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In RAN1 #89 [1], the following agreements have been made for long PUCCH.
· NR supports following long-PUCCH:
· One PUCCH format for UCI with up to 2 bits with high multiplexing capacity
· One PUCCH format for UCI with large payload with no multiplexing capacity
· FFS: One PUCCH format for UCI with moderate payload with some multiplexing capacity
· Note: this could be a variation of one of the former PUCCH formats.

In RAN1 #90 [2], the following agreements are made for long PUCCH for large UCI payload with no multiplexing capacity within a slot:
· For a PUCCH format for UCI with large payload with no multiplexing capacity within a slot:
· If frequency-hopping is enabled,
· For each frequency-hop with less than X symbols, there is one DMRS symbol.
· X is not smaller than 4.
· For each frequency-hop with equal to or more than X symbols, there are two DMRS symbols.
· For each frequency-hop, at least one DMRS symbol is included.
· FFS: number of DMRS symbols if frequency-hopping is disabled.
· Targeting one value for X.
· FFS: The value of X
· FFS: DMRS structures

In RAN1 #90bis, the following agreements are made for long PUCCH for large UCI payload:
· For the case of length-12 sequences, the same set of sequences are used for at least for the following:
· DM-RS for long PUCCH for UCI of up to 2 bits, 
· DM-RS for long PUCCH for UCI of more than 2 bits, 
· DM-RS for long-PUCCH over multiple slots, 
· DM-RS for DFT-S-OFDM PUSCH with modulation order higher than BPSK
· FFS other cases (e.g., short PUCCH for UCI of up to 2 bits, data symbols for long PUCCH, etc.)
· 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 signalling is necessary 
· For long PUCCH for UCI of more than 2 bits
· If frequency hopping is enabled, the number of DMRS symbols (between 1-2 symbol) per hop for long PUCCH duration per hop > X is configurable by RRC UE-specifically
· RRC Bit-width is 1 bit
· X is fixed in the spec w/o RRC impact
· FFS the value X
· The location of DMRS is pre-defined within long PUCCH in each hop based on number of DMRS per hop and duration of the hop.
In this contribution, we share our view in the design of:
· OCC for long PUCCH with moderate payload with some multiuser multiplexing capacity
· DMRS for long PUCCH with moderate and large payload with no multiplexing capacity
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· OCC design for Long PUCCH with moderate payload and some multiuser multiplexity capacity
To support Pre-DFT-OCC as the UCI structure for long PUCCH for UCI of more than 2 bits with moderate payload, there are two options for the OCC spreading sequences: DFT spreading sequences and Hadamard spreading sequences. If the UE multiplexing capacity is 2, then the two options coincide, and are also the same as the sequences used in LTE PUCCH Format 5 [4]. 
In the case in which the UE multiplexing capacity is 4, the DFT spreading sequences and Hadamard spreading sequences are given in Table 1 and Table 2, respectively. 

Table 1: DFT orthogonal sequences 
	Index 
	Orthogonal sequences 

	0
	[+1, +1, +1, +1]

	1
	[+1, j, -1, -j]

	2
	[+1, -1, +1, -1]

	3
	[+1, -j, -1, j]



Table 2: Hadamard orthogonal sequences 
	Index 
	Orthogonal sequences 

	0
	[+1, +1, +1, +1]

	1
	[+1, -1, +1, -1]

	2
	[+1, +1, -1, -1]

	3
	[+1, -1, -1, +1]



The DFT orthogonal sequences satisfy the following unique property: signals from different UEs spread by the DFT orthogonal sequences are orthogonal in the frequency domain. We have proved this property for the case of 2 UEs multiplexing in [5]. The proof for the four UEs multiplexing case follows analogous steps and are omitted. As a result, the DFT orthogonal sequences are not sensitive to large delay spread and power imbalance.    
For comparison, the Hadamard sequences do not satisfy this property, and are sensitive to large delay spread. More specifically, the signals from the UEs that use orthogonal sequences 2 and 3 will occupy the same set of subcarriers, and are hence non-orthogonal in the frequency domain. To see this fact, it suffices to notice that the sequence [+1 +1 -1 -1] of index 2 is a cyclic shift of the sequence [+1 -1 -1 +1] of index 3. Therefore, if the data symbols from the two UEs are identical, then the signals after OCC spreading and DFT from the two UEs will only differ in their phases. In other words, the two signals occupy the same subcarriers. The signals from the UEs that use the orthogonal sequences 0 and 1 are orthogonal in the frequency domain (since they are also sequences of the DFT spreading sequences), and are also orthogonal to the signals spread by sequences 2 and 3. 


