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1 Introduction
In RAN1#89 meeting, the following working assumption and agreements on shortened PUCCH (sPUCCH) format carrying up to 2 bits HARQ-ACK are achieved [1]. 
Working assumption

· The sequence-based sPUCCH w/o DMRS is supported for up to two HARQ-ACK bits in 2OS sTTI and 3OS sTTI.

· ACK/NACK information map to different cyclic shifts (i.e., ACK and NACK are indicated based on cyclic shift index)
· The cyclic shifts on different sPUCCH symbols can be different due to cyclic shift randomization

· Cyclic shift randomization is re-used from 1 ms operation to support multiplexing with legacy PUCCH
· Only frequency hopping between sPUCCH symbol(s) is supported (no FH is not supported). 
· 1 RB allocation per symbol
· FFS: How to handle SR + HARQ, hopping pattern, A/N information mapping to CS
· To be confirmed by RAN1#90.
Agreement

· For sPUCCH carrying more than 2-bit ACK/NACK and SR (if any) in 2os/3os sTTI

· Reuse legacy DMRS sequence generation

· The DMRS is in the first symbol for 2/3OS sPUCCH

· the number of RB(s) is configured by higher layer signaling as a value from 1 to X, FFS X.

· FFS on whether IFDMA is used

Agreement

· For 7-symbol sPUCCH format carrying more than 2 HARQ bits, and SR, if any, PF4-based sPUCCH format is supported.

· PF4-based sPUCCH format:

	 
	PF4-based sPUCCH format

	Modulation
	QPSK

	DMRS sequence
	Reuse legacy DMRS sequence for PUCCH

	Intra-sTTI hopping
	FFS if hopping and/or no hopping is used

	DMRS pattern
	Non-hopping (if supported): Reuse DMRS pattern of PUCCH format 4

Hopping (if supported): 

{X X X | X X X X} for the first slot, {X X X X | X X X} for the second slot

· Note that the bar | indicates a hopping boundary and X can be either data or DMRS symbol

· FFS on DMRS pattern

	Number of RBs for PUCCH resource
	1 or multiple RBs


· RAN1 down-select between the following three alternatives:

· Alt 1: No additional sPUCCH format is supported 

· Alt 2: Support in addition PF3-based 7OS sPUCCH

· Alt 3: Support in addition PF3-based, and PF5-based 7OS sPUCCH

· FFS: Coding methods 

· In case multiple formats are supported, FFS on format selection 

· PF5-based sPUCCH format details FFS.

· PF3-based sPUCCH format, if supported

	 
	PF3-based sPUCCH format

	Modulation
	QPSK

	DMRS sequence
	Reuse DMRS sequence for PUCCH format 3

	Intra-sTTI hopping
	Non-hopping, FFS: hopping

	DMRS pattern and OCC
	Non-hopping: Reuse DMRS pattern of PUCCH format 3 and OCC

Hopping: FFS on details if supported

	Number of RBs for PUCCH resource
	1 RB


This contribution further discusses our design on 2-symbol and 7-symbol sPUCCH for ACK/NACK/SR transmission.
2  2/3-symbol sPUCCH
2.1 sPUCCH format for up to 2-bit ACK/NACK and SR
2.1.1 SR configuration 
In RAN1 #89 meeting, the sequence-based sPUCCH was agreed as a working assumption for up to 2 bits HARQ-ACK transmission in 2/3-symbol sTTI. The main concern came from the resource overhead when considering simultaneous transmission of SR and HARQ-ACK. Here, two alternatives are given to tackle this issue.
Alt1: Configure one PUCCH resource for SR. 
For TM 1\2\6 or TM 3\4\9\10 scheduled by DCI Format 1A in 2-symbol sTTI, two PUCCH resources shall be allocated for 1-bit HARQ-ACK transmission. The multiplexing between 1-bit ACK/NACK and SR with only one SR-PUCCH resource is given in Table 1. 
Table 1 The multiplexing between SR and 1-bit ACK/NACK with only one SR-PUCCH resource
	SR only
	ACK/NACK only
	ACK/NACK + SR

	
	ACK
	NACK
	ACK + SR
	NACK + SR 

	CS_SR
	CS_A
	CS_N
	CS_A  

 or  CS_A+ CS_ SR
	CS_SR 


In a sTTI with SR opportunity, a UE uses the allocated SR resource CS_SR to transmit SR if there is only SR transmission in this sTTI. If only 1-bit HARQ-ACK transmission is expected, the UE can utilize the allocated HARQ-ACK resources CS_A and CS_N to transmit ACK and NACK respectively. In case of simultaneous transmission of SR and 1-bit NACK, UE can use SR resource CS_SR for the transmission of NACK and SR. In this case, the DTX of PDCCH would be regarded as NACK at eNB side. When SR and 1-bit ACK are to be transmitted in the same sTTI, UE can simply transmit CS_A, while eNB would not be able to distinguish ACK only transmission and SR + ACK transmission. In other words, SR is dropped in this case. Alternatively, UE can also transmit both CS_A and CS_ SR to distinguish this case by causing a higher PAPR.

