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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
Based on the agreements on 3GPP RAN1#90bis meeting [1], OCC and DMRS structure of PUCCH format 4 are discussed in this contribution and simulations are performed in order to evaluate the performance. Then, DMRS structure of PUCCH format 3 is discussed, including number of DMRS symbols and the location of DMRS symbols. Also, some simulations are performed in order to evaluate the performance of number of DMRS symbols. Herein, we denote by PUCCH format 4 the one using pre-DFT-OCC, which is similar as PUCCH format 5 in LTE, while PUCCH format 3 is not using pre-DFT-OCC, which is similar as PUCCH format 4 in LTE. 
Remaining details of PUCCH format 3 and 4
[bookmark: _Ref480396081][bookmark: OLE_LINK83][bookmark: OLE_LINK84]PUCCH format 4
· DMRS Structure of PUCCH format 4
In the last meeting, pre-DFT-OCC has been agreed to be used for the UCI but the DMRS structure is still an open issue. The candidates of DMRS structure, CDM and IFDM, were proposed to be selected. The CDM structure is the same as for other PUCCH formats where length-12 DMRS sequences from different UEs are multiplexed on the same DMRS symbol, while for IFDM structure, DMRS sequences from different UEs are interlaced in an FDM manner. The main consideration for IFDM structure as mentioned in [2] is that it may provide better channel estimation performance in power imbalance situation.  In this section, pre-DFT-OCC with these two DMRS structures will be compared by simulation and the simulation results can be found in Figure 1. The simulation assumption can be found in Appendix. 

[image: ][image: ]
[bookmark: _Ref497421191][bookmark: _Ref494302318]Figure 1. BLER performance comparison of PUCCH format 4 using DMRSs on 6 subcarriers (IFDM) and on 12 subcarriers (CDM) for 10 bits payload and different delay spread of the channel.
In the simulation, impact on power imbalance has been considered. We assumed that the difference of received power between 2 different UEs is 3 dB and 6 dB, respectively. Based on the simulation results, we can find that there is no difference in performance between CDM and IFDM, regardless of with power imbalance or not. With CDM, the DMRS is a length-12 CGS. For the IFDM structure, since multiplexing capacity of 2 and 4 users have been supported for NR, length-3 and length-6 CGSs need to be designed as DMRS sequences, which will increase the design efforts. In our opinion, although IFDM structure can support the multiplexing of different long PUCCHs with different durations in the same PRB, it could have some drawbacks such as with shorter DMRS sequences and larger gap between DMRS RE(s), as well as separate efforts in PUCCH resource signaling design etc. Considering completion time of Rel-15 is approaching, it may not be worth the efforts to support IFDM DMRS structure in this release.
Proposal 1: For PUCCH format 4, the DMRS sequence is a CGS with length-12 and is mapped contiguously to all REs in one resource block.
· OCC design for   PUCCH format 4
In RAN1 90bis meeting, multiplexing capacity of 2 and 4 users have been supported for PUCCH format 4, which is also referred as Pre-DFT-OCC method. It was also acknowledged that, with length-2 Walsh-Hadamard OCCs (i.e., supporting 2-user multiplexing), the Pre-DFT-OCC operation results in a comb-type of multiplexing structure in frequency domain. Hence, Pre-DFT-OCC and IFDM was considered to be equivalent methods in this respect.  For the length-4 OCC case (i.e., supporting 4-user multiplexing), the requirement is again that the Pre-DFT-OCC operation could result in a comb-type of multiplexing structure in frequency domain. Assuming that the modulated symbols are denoted as  , which is first segmented into blocks of length N/4,   , and that the OCC of length 12 is denoted as . Then, the output of the Pre-DFT-OCC operation can be written as: 

We can then produce 4 orthogonal combs if the following conditions are satisfied
  for   
 otherwise. 
A set of OCCs fulfilling these conditions is given in Table 1 (right column). It should also be noted that only certain OCCs will have the property of fulfilling these conditions and producing 4 orthogonal combs, e.g., the set of Walsh-Hadamard OCCs in Table 1 (left column) does not fulfil these conditions.
[bookmark: _Ref497424181]Table 1. Example of OCCs for PUCCH format 4, where the left column consists of OCCs not providing a comb multiplexing structure while the right column consists of OCCs providing a comb multiplexing structure.
	


