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Introduction
[bookmark: OLE_LINK10][bookmark: OLE_LINK11]Following agreements were made on 1-symbol NR-PUCCH for UCI of up to 2 bits in RAN1 NR-AH#2[1].
Agreements:
· Working assumption:
· For short-PUCCH with UCI of up to 2 bits (with/without SR), option 4 is supported.
· No more short-PUCCH format is supported for short-PUCCH in the WID scope.
This contribution discusses further details of 1-symbol NR-PUCCH for UCI of up to 2 bits. More specifically, the mapping of ACK, NACK, and SR to PUCCH resource (sequence and/or cyclic shift) is discussed. In addition, inter-cell interference impact from neighbouring cells is evaluated.
Mapping of ACK, NACK, and SR to PUCCH resource
In Option 4, sequence is selected depending on transmitted UCI information. There is no RS and reception is therefore non-coherent. Considering simultaneous HARQ-ACK and SR transmission, four sequences are required per UE for 1 bit UCI and eight sequences are required per UE for 2 bits UCI.
Instead of completely different PRB among candidate sequences (e.g., HARQ-ACK only case and HARQ-ACK + SR case) case, to multiplex two cases within a PRB or possibly within a coherent bandwidth should be supported. It means all sequences for a UE is within a same PRB or within a coherent bandwidth. If all candidate sequences are sent within the coherent bandwidth and power difference of all possibility is known, relative comparison among all candidates are possible. This would improve the receiver performance as received power comparison is possible by relative manner. Note that gNB knows the transmitted power difference including no power difference among ACK/NACK and SR.

Proposal 1: All sequences transmission for a UE should be within a same PRB or within a coherent bandwidth in order to allow power comparison among sequences at gNB.

When all sequences for a UE are within a same PRB, the UCI information is differentiated by cyclic shift. First, cyclic shift allocation for ACK, NACK, and SR to the same UE for UCI of 1 bit is considered. As up to 4 layers reception at UE may be more majority, to optimize 1 bit UCI case would be more important than 2 bits UCI. When CBG is configured, 2 bits (or more) would be majority but we assume short PUCCH up to 2 bits are mainly used when the link budget is more difficult situation and CBG is not configured in such link budget condition.
There would be 3 candidates.
· Candidate 1: Adjacent 4 cyclic shift values are allocated to the one UE as shown in Fig.1.
· Candidate 2: 4 cyclic shift values to have maximum distance are allocated to the one UE as shown in Fig. 2.
· Candidate 3: Cyclic shift values are allocated independently to the one UE.
For Candidate 1 and 2, the signalling overhead for PUCCH resource allocation could be reduced as PUCCH resource for ACK, NACK, and SR could be jointly indicated. On the other hand, for Candidate 3, the signalling overhead for PUCCH resource allocation would increase as PUCCH resource for each hypothesis is indicated separately. From the performance perspective, Candidate 2 would provide better performance in the condition of no UE multiplexing within the same PRB due to the robustness against the channel frequency selectivity.

Observation 1: From performance and signalling overhead perspective, Candidate 2 like ACK, NACK, and SR mapping is beneficial.
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Fig.1 Candidate 1                  Fig.2 Candidate 2

Next, UE multiplexing within a PRB is considered. We evaluate the performance of ACK misdetection, NACK-to-ACK error, and SR misdetection probability in the condition of multiplexing of 2 UEs within a PRB. The evaluation assumptions are summarized in Table 1 in Appendix A. The transmission probability of ACK and NACK is set to 9:1 as the target error rate of initial packet transmission could be 10%. Following 2 methods are evaluated.
· Method 1: For a UE#1, Candidate 2 like ACK, NACK, and SR mapping is used. For UE#2, the same ACK, NACK, and SR mapping with 1 cyclic shift offset from UE#1 is applied as shown in Fig.3.
· Method 2: For a UE#1, Candidate 2 like ACK, NACK, and SR mapping is used. For UE#2, the same ACK, NACK, and SR mapping with 1, 4, 7, and 10 cyclic shift offsets from UE#1 is randomly applied as shown in Fig.4.
Figure 5 shows the ACK misdetection, SR error, and NACK-to-NACK error probability. From Fig.5 (a), no performance difference can be found between 2 methods on ACK misdetection and SR error probability. On the other hand, for NACK-to-ACK error probability, Method 2 provides better performance (about 0.5dB) than Method 1. This performance difference would come from the difference of transmission probability between ACK and NACK. The transmission probability of ACK is higher than that of NACK. Therefore, NACK transmission stochastically tends to be affected by the ACK transmission for multiplexed UE(s). In Method 1, when UE#1 transmits NACK (i.e., cyclic shift 6 or 9), UE#2 transmits ACK (i.e., cyclic shift 0 or 4) with higher probability. Then, gNB would be easy to misdetect the NACK transmitted by UE#1 to ACK which uses neighbour cyclic shift to ACK transmitted by UE#2. Method 2 could reduce or randomize such unbalanced interference impact from multiplexed UE(s) and such interference randomization can improve the NACK-to-ACK error performance.
In addition, considering above and interference mitigation, to limit the maximum number of allocable sequences per PRB could be limited for example to 8 (i.e., max 2 UE multiplexing for 1 bit UCI, and max 1 UE multiplexing for 2 bits UCI). For the mapping of 2 bits UCI case, the mapping of 2 UE multiplexing case of 1 bit UCI could be reused.

