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Introduction
One of the important topics within the scope of UL control channel design for NR is the transmission of PUCCH within duration of one symbol carrying at least 1 or 2 to 10s of UCI bits.
The design of 1-symbol PUCCH was heavily discussed during the study item where various design options were proposed based on different criteria such as PAPR, coverage, multiplexing capacity and operating SNR. In RAN1#88, different proposed options were listed as the following and it was agreed to narrow down the options as soon as possible. 
Agreements [1]:
· For 1-symbol PUCCH, consider following options
· Option 1: RS and UCI of one UE are multiplexed by FDM manner in each symbol.
· Already agreed.
· Option 4: Sequence based design without RS only for small (1~2) payload size case
· Information is delivered by which sequence/code is transmitted
· Sequence is mapped over contiguous or non-contiguous REs
· UCI sequence can be CDMed with DMRS sequence of other UEs
· Option 5: Sequence based design with RS only for small (1~2) payload size case
· Information is delivered by which/what sequence/code is transmitted
· RS and UCI are multiplexed by CDM manner
· Option 6: Pre-DFT multiplexing of RS and UCI
· Consider for both small and large UCI payload size cases
· Possibility 1: {CP + Pilot} + {CP + Data} to avoid MPI b/w pilot and data
· Possibility 2: CP + {Pilot + Data} as current DFT-s-OFDM
· Other possibilities are not precluded
· Combination of above options are not precluded
· RAN1 will definitely down select above options in the next meeting

The discussion continued in the first meeting of the work item and the following agreement could be made on the design options of 1-symbol PUCCH for 1-2 UCI bits where only two options among the 6 options above were considered to progress for the for the final selection. 
Agreements [2]:
· For 1-symbol PUCCH without SR with 1 or 2 bit(s) UCI payload size, RAN1 will select one from the following options.
· Option 1: RS and UCI are multiplexed by FDM manner in the OFDM symbol
· UCI can be sequence
· FFS: low PAPR design is applied
· Option 4: Sequence selection with low PAPR
· FFS following cases:
· If SR only
· If with SR + other UCI;
· This does not imply the necessity of special SR design 
· FFS whether the design may or may not depend on the frequency range
In this contribution we discuss our view on the preferred design option for the 1-symbol PUCCH with consideration on transmission of 1-2 HARQ feedback bits as well as SR.  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 contributions [3][4], respectively.
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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 modulation:
This is the most popular format for option 1 as per agreement above where the UCI is mapped to a BPSK/QPSK symbol which modulates a previously assigned sequence which is then transmitted together with a DM-RS sequence.
Sequence modulation is shown in Figure 1. 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. Each user is assigned with one cyclic shift for DM-RS and one cyclic shift for the UCI. 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, if only SR is transmitted, in case of one SR resource per UE, each UE is assigned with additional one more cyclic shift for the SR. Therefore, the multiplexing capacity is reduced to 3 users per PRB. 
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[bookmark: _Ref481196548]Figure 1: Illustration of the sequence modulation format for 1-symbol PUCCH
· Sequence selection:
This format represents option 4 as per agreement above where the UCI payload selects a single sequence.  In sequence selection no DM-RS are transmitted and reception is therefore non-coherent. In sequence modulation a DM-RS is transmitted and demodulation can hence be done coherently.
Figure 2 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, if only SR is transmitted, in case of one SR resource per UE, each UE is assigned with additional one more cyclic shift for the SR. Therefore, the multiplexing capacity per PRB is reduced from 6 users to 4 users and 3 users to 2 users for 1 UCI bit and 2 UCI bits, respectively.
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[bookmark: _Ref481196561]Figure 2: Illustration of the sequence selection format for 1-symbol PUCCH.
Performance evaluations
The comparison between the two formats from the user multiplexing capacity point of view is summarized in the Table 1. It is important to note that although the sequence selection has lower multiplexing capacity than sequence modulation for 2 bits ACK/NACK (3 vs. 6), in reality multiplexing 6 users can not be the recommended practice 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 UCI bits
	Number of ACK/NACK bits
	PUCCH format
	PUCCH carrying Only ACK/NACK
	PUCCH carrying Only ACK/NACK or only one SR

	1 ACK/NACK bit
	Sequence selection
	6
	4

	
	Sequence modulation
	6
	3

	2 ACK/NACK bits
	Sequence selection
	3
	2

	
	Sequence modulation
	6
	3



Moreover, we compare the performance of sequence selection with sequence modulation by means of link-level simulations. We have considered the ACK/NACK only transmission as well as the SR only transmissions in order to have the baseline reference for comparison. The performance is evaluated for both single user and multi-user cases. The simulation assumptions are given in Table 2 and Table 3 in the Appendix.
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 are shown in Figure 3 and Figure 4, respectively. The results clearly shown that the required SNR to meet the performance requirements as indicated in Table 3 is lower for sequence selection based 1-symbol PUCCH than sequence modulation based. The gain is about 0.5 dB for 1-bit ACK/NACK and it is increased to 2 dB for 2-bits ACK/NACK. Considering practical limitation to utilize the maximum multiplexing capacity offered by sequence modulation based PUCCH, the improvement by 2 dB SNR is a deciding factor for a proper selection of the PUCCH format. Moreover, it is important to note that the sequence selection format offers a lower PAPR/CM compared to the sequence modulation format wherefore it has an advantage if coverage is to be optimized. 
Additionally, Figure 5 illustrate the BLER performance for single and multi-users cases for two candidate formats. It is clearly observed that the BER performance is improved by utilizing sequence selection specially for 2-bits ACK/NACK. The gain is slightly limited for 1-bit ACK/NACK.
Finally, we investigate how these two candidate formats impact the scheduling request performance. For this purpose, we consider the case the UE is transmitting only the SR as indicated in Table 2 where in one example each UE is assigned with one SR resource while in the other example, each UE is assigned with two scheduling request resources. The corresponding probability of miss-detection of the SR for 1 and 3 users for the preferred candidate, i.e. sequence selection format is shown in Figure 6. The results show that the SR miss-detection is slightly degraded by increasing the number of SR resources per UE as expected due to the increase in number of hypotheses for detection purposes at the receiver.
The findings from the investigation presented in this contributions are summarized in the following observations which lead us to the proposal outlined below.
Observations:
· Considering both only-ACK/NACK or only-SR transmission on 1-symbol PUCCH, sequence selection and sequence modulation have comparable user multiplexing capacity.
· Sequence selection based 1-symbol PUCCH outperforms sequence modulation based 1-symbol PUCCH from the operating SNR perspective.

