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1 Introduction

In RAN1#87 meeting, it was agreed that

· 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

· 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

In RAN1#88 meeting, it was agreed that

· For up to 2-bit ACK/NACK and SR (if any), the 2-symbol sPUCCH format is down-selected between

· Option 1: sequence based

· Option 1a: ACK/NACK are indicated by different combinations of cyclic shifts on symbols, with the cyclic shifts on all symbols in each combination are NOT all the same.

· Option 1b: ACK/NACK are indicated by different cyclic shifts, with the same cyclic shift on all symbols.

· Option 2: DMRS based

· Option 2a:  TDM of 1 DMRS symbol and 1 or 2 data symbols

· Option 2b: DMRS sequence and data sequence are transmitted on the same symbol with different cyclic shifts.

· For sPUCCH carrying more than 2-bit ACK/NACK and SR (if any) in 2os/3os sTTI, sPUCCH format based on PUCCH format 4 is supported 

· QPSK is used;

· No frequency hopping within a sPUCCH 

· No sequence spreading on data symbol(s)

· One UL DMRS symbol

· FFS: Reuse the legacy UL DMRS design for PUCCH format 4

· FFS: The location of the UL DMRS symbol

· FFS: Variable number of PRB(s) is configured by higher layer signaling.

· FFS on whether IFDMA is used
· On frequency hopping in slot-long sPUCCH
· Intra-sTTI frequency hopping is supported for at least one slot-based sPUCCH format

· No intra-sTTI frequency hopping is supported for at least one slot-based sPUCCH format

· No dynamic switch between intra-sTTI frequency hopping and no intra-sTTI frequency hopping for the same slot-based sPUCCH format

· FFS: whether the same slot-based sPUCCH format can support both intra-sTTI frequency hopping and no intra-sTTI frequency hopping

In RAN1#88b meeting, it was agreed that

· For evaluation until RAN1#89 to conclude on sPUCCH format for up to 2 A/N bits (no design is excluded):

· Transient impact should be evaluated in the front and/or in the middle and/or at the end of the sPUCCH transmission

· Multi-user simulation

· Up to three users

· Same received power

· No common transient model unless RAN4 feedback is received

· The following sPUCCH format carrying up to 2 bits HARQ-ACK and SR (if any) is supported for 7-symbol sTTI:

	 
	sPUCCH format carrying up to 2 bits HARQ-ACK + SR (if any)

	DMRS sequence
	Reuse legacy DMRS sequence for PUCCH

	Intra-sTTI hopping
	Non-hopping, and, Hopping

	DMRS pattern
	No hopping: Reuse DMRS pattern of PUCCH format 1/1a/1b 

For down-selection:

· Hopping, option1: {D R D | D R R D} for the first slot, {D R R D | D R D} for the second slot

· Hopping, option 2: {D D R | R R D D} for the first slot, {D D R R | R D D} for the second slot

· Other options are not precluded

Note: OCC is not applied across hopping boundary

	Number of RBs for PUCCH resource
	1 RB


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

In this section, the design aspects are discussed for both small and large payload size sPUCCH. To reduce the standardization effort, it is beneficial to reuse existing PUCCH designs as much as possible. 
2.1 sPUCCH based on 2-symbol sTTI

2.1.1 For up to 2-bit ACK/NACK and SR (if any)
In the RAN1#88 meeting, several options [2] were agreed for down-selection, which are detailed in Appendix A.

The following aspects that have impacts on sPUCCH structure are discussed.
· sPUCCH capacity
With option 1a and 1b, the number of UEs that can be multiplexed in a RB is reduced compared to option 2a. For 1-bit ACK/NACK, two CSs will be allocated to a UE, thus at most 6 UEs can be multiplexed in a RB. For 2-bit ACK/NACK, four CSs will be allocated to a UE, thus at most 3 UEs can be multiplexed in a RB. In addition, for option 1a and 1b with frequency hopping, 2 RBs are needed to transmit a sPUCCH, therefore, more sPUCCH resources would be wasted if there are not enough sTTI UEs multiplexed in the same RB.
With option 2a-1 (mapped to consecutive REs), all 12 CSs can be used, which means at most 12 UEs can be multiplexed in a RB. 

