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Introduction
For design purpose of 1-symbol PUCCH, various design options were proposed based on different criteria such as PAPR, coverage, multiplexing capacity and operating SNR. The options are narrowed down to two options, based on sequence selection or based on the FDM of DMRS and UCI. In order to make progress, in RAN1#89 the following agreement was made such that the companies can provide performance evaluations for the candidates based on common assumptions which will hopefully contribute to a decision of 1-symbol PUCCH format for 1-2 bits UCI.
Agreements [1]:
· All proponents are recommended to have evaluations for 1-symbol NR-PUCCH until the next meeting
· Simulation assumptions for 1-symbol NR-PUCCH with 1 or 2 bit(s) UCI payload
· System bandwidth = 20Mhz
· Subcarrier spacing =  {15Khz, 60Khz}
· TDL-A or TDL-C channel with delay spread = {30nS, 300nS, 1000nS}
· # UE Tx =1, # eNB Rx =2
· # UCI bits = {1,2}
· Number of RB = {1 RB, 2 contiguous RBs, 2 dis-contiguous RBs} 
· Carrier frequency = 4Ghz
· Number of UEs = {1}
· For option 1: evaluate both UCI based on repetition coding and UCI with modulated sequence.  
· Practical channel estimation and ideal noise estimation
· Note: design target for 1-symbol PUCCH with 1 or 2 bits is a separate discussion.
· Design of 1-symbol short-PUCCH for UCI of 1 or 2 bits should consider tradeoff among PAPR, A-to-N, N-to-A, and DTX-to-ACK performances, and UE multiplexing capacity.
 
In this contribution, we present extensive simulation results to discuss our view on the preferred design option for the 1-symbol PUCCH with consideration on transmission of 1-2 HARQ feedback bits.  Our view with respect to design choices for 1-symbol PUCCH for transmission of UCI sizes of more than 2 bits as well as 2-symbol PUCCH are discussed in our companion contribution [2].
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Candidate formats
For 1-symbol PUCCH for 1 or 2 UCI bits, two different formats have gain the most attentions:
· Sequence Selection (S-S) a.k.a. option 4:
This format represents option 4 as per agreement in [3] where the UCI payload selects a single sequence.  In sequence selection, no DM-RS are transmitted and reception is therefore non-coherent. Figure 1 depicts sequence selection. The sequences are computer-optimized sequences as in LTE. All users multiplexed on the same PRB are assigned the same base sequence but different cyclic shifts (CS). For 1-bit UCI, a user is assigned to 2 cyclic shifts and the multiplexing capacity is 6 users per PRB. For a payload of 2 bits, 4 cyclic shifts are needed per user and up to 3 users can be multiplexed on a single PRB. However, in case of 2-states SR transmission, each UE should be assigned with one PUCCH resource for SR assigned, obtained e.g. with additional one more cyclic shift. Therefore, the multiplexing capacity per PRB is reduced from 6 users to 4 users and 3 users to 2 users for 1 and 2 UCI bits, respectively. The format provides the lowest cubic metric.
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[bookmark: _Ref485313038]Figure 1: Illustration of 1-symbol PUCCH format using sequence selection (S-S).
· FDM based Sequence Modulation (S-M) a.k.a. option 1:
This is the most popular format for option 1 as per agreement in [3]. In sequence modulation, a DM-RS is transmitted and demodulation can hence be done coherently. Sequence modulation is shown in Figure 2. The subcarriers of a symbol in a PRB are split into two combs where one comb is used for DM-RS and the other comb is used for UCI. Each user is assigned with one cyclic shift for DM-RS and one cyclic shift for the UCI mapping to different sub-carriers. The UCI is mapped to a BPSK/QPSK symbol which modulates the sequence for UCI comb. The multiplexing capacity is independent of UCI size and is up to 6 users per PRB corresponds to maximum 6 cyclic shift of the base sequence. However, in case of 2-states SR transmission, each UE should be assigned with one PUCCH resource for SR assigned, obtained e.g. with additional one more cyclic shift. Therefore, the multiplexing capacity per PRB is reduced from 6 users to 3 users per PRB for 1 and 2 UCI bits. The cubic metric of this format for 1 bit UCI can be as low as sequence selection. However, the cubic metric increases for 2 bits UCI.
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[bookmark: _Ref481196548]Figure 2: Illustration of 1-symbol PUCCH format using FDM based on sequence modulation (S-M)
· FDM based Sequence Repetition (S-R) a.k.a. option 1:
This option is another variant of FDM based approach where the UCI bits are encoded. The subcarriers of a PRB are split into two combs and one comb is used for DM-RS and the other comb is used for UCI, where the UCI bits are encoded (repetition coding for 1-2 bits UCI) and modulated to BPSK/QPSK symbols and mapped to the corresponding sub-carriers as illustrated in Figure 3 which for convenience s called sequence repetition. In this scheme, DM-RS is transmitted and demodulation can hence be done coherently. This approach provides neither any multiplexing capacity per PRB, nor any low PAPR or CM as compared to the other alternatives. The motivation of the proponents of this approach is to have a unified design for 1-symbol PUCCH irrespective of UCI payload size. 
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[bookmark: _Ref485200435]Figure 3: Illustration of 1-symbol PUCCH format using FDM based on sequence repetition (S-R)
· FDM based on enhanced Sequence Modulation (eSM):
This option is another variant of the sequence modulation. For 1 bit UCI, the operation is similar to sequence modulation. For 2 bits UCI, two sequences are available. One of the bits, for example the first one is used to choose one of the sequences and the other bit, for example the second one is used to apply sequence modulation on that sequence using BPSK. This approach results in the same PAPR as sequence selection for two UCI bits and the same PAPR as sequence modulation for one bit. Moreover, for 2 bits UCI, the multi-user capacity is similar to sequence selection.
Performance evaluations
Multi-user multiplexing capacity:
The comparison between the two formats from the user multiplexing capacity perspective is summarized in the Table 1.
For simultaneous transmission of 2 bits ACK/NACK and 2-states (on/off) SR for sequence selection or enhanced sequence modulation, the bundling approach can be used to support 2 users simultaneously on the same PRB. However, it is important to note that the most common practice is 1 bit HARQ feedback since up-to 4 layers is transmitted on one transport block. It is important to note that although the sequence selection and enhanced sequence modulation have lower multiplexing capacity than sequence modulation for 2 bits ACK/NACK (3 vs. 6), in practice multiplexing of 6 users can not be the recommended for remaining the orthogonality specially between consecutive cyclic shifts in challenging channel conditions. The more reasonable approach for increasing the capacity is to configure more resources by allocating more PRBs to PUCCH. 
[bookmark: _Ref481203299]Table 1: User multiplexing capacity per PRB for 1-symbol PUCCH for 1-2 ACK/NACK bits and 2-states SR
	Number of ACK/NACK bits
	PUCCH format
	Only ACK/NACK
	ACK/NACK and SR