Proposal:
· Sequence selection is supported in NR for transmission of 1-2 UCI bits by 1-symbol PUCCH.


[bookmark: _Ref481608909]Table 2: PUCCH resource given by the cyclic shift of the sequence used in sequence selection or sequence modulation of 1-symbol PUCCH spanning over 12 sub-carriers (1 PRB)
	PUCCH format
	Number of ACK/NACK bits
	Number of users
	PUCCH resource given by Cyclic shift

	



Sequence Selection
	
1-bit ACK/NACK
	1
	[0,6]

	
	
	3
	[0,6], [2,8], [4,10]

	
	
	6
	[0,6], [2,8], [4,10], [3,9], [1,7], [5,11]

	
	2-bits ACK/NACK
	1
	[0,3, 6, 9]

	
	
	3
	[0,3, 6, 9], [1,4,7,10], [2,5,8,11]

	
	1 SR resource per UE
	1
	[0]

	
	
	3
	[0], [4], [8]

	
	2 SR resources per UE
	1
	[0,6]

	
	
	3
	[0,6], [2,8], [4,10]

	
Sequence Modulation
	
1 or 2
	1
	[0]

	
	
	3
	[0,2.4]

	
	
	6
	[0,1,2,3,4,5]
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[bookmark: _Ref481610228]Figure 3: Comparing the error rate performance vs. SNR for 1-symbol PUCCH based on sequence selection or sequence modulation for 1-bit ACK/NACK for single user case and TDL-A 300ns channel
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[bookmark: _Ref481610230]Figure 4: Comparing the error rate performance vs. SNR for 1-symbol PUCCH based on sequence selection or sequence modulation for 2-bits ACK/NACK for single user case and TDL-A 300ns channel
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[bookmark: _Ref481611072]Figure 5: The BLER performance vs. SNR for 1-symbol PUCCH for 1 and 2-bits ACK/NACK for single user and multi-user cases and TDL-A 300ns channel. The left and right plots correspond to sequence modulation and sequence selection based 1-symbol PUCCH, respectively.
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[bookmark: _Ref481611900]Figure 6: The scheduling request miss detection error rate versus SNR for 1-symbol PUCCH based on sequence selection for 1 and 3 UEs, each assigned to 1 or 2 SR resources.
Multiplexing ACK/NACK and SR
The PUCCH resources are scarce in the sequence selection format for a given PRB. To enable simultaneous transmission of ACK/NACK and SR from the same UE, the PUCCH resources per UE should be increased. This can impact the number of supported UEs in particular in case of 2 ACK/NACK bits. For example, each UE would need 5 PUCCH resources considering one resource for SR which reduces the multiplexing capacity from 3 users to 2 users. One approach to tackle this problem is to bundle the UCI bits to reduce the amount of needed PUCCH resources. For example, one can consider bundling the ACK/NACK simultaneous transmission of ACK/NACK and SR occurs, and use two PUCCH resources for the bundled ACK/NACK bits instead of 4. 
In our view this is an important aspect that should be considered for the proper design of the PUCCH. Therefore, we propose the following:
Proposal:
· Simultaneous transmission of ACK/NACK and SR by 1-symbol PUCCH based on sequences selection is supported in NR.
· Consider bundling of ACK/NACK to reduce the number of PUCCH resources.
Conclusion
In this contribution we provided analysis and performance evaluation to discuss the preferred design option for the 1-symbol 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 proposals:
Observations:
· Considering both only-ACK/NACK or only-SR transmission on 1-symbol PUCCH, sequence selection and sequence modulation have comparable user multiplexing capacity.
· Sequence selection based 1-symbol PUCCH outperforms sequence modulation based 1-symbol PUCCH from the operating SNR perspective.
Proposals:
· Sequence selection is supported in NR for transmission of 1-2 UCI bits by 1-symbol PUCCH.
· Simultaneous transmission of ACK/NACK and SR by 1-symbol PUCCH based on sequences selection is supported in NR.
· Consider bundling of ACK/NACK to reduce the number of PUCCH resources.
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Appendix
[bookmark: _Ref481608911]Table 3: Link level simulation parameters
	Parameter
	Value

	[bookmark: _GoBack]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-A 300 ns

	Number of PRBs
	1

	Subcarrier spacing
	15 kHz

	BS antenna configuration
	2 RX, uncorrelated

	UE antenna configuration
	1 TX

	Disturbance
	AWGN (no inter-cell interference)

	Channel estimation
	Realistic

	Noise estimation
	Ideal
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