With option 2a-2 (mapped to interlaced REs), DMRS sequence and UCI sequence are interlaced into multiple RBs. As a result, to accommodate the same delay spread currently supported by other options, the available CSs will be less than that of other options, and hence the sPUCCH capacity is decreased. Furthermore, depending on the number of combs, 2 or more RBs are required for option 2a-2, so there would be more sPUCCH resources waste if there are not enough sTTI UEs.

With option 2b, DMRS sequence and data sequence are transmitted on the same symbol with different cyclic shifts. Thus at most 6 UEs can be multiplexed in a RB. In addition, for 2b with frequency hopping, 2 RBs are needed to transmit a sPUCCH, so there would be sPUCCH resource waste if there are not enough sTTI UEs.

Note that although the number of scheduled UEs in a sTTI may not be high, but how to reserve sPUCCH resources for all possible sTTI-capable UEs have to be considered, therefore sPUCCH overhead is still an important aspect in sPUCCH design.  
· Multiplexing between sPUCCH and PUCCH

To reduce sPUCCH overhead, multiplexing between sPUCCH and PUCCH format 1/1a/1b/2/2a/2b was discussed in many companies’ contributions in last meetings. All options except option 2a-2 seem to be able to multiplex with PUCCH format 1/1a/1b/2/2a/2b. However, how to multiplex sPUCCH in option 1 and option 2b with PUCCH format 1/1a/1b/2/2a/2b may need more standardization efforts.
· Performance
According to results in Appendix C, for single sPUCCH resource configured in a RB, compared to option 2a-1, the performance of option 1 with frequency hopping will be 1.6~2.6 dB better. For multiple sPUCCH resources configured in a RB, compared to option 2a-1, the performance of option 1 with frequency hopping will be 2.2~2.9 dB better. This is because option 1 has frequency hopping gain, while option 2a-1 splits half of the power to transmit DMRS, which have larger effect than the coherent demodulation gain obtained by option 2a-1.
· Standardization effort
Option 2a-1 is a structure based on legacy PUCCH format 1/1a/1b with one symbol for sPUCCH DMRS and the other symbol for sPUCCH UCI. Thus option 2a-1 has the least standardization effort.

In Table 1, a brief comparison is given according to the above discussion.

Table 1.  Comparison of 2-symbol sPUCCH options for up to 2-bit ACK/NACK and SR (if any)
	
	Option 1: Sequence-based
	Option 2: DMRS-based

	
	Option 1a
	Option 1b
	Option 2a-1
	Option 2a-2
	Option 2b

	sPUCCH capacity
	Low
	Low
	High
	Low
	Low

	Performance gain
	1.6~2.9 dB 
	Baseline
	0.3~1.3 dB[3]
	0.5~1.0 dB[3]

	PUCCH/sPUCCH multiplexing
	Yes with spec impacts
	Yes without spec impacts
	No
	Yes with spec impacts

	Standardization effort
	High
	Low
	High
	High


According to the above analyses, for 2-symbol sPUCCH for up to 2-bit ACK/NACK and SR (if any), the option 2a-1 and option 1 provide the best balance among different aspects. 
Proposal 1: For sPUCCH carrying up to 2-bit ACK/NACK and SR (if any) in 2/3-symbol sTTI, down-select among option 2a-1 and option 1.

· Option 2a-1: one sPUCCH DMRS symbol and one sPUCCH symbol mapped to consecutive REs;

· Option 1: sequence based
2.1.2 For more than 2-bit ACK/NACK and SR (if any)
For sPUCCH carrying more than 2-bit ACK/NACK and SR (if any) in 2os/3os sTTI, sPUCCH format based on PUCCH format 4 is supported. The following remaining issues (FFS) are discussed:
· FFS: Reuse the legacy UL DMRS design for PUCCH format 4
From the simulation results in [4], ON/OFF time mask impacts the performance of sPUCCH or sPUSCH with QPSK modulation slightly. Considering limited time left for sTTI standardization, we think using current UL DMRS is enough. 
· FFS: The location of the UL DMRS symbol
If there are 2 symbols for an sPUCCH, UL DMRS can be located in the first symbol for early channel estimation. If there are 3 symbols for an sPUCCH, UL DMRS can be located in the first or middle symbol.

· FFS: Variable number of PRB(s) is configured by higher layer signaling. 
Similar to PUCCH format 4, the number of PRB(s) can be 1~8 and configured by higher layer signaling.

