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1 Introduction
The following agreements on PUCCH in short-duration were achieved in the RAN1#88bis meeting [1]. 
	· 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
· At least for 1 symbol short-PUCCH with more than 2 bits, the following is supported.
·  RS and UCI are multiplexed in FDM manner in the OFDM symbol where RS and UCI are mapped on different subcarriers and coherent demodulation are supported.
· FFS: Details on RS

· FFS: whether to support option 6 (pre-DFT)

· FFS: for 1 and 2 bits

· For 2-symbol NR-PUCCH, following options are considered (including possible down-selection)

· Option 1: 2-symbol NR-PUCCH is composed of two 1-symbol NR-PUCCHs conveying the same UCI.

· 1-1: Same UCI is repeated across the symbols using repetition of a 1-symbol NR-PUCCH.

· 1-2: UCI is encoded and the encoded UCI bits are distributed across the symbols.

· Option 2: 2-symbol NR-PUCCH is composed of two symbols conveying different UCIs.

· E.g., time-sensitive UCI (e.g., HARQ-ACK) is in the second symbol.
· Two NR-PUCCHs can be transmitted from one UE on the same slot in TDM manner.
· The two NR-PUCCHs can be short-PUCCH.

· The two NR-PUCCHs can be long-PUCCH + short-PUCCH.

· FFS whether or not to have the two NR-PUCCHs as long-PUCCH + long-PUCCH

· FFS: other multiplexing scheme(s) between the two NR-PUCCHs

· FFS the case of more than 2 NR-PUCCHs in one slot from a UE (if more than 2, only short-PUCCHs)
· For 1-symbol short PUCCH with > 2 UCI bits, the following is supported for the agreed Option 1:

· QPSK for UCI

· X1 to X2 PRBs can be configured to support various UCI payload sizes

· Both localized (contiguous) and distributed (non-contiguous) allocations are supported 

· FFS: detailed PRB allocations and signaling of the configuration

· FFS: values of X1, X2

· DMRS overhead: down-select among the following options:

· Option 1: one value (e.g., 1/2, 1/3, 1/4, 1/5, …)
· Option 2: multiple values depending on, e.g. UCI payload size etc.


In this contribution, we mainly present our considerations on the short PUCCH carrying up to 2 bits UCI.  Comparisons among different options are also given based on link-level simulation. 
2 1-symbol PUCCH design 

As agreed in the RAN1 #88bis meeting, still two options for the 1-symbol PUCCH with small payload size (1-2 bits) are open for down-selection. In this section, we refer to the design when RS and UCI are multiplexed in FDM manner within the OFDM symbol as “RS-based Option 1”, and the sequence selection design as “Sequence-based Option 2”. The structures of Option 1 and Option 2 are shown in Figure 1 below. 
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Figure 1 - Two structures for one-symbol PUCCH carrying up to 2-bit UCI. Option 1 shows the RS and UCI being multiplexed in FDM manner. Option 2 illustrates a sequence based approach. 

In the following, different aspects that impact the design are discussed. 
Performance:
It is well known that coherent detection can provide a 3 dB performance gain compared to the non-coherent detection. However, for RS-based Option 1, half of the REs are allocated to RS which eliminates this gain again. That means for a 1-bit UCI transmission and ideal channel estimation, the RS-based Option 1 will have a similar performance as a method with non-coherent detection. For a 2-bit UCI transmission, the sequence based Option 2 will have a 1.5dB advantage due to the loss of constellation distance for the QPSK modulation in the RS-based PUCCH. Specifically, the minimum constellation distance of QPSK is
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. Then the accumulated distances of all 6 available REs is 
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for a 1-symol RS-based PUCCH. However, the constellation distance of sequence-based method is 1 and there are 12 available REs, i.e. the accumulated distance is 12 which is 1.5dB larger. Detailed simulation results are shown in the remainder of this section. 
Detection complexity and flexibility:
It is known that channel estimation is always one of the most time-consuming processes, especially when advanced methods such as MMSE are used. Furthermore, when referring to demodulation based on channel estimation, serial operation is utilized at the receiver. Specifically, channel estimation –> channel equalization–> BPSK/QPSK demodulation are processed serially. However, non-coherent detection can be applied for the sequence-based method and parallel operation can be used for different blind detections. Therefore, the sequence-based Option 2 has a lower processing latency.  
Multiplexing capacity: 

