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Introduction
[bookmark: OLE_LINK10][bookmark: OLE_LINK11]This contribution discusses channel structure of 1-symbol NR-PUCCH. Option 1 (RS and UCI are multiplexed by FDM manner) and Option 4 (Sequence selection) are compared taking simultaneous HARQ-ACK and SR transmission into account. In addition, we show our views on 1-symbol NR-PUCCH structure for UCI of up to 2 bits based on the concept that both Option 1 and Option 4 as (one or multiple) sequence selection or transmission.
Option 1: RS and UCI are multiplexed by FDM manner
In Option 1, UCI is modulated by BPSK or QPSK. The basic unit for UCI can be a sequence (such as CAZAC sequence). For RS, UE-specific sequence is used. Assuming UCI/RS ratio is 1:1, Option 1 can be illustrated in Fig.1.
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                  (a) 1 PRB                                                                          (b) 2RB
Fig.1 Option 1

PAPR
Option 1 will increase PAPR/CM compared to Option 4 due to OFDM (FDMed) structure. 
Multiplexing capacity
Option 1 can multiplex different users by assigning different cyclic shift for a sequence. If SR transmission is not considered, the maximum multiplexing capacity per PRB is 6.
SR transmission
SR can be transmitted by on-off keying. SR for different UEs can also be multiplexed within the same PRB by assigning different cyclic shift. SR and HARQ-ACK can also be multiplexed within the same PRB by assigning different cyclic shift. Considering one UE requires a HARQ-ACK resource and an SR resource, the maximum multiplexing capacity per PRB becomes 3. If SR is only two states (on or off), multiplexing with I/Q dimension can be possible and in this case the maximum multiplexing capacity per PRB becomes 4.5.
Simultaneous HARQ-ACK and SR transmission
There are two options for simultaneous HARQ-ACK and SR transmission. One is both HARQ-ACK and SR are transmitted using each PUCCH resource (referred as Option 1-1 in this paper). The other is HARQ-ACK is transmitted with SR resource similar to LTE (referred as Option 1-2 in this paper). For former case, the required number of PUCCH resource 2 for each UE. If SR is only two states (on or off), multiplexing with I/Q dimension can be possible and in this case the maximum multiplexing capacity per PRB becomes 4.5.
Option 4: Sequence selection
In Option 4, sequence is selected depending on transmitted UCI information as shown in Fig.2. There is no RS and reception is therefore non-coherent. 
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(a) 1 PRB
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(b) 2 PRB
Fig.2 Option 4

PAPR
Option 4 provides lower PAPR/CM performance.
Multiplexing capacity
For 1 bits UCI payload, 2 sequences are needed for one UE to send ACK/NACK. Therefore when SR transmission is not considered, the maximum multiplexing capacity per PRB is 6. For 2 bits UCI payload, 4 sequences are needed for one UE to send 2 bits UCI information. Therefore, the maximum multiplexing capacity per PRB is 3.
SR transmission
SR can be transmitted by on-off keying with assigning 1 sequence for SR. SR for different UEs can be multiplexed within the same PRB by assigning different sequence (i.e., cyclic shift). SR and HARQ-ACK can also be multiplexed within the same PRB by assigning different sequence (i.e., cyclic shift). For 1 bit UCI payload, considering one UE requires two sequences for HARQ-ACK and one sequence for SR, the maximum multiplexing capacity becomes 4. For 2 bits UCI payload, one UE requires four sequences for HARQ-ACK and one sequence for SR, the maximum multiplexing capacity becomes 2.4.
Simultaneous HARQ-ACK and SR transmission
There are two options for simultaneous HARQ-ACK and SR transmission. One is both HARQ-ACK and SR are transmitted using each PUCCH resource (referred as Option 4-1 in this paper). The other is HARQ-ACK is transmitted with SR resource (referred as Option4-2 in this paper). For the former options, SR can be transmitted by on-off keying with assigning 1 sequence for SR. SR for different UEs can be multiplexed within the same PRB by assigning different sequence (i.e., cyclic shift). SR and HARQ-ACK can also be multiplexed within the same PRB by assigning different sequence (i.e., cyclic shift). For 1 bit UCI payload, considering one UE requires two sequences for HARQ-ACK and one sequence for SR, the maximum multiplexing capacity becomes 4. For 2 bits UCI payload, one UE requires four sequences for HARQ-ACK and one sequence for SR, the maximum multiplexing capacity becomes 2.4. On the other hand, for latter option, additional SR resource is required. For 1 bits UCI payload case, two SR resources (SR with ACK and SR with NACK) are needed in addition to two HARQ-ACK sequences. Then, maximum multiplexing capacity becomes 3. For 2 bits UCI payload case, 4 SR resources (SR with 00, SR with 01, SR with 11, and SR with 10) are needed in addition to four HARQ-ACK sequences. Then, maximum multiplexing capacity becomes 1.5.
Comparison between Option 1 and 4
Multiplexing capacity
The maximum multiplexing capacity is summarized below.
	
