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1 Introduction
In RAN1#87, the following agreements were made for sPUCCH transmissions [1]:
Agreements:
· For a given UE, a sPUCCH format follows a fixed sTTI mapping where the same sTTI boundaries, data symbol placements (except the last symbol in the subframe - depending on SRS) and DMRS symbol placements (if used) are the same in every subframe. 

· 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
· For a given UE, a sPUCCH format follows a fixed sTTI mapping where the same sTTI boundaries, data symbol placements (except the last symbol in the subframe - depending on SRS) and DMRS symbol placements (if used) are the same in every subframe.
Agreement:
· For a user capable of supporting sTTI, the following {DL,UL} configurations are supported:

· {2,2} and {7,7}
· Working assumption on support of {2,7}. 

· The working assumption is to be confirmed in RAN1 #88 if no significant issues (including no obvious performance gain) are identified.

In this paper, we discuss the design of sPUCCH for sTTI.  
2 Discussion
2.1 sPUCCH structure

To simplify the design of sPUCCH, at most two types of sPUCCH format can be defined with one for small payload size for up to 2 bits and one for large payload size for more than 2 bits. For each type of sPUCCH format, one or more sTTI lengths can be considered. Since the length of UL sTTI can be 2-symbol, 4-symbol or 1-slot, the following designs can be considered for sPUCCH:
1) For sPUCCH with sTTI length of 1-slot, the structure of legacy PUCCH format 1/2/3/4/5 in one slot with RS + data can be reused.
· Structure 1: PUCCH format 1/1a/1b based structure, one modulation symbol with 1 or 2 bits HARQ-ACK can be transmitted by keeping the time-domain OCC and frequency-domain cyclic shift, or 1 to 12 bits HARQ-ACK can be transmitted by removing or reducing the time-domain OCC and RS overhead. 
· Structure 2: PUCCH format 2/2a/2b based structure, 5 modulation symbols can be transmitted which means at most 5 payload bits can be transmitted with up to 1/2 coding rate with RM (20, 13) code. The coding gain may be reduced since the output coded bits from RM (20, 13) encoder are truncated much. Since the number of modulation symbol is too small, it may be not necessary to use RM coding with such PUCCH format 2/2a/2b based structure. Note that without RM coding, it is similar as PUCCH format 1/1a/1b based structure by reducing or removing the time-domain OCC which can be included in structure 1. From such perspective, PUCCH format 2/2a/2b based structure may not be considered for sPUCCH design.
· Structure 3: PUCCH format 3 based structure, 12 modulation symbols can be transmitted which means at most 11 payload bits can be transmitted with about 1/2 coding rate with single RM (32, 11) code. The coding gain will be reduced since the coded bits output from RM (32, 11) encoder are truncated much. If the time-domain OCC is removed so as to increase the payload capacity, it is similar as PUCCH format 4/5 based structure which can be included in structure 4.
· Structure 4: PUCCH format 4/5 based structure, a wide range of payload sizes can be supported with variable coding rate by allocating different number of RBs. TBCC+8 bits CRC can be reused for all payload sizes. Repetition coding, RM coding can also be considered for PUCCH format 4/5 based structure to improve the performance for small payload sizes. 
2) For sPUCCH with sTTI length of 4-symbol (if supported), modified structure of legacy PUCCH format 1/2/3/4/5 with RS + data can be reused or sequence based structure can be considered.
· Structure 1: modified PUCCH format 1/1a/1b based structure with at least one symbol for RS and by removing or reducing the time-domain OCC. 1 to 6 bits HARQ-ACK can be transmitted depending on the RS overhead and length of time-domain OCC.
· Structure 2: modified PUCCH format 2 based structure with at least one symbol for RS. Up to 3 modulation symbols can be transmitted if assuming one symbol for RS. The analysis can be similar as that of sTTI length of 1-slot.
· Structure 3: modified PUCCH format 3 based structure with at least one symbol for RS and by removing or reducing the length of time-domain OCC. Same as that of sTTI length of 1-slot.
· Structure 4: PUCCH format 4/5 based structure. Similar as that of sTTI length of 1-slot.
· Structure 5: Sequence based structure, such as 1 bit ACK or NACK is carried on one CAZAC sequence with corresponding cyclic shift. Up to 12 UEs can be multiplexed in one RB without OCC in time domain. 1 to 3 bits HARQ-ACK can be transmitted depending on the RS overhead and length of time-domain OCC, which means sTTI length of 4-symbol with this structure can only be used for small payload size.
3) For sPUCCH with sTTI length of 2-symbol, modified structure of legacy PUCCH format 1/2/3/4/5 with RS + data can be reused or sequence based structure can be considered.
· Structure 1: modified PUCCH format 1/1a/1b based structure with one symbol for RS and without time-domain OCC. One modulation symbol with 1 or 2 bits HARQ-ACK can be transmitted, which means sTTI length of 2-symbol with this structure can only be used for small payload size.
· Structure 2: modified PUCCH format 2 based structure with one symbol for RS. Only one modulation symbols can be transmitted. The analysis can be similar as that of sTTI length of 1-slot.
· Structure 3: PUCCH format 3 based structure by removing the time-domain OCC, which is similar as PUCCH format 4/5 based.

