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1 Introduction
In this contribution, we present our views on design of 2-symbol and 4/4-symbol shortened PUCCH (sPUCCH) for ACK/NACK/SR transmission in short TTI. The corresponding evaluation results are also presented. Meanwhile, we show that the legacy periodic CSI reporting with legacy PUCCH Format 2 can be kept and give our considerations on multiplexing between periodic CSI in legacy PUCCH and fast HARQ-ACK in sPUCCH. 
2 Discussion
2.1 sPUCCH design for ACK/NACK transmission The HARQ-ACK timing determines the delay to the next retransmission or the new initial transmission, which directly affects the average latency. New PUCCH format for the fast ACK/NACK transmission in the shortened TTI is a necessary component of shortening the HARQ-ACK timing. In this section, we analyze a few new sPUCCH structures for 2-symbol and 4/4-symbol sPUCCH and provide some link-level evaluations.  
· 2-symbol sPUCCH

Option1, DMRS-based method
For 2-symbol TTI, if ACK/NAK transmission is designed with purpose to support coherent detection, the two symbols have to be used by DMRS and ACK/NACK payload respectively, under the constraint to achieve optimal CM. In each symbol, a length-12 sequence defined in current PUCCH Format 1a/1b is mapped to 12 subcarriers. This ACK/NACK signal structure is shown in Figure 1 and referred as Option 1 in the following evaluation results  
The 50% DMRS overhead in the coherent signal structure could be too high as shown in Figure 1, which means the transmission power is over used by DMRS.
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Figure 1 ACK/NACK DMRS-based transmission in 2-symbol TTI (Option 1)
Observation1： DMRS overhead could be too high for a 2-symbol TTI. 
Option2,  Sequence-based method using length-12 CGS 
As an alternative to coherent transmission of ACK/NACK, sequence-based transmission can also be considered, i.e. non-coherent can be used at the receiver. As an example shown in Figure 2, two length-12 Computer Generated Sequences (CGS) ZC1(n) and ZC2(n) are mapped to 12 subcarriers in two symbols. If sending 1 bit ACK, ZC1(n) and ZC2(n) are transmitted on the first and second symbol in the sTTI respectively. If sending 1 bit NACK, ZC1(n) is transmitted on the second symbol and ZC2(n) is transmitted on the first symbol. Both ZC1(n) and ZC2(n) are mapped to the same 12 continuous subcarriers in each symbol.  
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Figure 2 ACK/NACK sequence-based transmissions in 2-symbol TTI (Option 2 without hopping)
One benefit from the non-coherent signal structure is to allow the frequency hopping and therefore to achieve frequency diversity gain. For example, ZC1(n) and ZC2(n) can be also mapped to 12 different continuous subcarriers, eg., at the two side of the bandwidth. In addition, since there is no need for channel estimation of non-coherent detection method, processing complexity can be further reduced. 
Proposal 1：Sequence-based sPUCCH with intra-TTI frequency hopping can be applied for ACK/NACK transmission to achieve frequency diversity and reduce processing complexity.  
Option3, Sequence-based method using length-4 orthogonal sequences
Since no channel estimation is needed for non-coherent transmission, the orthogonality between sequences is more significant factor, especially for severe fading channel e.g.  ETU channel model.  One alternative is to reduce the length of the orthogonal sequences. Figure 3 shows such an example with intra-TTI hopping, where the length-4 sequence is mapped to 4 subcarriers in different frequency position of two symbols.

For 2 bits ACK/NACK transmission, 4 orthogonal sequences could be allocated to each UE and FDM can be used for multiplexing between different UEs. 
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Figure 3 ACK/NACK sequence-based transmissions in 2-symbol TTI (Option 3 with hopping)
In addition, we find that sequence-based sPUCCH using length-4 or length-6 orthogonal sequences have the identical performance. Preferably, the length can be reduced to either 4 or 6.
Proposal 2：For sequence-based sPUCCH, the length of sequences could be further reduced, eg. length-4 or length-6 sequences. 
Figure 4 and Figure 5 show the 1bit ACK/NACK performances of 2-symbol sPUCCH in EPA and ETU channels, respectively. It can be seen that the performance of DMRS-based structure (option 1) and sequence-based structures (option 2 and option3) without frequency hopping is almost identical. But option 2 and option3 with frequency hopping are about 3dB better than option 1 in both EPA/ETU channel model. Note that, MMSE channel estimation is used for DMRS-based sPUCCH, which is a relatively ideal channel estimation method. That means sequence-based structure may have more gains if a more realistic channel estimation method is applied to DMRS-based structure.  