	

	


	

	


	

	


	

	


	

	



Hence, we have the following proposal.
Proposal 2: The OCCs for PUCCH format 4 are as shown in the following table.
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[bookmark: OLE_LINK2][bookmark: OLE_LINK3][bookmark: OLE_LINK46][bookmark: OLE_LINK47]DMRS design for PUCCH format 3 & 4
· Number of DMRS symbols
In this section, we will discuss the structure of long PUCCH for large payload. Based on the agreements from the email discussion after RAN1 90bis meeting, value of X need to be selected between 4 and 5. So, in the following part, we compare the performance of 1 DMRS symbol and 2 DMRS symbols on each hopping part for 10-symbol and 12-symbol PUCCH, and give our preference based on the simulation results, while the simulation assumptions can be found in Table 2 in Appendix. Then the locations of DMRS symbols are discussed further.
For the first set of simulations, we have compared 10-symbol and 12-symbol PUCCH cases with 20 bits payload size. As shown in Figure 2, it can be found that 1 DMRS symbol outperforms 2 DMRS symbols under 10-symbol PUCCH cases. For the 12-symbol PUCCH, performance of 1 DMRS symbol and 2 DMRS symbols are very similar. For the 10-symbol PUCCH, since the number of UCI symbols is small, channel coding gain is the major factor of performance difference. Compared with 2 DMRS symbols, 1 DMRS symbol reduces the DMRS overhead and provides better performance. For the 12-symbol PUCCH, since number of UCI symbols is large enough, channel estimation is the major factor of performance difference, especially in the high speed scenario. That is reason of performance reverse.
[bookmark: _Ref492408629][image: ][image: ] 
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[bookmark: _Ref494273386]Figure 2. BLER performance of PUCCH format 3 with payload size = 20 bits for 1 or 2 DMRS symbols per frequency hop and different channel delay spread (300 and 1000 ns) and mobility (3 and 120 km/h).
For the second set of simulations, we have compared 10-symbol and 12-symbol PUCCH cases with 5 bits payload size. As shown in Figure 3, it can be found that 2 DMRS symbol outperforms 1 DMRS symbols always. Because the payload size is not large, difference of channel coding gain between 2 DMRS symbols and 4 DMRS symbols is very low. Compared with 1 DMRS symbols, 2 DMRS symbols can supply better channel estimation performance.
[image: ][image: ]
[image: ][image: ]
[bookmark: _Ref498703696]Figure 3. BLER performance of PUCCH format 3 with payload size = 5 bits for 1 or 2 DMRS symbols per frequency hop and different channel delay spread (300 and 1000 ns) and mobility (3 and 120 km/h). 
Based on the simulation results, we have the following observation:
Observation 2: For long PUCCH with more than 2 bits,
· When payload size is 20 bits per PRB,
· 	For each frequency-hop with 6 symbols, performance with 2 DMRS symbols is similar or better than with 1 DMRS symbol, which is caused by the performance of channel estimation.
· 	For each frequency-hop with 5 symbols, performance with 1 DMRS symbol is better than with 2 DMRS symbols, which is caused by the channel coding gain.
· When payload size is 5 bits per PRB,
· 	For each frequency-hop with 5 & 6 symbols, performance with 2 DMRS symbols is better than with 1 DMRS symbols, which is caused by the performance of channel estimation.
Based on the observation, we found that for each frequency-hop with 5 symbols, performance of 1 DMRS symbol per hop is not always better than of 2 DMRS symbols per hop, so the number of DMRS symbols should not be fixed to 2 per hop. Consequently,  we propose that only for each frequency-hop with <=4 symbols, the number of DMRS symbols is fixed to 1 per hop, while for frequency hop with >  4 symbol, the number of DMRS symbol per hop could be configured :
Proposal 3: For PUCCH format 3 & 4, value of X should be 4.
· Locations of DMRS symbols
As email approval agreement after RAN1 90bis meeting shows, when frequency hopping is enabled, a hop can be configured to have 2 DMRS symbols when the hop duration Y>X and Y<=2X+1, and the location of DMRS is determined. In order to reduce the complexity of design, it is preferred to have the same DMRS location for a long PUCCH with duration of Y symbols without hopping and for a hop with  the same duration when hopping is enabled. 
According to the agreement, the DMRS location for a long PUCCH with duration of Y symbols with hopping disabled  is the same as that with hopping enabled when Y>X. Therefore, the DMRS location of a PUCCH of Y symbols with hopping disabled should reuse the DMRS location of on a hop with the same duration with hopping enabled. For example, if Y = 7, the DMRS symbols are on the symbols with index 1 and 5 as shown in Figure 4(a) which is the same as a hop of 7 symbol when hopping is enabled. To ensure same location, if the first hop contains 3 symbols and the second hop contains 4 symbols as shown in Figure 4(b), the DMRS should be on the third symbol of the second hop; if the first hop contains 4 symbols and the second hop contains 3 symbols as Figure 4(c), the DMRS should be on the second symbol of the first hop. 