· FFS on whether IFDMA is used
As discussed above for option 2a-2, IFDMA needs more RBs to transmit a sPUCCH which may results in more waste of sPUCCH resource. 
· FFS on sPUCCH with channel selection for up to 4-bit HARQ-ACK.
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, 2-symbol sPUCCH format with channel selection can also be supported in the same scenario. This is beneficial in terms of coverage.
Proposal 2: For sPUCCH carrying more than 2-bit ACK/NACK and SR (if any) in 2/3-symbol sTTI, 
· Reuse the legacy UL DMRS design for PUCCH format 4
· UL RS is in the first symbol for 2-symbol sPUCCH and in the first or middle symbol for 3-symbol sPUCCH
· The number of PRB(s) for sPUCCH is configured by higher layer signaling with a value from 1 to 8
· IFDMA is not supported.
Proposal 3: 2/3-symbol sPUCCH with channel selection for up to 4-bit HARQ-ACK is supported.
2.2 sPUCCH for 1-slot sTTI

According to the agreements in the previous meetings, the remaining issues are discussed below.

· sPUCCH format for carrying more than 2-bit ACK/NACK and SR (if any)
At least sPUCCH formats based on PUCCH format 3 and 4 can be supported. In addition, 1-slot sPUCCH with channel selection for up to 4-bit HARQ-ACK can also be supported.

· The location of the UL DMRS symbol with frequency hopping
Since the reliable RS reception performance is critical for sPUCCH, it is better to put the sPUCCH DMRS in the middle. Note that the UCI bits are QPSK modulated and is robust to transition period distortion.
Currently, different UL DMRS densities are defined for different PUCCH formats for different UCI bits, such as PUCCH format 1a/1b and PUCCH format 3/4/5. Therefore, the same principle can be applied for sPUCCH. For sPUCCH carrying up to 2-bit sUCI, {D R D | D R R D} for the first slot and {D R R D | D R D} for the second slot are preferred, as shown in Figure 1(a). For sPUCCH carrying more than 2-bit sUCI, {D R D | D R D D} for the first slot and {D R D D | D R D} for the second slot are preferred, as shown in Figure 1(b). 
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  (b) more than 2-bit sUCI
Figure 1. 1-slot PUCCH structure with intra-TTI frequency hopping

· The number of PRB(s) for large payload sUCI for sPUCCH formats based on PUCCH format 4
Similar to PUCCH format 4, the number of PRB(s) can be 1~8 and configured by higher layer signaling.

· Whether the same slot-based sPUCCH format can support both intra-sTTI frequency hopping and no intra-sTTI frequency hopping
For up to 2-bit sUCI, no intra-sTTI frequency hopping is beneficial for multiplexing of sPUCCH and PUCCH, thus both intra-sTTI frequency hopping and no intra-sTTI frequency hopping can be supported. Similarly, for more than 2-bit sPUCCH, considering the multiplexing with PUCCH, only intra-sTTI frequency hopping is supported for format 4 based sPUCCH, and both frequency hopping and no frequency hopping are supported for format 3 based sPUCCH.
Proposal 4: For sPUCCH carrying more than 2-bit ACK/NACK and SR (if any) in 1-slot sTTI, sPUCCH format based on PUCCH format 3 and 4 are supported.

Proposal 5: 1-slot sPUCCH with channel selection for up to 4-bit HARQ-ACK is supported.

Proposal 6: For 1-slot sPUCCH with frequency hopping carrying up to 2-bit sUCI, {D R D | D R R D} for the first slot and {D R R D | D R D} for the second slot are supported. 

Proposal 7: For 1-slot sPUCCH with frequency hopping carrying more than 2-bit sUCI, {D R D | D R D D} for the first slot and {D R D D | D R D} for the second slot are supported.

Proposal 8: 1-slot sPUCCH format carrying up to 2-bit ACK/NACK and SR (if any) can support both intra-sTTI frequency hopping and no intra-sTTI frequency hopping.

Proposal 9: For 1-slot sPUCCH format carrying more than 2-bit ACK/NACK and SR (if any)
· Both intra-sTTI frequency hopping and no frequency hopping are supported for sPUCCH based on PUCCH format 3;

· Only intra-sTTI frequency hopping is supported for sPUCCH based on PUCCH format 4.
3 Conclusions
In this paper, we have analyzed short TTI structures with following proposals:
Proposal 1: For sPUCCH carrying up to 2-bit ACK/NACK and SR (if any) in 2/3-symbol sTTI, down-select among option 2a-1 and option 1.

