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1 Introduction

In the RAN#73 meeting, the revised Work Item on shortened TTI and processing time for LTE was approved [1]. According to [1], 2-symbol sPUCCH needs to be completed by RAN#76.
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 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 formats
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 1, 1a, 1b, 2, 2a, 2b, 3, 4 and 5. Similarly, several sPUCCH formats should be specified to support different UCI types, payload sizes and different sTTI lengths. The possible sPUCCH formats are summarized in Table 1 and down-selection of the sPUCCH format in Table 1 can be considered. Note that CSI feedback through sTTI is not discussed in this contribution, and thus related PUCCH formats are not mentioned.
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 a sPUCCH format with y-symbol TTI length based on PUCCH format x.
**: Y2>X2, Y4>X4, Y7>X7.
Proposal 1: Multiple sPUCCH formats similar to legacy PUCCH formats are supported for different UCI payload sizes and different sTTI lengths.
2.1 sPUCCH based on 2-symbol sTTI
As shown in Figure 1, a structure based on PUCCH format 1/1a/1b is proposed with 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 sPUCCH from multiple UEs. 
The design of 2-symbol sPUCCH targets to achieve the lowest latency while 4-symbol sPUCCH and 1-slot sPUCCH can be configured for UEs with coverage problem.
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Figure 1. 2-symbol sPUCCH structure without intra-TTI frequency hopping
Considering the 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. 

Currently, PUCCH format 1b with channel selection can be used to feedback HARQ-ACK for a UE that aggregates at most 2 serving cells. Similarly, sPUCCH format 1b-2 with channel selection can also be supported in the same scenario.
In addition, for UEs in good coverage, 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.
2.2 sPUCCH based on 4-symbol sTTI

As shown in Figure 2, a 4-symbol sPUCCH structure with frequency hopping and shared DMRS is proposed. As discussed in [2], intra-TTI frequency-hopping can improve PUCCH performance, therefore 4-symbol PUCCH structure with intra-TTI frequency hopping can be considered. Since two sPUCCH frequency bands are configured within a sTTI, there should have one DMRS per each sPUCCH frequency band. As in Figure 2, RS in the fourth symbol is shared by sTT0 and sTTI1, and RS in the eleventh symbol is shared by sTTI2 and sTTI3. Different UEs sharing the RS position on the same PRB can be multiplexed with different cyclic shifts of the same RS sequence.

[image: image2.emf]4

UL BW

4

4

4

sTTI0

sTTI1

sTTI2

sTTI3


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 the other 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 sTTI. 
For the first scenario, only 1 or 2 HARQ-ACK bits and/or 1 SR bit are transmitted, so 4-symbol sPUCCH can be designed based on PUCCH format 1/1a/1b as they have the same payloads, which are named as sPUCCH format 1-4, 1a-4 and 1b-4 in Table 1. 
For the second scenario, up to 4 HARQ-ACK bits are transmitted, so sPUCCH format 1b-4 with channel selection can be adopted similar to PUCCH format 1b with channel selection. 
In addition, for UEs in good coverage, it is possible that more bits can be carried on 4-symbol sPUCCH. Therefore, whether supporting more bits on 4-symbol sPUCCH based on PUCCH format 3 and/or format 4 can be further studied.

2.3 sPUCCH based on 1-slot sTTI
As shown in Figure 3, a 1-slot sPUCCH structure with frequency hopping is proposed. For 1-slot sPUCCH, Intra-TTI frequency hopping can be considered to improve sPUCCH performance. There is one or two DMRS symbols per sPUCCH frequency band to support different UCI payload size.

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

For the 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 the second scenario, sPUCCH format 1b-7 with channel selection, sPUCCH format 3-7 and sPUCCH format 4-7 can be considered to transmit more UCI bits. Similar to PUCCH format 3/4, only one DMRS per sPUCCH frequency band is configured for sPUCCH format 3/4-7, as shown in Figure 3(b).
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Figure 3. 7-symbol PUCCH structure with intra-TTI frequency hopping

Proposal 2: Intra-TTI frequency hopping is not supported for 2-symbol sPUCCH.
Proposal 3: Intra-TTI frequency hopping is supported for 4-symbol sPUCCH and 1-slot sPUCCH.

Proposal 4: At least the following two sPUCCH formats are supported.
· An sPUCCH format for up to 2-bit HARQ-ACK and/or SR (similar to PUCCH format 1/1a/1b);
· DMRS based demodulation;
· Modulation symbol multiplied with a cyclically shifted sequence; 
· This format is supported for 2OS, 4OS and 1-slot sTTI;
· An sPUCCH format for more than 2-bit HARQ-ACK and SR (if any) (similar to PUCCH format 3 or 4) ;
· DMRS based demodulation;
· Modulation symbols are mapped to resource elements without multiplying cyclically shifted sequence.
· This format is supported for 1-slot sTTI. FFS for 2OS and 4OS sTTI.
· FFS on a sPUCCH format based on PUCCH format 1b with channel selection for up to 4-bit HARQ-ACK.
3 sPUCCH resource allocation
3.1 sPUCCH region
For 1ms TTI, PUCCH regions on the band edges maximizes the achievable PUSCH data rate, as the entire central portion of the band can be allocated to a single UE and impose fewer constraints on the uplink data scheduling, both with and without inter-/intra-subframe frequency hopping. 