Observation 1: Signals from different UEs spread by the DFT orthogonal sequences are orthogonal in the frequency domain. Therefore, the DFT orthogonal sequences are not sensitive to large delay spread and power imbalance. 

The simulation results in Figs. 1 and 2 confirm our observations, where the simulation parameters are listed in Table 6 in Appendix I.  
Based on the above observations and simulation results, we propose:
Proposal 1: For PUCCH format 4, in the case of UE multiplex capacity of 4, use size 4 DFT sequences as given in Table 1 for pre-DFT-OCC. 
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Figure 1. Performance comparison between DFT orthogonal sequences and Hadamard sequences in TDL-C channel with 12 Hz Doppler.

In terms of the DMRS structure for long PUCCH with more than 2 UCI bits with UE multiplexing, we prefer the CDM structure for the following two reasons. First of all, the DMRS multiplexing structure for LTE PUCCH format 5 is based on the CDM structure, and it has been implemented by UE vendors. Secondly, in the FDM case, the length of the DMRS sequence in the FDM structure will be a half of (resp. a quarter of) that in the CDM structure in the case of  UE multiplexing capacity 2 (resp. 4). Therefore, the cross correlation between the DMRS sequences in the FDM case will be much larger than that in the CDM case. Based on the two observations, we propose:
Proposal 2: Support CDM (cyclic shift) as DMRS multiplexing structure for PUCCH format 4.
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Figure 2. Performance comparison between DFT orthogonal sequences and Hadamard sequences in TDL-C channel with 480 Hz Doppler.

· DMRS design for Long PUCCH with large payload with no multiplexing capacity within a slot

In RAN1 #90bis [3], it was agreed that when frequency hopping is enabled, if long PUCCH duration per hop is greater than X symbol, then RRC configure either 1 or 2 DMRS symbol per hop. To shed light on the selection of the optimal value of X, we present simulation results in Figure 3. 
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(c)                                                                                          (d)
Figure 3. Performance for X=5 and X=6 in TDL-C 300ns DS with 1 UE for different payload size and Doppler

As can be seen from the figures, for each frequency hop with 6 symbols, it is always beneficial to have 2 DMRS symbols in each hop. In particular, as Figures 3.b and 3.d illustrate, having 2 DMRS symbols per hop yields a 3 dB gain (at BLER=1%) for high-Doppler scenarios. 
For each frequency hop with 5 symbols, the performance comparison between 2 DMRS/hop and 1 DMRS/hop is not monotonic. It depends on the payload size and Doppler. Having 2 DMRS/hop is advantageous when the Dopper is high (see Figure 3.b), whereas 1 DMRS/hop yields a better BLER performance when the payload size is large (see Figure 3.c). 
Observation 2: For each frequency hop with 6 symbols, it is beneficial to have 2 DMRS symbols per hop.
Observation 3: For each frequency hop with 5 symbols, 2 DMRS per hop is better when the Doppler is high, and 1 DMRS per hop is better when the payload size is large.   

Based on the simulation results as well as the above argument, we propose to set X=4.
Proposal 3:  For long PUCCH for large UCI payload with no multiplexing capacity within a slot:
· When long PUCCH duration per hop >4 symbols, RRC configure either 1 or 2 DMRS symbol per hop.
· When long PUCCH duration per hop ≤ 4 symbols, there is 1 DMRS symbol

· Sequence design
The length-24 sequences used in LTE have a maximum PAPR of 4.3 dB and thus need to be improved. In this section, we propose a new set of sequences that has both low PAPR and low cross-correlation property. The sequences are presented in Table 3 below. 