	Option 1
	Option 4

	1 bits HARQ-ACK only
	6
	6

	2 bits HARQ-ACK only
	6
	3

	1 bits HARQ-ACK only + SR only
	4.5
	4

	2 bits HARQ-ACK only + SR only
	4.5
	2.4

	Simultaneous 1 bits HARQ-ACK and SR transmission
	4.5 (Option 1-1)
	3 (Option 1-2)
	4 (Option 4-1)
	3 (Option 4-2)

	Simultaneous 2 bits HARQ-ACK and SR transmission
	4.5 (Option 1-1)
	3 (Option 1-2)
	2.4 (Option 4-1)
	1.5 (Option 4-2)



Based on above analysis, if HARQ-ACK and SR multiplexing or simultaneous transmission is considered, Option 1 has advantage regarding to maximum multiplexing capacity at the cost of PAPR increase.

ACK mis-detection and NACK to ACK error ratio performance
In the Appendix, evaluation results on Option 1 and Option 4 are described. Based on performance evaluation, it can be seen that Option 4 provides 1~2 dB better required SNR to achieve performance requirement except for the specific cases such as 2 and 3 UE multiplexing case in the channel model with larger delay spread.

Unified consideration between Option 1 and Option 4 based on the concept of (one or multiple) sequence selection or transmission
By considering the sequence differentiation includes CDM by cyclic shift, FDM by PRB, and FDM by Comb, both Option 1 and Option 4 could be treated with unified consideration based on the concept of one or multiple sequence selection or transmission. FDM by PRB, FDM by comb, or CDM by cyclic shift have different character on PAPR, robustness between frequency selectivity, performance and so on.
In Option 1, there are RS sequence and modulated UCI sequence per each HARQ-ACK or SR PUCCH resource. RS sequence and UCI sequence within a same UE are differentiated by FDM by Comb. RS sequences among different UEs are differentiated by CDM with cyclic shift. UCI sequences among different UEs are also differentiated by CDM with cyclic shift. Then, it can be considered that Option 1 is multiple sequence selection/transmission. For HARQ-ACK only or SR only transmission, 2 sequences (RS sequence and UCI sequence) are simultaneously transmitted. For simultaneous HARQ-ACK and SR transmission, 4 sequences are transmitted at the same time in Option 1-1 and 2 sequences are transmitted at the same time in Option 1-2.
In Option 4, there are only one sequence is allowed to be transmitted at the same time. Sequences for UCI within a same UE are differentiated by CDM with cyclic shift or FDM by PRB. Sequences for UCI among different UEs are also differentiated by CDM with cyclic shift or FDM by PRB. If Option 4-2 is allowed for simultaneous HARQ-ACK and SR transmission, 2 sequences (UCI sequence and SR sequence) are transmitted at the same time.
Based on above unified consideration with sequence selection/transmission, Option 1 and Option 4 can be summarized as follows.
	
	No. of sequence simultaneously transmitted
	Required No. of sequence per UE

	
	HARQ-ACK only / SR only
	Simultaneous HARQ-ACK + SR
	

	Option 1
	2
	Option 1-1: 4
	3.5

	
	
	Option 1-2: 2
	4

	Option 4
	1
	Option 4-1: 2
	3 (1bit), 5 (2bits)

	
	
	Option 4-2: 1
	4 (1bit), 8 (2bits)