· Structure 4: PUCCH format 4/5 based structure. Similar as that of sTTI length of 1-slot.
· Structure 5: Sequence based structure, such as 1 bit ACK or NACK is carried on one CAZAC sequence with corresponding cyclic shift. Up to 12 UEs can be multiplexed in one RB without OCC in time domain. This structure can only be used for small payload size.
Based on the above analysis, for sPUCCH format for small payload size, either PUCCH format 1/2/3/4/5 based structures or sequence based structure can be considered. For sPUCCH format for large payload size, the maximum payload size which can be support by legacy PUCCH formats 1/2/3 based sPUCCH is limited, which means even legacy PUCCH 1/2/3 based structure is adopted for sPUCCH, PUCCH format 4/5 based sPUCCH should be supported in addition for larger payload size especially for DL CA with large number of CC, and TDD. Furthermore, if different legacy PUCCH formats are used for design sPUCCH with different payload sizes and/or sTTI lengths, more sPUCCH procedures should be defined since different legacy PUCCH formats have different procedures. 
Since PUCCH format 4/5 based structure for sPUCCH can support all sTTI lengths and a large range of payload sizes including small and larger payload sizes, it is straightforward and simple to define a unified sPUCCH structure based on PUCCH format 4/5 structure for different sTTI lengths and different payload sizes. By using PUCCH format 4/5 based structure, the procedure sPUCCH formats with different payload sizes and different sTTI lengths including coding, rule of RE mapping, OCC operation are the same with respectively defined RS positions for different sTTI lengths only, which can reduce both the specification and implementation complexity of sPUCCH. To increase the multiplexing capacity in the same resource, longer OCC in frequency domain can also be considered. Alternatively, to achieve high multiplexing capacity in the same resource, PUCCH format 1/1a/1b structure can be considered for sPUCCH format for small payload size.
Since it is already justified in legacy system that frequency hopping can bring large performance gain for PUCCH transmission, frequency hopping should be considered if it is possible to support for sPUCCH. It can be seen from Reply LS [2], there will be a [20-40µs] or [20µs] transient period between consecutive 2-OS sTTI if power changes between consecutive sTTI. If frequency hopping is used within one sTTI, the same transient period is required between two hopping parts. Hence, frequency hopping can be supported for sPUCCH format with sTTI length of 1-slot, using RS + data structure in each of the two transmission parts. For sPUCCH with sTTI length of 2-symbol, it is not preferred to apply frequency hopping since the transient period within two symbols will much degrade the performance.
Hence, we have the following proposals: 

Proposal 1: PUCCH format 4/5 based structure should be reused at least for the design of sPUCCH format with sTTI length of 1-slot. 

Proposal 2: Frequency hopping should be supported for sPUCCH format with sTTI length of 1-slot, and not supported for sPUCCH format with sTTI length of 2-symbol. 

Proposal 3: Legacy PUCCH format based structure should be reused for the design of sPUCCH format with sTTI length of 2-symbol. 

Proposal 4: When PUCCH format 4/5 based structure is used for the design of sPUCCH format, channel coding can be optimized with repetition coding or RM coding for UCI bits no more than X, while X could be 22 or other values less than 22.
2.2 UCI transmission on sPUCCH

Since there may be different latency requirements in DL and UL, sPUCCH and PUCCH with the same or different types of UCI may collide in the same subframe. It requires high complexity to handing a lot of UCI combination cases and also power scaling method to support simultaneous transmission of PUCCH and sPUCCH. In addition, PAPR will increase for simultaneous transmission of PUCCH and sPUCCH. Considering the complexity of implementation and specification, simultaneous transmission of PUCCH and sPUCCH in the same subframe should be not supported.
Proposal 5: Simultaneous transmission of PUCCH and sPUCCH in one subframe is not supported.
SR transmission

Since SR on sPUCCH (sSR for short) is supported, the periodicity and offset configuration for sSR should be defined so as to decide the sSR feedback position. Generally there are two Alternatives as follows:
· Alt 1: The periodicity and offset is configured as legacy with unit of subframe. One or more sTTI position in the SR subframe should be defined for sSR. Predefine or pre-configure one or more sTTI position in the SR subframe, positive sSR should be fed back in such sTTI position in the SR subframe.
· Alt 2: The periodicity and offset is configured with unit of UL sTTI. It should be further studied whether the legacy SR configuration table can be reused or new configuration table should be defined.