[image: ]
[bookmark: _Ref497425756]Figure 4. DMRS location of 7-symbol long PUCCH with two DMRS symbols.
Proposal 4: The DMRS locations within a length-N long PUCCH without frequency hopping should be same as the DMRS locations within a length-N frequency-hop of a long PUCCH with frequency hopping. 
[image: ]
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[bookmark: _Ref497427068]Figure 5. Design of DMRS location for the FFS case
Based on the previous analysis, the same mechanism can be also applied on 5-symbol long PUCCH, which can be found in Figure 5. As we discussed in [3], the duration of second frequency-hop should be equal to or longer than the first frequency-hop, so the examples of Figure 4(b) and Figure 5(b) are supported. From the supported example, we can find that when N (the number of symbols on each frequency-hop) is even (2 symbols and 4 symbols), the DMRS symbol is always located at the symbol index (N/2). To simplify the design of location of DMRS symbol, we can extend this design to the other FFS case, such as 6 symbol in each hop (Figure 5(c)), and 4-symbol long PUCCH (Figure 5(d)) and 6-symbol long PUCCH (Figure 5(e)) w/o FH. And the proposal is given as following:
Proposal 5:
For a long PUCCH with frequency hopping enabled 
· If there is 1 DMRS symbol in a hop of N symbols, the DMRS symbol is located at symbol index (N/2) if N is an even number, or at symbol index (N-1)/2 if N is an odd number
For a long PUCCH with frequency hopping disabled 
· If there is 1 DMRS symbol in long PUCCH, the DMRS symbol is located at symbol index (N/2) if N is an even number, or at symbol index (N-1)/2 if N is an odd number
· the starting index is from 0
For the convenience of reviewing, a whole picture of DMRS locations for PUCCH format 3 & 4 have been summarized in Appendix B.
Pi/2 BPSK modulation
Based on the email discussion after RAN1#90bis meeting, Pi/2 BPSK has been agreed as an optional modulation scheme for UCI on long PUCCH with UCI>2 bits, and the FFS issue “whether other factors need to be considered in applying Pi/2 BPSK in addition to the configuration” need to be discussed. In our opinion, if the UE is configured with modulation format Pi/2 BPSK, it should not use QPSK in some special cases. For the limitation of code rates mentioned in email discussion, we consider the issue can be handled by gNB’s scheduling. When the payload size of UCI is large, gNB can schedule a larger PUCCH resource to avoid a high code rate. This could avoid the ambiguity between the gNB and the UE on the code rate. 
Furthermore, for the Pi/2 BPSK modulation, we think the design of DMRS sequences can be divided into two parts:
· For PUCCH format 3/4 with one PRB, DMRS sequences should reuse the new length-12 CGS agreed in RAN1 90bis meeting [1], which can keep the low cross-correlation between neighbor cells;
· For format 3/4 with more than one PRB, DMRS sequences should comply with the design of DMRS sequence of PUSCH with DFT-s-OFDM waveform, which is aligned with the agreement in the last meeting;
Proposal 6: If the UE is configured with modulation format Pi/2 BPSK, it should not use QPSK in some special cases.
Conclusion
[bookmark: OLE_LINK79][bookmark: OLE_LINK80]In this contribution, structures of long PUCCH with moderate payload size are given. Based on above discussions, the following proposals are given. 
Proposal 1: For PUCCH format 4, the DMRS sequence is a CGS with length-12 and is mapped contiguously to all REs in one resource block.
Proposal 2: The OCCs for PUCCH format 4 are as shown in the following table.
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Proposal 3: For PUCCH format 3 & 4, value of X should be 4.
Proposal 4: The DMRS locations within a length-N long PUCCH without frequency hopping should be same as the DMRS locations within a length-N frequency-hop of a long PUCCH with frequency hopping. 
Proposal 5:
For a long PUCCH with frequency hopping enabled 
· If there is 1 DMRS symbol in a hop of N symbols, the DMRS symbol is located at symbol index (N/2) if N is an even number, or at symbol index (N-1)/2 if N is an odd number
For a long PUCCH with frequency hopping disabled 
· If there is 1 DMRS symbol in long PUCCH, the DMRS symbol is located at symbol index (N/2) if N is an even number, or at symbol index (N-1)/2 if N is an odd number
· the starting index is from 0
Proposal 6: If the UE is configured with modulation format Pi/2 BPSK, it should not use QPSK in some special cases.
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Appendix A
[bookmark: _Ref492407057]Table 2. Simulation parameters of NR PUCCH format 3
	Parameter
	Value

