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1 Introduction

In this paper we outline a proposal for how to transmit UCI in short TTI operation on sPUCCH.
2 Discussion
A short PUCCH, sPUCCH, should be introduced to support HARQ for short DL transmissions, for fast SR and CSI, and for TDD support. The sPUCCH could be placed in the UL short TTI band, or in the vicinity of PUCCH at the end of the band. If possible, the sPUCCH resources should not cross the slot border, to allow for allocation hopping. In order to save time and facilitate the design of the needed sPUCCH formats, it is beneficial to reuse existing PUCCH format designs as much as possible.
Proposal 1 Use existing PUCCH format designs as basis for sPUCCH format design.

2.1 A 2/3 symbol sPUCCH
For the shortest DL TTI of 2 symbols, the sPUCCH should be equally long to provide the best latency benefits. This also allows for a simple 1-1 mapping between a DL TTI and the sPUCCH in which HARQ feedback is transmitted. Supporting up to 2 layers in DL, the needed HARQ payload is up to 2 bits, which can be fulfilled by a designed based on a shortened PUCCH format 1/1A/1B. By reusing the legacy format, multiplexing is supported through the use of different cyclic shifts, in principle also on the same PRB as legacy UEs. Furthermore, SR can be transmitted by using the legacy mechanism.
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Figure 1. Two examples of a 2/3 symbol sPUCCH based on PUCCH format 1/1A/1B. R denotes DMRS, D denotes data, and S denotes SRS.


Observation 1
A PUCCH format 1/1A/1B-based 2 symbol sPUCCH allows for user multiplexing.


Proposal 2 Define an sPUCCH format based on PUCCH Format 1/1A/1B of length 2/3 symbols, with fixed starting positions, up to 2 bit HARQ and channel selection to indicate SR.

2.2 A 7 symbol sPUCCH

In addition to the shorter sPUCCH solution described above, a longer sPUCCH is needed for improved coverage. For TDD operation [2], and for CA support, higher payloads are required. A 7 symbol sPUCCH based on PF3 or PF4 would fulfil the requirements on improved coverage and increased payload, and also provide sufficiently low latency, see evaluation in [3].
An example of a possible design of a 7 symbol format with frequency hopping is given in Figure 2. By reusing the channel code of PUCCH format 3 and adopting an OCC of length 2(3), this design allows for multiplexing of 2 UEs with the use of an OCC over the 2(3) data symbols transmitted in each frequency region. Two additional sPUCCH resources can be defined with a complementary alternating PRB pattern so that in total 4 sPUCCH resources can be defined within 2PRBs.
For even higher payload requirements, the OCC can be dropped, and the channel coding scheme of PUCCH format 4/5 can be used with the same reference symbol and data symbol pattern.
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Figure 2. Example of a 7 symbol sPUCCH with frequency hopping. R denotes DMRS, D denotes data, and S denotes SRS.

Observation 2
A 7 symbol sPUCCH allows for frequency hopping and multiplexing of 2 UEs.



Proposal 3 Define an sPUCCH format based on PUCCH Format 3 of length 7 symbols, targeting the use case of enhanced coverage, FS2 and CA support.

Proposal 4 Define an sPUCCH format based on PUCCH Format 4/5 of length 7 symbols, targeting the use case of enhanced coverage, FS2 and CA support.

2.3 Required payloads and multiplexing capabilities
Assuming up to 2 layers in the DL transmissions, and also SR, the required payload for sPUCCH from a UE is up to 2*N+1 bits for N DL TTIs. In FDD N will be the ratio between the number of DL TTIs and the number of sPUCCH TTIs per subframe, and in TDD it will be the ratio seen over the radio frame.

If we also assume that at most one UE is scheduled per DL TTI, we can calculate the number of simultaneous PUCCH transmissions needed. Consider FDD with a 2 symbol DL TTI. If a 2 symbol  sPUCCH TTI is used, only one UE transmits sPUCCH at a time. In this case it is beneficial to allow multiplexing with the legacy PUCCH format 1. If the 7 symbol sPUCCH based on PUCCH format 3 proposed above is used instead, up to 3 simultaneous sPUCCH transmissions are needed, which can easily fit into 2 PRBs. The required payload on a resource is up to 5 bits in this case, which is shown in [1] to give good performance.

