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1 Introduction

In 3GPP RAN1#88bis meeting and RAN1#90 meeting [1] [2], uplink control channel design was discussed and the followings were agreed:

RAN1#88b

· 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.

RAN1 NR Ad-Hoc#3

· For long PUCCH moderate payload size with multiplexing capability, aim to downselection between Alt 2 and Alt 3 next meeting – companies are encouraged to perform additional evaluations and analysis especially considering power imbalance

Based on the previous agreements, candidates for long PUCCH with moderate payload size are discussed in this contribution, while some simulations are implemented to evaluate the performance of candidates. Then, the structure of long PUCCH for large payload without multiplexing capacity is discussed, including number of DMRS symbols and the location of DMRS symbols. Also, some simulations have been implemented to evaluate the performance of number of DMRS symbols.
2 Discussion
2.1 Long PUCCH for moderate payload
· Comparison between Alt 2 (pre-DFT OCC) and Alt 3 (IFDM)
In this section, we will discuss the candidates of long PUCCH for moderate payload. Based on the discussion in the last meeting, we just compare the performance of Alt 2 and Alt 3, and the simulation assumptions can be found in the Table 1 in Appendix. 
For all four sets of simulations, we have compared three candidates with 3 km/h UE speed and 4 bits payload size, 120 km/h UE speed and 4 bits payload size, 3 km/h UE speed and 20 bits payload size, 120 km/h UE speed and 20 bits payload size. The simulation results show that the performance of Alt 2 and Alt 3 is almost similar, which can be found in Figure 1, Figure 2, Figure 3, Figure 4.
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Figure 1. BLER as function of SNR for long PUCCH for moderate payload, UE speed = 3 km/h and payload size = 4 bits.
[image: image3.png]UE Speed 3km/h,Payload 20bits,8 Symbols

—6— AI2300ns

—6— AI3,300ns

—se— AI2,1000ns.
Al13,1000ns

55

45
SNR



 [image: image4.png]BLER

10!

UE Speed 3km/h,20bits Payload,14 Symbols.

—6— AIB300ns
—6— AI2,1000ns.
—6— AI3,1000ns.
—O6— AI2,1000ns.

15





Figure 2. BLER as function of SNR for long PUCCH for moderate payload, UE speed = 3km/h and payload size = 20 bits.
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Figure 3. BLER as function of SNR for long PUCCH for moderate payload, UE speed = 120km/h and payload size = 4 bits.
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Figure 4. BLER as function of SNR for long PUCCH for moderate payload, UE speed = 120km/h and payload size = 20 bits.
Based on the simulation results, we have the following observation:
Observation 1: For long PUCCH for moderate payload, performance of Alt 2 and Alt 3 are almost similar, regardless of UE speed and payload size
Based on the observation, the performance of Alt 2 and Alt 3 are similar. Considering Pre-DFT-OCC (Alt 2) has been adopted in LTE, to reduce the complexity of design, Alt 2 should be adopted.
Proposal 1: For long PUCCH for moderate payload, Alt2 (Pre-DFT-OCC) should be adopted.

· DMRS Structure of long PUCCH for moderate payload
In this section, we will further discuss the DMRS structure of long PUCCH for moderate payload. For the Alt 2, the UCI is mapped to the same subcarriers as for Alt 3, which can be seen in Figure 5. 
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Figure 5. Mapping of UCI to subcarriers of Alt 2 in frequency domain.
In LTE, DMRSs of PUCCH format 5 (same as Alt 2) occupy all 12 subcarriers of each DMRS symbol, while multi-users are multiplexed by different cyclic shifts of DMRS sequence. But in fact, since UCIs of one UE only occupy even or odd subcarriers in frequency domain, there is no need to use all 12 subcarriers to transmit its DMRSs, only 6 DMRS REs are useful. For the same transmission power, if using comb structure to transmit DMRSs, transmission power on each DMRS RE will be two times of that without comb structure, which can improve the performance of demodulation. To evaluate the performance of DMRS with comb structure, some simulations have been implemented, and the simulation results can be found in Figure 6 for comparison between DMRSs on 6 subcarriers and on 12 subcarriers. For the simulation assumption, it can be found in the Table 2 in Appendix.
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Figure 6. BLER as function of SNR for comparison between DMRSs on 6 subcarriers (comb) and on 12 subcarriers.
Furthermore, another potential merit of Alt 2 with comb structure DMRS is that it can support different duration of long PUCCH multiplexed in same PRB. If DMRSs occupy all subcarriers of DMRS symbol(s), for long PUCCHs with different time duration, the DMRS symbol(s) must be aligned in time, as  DMRSs and UCIs of different UEs cannot be orthogonal on the same OFDM symbol (as DMRS occupy all 12 subcarriers while UCI only occupy 6 subcarriers). But, as shown in Figure 7, if DMRSs occupy the same comb structure as UCIs from the same UE in frequency domain, DMRSs and UCIs of different UEs can be orthogonal on the same OFDM symbol in a FDM manner.
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Figure 7. Long PUCCHs with different duration multiplexed in same PRB

Proposal 2: For long PUCCH for moderate payload, a comb structure of DMRS should be adopted along with Alt 2, which occupy the same set of subcarriers as that of the UCI from the same UE.