	Carrier Frequency
	4 GHz

	System bandwidth
	20 MHz

	Subcarrier spacing
	15 kHz

	No. of subcarriers per PRB
	12

	Number of PRBs 
	1 RB

	Number of DMRS symbols
	1 symbol or 2 symbols on each hopping part

	antenna configuration
	1Tx * 2Rx

	Channel estimation
	Alt 1: Linear Averaging in time domain, Wiener filtering in frequency domain
Alt 2 & Alt 3: Wiener filtering in time domain and frequency domain

	Channel model
	TDL-C (300ns, 1000ns) 

	UE velocity
	3 km/h, 120km/h

	Number of UEs 
	1 UE

	Payload size
	20 bits

	Modulation
	QPSK

	Channel coding
	Polar code with 8+3 CRC

	Performance metric
	Required SNR for B(L)ER of 1 %



Appendix B DMRS locations w/ and w/o hopping
Table 3. DMRS location when X = 4
	Number of symbols
	1 DMRS symbol per frequency hop w/ FH and corresponding DMRS w/o FH
	2 DMRS symbols per frequency hop w/ FH and corresponding DMRS w/o FH
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Table 4. DMRS location when X = 5
	Number of symbols
	1 DMRS symbol per frequency hop w/ FH and corresponding DMRS w/o FH
	2 DMRS symbols per frequency hop w/ FH and corresponding DMRS w/o FH

	4
	[image: ]
	-

	5
	[image: ]
	-

	6
	[image: ]
	-

	7
	[image: ]
	-

	8
	[image: ]
	-

	9
	[image: ]
	-

	10
	[image: ]
	-

	11
	[image: ]
	-

	12
	[image: ]
	[image: ]

	13
	[image: ]
	[image: ]

	14
	[image: ]
	[image: ]



Appendix C
Agreements from RAN1#90b and sub-sequent email discussion
· Support Pre-DFT-OCC as the UCI structure for long PUCCH for UCI of more than 2 bits with moderate payload 
· FFS:  DMRS structure between CDM and IFDM
· Considering the impact on channel estimation and power imbalance among UEs
· It will be denoted as a new format 
· Support multiplexing capacity of 2 and 4 users for long PUCCH for UCI of more than 2 bits with moderate payload using one PRB in Rel-15
· FFS design of OCC
· No RRC signaling is necessary 
· For long PUCCH for UCI of more than 2 bits with enabled frequency hopping, 
· the number of DMRS symbols per hop is 1 for long PUCCH with duration of at least one hop <= X symbols 
· the number of DMRS symbols (between 1-2 symbol) per hop for long PUCCH with duration of both hops > X symbols is configurable by RRC UE-specific signaling
· Down select between X=4 and 5
· For long PUCCH for UCI of more than 2 bits, if frequency hopping is disabled,
· The number of DMRS symbols is  1 for long PUCCH duration <= X
· The number of DMRS symbols is 2 for long PUCCH duration >X  and <= 2X+1
· The number of DMRS symbols (either 2 or 4 symbols)  for the long PUCCH with a duration  >2X+1  is configurable by RRC UE-specific signaling
· RRC Bit-width is 1 bit (reuse the same RRC for long PUCCH with enabled frequency hopping)
· X is fixed in the spec w/o RRC impact and is the same as specified for long PUCCH with enabled frequency hopping
· Note: As agreed, if frequency hopping is enabled, the number of DMRS symbols (between 1-2 symbol) per hop for long PUCCH with duration per hop > X symbols is configurable by RRC UE-specific signaling
· For long PUCCH for UCI of more than 2 bits
· For a long PUCCH with duration > X,  the DMRS location within the long PUCCH with frequency hopping disabled, is the same as the DMRS location within long PUCCH (of the same duration) with frequency hopping enabled. 
· For a long PUCCH with duration <=X,  the DMRS location within the long PUCCH with frequency hopping disabled is located in (near) the middle of the long PUCCH. 
· FFS exact locations
· For a long PUCCH with frequency hopping enabled,
· If there is 1 DMRS symbol in a hop, the DMRS symbol is located in (near) the middle of the hop.
· FFS exact locations
· If there is 2 DMRS symbols in a hop, the first DMRS is in the second symbol of the hop and the second DMRS symbol is in the penultimate symbol of the hop
· For long PUCCH for UCI of more than 2 bits 
· Confirm the working assumption
· The symbols carrying UCI are formed as follows: 
· The UCI bits are encoded and scrambled, QPSK modulated and DFT pre-coded and mapped to the REs for the symbols carrying UCI of the long PUCCH
· Pi/2 BPSK can be supported in addition to QPSK as a user-specific configurable modulation scheme for UCI
· FFS whether other factors need to be considered in applying Pi/2 BPSK in addition to the configuration
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