Table 3: New set of length-24 CGSs 
	Index
	Sequence
	PAPR (dB)
	CM (dB)

	0
	-3  3  -1  3  1  -1  -1  -1  3  3  1  1  1  3  3  1  -3  -3  -1  1  -3  1  3  -3
	2.5546
	0.4769

	1
	-3  3  -3  1  3  -3  1  1  3  3  3  -3  -1  -3  3  -1  -3  -3  3  -1  1  1  -1  -3
	2.5747
	0.4212

	2
	-3  -3  -1  -1  -1  -3  1  -1  -3  -1  3  -3  1  -3  3  -3  3  3  1  -1  -1  1  -3  -3
	2.6058
	0.3970

	3
	-3  -3  3  3  1  -1  -1  -1  1  -3  -1  1  -1  3  -3  -1  -3  -1  -1  1  -3  3  -1  -3
	2.6374
	0.3702

	4
	-3  -3  1  -1  3  3  -3  -1  1  -1  -1  1  1  -1  -1  3  -3  1  -3  1  -1  -1  -1  -3
	2.6415
	0.2815

	5
	-3  1  -3  3  -1  -1  -1  -3  3  1  -1  -3  -1  1  3  -1  1  -1  1  -3  -3  -3  -3  -3
	2.6453
	0.6551

	6
	-3  -3  -3  -1  3  -3  3  1  3  1  -3  -1  -1  -3  1  1  3  1  -1  -3  3  1  3  -3
	2.6458
	0.4091

	7
	-3  3  -1  3  -1  3  3  1  1  -3  1  3  -3  3  -3  -3  -1  1  3  -3  -1  -1  -3  -3
	2.6573
	0.6757

	8
	-3  1  -3  1  -3  1  1  3  1  -3  -3  -1  1  3  -1  -3  3  1  -1  -3  -3  -3  -3  -3
	2.6641
	0.3530

	9
	-3  3  1  -3  1  -1  -1  3  3  -1  1  -3  3  -3  1  -3  -3  -1  -1  -1  -1  3  -3  -3
	2.6908
	0.2942

	10
	-3  1  -3  -1  -1  3  1  3  -3  1  -1  3  3  -1  -3  3  -3  -1  -1  -3  -3  -3  3  -3
	2.7054
	0.4569

	11
	-3  -1  -1  -3  1  -3  -3  -1  -1  3  -1  1  -1  3  1  -3  -1  3  1  1  -1  -1  -3  -3
	2.7136
	0.6135

	12
	-3  -1  1  -3  -1  -1  1  1  1  3  3  -1  1  -1  1  -1  -1  -3  -3  -3  3  1  -1  -3
	2.7264
	0.6046

	13
	-3  -1  -1  -1  1  3  -1  1  -3  -3  -3  -3  3  -3  3  1  -1  -3  1  -3  -1  -3  1  -3
	2.7284
	0.4944

	14
	-3  1  -3  3  -3  1  -3  3  1  -1  -3  -1  -3  -3  -3  -3  1  3  -1  1  3  3  3  -3
	2.7284
	0.4944

	15
	-3  1  3  -1  1  -1  3  -3  3  -1  -3  -1  -3  3  -1  -1  -1  -3  -1  -1  -3  3  3  -3
	2.7455
	0.5969

	16
	-3  3  -1  -3  -1  -1  -1  3  -1  -1  3  -3  -1  3  -3  3  -3  -1  3  1  1  -1  -3  -3
	2.7461
	0.5790

	17
	-3  1  -1  -3  -3  -1  1  -3  -1  -3  1  1  -1  1  1  3  3  3  -1  1  -1  1  -1  -3
	2.7486
	0.5643

	18
	-3  -1  3  -3  -1  -3  -1  -3  -1  -3  -1  -3  3  3  3  -3  -1  1  1  -1  -3  3  1  -3
	2.8048
	0.6212

	19
	-3  1  -1  3  -1  -1  1  1  3  1  3  -1  1  -3  -3  3  3  -1  -3  3  3  1  3  1
	2.8807
	0.5722

	20
	-3  3  -1  -1  -1  -1  -3  -3  1  -3  1  1  1  3  1  -3  -1  -3  1  1  -3  -1  1  3
	2.9196
	0.5991