Based on above analysis, it can be seen that as the number of sequence to be simultaneously transmitted increases, the required number of sequence per UE is reduced (i.e., multiplexing capacity increases). On the other hand, to increase the number of sequence to be simultaneously transmitted results in PAPR increase. Therefore, there trade-off between PAPR and multiplexing capacity or resource efficiency from the perspective of number of sequence to be allowed simultaneously be transmitted.
Observation 1: Both Option 1 and Option 4 could be treated with unified consideration based on the concept of one or multiple sequence selection or transmission.
Proposals of 1-symbol NR-PUCCH structure for UCI of up to 2 bits
In case interference limited scenario, multiplexing capacity is more prioritized. In case of power/noise limited scenario, PAPR is more prioritized. Although we think short PUCCH is more operated in interference limited scenario, there might be importance/merit of power/noise limited scenario. 
HARQ-ACK and SR simultaneous operation is essential as to drop either would/could mean the merit of short PUCCH operation is lost by adding more latency. Therefore, simultaneous HARQ-ACK and SR transmission should be taken into account from the beginning. We consider 3 design candidates for 1-symbol NR-PUCCH structure for UCI of up to 2 bits as follows.
Design A:
One possible approach would be the optimized design for each scenario is supported and which operation is used is up to the configuration. For example, one of configuration is Option 1 and Option 1-1 or 1-2 for simultaneous HARQ-ACK and SR transmission, which is the design for interference limited scenario. It means multiple sequences (4 or 2) may be sent at the same time. The other configuration is Option 4 and Option 4-2 for simultaneous HARQ-ACK and SR transmission, which is the design for noise limited scenario. It means only one sequence based transmission.
Design B:
The other approach would be the moderate design to cover both cases by one design but not intend to optimize either. For example, always 2 sequences are simultaneously transmitted. This means HARQ-ACK or SR only transmission, 2 sequences (i.e., RS sequence and UCI sequence) can be used but simultaneous HARQ-ACK and SR does not increase the number of transmitted sequences. It might be similar mechanism as Option 1-2 (i.e., the mechanism of simultaneous HARQ-ACK and SR transmission in LTE PUCCH format 1/1a/1b). However, in LTE, RS sequence itself could be different between HARQ-ACK only case and SR (and also HARQ-ACK + SR) case. On the other hand, if at least RS is common between HARQ-ACK only case and SR (and also HARQ-ACK + SR) case, gNB receiver can be simplified. Instead of completely different PRB between HARQ-ACK only case and SR (and also HARQ-ACK + SR) case, just to multiplex two cases within a PRB (or possibly within a coherent bandwidth) may be simpler. It can also improve the multiplexing capacity as only one common RS sequence is required per UE. This common RS approach can also be used for multiple sequence transmission case and single sequence transmission case in design A. It means all sequences for a UE is within a same PRB (or within a coherent bandwidth).
Design C:
Design B could have something good balance between interference and noise/power limited condition with single design. Since PUSCH needs to be supported, we think this level of optimization could be sufficient. However, more optimization from PAPR perspective might be required. In this case, in addition to design B, the network can configure the operation of one sequence transmission would be one possibility. However, we think that to require 8 resources per UE for 2 bits UCI payload case would be a bit too much resource usage. Therefore, 1 bit UCI can be sent using 1 sequence in addition to design B would be another possibility.
Proposal 1: Following design candidates are considered for 1-symbol NR-PUCCH structure for UCI of up to 2 bits.
· Design A: Two operations are support and which operation is used is up to the configuration. One of configuration is multiple sequence transmission and the other configuration is single sequence transmission.
· Design B: Always 2 sequences are simultaneously transmitted.
· Design C: Design B is supported. In addition, the network can configure the operation of single sequence transmission only for 1 bit UCI case.
Proposal 2: All sequences transmission for NR PUCCH structure for UCI of up to 2 bits are within a same PRB (or within a coherent bandwidth) in order to allow power comparison among sequences at gNB.

Conclusion
In this contribution, we discussed channel structure of 1-symbol NR-PUCCH for UCI of up to 2 bits. We have the following observation and proposals:
Observation 1: Both Option 1 and Option 4 could be treated with unified consideration based on the concept of one or multiple sequence selection or transmission.

Proposal 1: Following design candidates are considered for 1-symbol NR-PUCCH structure for UCI of up to 2 bits.
· Design A: Two operations are support and which operation is used is up to the configuration. One of configuration is multiple sequence transmission and the other configuration is single sequence transmission.
· Design B: Always 2 sequences are simultaneously transmitted.
· Design C: Design B is supported. In addition, the network can configure the operation of single sequence transmission only for 1 bit UCI case.
Proposal 2: All sequences transmission for NR PUCCH structure for UCI of up to 2 bits are within a same PRB (or within a coherent bandwidth) in order to allow power comparison among sequences at gNB.

Appendix - Link level evaluation results -
The evaluation assumptions are summarized in Table 1.
Table 1	Evaluation parameters
	Parameters
	Value

	Carrier frequency
	4 GHz

	System bandwidth
	20 MHz

	Subcarrier spacing
	15 kHz, 60 kHz

	Guard time interval
	6.7% overhead

	FFT size
	2048

	Data transmission bandwidth
	1 PRB

	Number of UCI bits
	1 bit, 2 bits

	Number of transmit and receive antennas
	1×2

	Channel model
	TDL-C for DS=300ns or 1000ns
mobility: 3km/h

	Number of UEs
	1, 2, 3

	Allocated resource (cyclic shift) 
	Option 1:
1UE: [0], 2UEs: [0], [6], 3UEs: [0], [4], [8]
Option 4 (1bit UCI: [ACK, NACK]):
1UE: [0, 6], 2UEs: [0, 3], [6, 9], 3UEs: [0,2], [4,6], [8,10]
Option 4 (2 bits UCI: [00, 01, 11, 10]):
1UE: [0, 3, 6, 9], 2UEs: [0, 1, 2, 3], [6, 7, 8, 9],
 3UEs: [0, 1, 2, 3], [4, 5, 6, 7], [8, 9, 10, 11]

