna gain + connector loss (dBi)
	8

	UE antenna gain (dBi)
	0

	BS Tx power(dBm)
	49

	UE Tx power(dBm)
	23

	BS receiver noise figure (dB)
	5

	UE receiver noise figure  (dB)
	9

	Layout
	Single layer - Macro layer: Hex. Grid

	Transmission rank
	1

	Overall target BLER
	10-6

	UE distribution
	100% of users are outdoors : 3 km/h UE speed

	BS antenna height (m)
	25

	UE antenna height (m)
	1.5

	Inter-BS distance (m)
	500

	BS receiver
	MMSE-IRC

	UE power control
	P0 = -90, alpha = 1

	Channel estimation
	Realistic






Appendix-C: Dynamic PUCCH Enhancement: another TDD scenario

Scenario: 

TDD pattern for UL/DL enhancement
· Baseline: 
· TDD pattern 1 = [D D D S U D D S U U] (for CC1)
· TDD pattern 2 = [S U U D D S U U D D] (for CC2)
· UL enhancement: 
· TDD pattern same as baseline
· ACK/NACK can be reported in either on CC1 or CC2

SLS settings are the same as in Appendix B.


Latency Enhancement

	
	Latency (ms) (90th percentile)

	# of UEs/Cell
	CA Baseline
	CA w/ dynamic PUCCH on 2CCs

	1
	3.01
	1.76

	2
	3.50
	1.76

	3
	N/A
	1.76

	4
	N/A
	1.76

	5
	N/A
	2.50

	6
	N/A
	2.70

	7
	N/A
	2.75

	8
	N/A
	2.75

	9
	N/A
	2.75

	10
	N/A
	2.77




Capacity Enhancement 
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[bookmark: _Ref490211503][bookmark: _Ref54261190]Table 3: Simulation parameters for link-level simulation
	Parameter
	Value

	Carrier frequency
	4 GHz

	Bandwidth
	20 MHz

	Subcarrier Spacing
	15 kHz

	Antenna Configuration
	1Tx, and (1, 2, 4) Rx antennas

	Number of PRBs
	1 and 2

	Number of Symbols
	1 Symbol

	Channel
	TDL-C with 300ns RMS delay, @ 3 km/h

	Noise estimation
	Ideal

	Performance metrics	
	DTX-to-ACK probability of 0.01
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[bookmark: _Ref68017442]Figure 6: System capacity curves for the downlink traffic of AR/VR in FR1 with inter-band CA
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