For sequence-based Option 2, 2 or 4 cyclic shifts are needed for each UE for 1 or 2-bit ACK/NACK transmission respectively. That means the maximum number of UEs that can be multiplexed is 6 or 3 (for a length-12 root sequence). For RS-based Option 1, shorter root-sequences need to be used. That means that even if the multiplexing capacity always is 6 UEs, fewer root-sequences will be available for multiplexing between different cells.
PAPR/CM:
The PAPR/CM of the two options is analyzed in section 3. It can be found that the sequence-based Option 2 has a 1.8dB lower CM compared to RS-based Option 1. This means sequence-based Option 2 can achieve a higher PA efficiency and higher resource utilization, which is discussed in our companion contribution [3] in detail. 

Cell coverage: 

As discussed in [3], the cell radius provided by sequence-based Option 2 is about 75 meter larger. In other words, the cell coverage is 150 000 m2 larger. It is specified in 36.913 that 3GPP should develop standards with means of high connection efficiency to achieve the desired connection density. And the target for connection density should be 1 000 000 device/km2 in urban environment. That means additional 150 000 UEs can be in the service if sequence-based PUCCH is adopted. 

According to the above discussion, a comparison is given in Table 1. 
Table 1 Comparison between Option1 and Option2 for sPUCCH
	Influencing factors 
	RS-based sPUCCH Option 1
	Sequence-based sPUCCH Option 2

	Performance
	Smaller accumulated  constellation distances for 2-bit
	Larger  accumulated  constellation distances for 2-bit, given a 1.5 dB performance  advantage

	Detection complexity
	High
	Low, enables parallel processing and self-contained operation 

	Detection flexibility
	Coherent detection 
	Coherent and non-Coherent detection

	Multiplexing capacity
	maximum 6 UEs per PRB
	maximum 6 UEs for 1-bit and maximum 3 UEs for 2-bit per PRB

	PAPR/CM
	High 
	Low

	Cell coverage
	Small 
	150000 m2 larger (additional 150000 UEs)  


Regarding the UE multiplexing capacity, it has been agreed in RAN1#88 that it can be smaller for the short PUCCH than for the long-PUCCH. In addition, the sequence-based Option 2 can multiplex 6 or 3 UEs per RB in each symbol, i.e. totally 84 or 42 UEs can be multiplexed in a slot with 14 UL symbols. That means the multiplexing capacity provided is already much larger than that of the legacy PUCCH 1a/1b.  
Considering all the aspects discussed, we propose that sequence-based Option 2 shall be adopted for up to 2-bit UCI transmission for one-symbol PUCCH.
Similarly, a sequence selection based design can also be used for SR transmission. Four dedicated sequences can be configured in such case... If only the SR is transmitted, a UE can transmit an enhanced 2-bit SR using the four dedicated SR sequences [4]. When both a positive SR and HARQ-ACK are transmitted in the short PUCCH, a UE shall transmit the HARQ-ACK using the SR sequences.  

Proposal 1：Sequence selection based design shall be adopted for up to 2-bit ACK/NACK and SR (if any) transmission for one-symbol sPUCCH.  
To achieve frequency diversity for one-symbol PUCCH, one straightforward way is to repeat the transmission at both edges of the system bandwidth. However this may incur a higher PAPR/CM which could neutralize the frequency diversity gain. Other options, like symbol splitting or PUCCH resource selection based on CSI, should be further evaluated.  