Observation 2: To randomize the impact of interference from multiplexed UEs within a PRB could be beneficial.
Proposal 1: User multiplexing and the probability of transmission occurrence could be taken into account for ACK, NACK, and SR mapping to cyclic shift.
Proposal 2: The mechanism to randomize the interference impact from multiplexed UEs within a PRB such as cyclic shift hopping should be supported.
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Fig.3 Method 1
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Fig.4 Method 2
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(a) ACK misdetection and SR error probability                  (b) NACK-to-ACK error probability
Fig.5 2 UEs multiplexing within a PRB

Inter-cell interference impact from neighbouring cells
To handle high interference condition is important aspect of uplink control channel design. Basically, to handle high interference condition is realized by two methods. One is interference coordination and the other is interference randomization. Interference coordination would be realized when the cells/base stations are coordinated in time and frequency. Then, the PRB usage is intentionally avoided the collision among cells. Also, to use the same index of CG sequence is possible and in this case the cyclic shift usage is intentionally avoided the collision among cells. For interference coordination, to minimize the short PUCCH time/frequency resource usage would increase overall capacity. Interference randomization would be realized when cells/base stations are non-coordinated in time and frequency. In this case, the usage of time/frequency resource are randomized among cells/base stations are important. In Option 4, only limited sequences are used for the purpose of CM/PAPR reduction. In addition, the number of cell ID is increase to 1008 in NR. Therefore, there can be the situation that the same sequence is used between cells/base stations. This could deteriorate the situation.
We evaluated the impact of inter-cell interference on 1-symbol PUCCH with Option 4. The evaluation assumptions are summarized in Appendix B. On evaluation methodology, we first obtained the uplink SINR distribution by SLS as shown in Fig. 8 in Appendix B. Then, SINR condition such as 0dB (5% CDF value in full buffer), 5dB (5% CDF value in FTP model with RU=25%), and 10dB (50% CDF value in full buffer) are chosen for LLS. In LLS, 2 UEs (one is target UE and the other is interferer UE) transmit 1 bit UCI. Interference from neighbour cell is modelled by interferer UE which uses the same PRB as target UE and different CG sequence from target UE. The usage of CG sequence is randomized per slot.
Figure 6 shows the SNR vs ACK misdetection / NACK-to-ACK error probability with SIR as a parameter (SIR=0 and 10 dB). On the other hand, fig. 7 shows the INR vs ACK misdetection / NACK-to-ACK error probability with SINR as a parameter (SIR=0, 5, and 10 dB). It can be seen from Figs.6 and 7 that in the condition there is dominant interference from the neighbouring cell, to use different CG sequence between neighbouring cells could deteriorate the performance. 

Observation 3: In the condition there is dominant interference from the neighbouring cell, to use different CG sequence between neighbour cells could deteriorate the performance.

Based on above observation, the mechanism to handle high interference condition for 1-symbol PUCCH should be considered. Only to avoid collision of CG sequence or randomize the usage of CG sequence may not sufficient. Then, interference randomization which randomizes the usage of time/frequency regions between neighbour cells/base stations would be considered. Interference coordination which intentionally avoids the collision of 1-symbol PUCCH time/frequency regions between neighbour cells/base stations would also be considered.

