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1 Introduction

In the RAN#72 meeting, the Work Item on shortened TTI and processing time for LTE was approved [1]. 

For Frame structure type 1: [RAN1, RAN2, RAN4]

· Specify support for a transmission duration based on 2-symbol sTTI and 1-slot sTTI for sPDSCH/sPDCCH 

· Specify support for a transmission duration based on 2-symbol sTTI, 4-symbol sTTI, and 1-slot sTTI for sPUCCH/sPUSCH 

· Down-selection is not precluded

For Frame structure type 2: [RAN1, RAN2, RAN4]

· Specify support for a transmission duration based on 1-slot sTTI for sPDSCH/sPDCCH/sPUSCH/sPUCCH

In RAN1#85 meeting, it was agreed that the following sPUCCH formats are recommended to be supported:
· One sPUCCH format for HARQ-ACK and/or SR feedback for a serving cell

· sPUCCH format(s) for multiple HARQ-ACK bits, e.g. as in CA and frame structure type 2

· The amount of sPUCCH formats to support is depending on the maximum identified payload size to support

· sPUCCH format allows for multiplexing of HARQ-ACK and SR

· FFS: sPUCCH format supports CSI feedback

In this contribution, we will discuss PUCCH design for short TTI. Note that enhanced PUCCH for short TTI is called as sPUCCH in this paper and is applied for both FDD and TDD.
2 Discussion on sPUCCH
To reduce the standardization effort, it is beneficial to reuse existing PUCCH designs as much as possible. Currently, legacy PUCCH supports multiple formats: PUCCH format 1a, 1b, 2, 2a, 2b, 3, 4 and 5. Similarly, several sPUCCH formats should be specified to support different UCI payload sizes and different sTTI lengths. An example of sPUCCH formats are shown in Table 1 and down-selection of sPUCCH formats in Table 1 is possible. 
Table 1 Candidate sPUCCH formats 
	sPUCCH format
	Modulation scheme
	Number of UCI bits
	sTTI length

	1/1a/1b-2
	N/A, BPSK or QPSK
	N/A, 1 or 2
	2-symbol

	3-2
	QPSK
	Up to X2, FFS on X2
	2-symbol

	4-2
	QPSK
	Up to Y2, FFS on Y2
	2-symbol

	1/1a/1b -4
	N/A, BPSK or QPSK
	N/A, 1 or 2
	4-symbol

	3-4
	QPSK
	Up to X4, FFS on X4
	4-symbol

	4-4
	QPSK
	Up to Y4, FFS on Y4
	4-symbol

	1/1a/1b -7
	N/A, BPSK or QPSK
	N/A, 1 or 2
	1-slot

	3-7
	QPSK
	Up to X7, FFS on X7
	1-slot

	4-7*
	QPSK
	Up to Y7, FFS on Y7**
	1-slot


*: x-y means sPUCCH with y-symbol TTI length is designed based on PUCCH format x.
**: Y2>X2, Y4>X4, Y7>X7.
Proposal 1: Multiple sPUCCH formats similar to legacy PUCCH formats should be defined to support different UCI payload sizes and different sTTI lengths.
2.1 sPUCCH based on 2-symbol sTTI
To achieve the lowest latency, sPUCCH based on 2-symbol sTTI should be supported. Considering power loss due to shortened TTI length, it is beneficial that only 1 or 2 HARQ-ACK bits and/or 1 SR bit are carried on 2-symbol sPUCCH. For example, in Table 1, sPUCCH format 1-2, 1a-2 and 1b-2 are supported. 
As shown in Figure 1, a structure based on PUCCH format 1/1a/1b is one symbol for sPUCCH DMRS and the other symbol for sPUCCH which is generated by a complex-valued symbol of UCI multiplied with a cyclically shifted sequence. With this structure, different cyclic shifts can be used to multiplex multiple UEs. Since 2-symbol sPUCCH is designed for low latency rather than UL coverage, this simple structure can be adopted as a baseline and other enhanced structures such as with intra-TTI hopping can be further studied if necessary. However, if UL coverage is an issue, 4-symbol sPUCCH and 1-slot sPUCCH can be configured, so enhanced 2-symbol sPUCCH with intra-TTI hopping may not be necessary.
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Figure 1 2-symbol sPUCCH structure without intra-TTI frequency hopping
Currently, PUCCH format 1b with channel selection can be used to feedback HARQ-ACK for a UE that supports aggregating at most 2 serving cells. Similarly, it is useful to support sPUCCH format 1b-2 with channel selection at least for aggregating 2 serving cells with the same sTTI length in FDD system if UL coverage is not an issue.
In addition, if SINR is high enough, it is possible that more than 4 bits can be carried on 2-symbol sPUCCH. Therefore, whether supporting more than 4 bits on 2-symbol sPUCCH format 3 and/or 2-symbol sPUCCH format 4 can be further studied.

Proposal 2: 2-symbol sPUCCH without intra-TTI frequency hopping which consists of one DMRS symbol and one UCI data symbol should be supported. 

· 1 or 2 HARQ-ACK bits and/or 1 SR bit are transmitted with 2-symbol sPUCCH format 1/1a/1b;
· Up to 4 HARQ-ACK bits at least for aggregating 2 serving cells with the same sTTI length are transmitted with 2-symbol sPUCCH format 1b with channel selection;
· FFS on supporting 2-symbol sPUCCH format 3 and/or 2-symbol sPUCCH format 4.