For TM 3\4\9\10 not scheduled by DCI Format 1A, four PUCCH resources for 2-bit ACK/NACK transmission needs to be configured in 2-symbol sTTI without SR opportunities. However, HARQ-ACK bundling can be used in sTTI with SR opportunity. In this case, two PUCCH resources are configured to HARQ-ACK and the same multiplexing mechanism as Table 1 can be applied. 
Alt2: Configure two PUCCH resources for SR. 
As shown in Table 2, two PUCCH resources are configured to SR in 2-symbol sTTI. As an enhancement of Alt 1, the two resources CS_SR1, CS_SR2 can be used to further distinguish between 1-bit ACK + SR transmission and 1-bit NACK + SR transmission. 
Table 2 The multiplexing between SR and 2-bit ACK/NACK with two SR-PUCCH resources
	SR only
	ACK/NACK only in sTTI with SR opportunity
	Bundled ACK/NACK + SR

	
	Bundled ACK
	Bundled NACK
	Bundled ACK + SR
	Bundled NACK + SR 

	CS_SR1
	CS_A
	CS_N
	CS_SR2
	CS_SR1


Based on the alternatives discussed above, the PUCCH resource overhead can be relieved. In addition, a NACK sharing method is proposed in [2] to further reduce the PUCCH resource overhead for sequence based PUCCH. Therefore, we proposed that, 
Proposal 1: Confirm the working assumption for sequence-based sPUCCH design, and FFS the multiplexing mechanism between HARQ-ACK and SR. 
2.1.2 Frequency hopping pattern  
Another remaining issue for sequence-based PUCCH is the hopping pattern for 3 symbols. In Figure 1, three possible hopping patterns are given. For Pattern 1  {1OS, 2OS} and Pattern 2 {2OS, 1OS}, a joint detection between the 2 symbols in the 2-symnol hop can be used. It is expected that Pattern 1 and Pattern 2 has a better performance. Considering the possible SRS transmission in the last symbol of one subframe, it would be better to use Pattern 1 to maintain the frequency hopping. 
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Figure 1 Hopping patterns for 3-symbol sPUCCH based on sequence selection
Proposal 2: Hopping pattern {1OS, 2OS} should be adopted for sequence-based sPUCCH in 3-symbol sTTI. 
2.1.3 CS mapping   
In previous discussion on sequence based PUCCH in sTTI and NR, we generally assume all the sequences allocated to a UE are distributed in one PRB for simplicity. To enlarge the distance of cyclic shifts for ACK and NACK, cyclic shifts {#i, #i+6} are assumed for 1-bit ACK/NACK {0, 1} respectively, and cyclic shifts {#j, #j+3, #j+6, #j+9} for 2bits ACK/NACK {00, 01, 11, 10} respectively, where i=0,1,..,5 and j=0,1,2. Another advantage is there are 6 or 3 common tones to enable coherent detection at the receiver side. 
Because each cyclic shift in a specific PRB actually corresponds to one unique PUCCH resource in higher layer. From the perspective of higher layer, it seems more accurate to use resource selection as the terminology for Option 4. That is the ACK/NACK information maps to different PUCCH resources, and each PUCCH resource corresponds to a specific cyclic shift in a specific PRB. Whether the cyclic shifts are in one or more PRBs depends on the PUCCH resources assigned to the UE. For example, it should allow a case that eNB allocates cyclic shifts {#i, #i+6} in PRB#m and {#i, #i+6} in PRB#n to a UE for 2bits ACK/NACK transmission. Since the distance of cyclic shifts in each PRB is enlarged to 6, the performance can be further enhanced for sequence based PUCCH, especially for scenarios with severe channel fading. 
Observation 1: No need to limit the sequences allocated to a UE to be mapped into one PRB.  
Proposal 3: ACK/NACK information maps to different PUCCH resources in high layer, and each PUCCH resource corresponds to a specific cyclic shift in a specific PRB.
The detailed rules for mapping from ACK/NACK to PUCCH resource and PUCCH resource to cyclic shift index and PRB index are given in our companion contribution [3]. 
2.2 sPUCCH format for more than 2-bit HARQ-ACK 
It is still a FFS on whether IFDMA is used or not. If IFDMA is used for RS and data multiplexing in the original RS symbol, the number of REs to carry HARQ-ACK is larger compared to the case when IFDMA is not used. Figure-2 illustrates the cases of IFDMA is used or not. In this example, the number of REs carrying HARQ-ACK is 48 when IFDMA is not used while is 72 when IFDMA is used. 50% more REs can be used to carry HARQ-ACK, which may theoretically result in better performance due to lower code rate. However, the single carrier property will be broken if IFDMA is directly used. 
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Figure 2 sPUCCH format w/o IFDMA
In this section, we propose a design for sPUCCH with a low CM when IFDMA is used. Figure 3 gives an example of the signal generation process for the IFDMA symbol. The DMRS and data are interlaced and repeated into 4 sPRB in the frequency domain.  In general, a 12*N-point DFT shall be applied if the number of sPRB used is N.  
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Figure 3 Signal generation for IFDMA with low CM.
In such a signal generation design, a low CM can be maintained as shown in the next section. The CM comparison for different signal generations is given in Table 3.
(1) Case 1: PUCCH format 4 based.
(2) Case 2: Proposed scheme as shown in Figure 3.
(3) Case 3: IFDMA RS24+QPSK-T: as shown in right of Figure 2, the data with length 24 is generated in the time domain. After a 24-point of DFT, the output of the data in the frequency domain is FDMed with RS with length 24. 
Table 3 CM property of different signal generations
	Cases
	Mean
	Max
	Medium