Based on the above discussion, either alternative can be considered for sSR while alt 2 has some benefit in reducing the latency of sSR procedure. If sSR is configured, the same sTTI length as sAN should be used for sSR so as to keep only one UL sTTI length. 

Proposal 6: Shorter (sTTI level) periodicity should be supported for SR transmission.

Proposal 7: The sTTI length of SR transmission should be the same as that of HARQ-ACK.
For one UE, if only sSR is configured, eNB cannot know the UL data in the UE buffer is latency critical or not, which means eNB cannot make an appropriate scheduling for the UE. In order to let eNB know what type of UL traffic is required from one UE as early as possible, both SR and sSR should be configured for a UE supports sTTI transmission in UL.
Proposal 8: Both SR and sSR should be configured for one UE configured with sTTI transmission in UL.
P-CSI transmission

If P-CSI on sPUCCH (sP-CSI for short) is not supported, when there is at least one sPUCCH in a P-CSI (using PUCCH) subframe, P-CSI may be dropped when colliding with HARQ-ACK assuming that sPUCCH+PUCCH is not support. This will increase the dropping probability of P-CSI which is not desired. Hence, sP-CSI should be supported and the design of PUCCH format 4/5 based sPUCCH format should be unified for HARQ-ACK and sP-CSI payload.

Proposal 9: P-CSI on sPUCCH should be supported and the design of PUCCH format 4/5 based sPUCCH format should be unified for HARQ-ACK and P-CSI payload.
The periodicity and offset configuration for sP-CSI should be defined so as to decide the sP-CSI feedback position. The two ways of periodicity and offset configuration as for sSR above can be used as well.
If sP-CSI is configured, the same sTTI length as HARQ-ACK should be used for sP-CSI so as to keep only one UL sTTI length. It is not necessary for the same UE to configure P-CSI with normal TTI since the channel state can be reflected by sP-CS if sP-CSI is configured.

Proposal 10: Shorter (sTTI level) periodicity should be supported for P-CSI transmission.

Proposal 11: The sTTI length of P-CSI transmission should be the same as that of HARQ-ACK.

Proposal 12: P-CSI with sTTI and normal TTI should be not configured simultaneously for the same UE.

HARQ-ACK transmission

Since a UE supporting sTTI can be dynamically (with a subframe to subframe granularity) scheduled with legacy TTI unicast PDSCH and/or sTTI unicast PDSCH, HARQ-ACK for DL sTTI (sAN for short)and HARQ-ACK for DL legacy TTI (AN for short) could be fed back in the same time. Generally there are three options as follows:

· Option 1: sAN on sPUCCH, and AN on PUCCH, separately.
· Require to specify simultaneous transmission of sPUCCH and PUCCH.

· Require power scaling between sPUCCH and PUCCH when power limited.

· Option 2: When there is only sAN, sAN is transmitted on sPUCCH, and when there is only AN, AN is transmitted on PUCCH. sAN and AN both on a selected UL control channel between PUCCH and sPUCCH if colliding.
· When only one UL control channel is selected, it should be discuss how to transmit both UCIs in the selected UL control channel, i.e. either PUCCH or sPUCCH

· If PUCCH is selected, the latency of sAN will be increased which is not desired. In addition, it requires to specify how to shift the sAN to PUCCH when collision happens since PUCCH is already transmitted when sAN appears.

· If sPUCCH is selected, it requires to specify shifting the AN to sPUCCH or drop the AN when collision happens.

· There is no need to support specifying simultaneous transmission of sPUCCH and PUCCH in this option

· Option 3: sAN and AN are transmitted together on a UL control channel with a configured TTI length if colliding, the resource for the UL control channel could be additionally allocated. 
· eNB can determine the UL TTI length used for HARQ-ACK feedback, considering the tradeoff between latency and coverage requirement. If the UL TTI length less than 1ms is configured, AN is required to use sPUCCH no matter there is sAN or not. 

· There is no need to support specifying simultaneous transmission of sPUCCH and PUCCH in this case.

· There is no need to support specifying the colliding case of sPUCCH and PUCCH since only one UL control channel with a configured TTI length will be used for both sAN and AN.
Based on the above discussion, we prefer option 3 for HARQ-ACK transmission since it gives the eNB flexibility and avoids specifying the complicated simultaneous transmission combination. In addition, since sSR and sP-CSI should be supported, by using a UL control channel with same TTI length for sAN and AN, collision of PUCCH with AN and sPUCCH with sP-CSI/sSR can be avoided in option 3. Furthermore, UL TTI length of 1ms can be supported to be configured for DL sTTI as well if UL coverage is limited in option 3.