In addition, in severe fading channel like ETU, 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.  Therefore, we propose that the length-12 CGS sequences can be further replaced by length-4 orthogonal sequences, eg. ZC sequences. 
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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 about 3dB gain than DMRS-based structure in both EPA/ETU channel model.   
Observation 3: Sequence-based structure has more gains if more realistic channel estimation is applied to DMRS-based structure.

Observation 4: 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.
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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 satisfying all three metrics 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. This can be easily inferred from the difference of coherent detection and non-coherent detection at the receiver.
Observation 5: 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. 
Proposal 3: For 2-symbol TTI, sequence-based structure using length-4 orthogonal sequences can be adopted. 

· 4/4-symbol sPUCCH
Option1, DMRS-based method
For 4/4-symbol TTI, DMRS-based method with intra-TTI hopping can be applied as discussed in [4]. As shown in Figure 7, DMRS signals are placed on every two symbols in the TTI. For a UE, one DMRS in the fourth symbol can be shared by sTT0 and sTTI1, For 2 different UEs, two DMRSs with different CGSs are supposed to be multiplexed in the same symbol.
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Figure 7 DMRS-based ACK/NACK transmission in 4/4-symbol TTI
Proposal 3：Intra-TTI frequency hopping can be also used for 4/4-symbol TTI.  
Option2,  Sequence-based method 
Similarly, sequence-based method with intra-TTI frequency hopping can be used for 4/4-symbol sPUCCH. As an example shown in Figure 8, two different length-4 orthogonal sequences are allocated to each UE in each sTTI, eg. ZC1(n) and ZC2(n) for UE1 in sTTI#0 and ZC3(n) and ZC4(n) for UE2 in sTTI#1. In the case of a UE transmitting ACK/NACK in two continuous sTII simultaneously, four orthogonal sequences are allocated and one same sequence in the fourth symbol can be shared by sTT0 and sTTI1. ACK/NACK information can be carried by different mapping rules like 2-symbol sPUCCH. 
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Figure 8 Sequence-based ACK/NACK transmission in 4/4-symbol TTI
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Figure 9 the performance of 1bit ACK/NACK in 4/4-symbol TTI (EPA channel)
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Figure 10 the performance of 2bits ACK/NACK in 4/4-symbol TTI (EPA channel)
Figure 9 and Figure 10 show the 1bit and 2bits ACK/NACK performances of 4/4-symbol sPUCCH in EPA channel, respectively. In the case of 1bit ACK/NACK transmission in Figure 9, the smallest SNR satisfying all three metrics depends on Prob{ACK missed}≤1% for both option 1 and option2. As shown, option 2 has about 1dB gain compared to option 1. In the case of 2bits ACK/NACK transmission in Figure 10, the smallest SNR satisfying all three metrics depends on Prob{NACK-to-ACK}≤0.1% for option1 and Prob{ACK missed}≤1% for option 2. And option 2 has about 2dB gain compared to option 1. It can be seen that, for 4/4-symbol sPUCCH sequence-based structure still has better performance than DMRS-based structure. Therefore, sequence-based sPUCCH can be also adopted for 4/4-symbol TTI. 
Observation 6: For 1bit and 2bits ACK/NACK transmission in 4/4-symbol TTI, sequence-based structure with frequency hopping has about 1dB and 2 dB gain than DMRS-based structure respectively.    
Proposal 4：Sequence-based sPUCCH can be adopted for 4/4-symbol TTI.  