	Performance requirement
	ACK misdetection probability = 1%
NACK to ACK error probability = 0.1%
DTX to ACK probability = 1%



Figure 3 shows the ACK misdetection probability and NACK to ACK error probability of Option 1 and Option 4. 15 kHz subcarrier spacing, TDL-C with DS=300ns for channel model, 1 UE multiplexing within 1 PRB are assumed.
Option 4 provides about 1 dB better required SNR to achieve performance requirement for 1 bit UCI and about 1.5 dB better required SNR for 2 bits UCI..
[image: ][image: ]   
(a) 1 bit UCI                                                                      (b) 2 bits UCI
Fig.3 15 kHz, TDL-C with 300 ns, 1 UE

Figure 4 shows the ACK misdetection probability and NACK to ACK error probability of Option 1 and Option 4. 15 kHz subcarrier spacing, TDL-C with DS=1000ns for channel model, 1 UE multiplexing within 1 PRB are assumed.
Option 4 provides about 1 dB better required SNR to achieve performance requirement for 1 bit UCI and about 2 dB better required SNR for 2 bits UCI..
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(a) 1 bit UCI                                                                      (b) 2 bits UCI
Fig.4 15 kHz, TDL-C with 1000 ns, 1 UE

Figure 5 shows the ACK misdetection probability and NACK to ACK error probability of Option 1 and Option 4. 60 kHz subcarrier spacing, TDL-C with DS=300ns for channel model, 1 UE multiplexing within 1 PRB are assumed.
Option 4 provides about 1 dB better required SNR to achieve performance requirement for 1 bit UCI and about 2 dB better required SNR for 2 bits UCI..
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(a) 1 bit UCI                                                                      (b) 2 bits UCI
Fig.5 60 kHz, TDL-C with 300 ns, 1 UE

Figure 6 shows the ACK misdetection probability and NACK to ACK error probability of Option 1 and Option 4. 15 kHz subcarrier spacing, TDL-C with DS=300ns for channel model, 2 UE multiplexing within 1 PRB are assumed.
Option 4 provides about 1 dB better required SNR to achieve performance requirement for 1 bit UCI and about 2 dB better required SNR for 2 bits UCI.
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(a) 1 bit UCI                                                                      (b) 2 bits UCI
Fig.6 15 kHz, TDL-C with 300 ns, 2 UEs

Figure 7 shows the ACK misdetection probability and NACK to ACK error probability of Option 1 and Option 4. 15 kHz subcarrier spacing, TDL-C with DS=1000ns for channel model, 2 UE multiplexing within 1 PRB are assumed.
Option 4 provides about 1 dB better required SNR to achieve performance requirement for 1 bit UCI. On the other hand, for 2 bits UCI, Option 4 cannot achieve the performance requirement of NACK to ACK error rate.
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(a) 1 bit UCI                                                                      (b) 2 bits UCI
Fig.7 15 kHz, TDL-C with 1000 ns, 2 UEs

Figure 8 shows the ACK misdetection probability and NACK to ACK error probability of Option 1 and Option 4. 15 kHz subcarrier spacing, TDL-C with DS=300ns for channel model, 3 UE multiplexing within 1 PRB are assumed.
Option 4 provides about 1 dB better required SNR to achieve performance requirement for 1 bit UCI and about 2 dB better required SNR for 2 bits UCI.
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(a) 1 bit UCI                                                                      (b) 2 bits UCI
Fig.8 15 kHz, TDL-C with 300 ns, 3 UEs

Figure 9 shows the ACK misdetection probability and NACK to ACK error probability of Option 1 and Option 4. 15 kHz subcarrier spacing, TDL-C with DS=1000ns for channel model, 3 UE multiplexing within 1 PRB are assumed.
Option 4 provides about 1 dB better required SNR to achieve performance requirement for 1 bit UCI. On the other hand, for 2 bits UCI, Option 4 cannot achieve the performance requirement of NACK to ACK error rate.
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(a) 1 bit UCI                                                                      (b) 2 bits UCI
Fig.9 15 kHz, TDL-C with 1000 ns, 3 UEs
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