Proposal 13: HARQ-ACK for DL legacy TTI shall be transmitted on a UL control channel with a configured TTI length the same as that for HARQ-ACK for DL sTTI. 

UCI combination transmission

If 1ms PUCCH can be configured for DL sTTI operation as discussed in [3], the UCI combination is list in Table 1, which means all UCI combination should be the same as legacy except that UCI could contain sAN.

Table 1 UCI combination for UE supporting sTTI with 1ms PUCCH

	HARQ-ACK/SR
P-CSI
	Legacy PUCCH format 1/1a/1b
	Legacy PUCCH format 3/4/5

	Legacy PUCCH format 2/2a/2b
	Legacy behavior
	Legacy behavior

	Legacy PUCCH format 4/5
	Legacy behavior
	Legacy behavior


Proposal 14: When the legacy PUCCH format is configured for both HARQ-ACK/SR and P-CSI, legacy behavior can be reused with UCI including additionally the HARQ-ACK for DL sTTI operation.
Assuming two types of sPUCCH format can be defined for sAN/sSR, named as type1 sPUCCH format for small payload size, and type2 sPUCCH format for large payload size, and type2 sPUCCH format can be also used for sP-CSI. If sPUCCH is configured for all types of UCI, the possible UCI combinations in the same UL sTTI and the potential solutions can be seen in table 2.
For sAN with type1 sPUCCH format, sP-CSI dropping cannot be avoided in Alt 1 and there will be ambiguity between eNB and UE on the understanding of content transmitted on the sP-CSI resource when DL sTTI is missed in Alt 2 and Alt 3. It should be further studied which alternative should be selected. 

For sAN with type2 sPUCCH format, either of Alt 1 or 2 can be considered.

Table 2 sUCI combination for UE supporting sTTI with sPUCCH

	
	sAN with Type 1 sPUCCH format 
	sAN with Type2 sPUCCH format
	sSR with Type 1 sPUCCH format

	sP-CSI with Type2 sPUCCH format 
	· Alt 1: drop sP-CSI 
· Alt 2: sAN+sSR(if any) + sP-CSI are transmitted together using Type 2 sPUCCH format on sP-CSI resource 
	· Alt 1: drop sP-CSI 
· Alt 2: sAN+sSR(if any) +sP-CSI are transmitted together using Type2 sPUCCH format on sAN resource
	· Alt 1:  drop sP-CSI

· Alt 2: sSR + sP-CSI are transmitted together using Type 2 sPUCCH format on sP-CSI resource

	sSR with Type 1 sPUCCH format 
	· when sSR is positive, sAN is transmitted on sSR resource; 
· otherwise, sAN and sSR are transmitted on respective resource.
	· sAN+sSR (no matter positive or negative) are transmitted together using Type2 sPUCCH format on sAN resource
	· 


3 Conclusions
Based on the above discussion, we have the following proposals:
Proposal 1: PUCCH format 4/5 based structure should be reused at least for the design of sPUCCH format with sTTI length of 1-slot. 

Proposal 2: Frequency hopping should be supported for sPUCCH format with sTTI length of 1-slot, and not supported for sPUCCH format with sTTI length of 2-symbol. 

Proposal 3: Legacy PUCCH format based structure should be reused for the design of sPUCCH format with sTTI length of 2-symbol. 

Proposal 4: When PUCCH format 4/5 based structure is used for the design of sPUCCH format, channel coding can be optimized with repetition coding or RM coding for UCI bits no more than X, while X could be 22 or other values less than 22.

Proposal 5: Simultaneous transmission of PUCCH and sPUCCH in one subframe is not supported.

Proposal 6: Shorter (sTTI level) periodicity should be supported for SR transmission.

Proposal 7: The sTTI length of SR transmission should be the same as that of HARQ-ACK.
Proposal 8: Both SR and sSR should be configured for one UE configured with sTTI transmission in UL.
Proposal 9: P-CSI on sPUCCH should be supported and the design of PUCCH format 4/5 based sPUCCH format should be unified for HARQ-ACK and P-CSI payload.
Proposal 10: Shorter (sTTI level) periodicity should be supported for P-CSI transmission.

Proposal 11: The sTTI length of P-CSI transmission should be the same as that of HARQ-ACK.

Proposal 12: P-CSI with sTTI and normal TTI should be not configured simultaneously for the same UE.

Proposal 13: HARQ-ACK for DL legacy TTI shall be transmitted on a UL control channel with a configured TTI length the same as that for HARQ-ACK for DL sTTI. 

Proposal 14: When the legacy PUCCH format is configured for both HARQ-ACK/SR and P-CSI, legacy behavior can be reused with UCI including additionally the HARQ-ACK for DL sTTI operation.
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