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1 Introduction

In RAN1#87, RAN1#88, and RAN1#88bis, following agreements were made on sPUCCH for sTTI. [1-3]. 
Agreements:
· 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

Agreement:

· 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.

Agreement:

· 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

Agreement:
· 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

Agreement:
· 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

Agreement:
· 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


Based on these agreements, we discuss the sPUCCH design aspects for shortened TTI.
2 Discussion
2.1 sPUCCH format carrying up to 2 bits HARQ-ACK and SR (if any)
For 2/3-symbol sTTI, two options for sPUCCH format to carry up to 2 bits HARQ-ACK and SR (if any) is ready for down-selection: sequence-based sPUCCH vs. DMRS-based sPUCCH. 
For sequence-based sPUCCH format, option 1a is to use different combinations of cyclic shifts on symbols for indicating different HARQ-ACK states while option 1b is to use different cyclic shifts for indicating different HARQ-ACK states where the same cyclic shift is repeated on all symbols of sPUCCH. Both sub-options can be demodulated without reference signal and thus can support intra-sTTI hopping unless significant performance degradation is found due to power transient period. It seems no big difference between option 1a and 1b. Meanwhile, in case intra-sTTI hopping is not allowed, OCC across symbols is applicable to option 1b for more multiplexing gain, which may give further scheduling flexibility to the network.
For DMRS-based sPUCCH format, option 2a is to have similar structure with legacy PUCCH and option 2b is to transmit both DMRS and data sequences on the same symbol. The former can reuse the legacy property but it cannot support intra-sTTI hopping at all. The latter is shown to offer good PAPR performance, however, it requires much specification impact to introduce new sequence generation. 
In order to compare performance between option 1 and 2 and see the impact due to power transient period, evaluation results are shown in Figure 1. We consider the impact due to power transient of interference from up to three users with the same received power. Specifically power transient period is applied at the front and the end of the sPUCCH transmission and also at the middle in case intra-sTTI hopping is enabled. It is observed that regardless of whether/how power transient is applied to the desired signal, sequence-based sPUCCH generally shows better performance over DMRS-based sPUCCH. Considering that option 1 can provide substantial performance without channel estimation and will not result in much specification effort, it is preferable to support sequence-based sPUCCH format. 
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Figure 1. ACK-to-NACK error rate performance of 2-OS sPUCCH for 1 bit HARQ-ACK
Proposal 1: Sequence-based sPUCCH format is supported for sPUCCH carrying up to 2 bits. 

For 7-symbol sTTI, DMRS-based sPUCCH format was agreed. The remaining consideration point is to down-select hopping pattern between the following options: 

· Hopping, option 1: {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

Option 1 can provide more substantial channel estimation performance compared with option 2 while option 2 can reuse the legacy DMRS position of PUCCH format 1/1a/1b. The impact of power transient period at the hopping boundary should be taken into account for down-selection of hopping pattern. Considering that the multiplexing capacity using OCC is limited to 1 DMRS symbol in a 3-symbol chunk, we think that OCC seems not necessary for intra-sTTI hopping case. 

2.2 sPUCCH format carrying more than 2 bits
For 2/3-symbol sTTI, one consideration point for sPUCCH format carrying more than 2 bits is the location of DMRS symbols. Considering latency aspect, front-loaded DMRS is preferred at least for 2-symbol sTTI. For 3-symbol sTTI, it would be beneficial if DMRS symbol can be located to the symbol which is not affected by power transition. In this sense, the second symbol DMRS is preferred for the first sTTI while the first symbol DMRS is preferred for the last sTTI due to potential SRS transmission. 
For 7-symbol sTTI, DMRS-based sPUCCH format was agreed as well for carrying more than 2 bits. In this case, at least the legacy PUCCH format 4 can be also a baseline similar to 2/3-symbol sPUCCH format carrying more than 2 bits. Further discussion will be needed on whether more PUCCH format such as legacy PUCCH format 3 is considered. In case of PUCCH format 4 based sPUCCH, the legacy DMRS sequence can be reused and no OCC will be used. And only intra-sTTI hopping will be necessary for achieving frequency diversity gain. On the other hand, in case of PUCCH format 3 based sPUCCH, both intra-sTTI hopping and non-hopping can be considered since sPUCCH format based on PF3 without intra-sTTI hopping can be multiplexed with legacy PUCCH format 3. Meanwhile, it seems unclear how much UCI payload can be supported by PUCCH format 3 based sPUCCH with single RB. In this sense, we slightly prefer to support only PUCCH format 4 based sPUCCH for less specification efforts.  
For hopping case, the hopping pattern needs to be also clarified. Considering more efficient multiplexing and resource packing between 2/3-OS and 7-OS channels, similar to 7-OS sPUCCH with small payload, {3/4} and {4/3} should be supported for the first and second slot, respectively, where “/” indicates a hopping boundary [4]. DMRS position can be reused from PUCCH format 3/4 for non-hopping case (i.e., 2nd and 6th symbols) while for hopping case, different variants can be further considered such as 2nd and 5th in {3/4} sTTI for better channel estimation performance. 
For channel coding, at least for UCI payload more than 22 bits, TBCC with CRC can be supported. For UCI payload less than 23 bits, further investigation will be needed on which channel coding scheme is supported depending on whether more PUCCH format such as legacy PUCCH format 3 is considered. 
Proposal 2: The impact due to power transition should be considered for DMRS location of DMRS-based sPUCCH format. 
Proposal 3: For 7-symbol sPUCCH carrying more than 2 bits, we slightly prefer to support only PUCCH format 4 based sPUCCH for less specification efforts.
3 Conclusion
In this contribution, we discussed some issues related to the sPUCCH design for shortened TTI.
Proposal 1: Sequence-based sPUCCH format is preferred for sPUCCH carrying up to 2 bits. 

Proposal 2: The impact due to power transition should be considered for DMRS location of DMRS-based sPUCCH format. 

Proposal 3: For 7-symbol sPUCCH carrying more than 2 bits, we slightly prefer to support only PUCCH format 4 based sPUCCH for less specification efforts.
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Appendix: Simulation assumptions
	Simulation parameter
	Value

	Carrier frequency
	2 GHz

	System bandwidth
	10 MHz

	TTI length
	2/3-symbols

	Channel model
	ETU

	UE speed
	3km/h

	UCI payload 
	1 bit HARQ-ACK

	CP length
	Normal

	Antenna configuration
	1 Tx, 2 Rx

	Channel estimation
	Practical

	Transmission scheme
	Option 1b (sequence-based), Option 2a (DMRS-based)

	Power transient period
	10us, 20us

	Power transient model
	Cutoff power transient [5]
Linear power transient [6]

Consider the impact due to power transient of interference from up to three users with the same received power

	Target requirement
	ACK-to-NACK error probability <= 1%

NACK-to-ACK error probability <= 0.1%

DTX-to-ACK error probability <= 1%
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