Proposal 3: Mechanisms to randomize the inter-cell interference should be considered. The mechanism should have the function to randomize not only CG sequence but also time/frequency regions between neighbour cells/base stations.
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(a) SIR=0dB                                                                          (b) SIR=10dB
Fig.6 SNR vs ACK misdetection / NACK-to-ACK error probability
[image: ]    [image: ] 
                         (a) ACK misdetection probability                                    (b) NACK-to-ACK error probability
Fig.7 INR vs ACK misdetection / NACK-to-ACK error probability

Conclusion
In this contribution, we discussed interference impact on 1-symbol NR-PUCCH for UCI of up to 2 bits. We have the following observations and proposals:
Observation 1: From performance and signalling overhead perspective, Candidate 2 like ACK, NACK, and SR mapping is beneficial.
Observation 2: To randomize the impact of interference from multiplexed UEs within a PRB could be beneficial.
Observation 3: In the condition there is dominant interference from the neighbouring cell, to use different CG sequence between neighbour cells could deteriorate the performance.

Proposal 1: User multiplexing and the probability of transmission occurrence could be taken into account for ACK, NACK, and SR mapping to cyclic shift.
Proposal 2: The mechanism to randomize the interference impact from multiplexed UEs within a PRB such as cyclic shift hopping should be supported.
Proposal 3: Mechanisms to randomize the inter-cell interference should be considered. The mechanism should have the function to randomize not only CG sequence but also time/frequency regions between neighbour cells/base stations.
Reference
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Appendix A
Table 1 Evaluation parameters in the evaluation of Section 2
	Parameters 
	Value 

	Number of Tx / RX antennas
	1×2

	Number of UEs
	1, 2

	Channel model
	TDL-C, DS = 300 ns

	Velocity of UE
	3 km/s

	Carrier frequency
	4 GHz 

	System bandwidth
	20 MHz

	Subcarrier spacing
	15 kHz

	UCI bits
	1 bit

	Number of RBs
	1 RB

	Transmission probability of ACK:NACK
	ACK : NACK = 9:1

	Transmission probability of SR
	SR : no SR = 5:5



Appendix B
Table 2 Evaluation parameters in the evaluation of Section 3 (LLS)
	Parameters 
	Value 

	Number of Tx / RX antennas
	1×2

	Number of UEs
	1, 2

	Channel model
	TDL-C, DS = 300 ns

	Velocity of UE
	3 km/s

	Carrier frequency
	4 GHz 

	System bandwidth
	20 MHz

	Subcarrier spacing
	15 kHz

	UCI bits
	1 bit

	Number of RBs
	1 RB

	Transmission probability of ACK:NACK
	ACK : NACK = 5:5

	Transmission probability of SR
	SR : no SR = 5:5



Table 3 Evaluation parameters in the evaluation of Section 3 (SLS)
	Parameters
	Values

	Duplex
	FDD

	Layout
	Macro cell only (19 macro site, 3 sector per site)

	ISD
	500 m

	Carrier frequency
	4 GHz

	Simulation bandwidth and system BW
	20 MHz

	Subcarrier spacing
	15 kHz

	Channel model
	3D UMA

	UE maximum transmit power
	23 dBm

	Antenna configuration
	1 x 2 c-pol

	UE antenna gain
	Omni

	BS antenna gain
	[image: ]

	BS noise figure
	5 dB

	Waveform
	DFT-s-OFDM

	Traffic model
	Full buffer, FTP model 2 (RU=50%, 25%)

	UE distribution
	TR36.873 UMa based

	UE receiver
	Ideal MMSE IRC

	Channel estimation error
	Ideal

	HARQ
	Number of maximum retransmission = 4
synchronous non-adaptive, chase combining

	OLLA
	Per UE, target BLER=10%

	Cell selection
	RSRP based

	HO hysteresis
	0dB

	Scheduler
	PF (,  = 1.0), 1 RB granularity

	Power control
	LTE PUSCH based
PPUSCH=min{Pcmax, 10log10(Mpusch) + P0 + PL +  + f}
P0=-100, =1.0

	SRS
	Transmission period = 5ms
SRS bandwidth configuration 0
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Fig. 8 PUSCH SINR distribution
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UE#2’s ACK, NACK, and SR mapping is randomly selected from above 4 candidates.
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