Following the same principles for legacy 1ms TTI, sPUCCH resources should also be allocated on the edges of UL system bandwidth. Thus, it is desirable to configure sPUCCH region next to legacy 1ms PUCCH region. 
Proposal 5: sPUCCH regions are allocated to the edges of UL system bandwidth, which is adjacent to the legacy 1ms PUCCH region.
3.2 Multiplexing of sPUCCHs with different sTTI length
As a straightforward solution, sPUCCHs with different sTTI length can be configured on different frequency bandwidth, i.e. different PRBs. For 2-symbol sPUCCH, if intra-sTTI frequency hopping is not adopted, it is better that 2-symbol sPUCCH is placed in inner location of bandwidth, which could leave symmetric bands for intra-sTTI frequency hopping of 4-symbol or 1-slot sPUCCH. An example of sPUCCH resource mapping is shown in Figure 4, where 2-symbol sPUCCH is next to 4-symbol sPUCCH and 1-slot sPUCCH, and 4-symbol sPUCCH and 1-slot sPUCCH are adjacent to 1 ms PUCCH. 

There is also another way that sPUCCHs with different lengths can be placed on the same frequency resource but multiplexed by CDM, e.g. using different cyclic shifts of the same sequence. 
The above mentioned methods apply to the sPUCCH multiplexing in the same symbols. Different sPUCCH could also be multiplexed in different symbols.
Proposal 6: In the same symbol, sPUCCHs with different TTI lengths can be frequency division multiplexed or code division multiplexed.

[image: image5.emf]m=2

m=0

7os

4os

7os

4os

2os

m=3

m=1

m=1

m=3

m=0

m=2

1ms

1ms

t

f

PUSCH

PUCCH

PUCCH

 
Figure 4.  Example of sPUCCH resource mapping
3.3 sPUCCH resource indication

Currently, PUCCH is mapped based on parameter
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. There are two types of indication methods: One is indicated by CCE index and resource offset configured by higher layers. Another one is indicated by ARI (A/N resource indication) in DCI similar to PUCCH format 3, format 4, format 5 respectively where the available PUCCH resources configured by RRC signaling. Currently, for PUCCH format 3/4/5, the TPC field in the DCI format of the corresponding PDCCH/EPDCCH shall be used to determine the PUCCH resource values from one of the four resource values configured by higher layers. Hence, there are two options to define the parameter associated to sPUCCH physical resources:
· Option 1: based on sCCE index and resource offset which is configured by RRC signaling;
· Option 2: indicated by ARI from available resources configured by RRC signaling.

Option 1 is one kind of implicit mapping and related to sCCE index. If two-level sDCI is adopted, sCCE for carrying fast sDCI can be used. Option 2 is simple explicit mapping. Similar to PUCCH, sPUCCH with small payload, such as ACK/NACK for one cell, could reuse the option1 which is flexible and derives from a dynamic parameter CCE index. Besides, it also could be set based on Option 2. sPUCCH with high payload could reuse the option 2, i.e., ARI is used to determine the sPUCCH resource from the available resources configured by higher layer. 
Proposal 7: Reuse the current mapping rule for legacy PUCCH to indicate sPUCCH resource.

· For small payload UCI, implicit indication based on sCCE index or explicit indication can be considered;

· For high payload UCI, explicit indication can be considered.
4 Conclusion

In this paper, we discuss PUCCH design for short TTI with following proposals:

Proposal 1: Multiple sPUCCH formats similar to legacy PUCCH formats are supported for different UCI payload sizes and different sTTI lengths.
Proposal 2: Intra-TTI frequency hopping is not supported for 2-symbol sPUCCH.

Proposal 3: Intra-TTI frequency hopping is supported for 4-symbol sPUCCH and 1-slot sPUCCH.

Proposal 4: At least the following two sPUCCH formats are supported.
· An sPUCCH format for up to 2-bit HARQ-ACK and/or SR (similar to PUCCH format 1/1a/1b);
· DMRS based demodulation;
· Modulation symbol multiplied with a cyclically shifted sequence; 

· An sPUCCH format for more than 2-bit HARQ-ACK and SR (if any) (similar to PUCCH format 3 or 4) ;
· DMRS based demodulation;
· Modulation symbols are mapped to resource elements without multiplying cyclically shifted sequence.
· FFS on a sPUCCH format based on PUCCH format 1b with channel selection for up to 4-bit HARQ-ACK.
Proposal 5: sPUCCH regions are allocated to the edges of UL system bandwidth, which is close to the legacy 1ms PUCCH region.
Proposal 6: In the same symbol, sPUCCHs with different TTI lengths can be frequency division multiplexed or code division multiplexed.
Proposal 7: Reuse the current mapping rule for legacy PUCCH to indicate sPUCCH resource.
· For small payload UCI, implicit indication based on sCCE index or explicit indication can be considered;

· For high payload UCI, explicit indication can be considered.
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