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1 Introduction
In RAN1 #87 meeting, the following agreements on shortened PUCCH (sPUCCH) formats are achieved and more than one sPUCCH formats are recommended to be supported [1]. 
· At least the following formats should be designed for sPUCCH:

· For sPUCCH supporting up to 2-bit HARQ-ACK and/or SR (if any)

· DMRS based demodulation for 7-symbol sTTI

· FFS on the formats and DMRS design for 2-symbol sTTI

· For sPUCCH supporting more than 2-bit HARQ-ACK and SR (if any)

· DMRS based demodulation for all sTTI lengths

· FFS on encoding methods
· FFS on sPUCCH with channel selection for up to 4-bit HARQ-ACK.

· FFS on support of frequency hopping
In this contribution, we present our design and corresponding evaluation results of 2-symbol and 7-symbol sPUCCH for ACK/NACK/SR transmission.     
2 sPUCCH format for 1~2-bit HARQ-ACK 
2.1 2-symbol sPUCCH
Option 1: DMRS-based method
In this 2-symbol TTI design option, due to the requirement of single carrier property, each of the two symbols has to be used by DMRS and ACK/NACK payload respectively. As shown in Figure 1, a length-12 sequence defined in current PUCCH Format 1a/1b is mapped to 12 subcarriers in each symbol. Because frequency hopping cannot be applied to this 2-symbol design, no frequency diversity gain can be achieved. 
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Figure 1 DMRS-based sPUCCH in 2-symbol sTTI (Option 1)
Option2:  Sequence-based method with length-12 orthogonal sequences 
As an alternative to coherent transmission of ACK/NACK, orthogonal-sequence-based transmission without reference signal can also be considered. As an example in Figure 2, for 1-bit ACK/NACK, two length-12 Computer Generated Sequences (CGS) ZC1(n) and ZC2(n), which are orthogonal to each other, are mapped to 12 subcarriers in two symbols. In case of 1-bit ACK, ZC1(n) and ZC2(n) are transmitted on the first and second symbol respectively. In case of 1-bit NACK, ZC1(n) is transmitted on the second symbol and ZC2(n) is transmitted on the first symbol. For 2 bits ACK/NACK transmission, 4 orthogonal sequences could be designed, each of which represents one of four ACK/NACK combinations. 
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Figure 2 sequence-based sPUCCH in 2-symbol sTTI (Option 2) 
One benefit in this non-coherent signal structure is to achieve frequency diversity gain. In Figure 2, ZC1(n) and ZC2(n) are mapped to 12 different continuous subcarriers at the two ends of the bandwidth. In addition, as there is no need for channel estimation, processing complexity can be further reduced.
Simulation results: 
Table 1 SNR satisfying all performance metrics for 1-bit ACK/NACK in 2-symbol TTI
	Channel model
	Option 1
	Option 2 w/o hopping
	Option 2 w/ hopping

	EPA
	3 dB
	3 dB
	0 dB

	ETU
	3 dB
	-
	1 dB


Table 2 SNR satisfying all performance metrics for 2-symbol sPUCCH (2bits, EPA)
	
	Option 1
	Option 2 w/ hopping

	Minimum SNR
	5 dB
	0.5 dB


The performance of 1-bit and 2-bit ACK/NACK transmission for 2-symbol TTI is shown in Table 1 and Table 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. As shown in Table 1 and Table 2, we can have the following observations.  
Observation 1: For 1bit ACK/NACK transmission in 2-symbol TTI, sequence-based structure with frequency hopping provides 2~3dB gain over DMRS-based structure.   
Observation 2: For 2bit ACK/NACK transmission in 2-symbol TTI, sequence-based structure with frequency hopping provides about 4.5dB gain over DMRS-based structure. 
Given the better performance and lower processing complexity of sequence-based structure, we propose that sequence-based sPUCCH format with intra-TTI frequency hopping is supported for 1~2 bits ACK/NACK transmission.  
Proposal 1：Sequence-based sPUCCH with intra-TTI frequency hopping can be applied for 1~2 bits ACK/NACK transmission.  

