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1 Introduction
In this contribution, link-level evaluations for 2, 4, 7-symbol and 1ms PUCCH are provided. The structures of 2-symbol PUCCH used in the simulation are presented in [2] in detail. 
2 Discussion

2.1 sPUCCH structures for different TTI lengths 
In the following, the structures used in the simulation for different TTI lengths are given.

· 0.5ms sPUCCH for ACK/NACK transmission 
To avoid the unnecessary specification complexity, ACK/NACK transmission in 0.5ms TTI can reuse the current signal structure of PUCCH Format 1a/1b in each slot. Besides the 3dB performance loss caused by TTI shortening, the performance of ACK/NACK in 0.5ms TTI is expected to be even worse due to no frequency hopping between slots. 
· 4-symbol sPUCCH for ACK/NACK transmission
For 4-symbol TTI, similar design to PUCCH Format 1a/1b can be used. As an example shown in Figure 1, DMRS signals are placed on the two central symbols in the TTI. In each of 4 symbols, a length-12 sequence, which is the same as applied to current PUCCH Format 1a/1b, is mapped to the 12 subcarriers in frequency domain. The coherent detection can be used at the receiver to detect ACK/NACK/DTX. 
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Figure 1 ACK/NACK transmission in 4-symbol TTI
· 2-symbol sPUCCH for ACK/NACK transmission
· option1: DMRS-based structure 
· option2: Sequence-based method using length-12 CGS sequences
· option3: Sequence-based method using length-4 ZC sequences
The detailed structures of 2-symbol PUCCH used in the simulation are presented in [2]. For option2 and option3, frequency hopping can be applied. The simulation results for with/without frequency hopping are both given in the following evaluations.  
2.2 Evaluation results For the evaluations in this section, the DTX-to-ACK probability is always kept at 1% for all simulation scenarios, and other simulation assumptions are given in the Appendix A.  
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Figure 2 Coherent detection performance of 1bit ACK/NACK in 1ms TTI and 0.5ms TTI
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Figure 3 Coherent detection performance of 1bit ACK/NACK in TTIs of {0.5ms, 4 symbols, 2 symbols}
Figure 2 shows the link-level simulation results of 1bit ACK/NACK transmission in 1ms TTI and 0.5ms TTI. To ensure Prob{ACK missed}≤1% and Prob{NACK-to-ACK}≤0.1%, the SNR should be at least -2dB for 0.5ms TTI and at least -8dB for 1ms TTI. The 6 dB loss is caused by TTI shortening and the lack of frequency diversity. 
Figure 3 shows the ACK/NACK performances for 0.5ms TTI, 4-symbol TTI and 2-symbol TTI (option 1), all based on coherent detection with DMRS to be transmitted. As shown, there are 2dB and 5dB deterioration for 4-symbol TTI and 2-symbol TTI, respectively, comparing with 0.5ms TTI. 

Observation 1: Compared to ACK/NACK performance in 1ms TTI, the coherent detection performance losses in 0.5ms TTI, 4-symbol TTI and 2-symbol TTI are 6dB, 8dB and 11dB, respectively.  
Figure 4 and Figure 5 show the 1bit ACK/NACK performances of 2-symbol PUCCH in EPA and ETU channels, respectively. In EPA channel mode, it can be seen that the performance of DMRS-based structure and sequence-based structures without frequency hopping is almost identical. But option 2 and option3 with frequency hopping are 3dB better than option 1.  In ETU channel model, option 2 and option3 with frequency hopping still have about 2 dB gain over option 1.  

It should be noted that, in severe channel like ETU channel model, option 3 with frequency hopping is better than option2 with frequency hopping at a high SNR. Because the longer a sequence is, the less orthogonality is to keep, especially in such severe fading channel.  
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Figure 4 the performance of 1bit ACK/NACK in 2-symbol TTI (EPA channel)
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Figure 5 the performance of 1bit ACK/NACK in 2-symbol TTI (ETU channel)
Observation 2: For 1bit ACK/NACK transmission in 2-symbol TTI, sequence-based structure with frequency hopping has 2~3dB gain than DMRS-based structure.   
Observation 3: For sequence-based structure, the performance based on length-4 sequences (option 3) is better than length-12 sequences (option 2) in ETU channel at a high SNR.
Proposal 1: For 2-symbol TTI, sequence-based structure using length-4 orthogonal sequences can be adopted. 
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Figure 6 the performance of 2bits ACK/NACK in 2-symbol TTI (EPA channel)
Figure 6 shows the performance of 2bits ACK/NACK in 2-symbol sPUCCH in EPA channel. For option3, the smallest SNR depends on Prob{ACK missed}≤1%. But it is limited by Prob{NACK-to-ACK}≤0.1% for option1. As shown, option 3 with frequency hopping has about 4.5dB gain compared to option 1 with coherent detection. In contrast with the 3dB gain margin between option 1 and option 3 with frequency hopping for 1 bit ACK/NACK transmission in Figure 4, the gain margin gets bigger for a larger payload size of ACK/NACK transmission based on sequence-based PUCCH.  