	Case 1
	1.1871
	2.8472
	1.1612

	Case 2
	1.4197
	3.1171
	1.3925

	Case 3
	2.4586
	3.9893
	2.4472


From Table 3, it can find that the CM property of the proposed scheme is very close to that of DFT-s-OFDMA QPSK signal, i.e., about 0.2 dB higher than DFT-s-OFDMA QPSK for both mean CM and maximum CM. And it can also observe that there is about 1dB benefit compared to the traditional IFDMA scheme. The logic is that, for the generated structure before RE mapping in Figure 3, there would be no overlapping between RS and data in the time domain after the same points of IFFT operation. When a larger IFFT size is used, i.e., if oversampled, a low CM can still be maintained. 
Observation 2: The CM of the proposed IFDMA scheme is about 0.2dB higher than DFT-s-OFDMA-QPSK, but about 1dB lower than traditional IFDMA.  
The available REs for HARQ-ACK in the proposed scheme and traditional IFDMA scheme is 50% more than that of PUCCH format 4 based scheme. In other words, the code rate is different for the proposed scheme and traditional IFDMA scheme. Table 4 lists the DMRS length and encoded bits number for the three schemes.
Table 4 DMRS length and encoded bits number for different schemes.
	
	Case 1
	Case 2
	Case 3

	DMRS length
	48
	12
	24

	Encoded bits number
	96
	120
	144


The length of DMRS and the code rate may impact the performance. A lower code rate, a better performance is expected. But at the same time, the channel estimation may be worse as the DMRS length goes shorted. Both effects should be evaluated based on simulations. In this section, we give the link level simulation comparison of the three schemes. Different payloads are considered. More details about the simulation assumptions are listed in Appendix A. Table 5 lists the required SNR to satisfy P(A->N/D)<=0.01.
Table 5 The code rate and required SNR to  satisfy P(A->N/D)<=0.01.
	Code Rate
	12bits1
	16bits
	20bits
	24bits
	32bits
	36bits
	40bits

	Case 1
	0.21
	0.25
	0.29
	0.33
	0.42
	0.46
	0.5

	Case 2
	0.17
	0.2
	0.23
	0.26
	0.33
	0.37
	0.4

	Case 3
	0.14
	0.17
	0.19
	0.22
	0.28
	0.31
	0.33

	

	Required SNR (dB)
	12bits
	16bits
	20bits
	24bits
	32bits
	36bits
	40bits

	Case 1
	4.8
	5.4
	5.8
	6.5
	7.7
	8.3
	8.9

	Case 2
	3.6(1.2)
	4.0(1.4)
	4.8(1.0)
	5.3(1.2)
	5.9(1.8)
	6.6(1.7)
	7.1(1.8)

	Case 3
	3.6(1.2)
	4.0(1.4)
	4.6(1.2)
	5.1(1.4)
	5.9(1.8)
	6.3(2.0)
	6.8(2.1)


Note1: This is the HARQ-ACK payload not including CRC.
Observation 3: 
· The performance of Case 2 and Case 3 is similar to each other, and both are better than Case 1:

· When the code rate for Case 1 is smaller than 1/3, the performance difference between Case 1 and Case 2/3 is about 1dB.