2.2 Long PUCCH for large payload

· Number of DMRS symbols

In this section, we will discuss the structure of long PUCCH for large payload. Based on the agreements on last meeting, number and location of DMRS symbols need to be studied further. So, in the following part, we compare the performance of 1 DMRS symbol and 2 DMRS symbols on each hopping part for different cases, and give our preference based on the simulation results, while the simulation assumptions can be found in the Table 3 in Appendix. Then the locations of DMRS symbols are discussed further.
For the first set of simulations, we have compared 8-symbol, 10-symbol, 12-symbol and 14-symbol cases with 20 bits payload size. As shown in Figure 8, it can be found that 2 DMRS symbols outperform 1 DMRS symbol under 14-symbol cases, while 1 DMRS symbol outperforms 2 DMRS symbols under 8-symbol and 10-symbol cases. For the 12-symbol case, performance of 1 DMRS symbol and 2 DMRS symbols are very similar. For the 8-symbol and 10-symbol cases, since number of UCI symbols are small, channel coding gain is the major factor of performance. Compared with 2 DMRS symbols, 1 DMRS symbol reduces the DMRS overhead and supplies better performance. For the 12-symbol and 14-symbol cases, since number of UCI symbols are large enough, channel estimation is the major factor of performance, especially in the high speed scenario. That is reason of performance reverse.
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Figure 8. BLER as function of SNR for long PUCCH for large payload with payload size = 20 bits.
For the second set of simulations, we have compared 8-symbol, 10-symbol, 12-symbol and 14-symbol cases with 60 bits payload size. As shown in Figure 9, it can be found that 1 DMRS symbol outperforms 2 DMRS symbols, except at 120 km/h UE speed under 14-symbol. The simulation results demonstrate that when payload size is equal to or more than 60 bits, channel coding gain is the major factor of performance. Under these cases, only one DMRS symbol on each hopping part is enough.
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Figure 9. BLER as function of SNR for long PUCCH for large payload with payload size = 60 bits.
For the third set of simulations, we have compared 14-symbol cases with 100 bits payload size. As shown in Figure 10, it can be found that 2 DMRS symbols outperform 1 DMRS symbol when UE speed is 120 km/h, while 1 DMRS symbol outperforms 2 DMRS symbols when UE speed is 3 km/h. 
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Figure 10. BLER as function of SNR for long PUCCH for large payload for payload size = 100 bits.
Based on the simulation results, we have the following observation:
Observation 2: For long PUCCH for large payload,

· When payload size is 20 bits per PRB,

· 
For each frequency-hop with 6 symbols and 7 symbols, 2 DMRS symbols is similar or better than 1 DMRS symbol, which is caused by the performance of channel estimation.

· 
For each frequency-hop with 4 symbols and 5 symbols, 1 DMRS symbol is better than 2 DMRS symbols, which is caused by the channel coding gain.

· When payload size is 60 bits,

· 
For most case of each frequency-hop with 4 symbols to 7 symbols, 1 DMRS symbol is better than 2 DMRS symbol, which is caused by the channel coding gain.

· For each frequency-hop with 7 symbols and 120 km/h UE speed, 2 DMRS symbols is better than 1 DMRS symbol, which is caused by the performance of channel estimation.

· When payload size is 100 bits,

· 
For each frequency-hop with 7 symbols and 3 km/h UE speed, 1 DMRS symbol is better than 2 DMRS symbols, which is caused by the channel coding gain.

· 
For each frequency-hop with 7 symbols and 120 km/h UE speed, 2 DMRS symbols is better than 1 DMRS symbol, which is caused by the performance of channel estimation.

Based on the observation, we have found that for different cases, optimal number of DMRS symbol(s) are varied. It is not easy to conclude a simple principle to decide the number of DMRS symbol(s), so we think the optimization can be up to gNB based on the actual operating environment. Based on the previous analysis, we have the following proposal:
Proposal 3: For long PUCCH for large payload, an additional DMRS symbol in each frequency-hop can be configured by gNB.
· Locations of DMRS symbols

In General, if there is only one DMRS symbol on each frequency-hop, placing the DMRS symbol on the middle of this frequency-hop will get the best channel estimation performance. To be more specific, as shown in Figure 11 (a), if symbol number of each frequency-hop is N,

· If N is odd, DMRS symbol is located on the ((N+1)/2-1) symbol;

· If N is even, DMRS symbol is located on the (N/2-1) or (N/2) symbol;
Note: the start of symbol index is assumed from 0 in each frequency-hop. 
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Figure 11. An example of DMRS location for one or two DMRS symbol per frequency-hop
If there are two DMRS symbols on each frequency-hop, interpolated channel estimation scheme will get the best channel estimation performance. As an example, DMRS symbols can be located on the second symbol and the penultimate symbol, which can be found in the Figure 11 (b).

