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Introduction
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 dynamic cross-carrier PUCCH, large-delay CDD transmit diversity for PUCCH, and reduced latency using DMRS overlap with the processing time N1. 
Dynamic cross-carrier PUCCH scheduling for TDD carriers 
[bookmark: _Ref47343149]Table 1: Challenges for URLLC Deployment on TDD bands
	
	Latency 
	Reliability 
	Capacity
	Deployment
	

	Sub-6 FDD
	
	
	
	
	Technical merits: Easier to achieve short RTT.
Achievable latency: 2~3ms RAN latency, depending on measurement opportunity.
Challenge: capacity not enough for bandwidth-hungry applications and for stringent latency use cases.

	Sub-6 TDD
	
	
	
	
	Technical merits: Widely deployed for NR sub-6 with wider bandwidth availability
Achievable latency: 5~11ms depending on TDD UL/DL configuration
Challenge: Latency performance dominated by TDD U/D configuration

	mmW TDD
	
	
	
	
	Technical merits: Shortest TTI with wider bandwidth
Achievable latency: ~3ms RAN latency
Challenge: gNB scheduling difficulty due to beamforming restriction and low reliability




As shown in Appendix-A, Factory Automation, Power Distribution and Remote Driving use cases require more stringent latency and it would be very challenging to deploy them on sub-6 TDD. Other use cases could be deployed on sub-6 TDD and may also benefit from reduced latency to accommodate more retransmissions and hence improved reliability.
For outdoor wide area deployment, TDD patterns favouring UL-heavy or DL-heavy traffic (like in Figure 1) are very common and widely deployed. However, these TDD patterns lead to extra delays, compromising both the latency and the reliability requirements. For example, for PDCCH alignment, and when the packet arrives at the gNB during an UL opportunity, the gNB needs to send a PDCCH for DL scheduling, but it needs to wait for the next DL slot to be able to send PDCCH which leads to extra delay compromising the latency requirement.
In the same manner with PUCCH alignment (as shown in Figure 1), the latency and the reliability are compromised. The UE needs to wait for the UL slot to transmit PUCCH leading to extra delay. Also, retransmission happens only after NW receives the A/N feedback and the retransmission could be abandoned if the Packet Delay Budget (PDB) expires, hence PUCCH alignment delay is also compromising the reliability.  



[bookmark: _Ref47100127]Figure 1: PDCCH and PUCCH alignment delays

For indoor local deployment: small periodicity TDD patterns are more common. However, these patterns (e.g. DU) are more suitable for symmetric traffic and URLLC traffic could be sometimes mixed with eMBB-like traffic for indoor deployment and these sort of patterns are not ideal for DL-heavy or UL-heavy traffic. Also, more guard time gaps to switch between UL and DL are required which reduces the spectral efficiency. 
Assuming C-band TDD (DL/UL 3:1:1) with SCS = 30 kHz:
· With 1 Tx + 1 HARQ re-Tx, RTT delay is at ~4 ms for DL, ~7.5 ms for UL SR-based and ~5.5ms for UL CG.
· Reduced PDSCH allocation (2OS, 4 OS or 7 OS mini-slots) doesn’t offer significant latency reduction advantage. 
· One shot however offers important advantage in terms of latency (1~2ms for DL and 2~3ms for UL CG) but very resource inefficient. 
· Capability #1 or Capability #2 UE processing time doesn’t make significant difference in terms of latency for TDD patterns with large UL/DL periodicity.
· Mini-slot (2OS, 4 OS or 7 OS) does not deliver any substantial advantage unless a TDD pattern with small UL/DL periodicity. 
Observation 1: The sub-6 TDD bands are widely deployed for 5G-NR. They suffer however from large latency, penalizing the URLLC deployment in these bands.
Observation 2: Use of mini-slots scheduling and UE processing time capability #2 don’t deliver any substantial latency advantage for TDD patterns with large UL/DL periodicity.
Observation 3: The UL/DL TDD pattern is the bottleneck for the URLLC latency for deployment on sub-6 TDD bands.
However, if legacy TDD operators are unwilling or unable to change the TDD UL/DL configuration, then some alternative proposals should be put forward to resolve the latency issue.
One possible option to explore is the optimization of 5G NR Carrier Aggregation operation to help reduce the latency. Inter-band TDD Carrier Aggregation could be exploited to mitigate the extra alignment delay introduced on a TDD carrier due to UL/DL pattern. 
However, the current 5G NR CA in Rel-15 and Rel-16 specs have many limitations in terms of scheduling flexibility and new efficient mechanisms are thus required to allow for flexible cross-carrier scheduling and transmissions in order to reduced the latency. Exploiting the nearest UL opportunity on any carrier for an UL transmission and the nearest DL opportunity on any carrier for a DL transmission should be the baseline rule to follow. 
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Figure 2: Carrier Aggregation between F1 and F2 in different TDD bands
As shown in Figure 3, one current issue behind the PUCCH alignment delay, is the semi-static configuration of the carrier carrying PUCCH. The carrier carrying PUCCH is currently semi-statically configured to one carrier per cell group.