	21
	-3  3  1  1  -1  3  1  1  -3  1  1  3  -3  -1  -3  -3  -1  -3  1  1  3  1  -3  -1
	2.9263
	0.6508

	22
	-3  -3  1  3  3  1  1  3  -3  -1  -1  -3  1  -3  1  -1  1  -1  1  3  1  1  -3  1
	2.9356
	0.7717

	23
	-3  -3  -3  3  3  3  1  1  -3  -3  3  1  -1  -3  1  -1  1  1  3  -3  1  3  -1  3
	2.9617
	0.7551

	24
	-3  1  -3  1  -3  -1  -3  -3  1  1  1  3  -3  -1  1  -3  -1  -1  -3  1  -1  -3  -1  -1
	2.9757
	0.4851

	25
	-3  -3  -3  -1  3  -1  -3  1  1  -3  1  -1  -1  -1  3  1  3  -1  -1  -3  -1  1  -3  -3
	2.9880
	0.6146

	26
	-3  1  -1  -3  -3  -3  -3  3  1  3  -1  3  -3  -3  -1  -1  1  1  -1  1  -3  1  1  -3
	2.9922
	0.7120

	27
	-3  1  -3  1  -1  -1  3  1  -1  3  1  3  3  -3  1  1  3  3  3  3  1  1  -1  -1
	3.0205
	0.6681

	28
	-3  -3  -3  3  3  3  -1  -1  -3  1  -3  1  1  -1  3  3  -1  -1  3  -1  1  1  -3  1
	3.0210
	0.5359

	29
	-3  -1  -3  -1  1  1  -1  1  -3  -1  -1  -3  3  1  -1  -3  -1  3  3  -3  1  1  3  3
	3.0215
	0.7872



The PAPR as well as the cross-correlation performances of the new sequences are summarized in Tables 4 and 5, respectively, along with comparisons to the performance of length-24 CGSs proposed in [6]. 

Table 4: PAPR comparison of different length-24 CGSs proposal 
	Performance metric
	New CGSs
	LTE CGSs
	 CGSs in [6]

	Mean PAPR (dB)
	2.7869
	3.6524
	2.6255

	Max. PAPR (dB)
	3.0215
	4.2962
	2.7920

	Min. PAPR (dB)
	2.5546
	2.6239
	2.3980

	Mean CM (dB)
	0.5504
	0.6722
	0.4462

	Max. CM (dB)
	0.7872
	0.9575
	0.7331

	Min. CM (dB)
	0.2815
	0.2533
	0.1853



Table 5: Cross-correlation comparison of different length-24 CGSs proposal
	Performance metric
	New CGSs
	LTE CGSs
	CGSs in [6]
	Cross corr. between new CGSs and LTE CGSs
	Cross corr. between CGSs in [6] and LTE CGSs

