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· [bookmark: _Ref465963108]Introduction
In RAN1#88bis [1], the followings have been agreed for long PUCCH duration:
· [bookmark: _Hlk489956029]Two NR-PUCCHs can be transmitted from one UE on the same slot in TDM manner.
· The two NR-PUCCHs can be short-PUCCH.
· The two NR-PUCCHs can be long-PUCCH + short-PUCCH.
· FFS whether or not to have the two NR-PUCCHs as long-PUCCH + long-PUCCH
· FFS: other multiplexing scheme(s) between the two NR-PUCCHs
· FFS the case of more than 2 NR-PUCCHs in one slot from a UE (if more than 2, only short-PUCCHs)

· For long duration NR-PUCCH in a given slot, FFS the detailed NR PUCCH formats. Companies are encouraged to provide the corresponding details. 
· Some examples as a starting point:
· For small UCI payload with 1 or 2 bit(s), LTE PUCCH 1a/1b especially in light of # of symbols available for NR-PUCCH
· FFS: Time domain OCC is applied over allocated multiple symbols.
· For large UCI payload with X bits, LTE PUCCH format 4, or PUSCH
· FFS on applicability of (virtual) frequency domain OCC
· FFS for the value of X
· FFS for medium UCI payload with less than X bits
· Scalability of NR-PUCCH for different number of symbols available for NR-PUCCH
· The set of the number of symbols for long duration NR-PUCCH in a slot includes {4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14}
· FFS whether or not it depends on the slot type, # of symbols per slot, etc.

In RAN1 #89 [2], 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 NR Ad-Hoc#2 [3], a few further agreements are agreed for long PUCCH with up to 2 bits and long PUCCH with large payload size and with no multiuser multiplexing capacity.
· For a long PUCCH with up to 2 bits UCI:
· Working assumption:
· DMRS always occurs in every other symbols in the long PUCCH
· FFS: even or odd symbols
· The working assumption can be revisited if an issue is found in terms of transient period.
· The DMRS symbol(s) are formed as follows:
· DMRS for a PUCCH is a sequence (e.g. a cyclic shift of a CAZAC or computer generated sequence) in frequency domain with Orthogonal Cover Code (OCC) in time.
· Note: The data symbols are formed as the following:
· The modulated UCI bit(s) is multiplied with a sequence (e.g. a cyclic shift of a CAZAC or computer generated sequence) in frequency domain with Orthogonal Cover Code (OCC) in time.
· BPSK and QPSK modulations for 1 and 2 UCI bits, respectively.
· Note: The usage of OCC for DMRS and UCI symbols is effectively disabled for differentiation of the users that are assigned with the same OCC.
· For a PUCCH format for UCI with large payload with no multiplexing capacity within a slot:
· The DMRS and UCI are mapped to different symbols.
· For intra-slot frequency-hopping, one or two DMRS symbol(s) is/are mapped on each frequency-hop of the long-PUCCH.
· Opt.1: one DMRS per frequency-hop
· The location is around the middle of the frequency-hop 
· Opt.2: one or two DMRS per frequency-hop
· FFS: the location of the DMRS symbol(s)
· The DMRS symbol(s) are formed as follows:
· DMRS for a PUCCH is a sequence (e.g. a cyclic shift of a CAZAC or computer generated sequence) in frequency domain.
· 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

In RAN1 #90 [4], 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 NR #3 [5], the following agreements are made for long PUCCH with multiuser multiplexing capacity.
· For long PUCCH moderate payload size with multiplexing capability, aim to downselection between Alt 2 and Alt 3 next meeting
· Alt. 2: User multiplexing is realized by pre-DFT-OCC.
· Alt. 3: User multiplexing is realized by FDM within the PRB.
· Note: Additional evaluations and analysis especially considering power imbalance are encouraged

In this contribution, we share our view in the design of:
· long PUCCH with moderate payload with some multiuser multiplexing capacity
· long PUCCH with large payload with no multiplexing capacity within a slot
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· Long PUCCH with moderate payload and some multiuser multiplexity capacity
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[bookmark: _Ref471549674]Figure 1: Pre-DFT-OCC for long PUCCH with moderate payload (LTE format 5) for 2 UE multiplexing
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[bookmark: _Ref490061777]Figure 2: FDM (comb) for long PUCCH with moderate payload for 2 UE multiplexing

To support long PUCCH format with moderate payload and some multiuser capacity, there are two options we can consider: pre-DFT-OCC (LTE format 5), and FDM. In pre-DFT-OCC (LTE format 5), as shown in Figure 1, the modulated payload symbols are spread with OCC before DFT. In FDM, as shown in Figure 2, the data from different users are FDM-ed in a comb fashion after DFT. 
However, as we shall show next, the two schemes are equivalent. More specifically, in the pre-DFT-OCC approach, the signals from different UEs are orthogonal in the frequency domain, and occupy the same subcarriers as in the FDM (comb) approach; see Figure 1 and Figure 2 for graphical illustrations. This can be proved as follows. 
For two UEs multiplexing, in the pre-DFT-OCC approach, the modulated symbols before DFT for UE 0 and UE 1 are 

and 
.
Based on the FFT property, it is straightforward to see that DFT() locates on even tones only, while  locates on odd tones only. The detailed derivation is given below.  
Given a discrete time signal  where , the FFT of  is given by

.
Now, if , as in the signal from UE 0,
                                  
                                      .
Obviously, when k is odd,  . 