[bookmark: _Ref47109282]Figure 3: “Dynamic switching of CC carrying PUCCH” not currently allowed.
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.
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 4 and Figure 5.
[bookmark: _Ref47268416]Table 2: 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 2 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 4: Dynamic cross-carrier PUCCH allows for up to 30% latency reduction.
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[bookmark: _Ref47341195]Figure 4: Capacity in terms of #UEs meeting the latency and reliability requirements
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[bookmark: _Ref47343172]Figure 5: Resource Utilization


Also, Figure 4 shows the capacity gain where a UE is considered successful if 99.9% of the files are delivered within the PDB. Figure 4 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 5 shows the resource utilization where a substantial enhancement could also be observed using the dynamic cross-carrier PUCCH compared to the CA baseline. 
Observation 5: Dynamic cross-carrier PUCCH doubles the network capacity and reduces the resource utilization compared to the Carrier Aggregation baseline operation.

Proposal 1: Introduce dynamic cross-carrier PUCCH for Carrier Aggregation.
Large-delay CDD Tx diversity for PUCCH 
 
For HARQ based DL transmission, enhancing the PUCCH reliability will relax the reliability requirements for the DL control and data, and will reduce the probability of missed acknowledgements which would result in spurious retransmissions; hence, better PUCCH reliability improves the spectral efficiency. 
As shown in Figure 6 , missed-ACK (ACK-to-DTX) affects efficiency in downlink. E.g. 1% missed-ACK probability and 4x redundancy on (the only) retransmission yields 4% DL RE overhead.  
On the other hand, false-ACK (DTX-to-ACK and NACK-to-ACK error) affects overall traffic reliability in downlink. E.g.  10-4 conditional DTX-to-ACK probability combined with 0.5% PDCCH loss probability diminishes the reliability by 510-7.


[bookmark: _Ref47363589]Figure 6: PUCCH reliability affects both DL reliability and DL efficiency
For a given latency, PUCCH reliability enhancements may be achieved, for instance, by supporting non-transparent CDD. CDD is a transmit diversity scheme that introduces frequency diversity.
To evaluate the performance of CDD applied to PUCCH, we use a PUCCH configuration with 1 ACK symbol + 1 DMRS symbol. We evaluate a scenario with SNR = -3dB and 10-6 reliability target. We use asymmetric retransmission with PDCCH BLER target of 10-2 for the initial transmission.
Figure 7 shows the false-ACK vs. missed-ACK trade-off curves. The curves are obtained by varying the threshold for the detector to change the missed-ACK probability and hence the false-ACK. The results show an enhancement using CDD. And for a false-ACK target of 5.10-5, the missed-ACK could be reduced from 8% to 3%. 
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[bookmark: _Ref47364580]Figure 7: CDD Performance
 
Observation 6: PUCCH transmission using CDD reduces the missed-ACK probability.



[bookmark: _Ref47368140]Table 3: Downlink resource saving using CDD
	Without CDD vs. With CDD
	Probability of downlink
retransmission
	Retransmission resource utilization 
(with K  = 4 code rate ratio)

	1st PDCCH fails
	1%
	4%

	1st PDSCH fails
	4%
	16%

	Missed-ACK
	[3% vs. 8% ]95%
	11% vs. 30%

	Total overhead
	7.8% vs. 12.6%
	31% vs 50%



Table 3 shows the resource saving that could be achieved using CDD. In this table, it is assumed that PDCCH has a BLER target of 10-2 for the initial transmission and PDSCH has a BLER target of 4.10-2 for the initial transmission. If a retransmission is taking place, the coding rate is reduced by a ratio K =4, which means the resource utilization is multiplied by 4 compared to the initial transmission. The probability of successful PDCCH and PDSCH decoding is 95%. 
Without CDD, the retransmissions will consume the equivalent of 50% of the resources used for the initial transmission, which means 1/3 of DL resources is consumed in retransmissions. Using CDD, the retransmission overhead is almost halved. 
Observation 7: PUCCH transmission using CDD reduces the resource utilization for retransmissions.