2.2 7-symbol sPUCCH To avoid the unnecessary specification complexity, 1~2bits ACK/NACK transmission in 7-symbol sPUCCH can reuse the current signal structure of PUCCH Format 1a/1b in each slot. However, in order to retain the frequency diversity gain, intra-sTTI frequency hopping can be considered. 
Since UL sTTI pattern for sPUSCH has already been down-selected between (2,2,3,2,2,3) and (3,2,2,2,2,3) . The frequency hopping pattern for 7-symbol sPUCCH should take the 2OS pattern into account to achieve more efficient multiplexing among different sTTI lengths.  As an example shown in Figure 3, the frequency hopping pattern for 7-symbol sPUCCH is (2,2,3,2,2,3) . Then 2/3-symbol sPUSCH can be FDMed with 7-symbol sPUCCH in frequency domain and in the meantime aligned in time domain. 
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Figure 3 (2,2,3,2,2,3)  frequency hopping pattern for 7-symbol sPUCCH
Table 3 SNR satisfying all performance metrics for 14/7-symbol sPUCCH (1bits, EPA)
	
	Legacy PUCCH
	7-symbol sPUCCH w/o hopping
	7-symbol sPUCCH w/ hopping

	Minimum SNR
	-8dB
	-2.2 dB
	-4 dB


Table 3 shows the performance of 1-bit ACK/NACK transmission for 14/7-symbol TTI. The results shows that, to ensure all three performance metric targets, the SNR should be at least -8dB for 1ms PUCCH and -2.2 dB for 7-symbol sPUCCH without frequency hopping. The ~6dB loss is caused by TTI shortening and the loss of frequency diversity in 7-symbol sPUCCH. Meanwhile, about 2dB gain can be obtained due to frequency diversity for 7-symbol sPUCCH with frequency hopping.   
Observation 3: For 1bit ACK/NACK transmission in 7-symbol sPUCCH, frequency hopping can provide about 2dB gain. 
Proposal 2：Intra-TTI frequency hopping should be supported for 7-symbol sPUCCH and the frequency hopping pattern should align with UL 2-symbol sTTI pattern. 
3 sPUCCH format for more than 2-bit HARQ-ACK 
In LTE, PUCCH Format 3 is applied for no more than 22-bit HARQ-ACK/SR transmission. And a wider range of payload sizes is supported by PUCCH format 4/5 with a variable number of RBs. Similarly, the following two sPUCCH formats can be considered for more than 2-bit HARQ-ACK/SR transmission  
PUCCH Format 3 based design

The coded bits output from RM (32, 11) encoder and repetition coding is 48bits, i.e. 24 QPSK symbols. For 7-symbol PUCCH, there are two possible ways to match the payload and available REs. One alternative is to map all QPSK symbols on 2 PRB and different DFT-s-OFDM symbols carry the same 24 modulated symbols.  Another way is to map the payload in one PRB like PUSCH mapping, i.e., in increasing order of first 12 sub-carries in frequency domain and then each symbol in time domain. 

PUCCH Format 4/5 based design

For scenario like supporting up to 32 aggregation carriers, PUCCH Format 4/5 based design can be considered.   TBCC with 8 bits CRC can be reused and mapped into several PRBs in frequency domain.
For 2-symbol PUCCH, it needs to further increase the PRB numbers to support a large payload of UCI. However, the bit energy would get much lower in case of UL power limited. Ways to improve the performance of 2-symbol sPUCCH formats supporting more than 2-bit need be further investigated.
Proposal 3: For more than 2-bit HARQ-ACK/SR, PUCCH Format 3/4/5 based design can be considered. 
4 Conclusion

This contribution provides the following observations and proposal:
Observation 1: For 1bit ACK/NACK transmission in 2-symbol TTI, sequence-based structure with frequency hopping provides 2~3dB gain over DMRS-based structure.   
Observation 2: For 2bit ACK/NACK transmission in 2-symbol TTI, sequence-based structure with frequency hopping provides about 4.5dB gain over DMRS-based structure. 
Observation 3: For 1bit ACK/NACK transmission in 7-symbol sPUCCH, frequency hopping can provide about 2dB gain. 
Proposal 1：Sequence-based sPUCCH with intra-TTI frequency hopping can be applied for 1~2 bits ACK/NACK transmission.  
Proposal 2：Intra-TTI frequency hopping should be supported for 7-symbol sPUCCH and the frequency hopping pattern should align with UL 2-symbol sTTI pattern. 
Proposal 3: For more than 2-bit HARQ-ACK/SR, PUCCH Format 3/4/5 based design can be considered. 
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Appendix A: Simulation assumptions
	Parameter
	Value

	Carrier frequency
	2 GHz

	System bandwidth
	10 MHz 

	TTI length
	2/7/14 symbols 

	Channel model 
	EPA, ETU

	UE speed 
	3km/h 

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

	CP length
	Normal

	Modulation mode
	sequence-based, BPSK/QPSK    

	Shortened PUCCH design
	As shown in section 2 

	Channel estimation
	MMSE 

	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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