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1 Introduction
In RAN1#88, the following agreements were made for sPUCCH transmissions [1]:

Agreements:
· 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

· 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

In RAN1#88bis, the following agreements were made for sPUCCH transmissions [2]:

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


In this paper, we discuss the remaining issues of sPUCCH for sTTI.  
2 Discussion
As it was agreed in RAN1#88 meeting, for up to 2-bit ACK/NACK and SR (if any), the 2-symbol sPUCCH format is down-selected between the following options [3]:
· 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 2a-1: DMRS sequence and sPUCCH at mapped to consecutive REs
· Option 2a-2:DMRS sequence and UCI sequence are mapped to REs in an interlaced way
· Option 2b: DMRS sequence and data sequence are transmitted on the same symbol with different cyclic shifts.

For option 1a, 2 cyclic shifts will be occupied by one UE to support 1 or 2 bits UCI transmission by considering using different cyclic shifts on different symbols to indicate different ACK and NACK combination for 2 bits. At most 3 UEs can be multiplexed in the same RB for 1 or 2 bits UCI transmission assuming gap of cyclic shift is 2(Δshift=2).  For option 1b, multiplexing capacity for multiple UEs in one RB is greatly reduced since 2 or 4 cyclic shifts will be occupied by one UE to support 1 or 2 bits UCI transmission. At most 3 UEs can be multiplexed in the same RB for 1 bit UCI transmission and only 1 UE in one RB for 2 bits UCI transmission assuming Δshift=2.
For option 2a, if ZC sequence is used to carry 1 modulation symbol similar as PUCCH format 1a/1b, 6 UEs can be multiplexed in the same RB assuming Δshift=2. The multiplexing capacity for multiple UEs in one RB may be the same for option 2a-1 and option 2a-2 since the length of ZC sequence used in option 2a-2 will be less than the ZC sequence in option 2a-1, therefore if 1 RB is used for sPUCCH, option 2a-2 requires new DMRS sequence generation. To reuse the legacy DMRS generation method, at least X RBs should be allocated for one sPUCCH to support DMRS length is multiple of 12, where X is the number of comb in one RB. This will restrict the sPUCCH resource reservation and allocation and can’t multiplexing sPUCCH and legacy PUCCH in the same RB, which may increase the sPUCCH overhead in system. Alternatively, PUCCH format 5 based structure can be considered by using frequency domain OCC to achieve the multiplexing of multiple UEs in one RB. To increase the multiplexing capacity, length of OCC can be increased. Considering that the structures of PUCCH format 4 and 5 are mainly the same only with OCC in frequency domain for PUCCH format 5, this can achieve a unified sPUCCH structure for different payload size since PUCCH format 4 based structure is supported for 2-symbol sPUCCH carrying more than 2 bits UCI.
For option 2b, if ZC sequence is used to carry 1 modulation symbol similar as PUCCH format 1a/1b, 2 cyclic shifts are required for one UE to separate UCI and DMRS in the same symbol. Multiplexing capacity for multiple UEs in one RB is reduced to half of option 2a. In addition, since two sequences are mapping on the same symbol, PAPR will be increased unless special handling is considered to reduce the PAPR, which will increase the implementation and specification complexity. In high interference scenario, the performance of option 2b may be degraded due to not only interference from different UEs but also interference between UCI and RS of the same UE.
It can be seen from Reply LS [4], a general ON/OFF time mask for 2-OS TTI is defined in Figure 1 with [20µs] ramp up/down regions outside the sTTI duration, which means there may be [20µs] transient period at front of the first symbol and at the end of the second symbol of a current sPUCCH transmission from the consecutive sTTI transmissions as shown in Figure 2. In such transient period, there are interferences to the current sPUCCH transmission from adjacent sTTI transmissions. In addition, 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. 
To evaluate the impact of transient period, we perform simulations with option 1 and option 2 for the following cases, with the simulation assumption as listed in Table 1 in the appendix. 

· Case 1: option 2a-1 with single user in one RB and without transient period model.
· Case 2: option 2a-1 with single user in one RB and with transient period model from consecutive sTTI at front and at the end of sPUCCH transmission as shown in Figure 2. 
· Case 3: option 2a-1 with multi-user of 0 dB power difference in one RB and with transient period model at front and at the end of the sPUCCH transmission as shown in Figure 2.
· Case 4: option 2a-1with multi-user of 3 dB power difference in one RB and with transient period model at front and at the end of the sPUCCH transmission as shown in Figure 2.
· Case 5: option 1b with single user in one RB and without transient period model.
· Case 6: option 1b with single user in one RB and with transient period model from consecutive sTTI at front and at the end of sPUCCH transmission and transient period model for frequency hopping at the middle of sPUCCH transmission as shown in Figure 3.
· Case 7: option 1b with multi-user of 0 dB power difference in one RB and with transient period model from consecutive sTTI at front and at the end of sPUCCH transmission and transient period model for frequency hopping at the middle of sPUCCH transmission as shown in Figure 3.
· Case 8: option 1b with multi-user of 3 dB power difference in one RB and with transient period model from consecutive sTTI at front and at the end of sPUCCH transmission and transient period model for frequency hopping at the middle of sPUCCH transmission as shown in Figure 3.
It can be seen from BER results in Figure 4 that option 1b outperforms option 2a-1 about 6 dB in EPA however has error floor for ETU with transient period model and multi-user of 3 dB power difference, which means sequence based method can’t well support such scenarios with larger delay and multi-user multiplexing with power control errors. It should be notice that 3 dB power  difference is not a rare case in practical UL power control, the power difference may due to the non-ideal pathloss estimation and miss-alignment of closed loop power control compoment. In addition, the performance gap between cases without and with transient period are larger in option 1b than in option 2a-1, which means option 1b is more sensitive to transient period since the sequence orthogonality may be destroyed by considering the transient period. Since option 2b is also sequence based method, the similar result with transient period can be concluded as for option 1b. So it may be hard to support frequency hopping for 2-symbol PUCCH by considering the transient period. 
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Figure 1: General ON/OFF time mask for sTTI operation
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Figure 2: Transient period model at front and the end of one sTTI
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Figure 3: Transient period model at front and middle and the end of one sTTI
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Figure 4: BER results for different channel models
Based on the analysis and simulation results above, we have the following proposals:
Proposal 1: DMRS based method with one symbol for DMRS and one symbol for UCI should be supported for 2-symbol PUCCH carrying 1~2 bits UCI.
Proposal 2: To increase the multiplexing capacity, either PUCCH format 1a/1b based structure or PUCCH format 5 based structure can be used for 2-symbol PUCCH carrying 1~2 bits UCI.