	Mean Corr.
	 0.1814
	0.1813
	0.1817
	0.1813
	0.1807

	Corr. 95% 
	 0.3536
	 0.3534
	0.3534
	0.3536
	0.3536

	Corr. 99.5%
	 0.4564
	 0.4441
	0.4447
	0.4477
	0.4751

	Max. Corr.
	 0.4867
	 0.4917
	0.4971
	0.4990
	0.6228



The cross correlation between 2 sequences is computed by considering all 24 cyclic shifts. In addition to the cross correlation between the new CGSs, we also computed the cross correlation between the new CGSs and the LTE length-24 CGSs, in order to support coexistence between LTE and NR. The cubic metric is calculated according to [7] with an IFFT size of 2048. As can be seen from Tables 4 and Tables 5, the PAPR of our proposed CGSs are about 1 dB smaller than the LTE CGSs on average, and is slightly higher than the ones proposed in [6]. However, the CGSs in [6] have quite high cross correlation with LTE CGSs. 
Proposal 4: For PUCCH, support the new set of length-24 CGSs presented in Table 3.
· Other aspects of long PUCCH 
Two NR-PUCCHs as long-PUCCH + long-PUCCH from the one UE in the same slot in TDM manner may be useful when the two UCI have different performance target, for example one with CQI and one with ACK. The two UCI may then be independently encoded and transmitted in TDM fashion. Different performance target may be achieved by adjusting the durations of each long-PUCCH. Further, for millimeter-wave bands, in order to achieve robustness to beam blockage, it is desirable to support multi-beam operation for PUCCH. In such a scenario, it is also desirable to allow the same UCI to be transmitted on both the TDMed long-PUCCHs, but in different beam directions. We therefore make the following proposal:
Proposal 5: Support transmission of two different UCI from the same UE in the same slot with different performance target, e.g., ACK and CQI, with long-PUCCH + long PUCCH multiplexing in TDM manner
· For millimeter-wave bands, the two TDMed long-PUCCH may also use different beam directions, and may also carry the same UCI on different beams. 
· Conclusions
In this contribution, we discussed NR long PUCCH with more than 2 bits UCI payload. In summary, we made the following observation the OCC spreading sequences for NR PUCCH Format 4.
Observation 1: Signals from different UEs spread by the DFT orthogonal sequences are orthogonal in the frequency domain. Therefore, the DFT orthogonal sequences are not sensitive to large delay spread and power imbalance.
Based on this observation, we have the following proposals for OCC design for long PUCCH.
Proposal 1: For PUCCH format 4, in the case of UE multiplex capacity of 4, use size 4 DFT sequences as given in Table 1 for pre-DFT-OCC. 
Proposal 2: Support CDM (cyclic shift) as DMRS multiplexing structure for PUCCH format 4.
For long PUCCH with large payload with no multiplexing capacity within a slot, we make the following observations. 
Observation 2: For each frequency hop with 6 symbols, it is beneficial to have 2 DMRS symbols per hop.
Observation 3: For each frequency hop with 5 symbols, 2 DMRS per hop is better when the Doppler is high, and 1 DMRS per hop is better when the payload size is large.   

We thus propose the following. 
Proposal 3:  For long PUCCH for large UCI payload with no multiplexing capacity within a slot:
· When long PUCCH duration per hop >4 symbols, RRC configure either 1 or 2 DMRS symbol per hop.
· When long PUCCH duration per hop ≤ 4 symbols, there is 1 DMRS symbol

We also propose a new set of length-24 CGSs for NR PUCCH.  
Proposal 4: For PUCCH, support the new set of length-24 CGSs presented in Table 3.
Finally, we have the following proposal on UCI multiplexing. 
[bookmark: _GoBack]Proposal 5: Support transmission of two different UCI from the same UE in the same slot with different performance target, e.g., ACK and CQI, with long-PUCCH + long PUCCH multiplexing in TDM manner.
· For millimeter-wave bands, the two TDMed long-PUCCH may also use different beam directions, and may also carry the same UCI on different beams. 
· Appendix I: Simulation Assumptions
Table 6. Simulation assumptions for Figs. 1-2
	System bandwidth
	20Mhz

	Numerology
	15Khz SCS

	Channel
	TDL-C 300ns, 1000ns, 2000 ns

	Number of Antennas
	UE Tx=1, gNB Rx =2

	Long PUCCH duration
	12 symbols (4 DMRS + 8 UCI symbols with frequency hopping, 2 DMRS symbols per hop)

	Number of UEs
	4 UEs

	# RBs for long PUCCH
	1 RB

	Carrier Frequency
	4 Ghz

	Payload size
	11 bits

	Coding 
	Reed-Muller

	Doppler
	12Hz, 480Hz 

	Receiver
	Practical Channel Estimation and Ideal Noise Estimation



Table 7. Simulation assumptions for Figure 3
	System bandwidth
	20Mhz

	Numerology
	30 Khz SCS

	Channel
	TDL-C 300ns

	Number of Antennas
	UE Tx=2, gNB Rx =2

	Long PUCCH duration
	5 symbols/hop, 6 symbols/hop with frequency hopping 

	Number of UEs
	1 UE

	# RBs for long PUCCH
	1 RB

	Carrier Frequency
	4 Ghz

	Payload size
	28 bits, 68 bits

	Coding 
	Turbo Code + CRC

	UE Speed
	120 Kmh, 500 Kmh 

	Receiver
	Practical Channel Estimation and Ideal Noise Estimation
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