Similarly, if , as in the signal from UE 1,

Therefore, in this case, when k is even, .
Based on the above observation, we don’t see any reason why there should be performance difference between the two approaches as reported in [6]. By the same argument, we conclude that the pre-DFT-OCC scheme is as robust to UE power imbalance as in the FDM approach, which is in contrary to the results reported in [7]. 
Observation 1: LTE PUCCH format 5 (pre-DFT-OCC) is equivalent to IFDM of multiple UEs. 
Observation 2: Pre-DFT-OCC (LTE format 5) is not sensitive to power imbalance. 
The simulation results in Figures 3-5 confirm our observations.  
Since FDM is equivalent to pre-DFT-OCC as proved above and as confirmed by simulation results, and since pre-DFT-OCC is already adopted as LTE PUCCH format 5 in LTE spec, and has been implemented by UE vendors, we don’t see why a different PUCCH format with identical performance should be supported.
In terms of multiuser capacity, it should be also considered to increase spreading factor of 2 in LTE to 4 to multiplex more number of UEs within the same PUCCH resource. The reason is that we have PUCCH format with 1 or 2 bits payload which have multiplexing capacity of 12 UEs at least (4 symbols PUCCH with frequency hopping). We also have PUCCH format with large UCI payload size which does not support multiuser multiplexing. For this PUCCH format with moderate payload, we think support multiplexity capacity of 4 is more reasonable because 4 is more in the middle between 1 and 12. 
To multiplex 4 UEs with LTE PUCCH format 5, the Fourier basis can be used for the OCC spreading code: [1,1,1,1], [1, j,-1,-j], [1,-1,1,-1], [1,-j,-1,j]. Then, following the same proof as above, it can be shown that UEs are FDM-ed and therefore the orthogonality between UEs still holds regardless of the delay spread of the channel.
Based on the above observations, we propose:
Proposal 1: LTE PUCCH format 5 (pre-DFT-OCC) should be supported for NR long PUCCH format with moderate payload with UE multiplexing capacity up to 4. 
· Select Fourier basis for OCC spreading sequences
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[bookmark: _Ref492924102]Figure 3. Performance comparison between pre-DFT-OCC and FDM schemes in TDL-C 300ns DS and 480Hz Doppler with 2 UEs and 2 DMRS symbols per hop 
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Figure 4. Performance comparison between pre-DFT-OCC and FDM schemes in TDL-C 300ns DS and 12 Hz Doppler with 2 UEs and 2 DMRS symbols per hop

[image: ]
Figure 5. Performance comparison between pre-DFT-OCC and FDM schemes in TDL-C 1000ns DS and 12Hz Doppler with 2 UEs and 2 DMRS symbols per hop

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

In RAN1 #90 [4], it was agreed that for a PUCCH format for UCI with large payload with no multiplexing capacity within a slot, if frequency hopping is enabled, then for each frequency-hop with less than X symbols, there is one DMRS symbol, and for each frequency-hop with equal to or more than X symbols, there are two DMRS symbols. However, the value of X is not yet agreed. To shed light on the selection of the optimal value of X, we present simulation results in Figure 6. 
 [image: ] [image: ]
(a)                                                                                           (b)
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(c)                                                                                          (d)
Figure 6. 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 6.b and 6.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 6.b), whereas 1 DMRS/hop yields a better BLER performance when the payload size is large (see Figure 6.c). 
Observation 3: For each frequency hop with 6 symbols, it is beneficial to have 2 DMRS symbols per hop.
Observation 4: 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.   

However, for UL frequency tracking purpose, it is always preferable to have 2 DMRS symbols per hop in the frequency tracking loop (FTL).  Based on the simulation results as well as the above argument, we propose to deploy 2 DMRS symbols per hop for the 5-symbol frequency hop scenario.
Proposal 2:  For long PUCCH for large UCI payload with no multiplexing capacity within a slot:
· For each frequency-hop with less than 5 symbols, there is one DMRS symbol
· For each frequency-hop with equal to or more than 5 symbols, there are two DMRS symbols.
· 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, as detailed in [4]. 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 3: 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 for multiplexing schemes for long PUCCH.
Observation 1: Pre-DFT-OCC (LTE format 5) is equivalent to FDM of multiple UEs. 
Observation 2: Pre-DFT-OCC (LTE format 5) is not sensitive to power imbalance. 
Therefore, we have the following proposal for multiplexing multiple UEs in long PUCCH.
Proposal 1: LTE PUCCH format 5 (pre-DFT-OCC) should be supported for NR long PUCCH format with moderate payload with UE multiplexing capacity up to 4. 
·  Select Fourier basis for OCC spreading sequences.

For long PUCCH with large payload with no multiplexing capacity within a slot, we make the following observations. 
Observation 3: For each frequency hop with 6 symbols, it is beneficial to have 2 DMRS symbols per hop.
Observation 4: 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 have the following proposal:
Proposal 2:  For long PUCCH for large UCI payload with no multiplexing capacity within a slot:
· For each frequency-hop with less than 5 symbols, there is one DMRS symbol.
· For each frequency-hop with equal to or more than 5 symbols, there are two DMRS symbols.
We also have the following proposals on long PUCCH.
Proposal 3: 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: Simulation Assumptions
	System bandwidth
	20Mhz

	Numerology
	15Khz SCS

	Channel
	TDL-C 300ns, 1000ns

	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
	2 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 1. Simulation assumptions for Figures 3-5

	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


Table 2. Simulation assumptions for Figure 6
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