Proposal 3: Frequency hopping should be not supported for sPUCCH format with sTTI length of 2-symbol.
Since it was agreed that PUCCH format 4 based structure is used for 2-symbol sPUCCH carrying more than 2-bit UCI, it is straightforward and simple to support PUCCH format 4 based structure for 1-slot sPUCCH at least for more than 2-bit UCI. By using PUCCH format 4 based structure, the procedure of sPUCCH formats with different sTTI lengths including coding, rule of RE mapping are the same with respectively defined RS positions for different sTTI lengths only, which can reduce both the specification and implementation complexity of sPUCCH. Since TBCC+8 bits CRC is used for PUCCH format 4 to support more than 22 bits UCI transmission, for small payload size, channel coding could be optimized by considering repetition coding or RM coding.
The DMRS position for PUCCH format 4 based 1-slot sPUCCH can be at the fourth symbol in one slot and the DMRS position for PUCCH format 1a/1b based 1-slot sPUCCH can be at the third to fifth symbols in one slot similar as legacy design when there is no frequency hopping. When frequency hopping is configured for 1-slot sPUCCH, 7 symbols can be divided into two sets, and the following options can be down selected. It should be further evaluated that the impact of transient period on data and RS to decide which option should be supported. 
· Option1: {D R D | D R R D} for the first slot, {D R R D | D R D} for the second slot
· Lower latency compared with option 2 and can reduce the impact of transient period on RS if it is true that RS is more sensitive to transient period
· Option 2: {D D R | R R D D} for the first slot, {D D R R | R D D} for the second slot
· Larger latency compared with option 1 but with the same structure as 1-slot sPUCCH without frequency hopping if the impact of transient period on data and RS are not much different
Proposal 4: PUCCH format 4 based structure should be supported at least for the design of sPUCCH format with sTTI length of 1-slot carrying more than 2 bits UCI. 
Proposal 5: Either PUCCH format 1a/1b based structure or PUCCH format 4 based structure can be used for the design of sPUCCH format with sTTI length of 1-slot carrying 1~2 bits UCI. 
Proposal 6: The legacy DMRS position in one slot should be reused for the design of sPUCCH format with sTTI length of 1-slot when frequency hopping is not configured. 
Proposal 7: When PUCCH format 4 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.
3 Conclusions
Based on the above discussion, we have the following proposals:
Proposal 1: DMRS based method with one symbol for DMRS and one symbol for UCI should be supported for 2-symbol PUCCH carrying 1~2 bits UCI.
Proposal 2: To increase the multiplexing capacity, either PUCCH format 1a/1b based structure or PUCCH format 5 based structure can be used for 2-symbol PUCCH carrying 1~2 bits UCI.

Proposal 3: Frequency hopping should be not supported for sPUCCH format with sTTI length of 2-symbol.
Proposal 4: PUCCH format 4 based structure should be supported at least for the design of sPUCCH format with sTTI length of 1-slot carrying more than 2 bits UCI. 
Proposal 5: Either PUCCH format 1a/1b based structure or PUCCH format 4 based structure can be used for the design of sPUCCH format with sTTI length of 1-slot carrying 1~2 bits UCI. 
Proposal 6: The legacy DMRS position in one slot should be reused for the design of sPUCCH format with sTTI length of 1-slot when frequency hopping is not configured. 
Proposal 7: When PUCCH format 4 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.
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5 Appendix
Table 1 Simulation asssuptions

	Parameter
	Value

	Carrier frequency
	4 GHz

	System bandwidth
	10MHz

	Used PRB
	1 RB

	Number of UEs in one PRB
	1 or 3

For 3 UEs, one is target UE and others as multiplexing UEs with 0 or 3 dB power boosting

	Channel model
	EPA and ETU

	UE speed 
	3km/h

	Subcarrier spacing
	15 kHz

	Antenna configuration
	2 Rx,1Tx

	Performance metric
	BER 

	UCI payload size
	2 bits

	Number of PUCCH symbols
	2 symbols

	Channel estimation
	Practical

	sPUCCH option
	Option 1b with frequency hopping:

· For single UE, with cyclic shift of 0/3/6/9

· For multi-UE, with cyclic shift of 0/3/6/9 for target UE and cyclic shift of 1/4/7/10 for multiplexing UE1 and cyclic shift of 2/5/8/11 for multiplexing UE2

Option 2a-1 based on PUCCH format 1b.
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