	
1 ACK/NACK bit
	Sequence selection (S-S)
	6
	3

	
	Sequence modulation (S-M)
	6
	3

	
	Sequence repetition (S-R)
	1
	1

	
	Enh. seq. modulation (eSM)
	6
	3

	
2 ACK/NACK bits
	Sequence selection (S-S)
	3
	1 or 2 (with bundling)

	
	Sequence modulation (S-M)
	6
	3

	
	Sequence repetition (S-R)
	1
	1

	
	Enh. seq. modulation (eSM)
	3
	1 or 2 (with bundling)



Required SNR to meet error rate requirements:
We compare the performance of the candidate schemes by means of link-level simulations. The simulation assumptions are given in  Table 2 in the Appendix section 5.1.
The error rate performance results including the probability of DTX-to-ACK, probability of ACK miss detection and probability of NACK-to-ACK for 1 and 2-bits ACK/NACK for different channel models and sub-carrier spacing values are shown in the Appendix in section 5.2. The required SNR such that the performance requirements shown in Table 2 are met, is summarized in Table 3 and Table 4 for 15 and 60 kHz sub-carrier spacings, respectively which is as well illustrated in Figure 4. The results clearly show the advantage of sequence selection over other candidate schemes. As expected, enhanced sequence modulation performs almost as well as sequence selection while a significant loss in required SNR is observed for sequence modulation and repetition. It should be noted that for 2 bits UCI on channel model TDL-C with 1000 ns RMS delay spread, the required SNR is actually > 10 dB for all schemes.
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[image: ]
[bookmark: _Ref485289043]Figure 4: Required SNR in dB to meet the error requirements for different PUCCH formats (i.e. S-S, S-M, S-R, eSM) and TDL-C channel model with various delay spread (i.e. 30ns, 300ns, 1000ns) and 1 and 2 UCI bits. The upper and lower plots correspond to 15 and 60 kHz sub-carrier spacing.
Cubic metric:
The cubic metric of different candidate formats is given in Table 5 in Appendix section 5.2 and also illustrated in Figure 5 where the clear advantage of sequence selection and enhanced sequence modulation are observed. The cubic metric for sequence modulation is increased by more than 1 dB for 2 bits as compared to sequence selection scheme. The cubic metric by sequence repetition is worsened by almost 3 dB for 1 bit UCI and more than 4 dB for 2 bits UCI as compared to the sequence selection format.
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[bookmark: _Ref485289230]Figure 5: The cubic metric in dB for one PRB for different PUCCH formats (i.e. S-S, S-M, S-R, eSM) and 1 and 2 UCI bits.
Based on the above discussion, we make the following observations and proposal.
[bookmark: _Hlk485292542]Observations:
· Multiplexing capacity per PRB should not be the deciding factor for the decision for the short PUCCH format for 1-2 UCI bits.
· In real deployment, increasing number of users assigned with different cyclic shifts per PRB is not beneficial.
· The performance with respect to the required SNR and cubic metric should be the deciding factor for the decision for the short PUCCH format for 1-2 UCI bits.
· Short PUCCH based on sequence selection provides the best performance as compared to the other candidates.
· The performance of Short PUCCH based on enhanced sequence modulation is comparable to sequence selection.
· Significant performance loss is observed for Short PUCCH based on sequence modulation or sequence repetition.
Proposal:
· Sequence selection is supported in NR for transmission of 1-2 UCI bits in Short PUCCH.