Proposal 2：FFS ways to achieve frequency diversity for one-symbol PUCCH without increasing the PAPR/CM.  
3 2-symbol PUCCH design 

Similar to the one-symbol PUCCH, both PUCCH with RS and sequence-based PUCCH without RS can be considered for the 2-symbol PUCCH for 1~2 bits UCI transmission. For RS-based PUCCH, two options are shown in Figure 2; Option 1-1 is a design with RS and data FDMed in each symbol, while Option 1-2 is a TDM manner between RS and data.  For sequence-based Option 2, interference randomization is applied between the two symbols. For example, if 1 bit ACK is to be transmitted, cyclic shift i is transmitted in the first symbol and a random cyclic shift remapped by i is transmitted on the other symbol. This process is similar to the interference randomization for the LTE PUCCH Formats 1/1a/1b/2 being used between the two slots. 
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Figure 2 - 2-symbol PUCCH carrying up to 2-bit UCI 

Regarding Option 1-1 and Option 2, the comparison between them is similar as it was discussed above for the 1-symbol PUCCH.  Also for the 2-symbol PUCCH, Option 2 outperforms Option 1-1 in link-level performance, PAPR/CM, detection complexity and cell coverage. 

Comparing Option 1-2 and Option 2, we refer to the short TTI discussion. In [5], it is shown that Option 2 can provide 3~4.5 dB performance gain compared to Option 1-2. 

Proposal 3：Sequence selection based design should be adopted for up to 2-bit ACK/NACK and SR (if any) transmission for 2-symbol sPUCCH.  
4 CM and link-level performance 

CM analysis:
The CMs for the sequence-based and RS-based structures are shown in Figure 3. For sequence-based Option 2, length-12 CGS is used. For RS-based Option 1, length-6 CGS is used for both RS and UCI. The simulation assumptions are given in Table A-1 in the Appendix. Following observations are made:
Observation 1: Compared to the design of FDM between RS and UCI (Option 1), the CM of the sequence-based PUCCH (Option 2) is 1.8 dB lower. 
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Figure 3 - CM comparison of different options
Performance analysis:
The performance of 1/2-bit ACK/NACK transmission for different options in 1-symbol PUCCH is shown in Figure 4-1 and Figure 4-2, respectively. In our simulation, three performance metrics with targets including ACK missing probability (1%), NACK-to-ACK probability (0.1%) and DTX-to-ACK probability (1%) are applied. The simulation assumptions are given in Table A-2 in the Appendix. 
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Figure 4-1                                                                       Figure 4-2
Figure 4 - Link-level performance of different options
Analyzing Figure 3, we make the following observation, 

Observation 2: Sequence-based design (Option 2) has 0.2dB gain for 1-bit and 2dB gain for 2-bit UCI transmission compared to the design of FDM between RS and UCI (Option 1). 

5 Conclusion

This contribution provides the following observations and proposals:
Observation 1: Compared to the design of FDM of RS and UCI without frequency diversity (Option1-1), the CM of sequence-based PUCCH (Option 2) is 1.8 dB lower. 
Observation 2: Sequence-based design (Option 2) has 0.2dB gain for 1-bit and 2dB gain for 2-bit UCI transmission compared to the design of FDM between RS and UCI (Option 1). 
Proposal 1：Sequence selection based design should be adopted for up to 2-bit ACK/NACK and SR (if any) transmission for one-symbol sPUCCH.  
Proposal 2：FFS ways to achieve frequency diversity for one-symbol PUCCH without increasing the PAPR/CM.  
Proposal 3：Sequence selection based design should be adopted for up to 2-bit ACK/NACK and SR (if any) transmission for 2-symbol sPUCCH.  
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Appendix

Table A-1 Simulation parameters for CM 
	Parameters
	Structure 

	
	Sequence-based Option 2
	RS-based Option 1

	FFT size
	128
	128

	Subcarrier number
	12
	12

	Sequence type
	30 length-12 root CGS
	30 length-6 root CGS

	Iteration number
	-
	100000

	Calculation 
	Based on the method in [6]


Table A-2 Simulation parameters for link-level simulation 
	Parameter
	Value

	Carrier frequency
	2 GHz

	System bandwidth
	10 MHz

	TTI length
	1 symbol

	Channel model
	TDL-A, DS=100ns.

	UE speed
	3km/h

	Antenna configuration
	1Tx(UE), 2 Rx(eNB)

	CP length
	Normal

	Modulation mode
	RS-based with BPSK/QPSK, Sequence-based

	Shortened PUCCH design
	As shown in Section 3/4

	Channel estimation
	Practical channel estimation

	Performance metrics
	For HARQ-ACK: ACK missed detection probability (1%), NACK-to-ACK error probability (0.1%); DTX-to-ACK probability (1%).
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