Based on the analysis, the following proposal shall be considered
Proposal 4: For long PUCCH for large payload, if one DMRS symbol is configured in a frequency-hop, it could be transmitted around the middle of the frequency-hop. If two DMRS symbols are configured in each frequency-hop, they could be transmitted on the second symbol and the penultimate symbol of the frequency-hop
3 Conclusion
In this contribution, structures of long PUCCH with moderate payload size are given. Based on above discussions, the following proposals and observations are given. 
Proposal 1: For long PUCCH for moderate payload, Alt2 (Pre-DFT-OCC) should be adopted.

Proposal 2: For long PUCCH for moderate payload, a comb structure of DMRS should be adopted along with Alt 2, which occupy the same set of subcarriers as that of the UCI from the same UE.

Proposal 3: For long PUCCH for large payload, an additional DMRS symbol in each frequency-hop can be configured by gNB.

Proposal 4: For long PUCCH for large payload, if one DMRS symbol is configured in a frequency-hop, it could be transmitted around the middle of the frequency-hop. If two DMRS symbols are configured in each frequency-hop, they could be transmitted on the second symbol and the penultimate symbol of the frequency-hop
The following observations are summarized for information purpose:
Observation 1: For long PUCCH for moderate payload, performance of Alt 2 and Alt 3 are almost similar, regardless of UE speed and payload size

Observation 2: For long PUCCH for large payload,

· When payload size is 20 bits per PRB,

· 
For each frequency-hop with 6 symbols and 7 symbols, 2 DMRS symbols is similar or better than 1 DMRS symbol, which is caused by the performance of channel estimation.

· 
For each frequency-hop with 4 symbols and 5 symbols, 1 DMRS symbol is better than 2 DMRS symbols, which is caused by the channel coding gain.

· When payload size is 60 bits per PRB,

· 
For most case of each frequency-hop with 4 symbols to 7 symbols, 1 DMRS symbol is better than 2 DMRS symbol, which is caused by the channel coding gain.

· For each frequency-hop with 7 symbols and 120 km/h UE speed, 2 DMRS symbols is better than 1 DMRS symbol, which is caused by the performance of channel estimation.

· When payload size is 100 bits per PRB,

· 
For each frequency-hop with 7 symbols and 3 km/h UE speed, 1 DMRS symbol is better than 2 DMRS symbols, which is caused by the channel coding gain.

· 
For each frequency-hop with 7 symbols and 120 km/h UE speed, 2 DMRS symbols is better than 1 DMRS symbol, which is caused by the performance of channel estimation.
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Appendix

Table 1. Simulation parameters of long PUCCH for moderate payload
	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
	2 symbols on each hopping part

	antenna configuration
	1Tx * 2Rx

	Channel estimation
	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 
	2 UEs

	Payload size
	4 bits, 20 bits

	Modulation
	QPSK

	Channel coding
	4 bits: RM code
20 bits: Polar code with 8+3 CRC

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


Table 2. Simulation parameters of DMRS structure simulation
	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

	Structure of DMRS symbols
	Opt1: occupy 6 subcarriers on DMRS symbols (#1,3,5,7,9,11)

Opt2: occupy 12 subcarriers on DMRS symbols (#0~11) 


	antenna configuration
	1Tx * 2Rx

	Channel estimation
	Wiener filtering in time domain and frequency domain

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

	UE velocity
	3 km/h, 120km/h

	Number of UEs 
	2 UEs

	Payload size
	20 bits

	Modulation
	QPSK

	Channel coding
	20 bits: Polar code with 8+3 CRC

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


Table 3. Simulation parameters of long PUCCH for large payload
	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, 60 bits, 100 bits

	Modulation
	QPSK

	Channel coding
	Polar code with 8+3 CRC

	Performance metric
	Required SNR for B(L)ER of 1 %
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Figure 12. DMRS pattern of long PUCCH for moderate payload & large payload with 2 DMRS symbols on each frequency-hop
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Figure 13. DMRS pattern of long PUCCH for large payload with 1 DMRS symbol on each frequency-hop
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Figure 14. Multiplexing scheme of Alt2 (moderate payload)
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Figure 15. Multiplexing scheme of Alt3 (moderate payload)