2.2 sPUCCH design for SR transmissionSimilar to ACK/NACK transmission, sequence-based method could be also used for SR transmission.  Since SR information is carried by the presence/absence of transmission of PUCCH, one sequence is sufficient for SR transmission only. However, for length-4 sequences, there would be three available sequences left for ACK/NACK transmission, which can only transmit 1 bit ACK/NACK. If two sequences are also assigned to a UE for SR transmission, not only 1 bit ACK/NACK from a different UE can transmit but achieve the multiplexing of SR and 1 bit ACK/NACK from a same UE when both SR and ACK/NACK are transmitted in same sTTI. UE can use SR code resources to transmit 1 bit ACK/NACK in such cases. 
As an example shown in Figure 11, two length-4 orthogonal sequences ZCSR1(n) and ZCSR2(n) are configured for SR transmission. If the UE also transmit 1 bit ACK at the same sTTI, it shall use ZCSR1(n) and ZCSR2(n) for transmission. 
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Figure 11 Multiplexing of SR and 1 bit ACK/NACK in 2-symbol TTI 
Proposal 5: Sequence-based method should be also applied for SR transmission.
2.3 PUCCH design for CSI feedback 
In [3], system level simulations with CSI reporting by current LTE or by short TTI are provided. The gain brought by the CSI feedback timing is small relatively to the proportion of the TTI shortening, at low and medium UE velocities. Therefore, there is no need to increase the frequency of periodic CSI reporting by transmitting it in a shortened PUCCH.  
Proposal 6: The legacy periodic CSI reporting within legacy PUCCH can be kept for the DL sTTI band.
2.4 Multiplexing of legacy periodic CSI and fast HARQ-ACKAs discussed in subsection 2.1 and 2.3, we suggest fast ACK/NACK transmission in new sPUCCH format is necessary and legacy periodic CSI reporting with legacy PUCCH can be kept. However, a UE may transmit CSI and ACK/NACK at the same time, multiplexing of two types of UCI is needed in such cases.  
Here we give three options with both advantages and disadvantages :　

· One simple way is to drop legacy CSI since ACK/NACK has a higher priority, but this would be inefficient and delay the CSI transmission. 

· Another way is to multiplex legacy CSI and fast ACK/NACK in different frequency resources, however the CM of multiplexing symbols would get higher.  
· Furthermore, we can just replace the overlapping symbols originally used to transmit legacy CSI with sPUCCH symbols for ACK/NACK transmission. This may in some extent influence the performance of legacy CSI. 
More effective ways to achieve multiplexing of legacy periodic CSI and fast ACK/NACK need to be further investigated. 

Observation 7: Multiplexing of legacy periodic CSI and ACK/NACK is needed in many cases and should be further studied.  

3 Conclusion

According to the analysis given above, we have the following observations and proposals:
Observation1： DMRS overhead could be more than sufficient for a 2-symbol TTI. 
Observation 2: For 1bit ACK/NACK transmission in 2-symbol TTI, sequence-based structure with frequency hopping has 3dB gain than DMRS-based structure.   
Observation 3: Sequence-based structure may have more gains if more realistic channel estimation is applied to DMRS-based structure. 
Observation 4: 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 5: 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 6: For 1bit and 2bit ACK/NACK transmission in 4/4-symbol TTI, sequence-based structure with frequency hopping has about 1dB and 2 dB gain than DMRS-based structure respectively.    
Observation 7: Multiplexing of legacy periodic CSI and ACK/NACK is needed in many cases and should be further studied.  

Proposal 1：Sequence-based sPUCCH with intra-TTI frequency hopping can be used for ACK/NACK transmission to achieve frequency diversity and reduce processing complexity. 
Proposal 2：For sequence-based sPUCCH, the length of sequences could be further reduced, eg. length-4 or length-6 sequences. 

Proposal 3: For 2-symbol TTI, sequence-based structure using length-4 orthogonal sequences can be adopted. 

Proposal 4：Sequence-based sPUCCH can be adopted for 4/4-symbol TTI.  
Proposal 5: Sequence-based method could be also applied for SR transmission.
Proposal 6: The legacy periodic CSI reporting within legacy PUCCH can be remained also for the DL sTTI band. 
4 Reference

[1] RP-150465, “SI: Study on Latency reduction techniques for LTE”.
[2] R1-162399, “Link level evaluation of PUCCH for shortend TTI ”, ZTE. 

[3] R1-162398, “System-level performance evaluation for TTI shortening”, ZTE. 
[4] R1-160965, “UL aspects of TTI shortening”, NTT DOCOMO, INC.
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 , 60 km/h

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

	CP length
	Normal

	Modulation mode
	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% 


Appendix B: Simulation Results

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

	2 Rx(eNB)
	0 
	-3 


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

	2 Rx(eNB)
	0.1
	-2.9


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

	2 Rx(eNB)
	0.5
	-2.5


Table 4 ETU, 2 bits, 3km/h 

	the smallest SNR meeting all three metrics (dB )
	2 symbols
	4 symbols

	2 Rx(eNB)
	0.6
	-2.4


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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