· When the code rate for Case 1 is larger than 1/3,  the performance difference between Case 1 and Case 2/3 is about 1.8dB.

As can be seen from the simulation results, the link level performance of Case 2 is similar to that of Case 3 while a lower CM can be achieved for Case 2. Therefore, the design of Case 2 should be adopted for sPUCCH format with large payload. 
Proposal 4: IFDMA scheme with RS and data multiplexing in one symbol should be adopted for sPUCCH format with large payload. 
3 7-symbol sPUCCH for more than 2-bit UCI
In RAN1 #89 meeting, PF4-based sPUCCH was supported for more than 2-bit UCI. Because there is no time domain OCC in PUCCH format 4, it seems no benefit to support PF4-based sPUCCH without frequency hopping. Therefore we propose that,  

Proposal 5: PF4-based sPUCCH is supported only for frequency hopping case. 

Now, whether PF3-based and PF5-based sPUCCH should be supported or not is still open. In our view, there is no need to support PF-5 based sPUCCH since we already have PF-4 based sPUCCH for large payload size of UCI. However, PF3-based sPUCCH with or without frequency hopping shall be both supported for medium UCI payload size. Specifically, PF3-based sPUCCH with frequency hopping is supported for better performance and no frequency hopping for a higher multiplexing capacity.
Proposal 6: PF5-based sPUCCH is not supported for more than 2-bit UCI in 7-symbol sTTI. 

Proposal 7: Both PF3-based sPUCCH with or without frequency hopping are supported for more than 2-bit UCI in 7-symbol sTTI. 
In regard to the DMRS pattern, to reach a unified design, the DMRS position of sPUCCH formats based on legacy PUCCH Format 3/4 shall be the same with legacy PUCCH Format 3, i.e., {D R D | D D R D} for the first slot, {D R D D | D R D} for the second slot. 
Proposal 8: For PF3-based and PF4-based sPUCCH, the DMRS position shall be the same as legacy PUCCH Format 3, i.e., {D R D | D D R D} in the first slot, {D R D D | D R D} in the second slot.
4 Conclusion

This contribution provides the following observations and proposal:
Observation 1: No need to limit the sequences allocated to a UE to be mapped into one PRB.  

Observation 2: The CM of the proposed IFDMA scheme is about 0.2dB higher than DFT-s-OFDMA-QPSK, but about 1dB lower than traditional IFDMA.  
Observation 3: 
· The performance of Case 2 and Case 3 is similar to each other, and both are better than Case 1:

· When the code rate for Case 1 is smaller than 1/3, the performance difference between Case 1 and Case 2/3 is about 1dB.

· When the code rate for Case 1 is larger than 1/3,  the performance difference between Case 1 and Case 2/3 is about 1.8dB.
Proposal 1: Confirm the working assumption for sequence-based sPUCCH design, and FFS the multiplexing mechanism between HARQ-ACK and SR. 

Proposal 2: Hopping pattern {1OS, 2OS} should be adopted for sequence-based sPUCCH in 3-symbol sTTI. 

Proposal 3: ACK/NACK information maps to different PUCCH resources in high layer, and each PUCCH resource corresponds to a specific cyclic shift in a specific PRB.

Proposal 4: IFDMA scheme with RS and data multiplexing in one symbol should be adopted for sPUCCH format with large payload. 
Proposal 5: PF4-based sPUCCH is supported only for frequency hopping case. 

Proposal 6: PF5-based sPUCCH is not supported for more than 2-bit UCI in 7-symbol sTTI. 

Proposal 7: Both PF3-based sPUCCH with or without frequency hopping are supported for more than 2-bit UCI in 7-symbol sTTI. 
Proposal 8: For PF3-based and PF4-based sPUCCH, the DMRS position shall be the same as legacy PUCCH Format 3, i.e., {D R D | D D R D} in the first slot, {D R D D | D R D} in the second slot.
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Appendix A: Simulation assumptions 
	Parameter
	Value

	Carrier frequency
	2 GHz

	System bandwidth
	10 MHz 

	TTI length
	2 symbols 

	Channel model 
	EPA, ETU

	UE speed 
	3km/h 

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

	CP length
	Normal

	Modulation mode
	QPSK    

	Shortened PUCCH design
	As shown in section 2.2

	Channel estimation
	Practical  

	Number of HARQ-ACK
	12/16/20/24/32/36/40

	CRC length
	8

	Channel coding
	TBCC

	Performance metrics
	For HARQ-ACK: ACK missed detection probability (1%), NACK-to-ACK error probability (0.1%);  DTX-to-ACK probability (1% ).
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