Observation 4: For sequence-based structure, the performance gain goes higher for a larger payload size of ACK/NACK transmission compared to DMRS-based structure in 2-symbol TTI. 
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Figure 7 the performance of 1bit ACK/NACK in 2-symbol TTI (2Rx, 4Rx, 8 Rx)
The comparison of the performance of 1 1bit ACK/NACK in 2-symbol TTI under different number of eNB receiver antennas (Rx) is presented in Figure 7. To meet the requirement with 4 eNB Rx, the smallest SNR of option3 with frequency hopping is -4 dB, which is even lower than 0.5ms PUCCH with 2 eNB Rx. For 8 eNB Rx, the smallest satisfied SNR of option3 with frequency hopping in 2-symbol TTI is -7 dB, which is only 1 dB lower than legacy PUCCH with 2 eNB Rx. The performance and coverage of PUCCH for 2-symbol TTI can be significantly improved by increasing the number of eNB Rx. 
Observation 5: The performance and coverage of PUCCH for short TTI can be significantly compensated by increasing the number of eNB Rx. 
3 Conclusion

According to the analysis given above, we have the following observations and proposals:
Observation 1: Compared to ACK/NACK performance in 1ms TTI, the coherent detection performance losses in 0.5ms TTI, 4-symbol TTI and 2-symbol TTI are 6dB, 8dB and 11dB, respectively.  
Observation 2: For 1bit ACK/NACK transmission in 2-symbol TTI, sequence-based structure with frequency hopping has 2~3dB gain than DMRS-based structure if frequency hopping.   
Observation 3: For sequence-based structure, the performance based on length-4 sequences (option 3) is better than length-12 sequences (option 2) in ETU channel at a high SNR.

Observation 4: For sequence-based structure, the performance gain goes higher for a larger payload size of ACK/NACK transmission compared to DMRS-based structure in 2-symbol TTI. 

Observation 5: The performance and coverage of PUCCH for short TTI can be significantly compensated by increasing the number of eNB Rx. 
Proposal 1: For 2-symbol TTI, sequence-based structure using length-4 orthogonal sequences can be adopted. 
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Appendix A: Simulation assumptions
	Parameter
	Value

	Carrier frequency
	2 GHz

	System bandwidth
	10 MHz 

	TTI length
	2/4/7/14 symbols 

	Channel model 
	EPA, ETU

	UE speed 
	3km/h , 120 km/h

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

	CP length
	Normal

	Modulation mode
	BPSK        

	Shortened PUCCH design
	as shown in section 2 

	Channel estimation
	Practical  

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


Appendix B: Simulation Results

Table 1 EPA, 1bit, 3km/h 
	the smallest SNR meeting all three metrics (dB )
	2 symbols
	4 symbols
	7 symbols
	14 symbols

	2 Rx(eNB)
	0 
	0 
	-2.3
	-8

	4 Rx(eNB)
	-4
	-
	-
	-


Table 2 ETU, 1 bit, 3km/h 
	the smallest SNR meeting all three metrics (dB )
	2 symbols
	4 symbols
	7 symbols
	14 symbols

	2 Rx(eNB)
	0 
	-0.8 
	-2.9
	-7.8

	4 Rx(eNB)
	-3.9
	-
	-
	-


Table 3 EPA, 1 bit, 60km/h 
	the smallest SNR meeting all three metrics (dB )
	2 symbols
	4 symbols
	7 symbols
	14 symbols

	2 Rx(eNB)
	0
	0
	-2.3
	-8

	4 Rx(eNB)
	-4
	-
	-
	-


Table 4 ETU, 1 bit, 60km/h 
	the smallest SNR meeting all three metrics (dB )
	2 symbols
	4 symbols
	7 symbols
	14 symbols

	2 Rx(eNB)
	0 
	-0.8
	-2.9
	-7.8

	4 Rx(eNB)
	-3.8
	-
	-
	-


Table 5 EPA, 2bits, 3km/h 
	the smallest SNR meeting all three metrics (dB )
	2 symbols
	4 symbols
	7 symbols

	2 Rx(eNB)
	0.5
	2
	-0.3


Table 6 ETU, 2 bits, 3km/h 
	the smallest SNR meeting all three metrics (dB )
	2 symbols
	4 symbols
	7 symbols

	2 Rx(eNB)
	0.5
	1.7
	-0.7


Table 7 EPA, 2bits, 60 km/h 
	the smallest SNR meeting all three metrics (dB )
	2 symbols
	4 symbols
	7 symbols

	2 Rx(eNB)
	0.5
	2
	-0.3


Table 8 ETU, 2 bits, 60 km/h 
	the smallest SNR meeting all three metrics (dB )
	2 symbols
	4 symbols
	7 symbols

	2 Rx(eNB)
	0.5
	1.8
	-0.4


Note: the three metrics include ACK missed detection probability <= 1%、NACK-to-ACK error probability <= 0.1%、DTX-to-ACK probability <= 1%. 
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