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Introduction
In this contribution, we discuss the remaining design issues of PUCCH format 3, i.e. long PUCCH with more than 2 UCI bits, including the following topics:
· Frequency hopping boundary
· Number of DMRS symbols for length-N PUCCH with enabled or disabled frequency hopping
· Pre-DFT OCC for PUCCH format 4
	
	
	
	
	
	
	
	
	
	
	


Frequency hopping boundary 
In RAN1 NR AH#2 [1], at most one frequency hop for long PUCCHs was agreed. Frequency hopping at the middle of the PUCCH transmission allows that the PUCCH power and the amount of UCI/DMRS resources are equally split between the transmissions, and thus can maximize the leverage of frequency hopping. Besides, aligning the frequency hopping boundaries between long PUCCH formats for 1~2 UCI bits and more than 2 UCI bits makes it easier to multiplex long PUCCHs of same lengths but different formats in frequency domain. In our companion contribution [2], we have looked into the BER performance of PUCCH format 1 with enabled frequency hopping and indicated our preference of proportionate split of PUCCH symbols in between the two frequency-hops, i.e. placing the hopping boundary in (near) the middle of PUCCH duration. Here, we propose the similar frequency hopping boundary for PUCCH format 3 as well, for the reasons explained above. As shown in the Fig. 1 below, the first and second frequency-hops can have Ceil(N/2) and L-Ceil(N/2) symbols for length-N PUCCH transmission, as can be seen in length-11 illustration. As an alternative, having Floor(N/2) and L-Floor(N/2) symbols so that the second hop has one more symbol in case of odd length-L is workable as well, as illustrated by using length-9 PUCCH.  


Fig. 1 Intra-slot frequency hopping and DMRS pattern.
Proposal 1 (Frequency hopping boundary)
· The number of symbols in the 1st frequency-hop is determined by either Ceil(N/2) or Floor(N/2) for N-symbol PUCCH.
DMRS structure and evaluation
In the email discussion following RAN1#90bis meeting (email subject: [90b-NR-26] Email approval on the DMRS symbol for disabled frequency hopping case), the following agreements were made regarding the number of DMRS symbols with and/or without frequency hopping for long duration PUCCH with more than 2 UCI bits, as captured below [3]:
Agreements:
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 signalling
· 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 signalling
Agreements:
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
Agreements:
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 signalling
· Down select between X = 4 and 5