Now consider TDD with a 2 symbol DL TTI and a 7 symbol sPUCCH. For TDD configuration 1, at most 4 simultaneous sPUCCH transmissions are needed, and for configuration 0, the needed number of simultaneous sPUCCH transmissions is 2. In both cases, the number of transmissions fit into 2 PRBs.
When considering the maximum payload for CA, it depends on the amount of aggregated carriers and needs to be considered further. 
2.4 Switching between sPUCCH lengths
In a companion paper [1] we show the improved coverage that a longer sPUCCH can give. Thus, it can be important for a power limited UE to be able to switch between sPUCCH lengths: the default one for the sTTI configuration, and the longer sPUCCH. A default sPUCCH resource should be defined for a given DL sTTI length, for instance as of Table 1.
Proposal 5 The sPUCCH format should be defined for a specific short TTI configuration and UCI content.

Table 1. Use case for different combinations of DL TTI and sPUCCH length.
	
	DL TTI length 2os
	DL TTI length 3os
	DL TTI length 4os
	DL TTI length 7os

	sPUCCH 2/3os
	Default
	Default
	Default
	Not supported

	sPUCCH 7os
	Coverage/Payload
	Coverage/Payload
	Coverage/Payload
	Default


For FS2 [2]  and CA many information bits need to be transmitted. Thus, the lower payload format based on PF1 is not suitable, and the longer format based on PF3 or PF4 should be used. In [1] we show that good coverage can be achieved also for 10 bits payload with a PF3 based long sPUCCH.

Proposal 6 It should be possible to switch to the longer sPUCCH format for improved coverage or increased payload.
2.5 SR
For best latency performance, SR without HARQ should be indicated on the shorter sPUCCH. If HARQ on the longer sPUCCH should be transmitted, SR is coded on this resource as an additional information bit. For improved coverage when HARQ is not transmitted, the SR can be repeated on the short sPUCCH. Further to improve the coverage an SR format of 7 symbols could in addition be supported
Proposal 7 The short sPUCCH format is used to indicate only SR of a length of 2/3 OFDM symbols.

Proposal 8 The long sPUCCH format is used to indicate only SR of a length of 6/7 OFDM symbols.

2.6 Simultaneous PUSCH and PUCCH
When sPUCCH and sPUSCH have the same short TTI length, it is straight forward to follow the legacy rules to send UCI, i.e. if the UE does not have a valid scheduling grant in current subframe, UCI is sent with sPUCCH, otherwise, UCI is multiplexed with the coded data onto the sPUSCH. However, in case of different lengths of sPUCCH and sPUSCH, UCI sent on sPUCCH may collide with sPUSCH transmission (overlap within OFDM symbols). In this case, eNB should take into account the presence of HARQ-ACK when scheduling sPUSCH, so that the UCI is always sent on sPUSCH if there is a valid UL scheduling grant for the UE and if the scheduled sPUSCH is within the same slot as the sPUCCH. 

Proposal 9 The UCI is always sent on sPUSCH if it overlaps with sPUCCH in time.
3 Conclusion

In section 2 we made the following observations:
Observation 1
A PUCCH format 1/1A/1B-based 2 symbol sPUCCH allows for user multiplexing.

Observation 2
A 7 symbol sPUCCH allows for frequency hopping and multiplexing of 2 UEs.



Based on the discussion in section 2 we propose the following.

Proposal 10 Use existing PUCCH format designs as basis for sPUCCH format design.

Proposal 11 Define an sPUCCH format based on PUCCH Format 1/1A/1B of length 2/3 symbols, with fixed starting positions, up to 2 bit HARQ and channel selection to indicate SR.

Proposal 12 Define an sPUCCH format based on PUCCH Format 3 of length 7 symbols, targeting the use case of enhanced coverage, FS2 and CA support.

Proposal 13 Define an sPUCCH format based on PUCCH Format 4/5 of length 7 symbols, targeting the use case of enhanced coverage, FS2 and CA support.

Proposal 14 The sPUCCH format should be defined for a specific short TTI configuration and UCI content.

Proposal 15 It should be possible to switch to the longer sPUCCH format for improved coverage or increased payload.
Proposal 16 The short sPUCCH format is used to indicate only SR of a length of 2/3 OFDM symbols.

Proposal 17 The long sPUCCH format is used to indicate only SR of a length of 6/7 OFDM symbols.

Proposal 18 The UCI is always sent on sPUSCH if it overlaps with sPUCCH in time.
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