2.2 sPUCCH based on 4-symbol sTTI

As discussed in [2], intra-TTI frequency-hopping can improve PUCCH performance, therefore 4-symbol PUCCH structure with intra-TTI frequency hopping should be considered. An example is shown in Figure 2 where the patterned symbols are used for DMRS. Since two sPUCCH frequency bands are configured within a sTTI, one DMRS per sPUCCH frequency band is needed. For a UE, RS in the fourth symbol is shared by sTT0 and sTTI1, and RS in the eleventh symbol is shared by sTTI2 and sTTI3. For 2 different UEs, two RSs with different CSs can be placed in the same symbol.
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Figure 2 4-symbol sPUCCH structure with intra-TTI frequency hopping 
4-symbol sPUCCH can be used in two scenarios: one is for coverage enhancement and another is for transmission of multiple HARQ-ACK bits for CA or different TTI lengths of UL and DL. Note that in case DL sTTI is shorter than UL sTTI, it is possible that 4-symbol sPUCCH feeds back the HARQ-ACK for two sPDSCHs with 2-symbol TTI. For first scenario, only 1 or 2 HARQ-ACK bits and/or 1 SR bit are transmitted, so 4-symbol sPUCCH is designed based on PUCCH format 1/1a/1b, which is named as sPUCCH format 1-4, 1a-4 and 1b-4 in Table 1. For second scenario, up to 4 bits are transmitted, so sPUCCH format 1b-4 with channel selection can be adopted. 
In addition, if SINR is high, it is possible that more bits can be carried on 2-symbol sPUCCH. Therefore, whether supporting more bits on 4-symbol sPUCCH format 3 and/or 4-symbol sPUCCH format 4 can be further studied.

Proposal 3: 4-symbol sPUCCH with intra-TTI frequency hopping which includes one sharing DMRS symbol should be supported. 

· 1 or 2 HARQ-ACK bits and/or 1 SR bit are transmitted with 4-symbol sPUCCH format 1/1a/1b for coverage enhancement;
· Up to 4 HARQ-ACK bits are transmitted with 4-symbol sPUCCH format 1b with channel selection at least for aggregating 2 serving cells with the same sTTI length or HARQ-ACK feedback of two 2-symbol sPDSCHs on 4-symbol sPUCCH. 
· FFS on supporting 4-symbol sPUCCH format 3 and/or 4-symbol sPUCCH format 4.
2.3 sPUCCH based on 1-slot sTTI
Intra-TTI frequency hopping should also be considered to improve sPUCCH performance. As shown in Figure 3, one or two DMRS symbols per sPUCCH frequency band are needed.

1-slot sPUCCH can be used in two scenarios: one is for coverage enhancement and another is for transmission of multiple UCI bits due to CA, TDD and/or different TTI lengths of UL and DL.

For first scenario, only 1 or 2 HARQ-ACK bits and/or 1 SR bit are transmitted, so 1-slot sPUCCH is designed based on PUCCH format 1/1a/1b, which is named as sPUCCH format 1-7, 1a-7 and 1b-7 in Table 1. An example is shown in Figure 3(a). 
For second scenario, more UCI bits need to be reported, leading to less assumed DMRS symbols, as shown in Figure 3(b). To transmit more UCI bits, sPUCCH format 1b-7 with channel selection, sPUCCH format 3-7 and sPUCCH format 4-7 can be considered. 
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        (a)    sPUCCH format 1                                (b) sPUCCH format 2
Figure 3 7-symbol PUCCH structure with intra-TTI frequency hopping
Proposal 4: 1-slot sPUCCH with intra-TTI frequency hopping should be supported. 

· 1 or 2 HARQ-ACK bits and/or 1 SR bit are transmitted with 1-slot sPUCCH format 1/1a/1b for coverage enhancement;
· More UCI bits for CA, TDD and/or different TTI lengths of UL and DL are transmitted with 1-slot sPUCCH format 1b with channel selection, 1-slot sPUCCH format 3 or 1-slot sPUCCH format 4.

3 Conclusion

In this paper, we discuss PUCCH design for short TTI and give our proposal:

Proposal 1: Multiple sPUCCH formats similar to legacy PUCCH formats should be defined to support different UCI payload sizes and different sTTI lengths.
Proposal 2: 2-symbol sPUCCH without intra-TTI frequency hopping which consists of one DMRS symbol and one UCI data symbol should be supported. 

· 1 or 2 HARQ-ACK bits and/or 1 SR bit are transmitted with 2-symbol sPUCCH format 1/1a/1b;
· Up to 4 HARQ-ACK bits at least for aggregating 2 serving cells with the same sTTI length are transmitted with 2-symbol sPUCCH format 1b with channel selection.

· FFS on supporting 2-symbol sPUCCH format 3 and/or 2-symbol sPUCCH format 4.

Proposal 3: 4-symbol sPUCCH with intra-TTI frequency hopping which includes one sharing DMRS symbol should be supported. 

· 1 or 2 HARQ-ACK bits and/or 1 SR bit are transmitted with 4-symbol sPUCCH format 1/1a/1b for coverage enhancement;
· Up to 4 HARQ-ACK bits are transmitted with 4-symbol sPUCCH format 1b with channel selection at least for aggregating 2 serving cells with the same sTTI length or HARQ-ACK feedback of two 2-symbol sPDSCHs on 4-symbol sPUCCH. 
· FFS on supporting 4-symbol sPUCCH format 3 and/or 4-symbol sPUCCH format 4.
Proposal 4: 1-slot sPUCCH with intra-TTI frequency hopping should be supported. 

· 1 or 2 HARQ-ACK bits and/or 1 SR bit are transmitted with 1-slot sPUCCH format 1/1a/1b for coverage enhancement;
· More UCI bits for CA, TDD and/or different TTI lengths of UL and DL are transmitted with 1-slot sPUCCH format 1b with channel selection, 1-slot sPUCCH format 3 or 1-slot sPUCCH format 4.
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