As per the above set of agreements, in case of disabled frequency hopping, the number of DMRS symbols is hardwired to 1 for length-4 PUCCH and it is yet to be decided whether to use 1 or 2 DMRS symbol(s) for length-5 PUCCH. In turn, this will dictate the upper limit of PUCCH length, viz. 2X + 1 (which can be either 9 or 11, depending on X= 4 or 5), up to which the number of DMRS symbols will be fixed to 2 for all PUCCH lengths N such that X < N <= 2X + 1 and beyond which the number of DMRS symbols can be configured to be either 2 or 4 by UE specific RRC signaling. This single knob “X” associated with disabled frequency hopping scenario will also decide the number of DMRS symbols in each frequency hop in case frequency-hopping is enabled: it can be either hardwired to 1 DMRS per hop or it can be configured to be either 1 or 2 DMRS symbol(s) per hop, depending on whether the length of at least one hop is less than or equal to 4 (for X = 4) or 5 (for X = 5). 
In order to down-select between X = 4 and X = 5, we look into the BER performance of PUCCH format 3 for the following cases:
· Length-5 PUCCH without frequency hopping and with 1 and 2 DMRS symbol(s), respectively.
· Length-10 PUCCH without frequency hopping and with 2 and 4 DMRS symbols, respectively.
The details of simulation settings are furnished in Table 1in the Appendix.
Length-5 PUCCH
Fig. 2 shows BLER performance for length-5 PUCCH using 1 and 2 DMRS symbol(s) without frequency hopping. For 1 DMRS, the UCI-DMRS TDM structure is U-U-R-U-U where “R” and “U” represent DMRS and UCI symbols, respectively, whereas for 2 DMRS, the structure is U-R-U-R-U. In each of the four subfigures of Fig. 2, there are three sets of blue and red curves corresponding to three different UE speeds and in each set, the blue curve represents the BLER performance with 1 DMRS symbol, whereas the red curve represents the same with 2 DMRS symbols. For smaller UCI payload, viz. 12 bits, 1 DMRS offers ~1.0 dB SNR gain compared to 2 DMRS under low UE mobility scenario (3km/h), for both 15 KHz and 30 KHz subcarrier spacing (SCS), as can be depicted from Figs. 2a and 2c. With increase in UE speed to 120km/h, 2 DMRS performs similar to 1 DMRS for BLER ~10-2 and gradually tends to outperform 1 DMRS with decreasing BLER (or increasing operating SNR), owing to its better channel estimation capability under high UE mobility scenario. The leverage, however, ceases to exist when the SCS is increased to 30 KHz and the channels within a PRB becomes more frequency-selective, as can be depicted from Fig. 2c, where 2 DMRS performs identically as 1 DMRS up to BLER ~ 10-4 under moderately high UE mobility scenario (120 km/h). However, when the UE mobility is very high (500km/h), 1 DMRS seems no more sufficient for getting necessary accuracy in channel estimation and 2 DMRS becomes a necessity for obtaining desired BLER of < 10-2 in that case, irrespective of operating SNR or SCS, as can be seen from Figs. 2a and 2c respectively. 
With increase in UCI payload size from 12 bits to 20 bits, 1 DMRS continues to offer 0.5-1.0 dB better performance than 2 DMRS under low UE mobility (3km/h), since more UCI symbols carrying larger payload size offers better BLER performance owing to higher coding gain. With increase in UE mobility to 120km/h, however, 2 DMRS outperforms 1 DMRS, as can be depicted from Fig. 2b. For higher SCS (30 KHz), however, 2 DMRS performs at par or marginally worse than 1 DMRS. 
The following observations can be made from the above analysis:
· For length-5 PUCCH format 3 with disabled frequency hopping, 1 DMRS offers 0.5-1.0 dB better performance than 2 DMRS for BLER< 10-2 when UE mobility is low (3km/h)
· Under moderate UE mobility (120km/h), 2 DMRS either performs at par with or outperforms 1 DMRS, depending on the UCI payload size, SCS, etc. 
· For high UE mobility (500 km/h), 1 DMRS no more can offer desired performance (BLER <10-2) and 2 DMRS becomes a necessity for supporting high UE mobility with length-5 PUCCH carrying more than 2 UCI bits.
Therefore, the choice between 1 and 2 DMRS symbol(s) for length-5 PUCCH format 3 boils down to the trade-off between 0.5-1.0 dB performance gain at low UE mobility (using 1 DMRS) versus being able to support a wide range of UE mobility from low (3km/h) to high (500km/h) with desirable BLER of < 10-2 (using 2 DMRS). Since 5G NR is intended to support myriad applications ranging from eMBB to URLLC, support of a wide range of UE mobility seems important. Therefore, the choice of 2 DMRS for length-5 PUCCH format 3 is safer.
Hence, 2 DMRS structure is preferable for length-5 PUCCH to support various UE mobility scenarios, i.e. X = 4.
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Fig. 2 BLER comparison between 1 and 2 DMRS for length-5 PUCCH format 3 without frequency hopping
[bookmark: _Ref498532370]Length-10 PUCCH
As per the RAN1 agreements [3], the choice of X= 4 will lead to flexible DMRS numbers for length-10 PUCCH format 3, whereas X= 5 will hardwire 2 DMRS for length-10 PUCCH. Except for lengths 10 and 11, any other lengths of PUCCH greater than 5 will have pre-determined number of DMRS symbols (2 for lengths 6-9 and configurable between 2 and 4 for lengths 12-14) as per the RAN1 agreements, irrespective of the value of X. Only for lengths 10 and 11, either the number of DMRS symbols will be hardwired to 2, or will be configurable by UE specific RRC signalling to be 2 or 4, depending on X = 5 or X = 4. Since in the previous subsection we have indicated our preference for X = 4, it is relevant to look into the performance of length-10 PUCCH format 3 without frequency hopping as well with 2 and 4 DMRS symbols. For 2 DMRS symbols, the structure is U-U-R-U-U-U-U-R-U-U, whereas for 4 DMRS symbols, it is U-R-U-R-U-U-R-U-R-U. The BLER comparison between 2 and 4 DMRS would explain the rationale behind having the configurability for DMRS symbols between 2 and 4 rather than fixing the DMRS number to 2 for length-10 PUCCH. To this end, Fig. 3 shows the BLER performance of length-10 PUCCH format 3 without frequency hopping and with 2 and 4 DMRS symbols under various simulation scenarios. For smaller UCI payload size of 20 bits, UE speed up to 500km/h is simulated, while for larger UCI payload size of 60 bits, up to 120km/h UE mobility is evaluated. From the four subfigures of Fig. 3, the following observations can be made:
· For large UCI payload size (60 bits), 2 DMRS always outperforms 4 DMRS, irrespective of UE mobility or SCS, since more UCI symbols leads to higher coding gain which is crucial for large payload size.
· For small payload size (20 bits), 2 DMRS continues to outperform 4 DMRS for low (3km/h) and medium (120km/h) UE mobility scenarios. Nonetheless, when  UE mobility is very high (500 km/h), 2 DMRS fails to offer the desired BLER of < 10-2 for 15 KHz SCS and 4 DMRS becomes a necessity, whereas for 30 KHz SCS, 4 DMRS marginally outperforms 2 DMRS for BLER <10-2.
Support of high UE mobility is crucial for NR, as explained earlier. The choice of X = 4 provides configurability in number of DMRS between 2 and 4, that can be beneficial especially for supporting high mobility UEs at 15 KHz SCS. Hence, X = 4 offers greater flexibility in the design of PUCCH format 3 for lengths > 2X +1 as well, i.e. lengths ≥ 9, which is useful. 
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Figure 3. BLER comparison between 2 and 4 DMRS for length-10 PUCCH format 3 without frequency hopping
Proposal 2 (DMRS)
· X = 4.
· In case of 1 DMRS symbol, it is located either at [ceil (N/2) -1]-th symbol or [floor (N/2)-1]-th symbol
· N is the duration of PUCCH (without frequency hopping) or, the duration of a hop (with frequency hopping)
· The symbol index starts from 0.
Pre-DFT OCC for PUCCH format 4 
In RAN1#90b meeting, the following was agreed to support UE multiplexing for long PUCCH with more than 2 UCI bits, which has been defined as PUCCH format 4 [6]:
Agreements:
· 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 
The case of multiplexing capacity of 2 can adopt the pre-DFT OCCs of LTE PUCCH format 5, which are [++++++++++++] and [++++++]. Then, the pre-DFT OCC operations are equivalent to multiplexing the PUCCHs from different UEs on odd or even subcarriers in comb structure within the PRB. This is because mapping the transmitted signal on either even or odd subcarriers results in the block-wise repetition of the signal in time domain. The block duration is half of the useful DFT-s-OFDM symbol duration, and one of the two OCCs is applied onto the two blocks depending on whether the transmitted signal is mapped on even or odd subcarriers in frequency domain. As the two PUCCHs to be multiplexed using the above OCCs are mapped on different subcarriers, the orthogonality can be well maintained under frequency selective channels. An additional benefit of the above two OCCs is that the LTE implementations, which must have been optimized and verified through LTE deployments, can be reused for NR.
Then, the OCCs for multiplexing capacity of 4 can be simply obtained by appropriate inversion operations to the SF=2 OCCs utilizing the Walsh-Hadamard transform. This leads to two additional OCCs [++++++] and [++++++] on top of the OCCs for multiplexing capacity of 2.
As to DMRS for PUCCH format 4, although the pre-DFT operations for UCI multiplexing to utilize the above OCCs is equivalent to IFDM processing, IFDM based structure necessitates to adopt length-6 and length-3 sequences for the DMRS. CDM DMRS structure based on length-12 CAZAC sequence is employed for PUCCH format 1 and will meet the performance requirements. The same DMRS structure can be employed for PUCCH format 4 as well and this is also beneficial in implementation perspectives.
Proposal 3 (Pre-DFT OCC for PUCCH format 4)
· OCC for UCI multiplexing
· 
: [++++++++++++], [++++++].
· 
: [++++++++++++], [++++++], [++++++], [++++++].
· DMRS structure
· CDM.
Conclusion 
This contribution has discussed various aspects for the design of long PUCCH with more than 2 UCI bits, i.e. PUCCH format 3. Based on the above discussions, we propose the followings:

Proposal 1 (Frequency hopping boundary)
· The number of symbols in the 1st frequency-hop is determined by either Ceil(N/2) or Floor(N/2) for N-symbol PUCCH.

[bookmark: _GoBack]Proposal 2 (DMRS)
· Down-select X = 4.
· In case of 1 DMRS, it is located either at [ceil (N/2) -1]-th symbol or [floor (N/2)-1]-th symbol
· N is the duration of PUCCH (without frequency hopping) or,  the duration of a hop (with frequency hopping)
· The symbol index starts from 0.
Proposal 3 (Pre-DFT OCC for PUCCH format 4)
· OCC for UCI multiplexing
· 
: [++++++++++++], [++++++].
· 
: [++++++++++++], [++++++], [+++ +++], [++++++].
· DMRS structure
· CDM.
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Appendix

	Parameters
	Configurations

	Carrier frequency
	4 GHz

	System bandwidth
	20 MHz

	Subcarrier spacing
	15 KHz and 30 KHz

	BS antenna configuration
	2 Rx

	UE antenna configuration
	1 Tx

	Channel model
	TDL-C; delay spread: 300ns 
UE velocity: 3km/h, 120km/h and 500km/h (for ≤ 20 bits)

	Channel coding
	TBCC with 8 CRC bits

	Payload size (without CRC)
	12, 20, 60 bits

	Length of PUCCH (N)
	5,10

	Number of PRBs
	1

	Number of UEs
	1



Table 1. Values of simulation parameters
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