Proposal 2: Support non-transparent CDD for PUCCH transmission.

DMRS overlap with N1 
 Release 15 has defined PUCCH formats 0 and 1 to convey ACK payload for 1 or 2 bits.  
· PUCCH format 0 is based on sequence selection. The sequence is transmitted on a single OFDM symbol, or - in the case of time-domain repetition - on two OFDM symbols. Repetition may also be combined with frequency hopping. PUCCH format 0 saves the overhead of DMRS, thus favours low latency. On the other hand, it can only be decoded non-coherently.  
· Meanwhile, PUCCH format 1 can be configured to be 4-14 symbols long and favours reliability by repeatedly time multiplexing pairs of DMRS and UCI symbols.
In a similar fashion, for more than two UCI bits, PUCCH format 2 favours latency whereas PUCCH formats 3 and 4 favour reliability.
To improve the latency of PUCH format 1, we propose to support this enhancement whereby the transmission starts by 1 or more DMRS symbols, and the transmission of the leading DMRS symbol(s) is allowed to overlap with the UE processing timeline N1 defined in the standard as shown in Figure 6. 



[bookmark: _Ref47345746]Figure 8: DMRS overlap with N1
Currently in Rel-15 and Rel-16, PUCCH transmission may only be scheduled after the end of the UE processing timeline N1, measured from the last symbol of the PDSCH transmission. However, with the new format and in the new proposal, as soon as the PUCCH resource have been identified transmission of the pre-computed DMRS symbol(s) can start, (possibly overlapping with the decoding of the PDSCH transmission), hence leading to latency enhancement of one or two symbols in the PUCCH transmission. 
Observation 8: pre-computed DMRS symbol(s) can start before the UE processing timeline N1.
Proposal 3:  Support DMRS overlap with N1 leading to latency enhancement. 

Conclusion
In this contribution, we have made the following observations and proposals:
Observation 1: The sub-6 TDD bands are widely deployed for 5G-NR. They suffer however from large latency, penalizing the URLLC deployment in these bands.
Observation 2: Use of mini-slots scheduling and UE processing time capability #2 don’t deliver any substantial latency advantage for TDD patterns with large UL/DL periodicity.
Observation 3: The UL/DL TDD pattern is the bottleneck for the URLLC latency for deployment on sub-6 TDD bands.
Observation 4: Dynamic cross-carrier PUCCH allows for up to 30% latency reduction.
Observation 5: Dynamic cross-carrier PUCCH doubles the network capacity and reduces the resource utilization compared to the Carrier Aggregation baseline operation.

Proposal 1: Introduce dynamic cross-carrier PUCCH for Carrier Aggregation.
Observation 6: PUCCH transmission using CDD reduces the missed-ACK probability.
Observation 7: PUCCH transmission using CDD reduces the resource utilization for retransmissions.

Proposal 2: Support non-transparent CDD for PUCCH transmission.

Observation 8: pre-computed DMRS symbol(s) can start before the UE processing timeline N1.
Proposal 3:  Support DMRS overlap with N1 leading to latency enhancement. 
In summary, CDD transmit diversity for PUCCH allows for reliability enhancement and better resource utilization. DMRS overlap with the processing time N1 allows for latency enhancement by faster delivering the PUCCH to gNB without any additional UE complexity. Dynamic cross-carrier PUCCH is very useful to support for Carrier Aggregation operation in TDD bands, it allows for reduced latency and much better capacity for applications with stringent latency requirement. It also makes URLLC deployment on TDD bands very attractive despite the latency-unfriendly TDD UL/DL patterns.
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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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SLS Assumptions


TDD pattern for PUCCH enhancement evaluation (CMCC TDD patterns used in GTI URLLC paper 04/2020):
· 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

	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
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