Conclusion
In this contribution, we provided analysis and performance evaluation to discuss the preferred design option for the short PUCCH with consideration on transmission of 1-2 HARQ feedback bits as well as SR.  Based on the discussion we made the following observations and proposal:
Observations:
· Multiplexing capacity per PRB should not be the deciding factor for the decision for the short PUCCH format for 1-2 UCI bits.
· In real deployment, increasing number of users assigned with different cyclic shifts per PRB is not beneficial.
· The performance with respect to the required SNR and cubic metric should be the deciding factor for the decision for the short PUCCH format for 1-2 UCI bits.
· Short PUCCH based on sequence selection provides the best performance as compared to the other candidates.
· The performance of Short PUCCH based on enhanced sequence modulation is comparable to sequence selection.
· Significant performance loss is observed for Short PUCCH based on sequence modulation or sequence repetition.
Proposal:
· Sequence selection is supported in NR for transmission of 1-2 UCI bits in Short PUCCH.
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Appendix
[bookmark: _Ref485292586]Simulation assumptions

[bookmark: _Ref481608911]Table 2: Link level simulation parameters
	Parameter
	Value

	Performance metric
	NACK-to-ACK error probability ≤ 0.1%
ACK-miss detection probability ≤ 1%
DTX-to-ACK probability ≤ 1%

	Carrier frequency
	4 GHz

	System bandwidth
	20 MHz

	Channel model
	TDL-C 30ns, TDL-C 300ns, TDL-C 1000ns,

	Number of PRBs
	1

	UE speed
	3 km/h

	Subcarrier spacing
	15 kHz, 60 kHz

	BS antenna configuration
	2 RX, uncorrelated

	UE antenna configuration
	1 TX

	Disturbance
	AWGN (no inter-cell interference)

	Channel estimation
	Realistic

	Noise estimation
	Ideal

	Number of UEs
	1



[bookmark: _Ref485292660][bookmark: _Ref485255065]Detailed simulation results
Performance results assuming 15 kHz sub-carrier spacing (SCS):
· NACK-to-ACK error probability (N->A) , ACK-miss detection probability  (Miss A) for DTX-to-ACK probability ~ 1% for different channel models and 1 and 2 bits UCI
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[bookmark: _Ref485292691]Table 3: Required SNR [dB] for 15 kHz sub-carrier spacing and one PRB
	 
#UCI bits
	Channel model
	1-Symbol PUCCH Format

	
	
	S-S
	S-M
	S-R
	eSM

	
1 bit
	TDL-C 30ns
	5,55
	5,96
	5,99
	5,96

	
	TDL-C 300ns
	5,70
	6,03
	6,03
	6,03

	
	TDL-C 1000ns
	5,94
	6,35
	6,37
	6,35

	
2 bits
	TDL-C 30ns
	6,04
	8,10
	7,98
	6,39

	
	TDL-C 300ns
	6,14
	8,31
	8,05
	6,55

	
	TDL-C 1000ns
	6,41
	8,51
	8,46
	6,83




Performance results assuming 60 kHz sub-carrier spacing (SCS):
· NACK-to-ACK error probability (N->A) , ACK-miss detection probability  (Miss A) for DTX-to-ACK probability ~ 1% for different channel models and 1 and 2 bits UCI

[image: ] [image: ]
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[bookmark: _Ref485255067]Table 4: Required SNR [dB] for 60 kHz sub-carrier spacing and one PRB
	
 #UCI bits
	Channel model
	1-Symbol PUCCH Format

	
	
	S-S
	S-M
	S-R
	eSM

	
1 bit
	TDL-C 30ns
	5,58
	5,94
	5,98
	5,94

	
	TDL-C 300ns
	6,03
	6,49
	6,42
	6,49

	
	TDL-C 1000ns
	7,99
	8,65
	8,71
	8,65

	
2 bits
	TDL-C 30ns
	6,13
	7,59
	7,81
	6,44

	
	TDL-C 300ns
	6,47
	8,69
	8,72
	6,98

	
	TDL-C 1000ns
	>10
	>10
	>10
	>10



Cubic metric:
[bookmark: _Ref485255655]Table 5: Cubic metric (dB) for one PRB
	
#UCI bits
	1-Symbol PUCCH Format

	
	S-S
	S-M
	S-R
	eSM

	1 bit
	1,06
	1,06
	3,991
	1,06

	2 bits
	1,06
	2,171
	5,248
	1,06
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