· Option 2a-1: one sPUCCH DMRS symbol and one sPUCCH symbol mapped to consecutive REs;

· Option 1: sequence based
Proposal 2: For sPUCCH carrying more than 2-bit ACK/NACK and SR (if any) in 2/3-symbol sTTI, 
· Reuse the legacy UL DMRS design for PUCCH format 4
· UL RS is in the first symbol for 2-symbol sPUCCH and in the first or middle symbol for 3-symbol sPUCCH
· The number of PRB(s) for sPUCCH is configured by higher layer signaling with a value from 1 to 8
· IFDMA is not supported.
Proposal 3: 2/3-symbol sPUCCH with channel selection for up to 4-bit HARQ-ACK is supported.

Proposal 4: For sPUCCH carrying more than 2-bit ACK/NACK and SR (if any) in 1-slot sTTI, sPUCCH format based on PUCCH format 3 and 4 are supported.

Proposal 5: 1-slot sPUCCH with channel selection for up to 4-bit HARQ-ACK is supported.

Proposal 6: For 1-slot sPUCCH with frequency hopping carrying up to 2-bit sUCI, {D R D | D R R D} for the first slot and {D R R D | D R D} for the second slot are supported. 

Proposal 7: For 1-slot sPUCCH with frequency hopping carrying more than 2-bit sUCI, {D R D | D R D D} for the first slot and {D R D D | D R D} for the second slot are supported.

Proposal 8: 1-slot sPUCCH format carrying up to 2-bit ACK/NACK and SR (if any) can support both intra-sTTI frequency hopping and no intra-sTTI frequency hopping.

Proposal 9: For 1-slot sPUCCH format carrying more than 2-bit ACK/NACK and SR (if any)
· Both intra-sTTI frequency hopping and no frequency hopping are supported for sPUCCH based on PUCCH format 3;

· Only intra-sTTI frequency hopping is supported for sPUCCH based on PUCCH format 4.
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Appendix A. Candidates of 2-symbol sPUCCH format for up to 2-bit ACK/NACK and SR (if any) 
· Option 1: sequence based

· Option 1a: ACK/NACK are indicated by different combinations of cyclic shifts on symbols, with the cyclic shifts on all symbols in each combination are NOT all the same.
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· Option 1b: ACK/NACK are indicated by different cyclic shifts, with the same cyclic shift on all symbols.
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· Option 2: DMRS based

· Option 2a:  TDM of 1 DMRS symbol and 1 or 2 data symbols 
· Option 2a-1: In the example of left figure, DMRS sequence and sPUCCH at mapped to consecutive REs; 
· Option 2a-2: in the example of right figure, DMRS sequence and UCI sequence are mapped to REs in an interlaced way.
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· Option 2b: DMRS sequence and data sequence are transmitted on the same symbol with different cyclic shifts.
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Appendix B. Evaluations 

Table 1. Link-level simulation assumptions for short PUSCH

	Transient period duration
	20 us

	Transient period model
	Transmitted power in ramp up/down of transient period increases/decreases linearly

	Carrier frequency
	2 GHz

	System bandwidth
	10MHz

	TTI length
	2 symbols

	Channel model
	EPA 3km/h

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

	CP length
	Normal

	Performance metrics
	BLER


Appendix C. Simulation cases and results

1) sPUCCH with 1 bit ACK/NACK 
Ensuring the probability of DTX to ACK is 1%, we have the following simulation results.
Table 2. Performance loss of sPUCCH for 1-bit ACK/NACK compared to option 1b w/o time mask
	Performance Loss (dB)
	Option 1b
	Option 2a-1

	Single UE
	0.1
	1.7

	3 UE multiplexing
	0.2
	2.4


From Table 2, the performance of format 1a based sPUCCH has 1.6~2.2 dB gain compared with coherent demodulation (i.e., DMRS-based).
2) sPUCCH with 2 bit ACK/NACK 
Ensuring the probability of DTX to ACK is 1%, we have the following simulation results.
Table 3. Performance loss of sPUCCH for 2-bit ACK/NACK compared to option 1b w/o time mask

	Performance Loss (dB)
	Option 1b
	Option 2a-1

	Single UE
	0.1
	2.7

	2 UE multiplexing
	0.1
	3.0


From Table 3, the performance of format 1b based sPUCCH has 2.6~2.9 dB gain compared with coherent demodulation (i.e., DMRS-based).
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