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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#90
· Long-PUCCH for moderate UCI payload with multiplexing capacity is supported
· 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
· Simulation assumptions for purpose of identifying the number of DMRS symbols for long PUCCH format without multiplexing capability for more than 2 bits UCI payload
· System bandwidth = 20Mhz

· Subcarrier spacing = {15kHz, 30 kHz}

· TDL-C channel with delay spread = {300nS, 1000nS}

· # UE Tx =1, # gNB Rx =2 ( Optional: # gNB Rx = 4 and 32)
· Payload sizes without CRC: 20bits, 60bits, 100 bits (only for 14 symbols long PUCCH)

· Number of RB = {1 RB} 

· Carrier frequency = 4Ghz

· Number of UEs = {1}

· UE speed: 3km/h, 120km/h, 500km/h at least for 20 bits 

· Polar code with 8+3 CRC and/or TBCC with 8 CRC bits

· Practical channel estimation and ideal noise estimation
· For the format of long PUCCH supporting multiplexing of users, target to select one from:

· Alt.1: User multiplexing is realized by time-domain OCC.

· Alt.2: User multiplexing is realized by pre-DFT-OCC.

· Alt.3: User multiplexing is realized by FDM within the PRB.

· Alt.4: User multiplexing is realized by pure TDM in the slot.

· Note: Other alternatives are not precluded.

· Note: The following Simulation assumptions are recommended:

· System bandwidth = 20Mhz

· Subcarrier spacing =  {15kHz, 30 kHz}

· TDL-C channel with delay spread = {300nS, 1000nS}

· # UE Tx =1, # gNB Rx =2 ( Optional: # gNB Rx = 4 and 32)
· Payload sizes without CRC: 4bits, 10bits, 20bits, 40bits

· Number of RB = {1} 

· Carrier frequency = 4Ghz

· Number of UEs = {at least 2}

· UE speed: 3km/h, 120km/h, 500 km/h 

· Reed-Muller for 4 and 10 bits

· Polar code with 8+3 CRC and/or TBCC with 8 CRC bits

· Practical channel estimation and ideal noise estimation

· Note: Study of the effect of impairments such as power imbalance, time/frequency errors are not precluded.

Based on the previous agreements, candidates for long PUCCH with moderate payload size have been discussed in this contribution, while some simulations have been 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
In this section, we will discuss the candidates of long PUCCH for moderate payload. For scheme with “pure TDM in the slot” (Alt 4), it is not good choice for this format. Firstly, the reduced number of symbols will limit the coverage of long PUCCH, it is contrary with objective of long PUCCH (improving of coverage). Secondly, the TDMed scheme will also reduce the number of coded bits of this format, which implies that the supported payload size is limited also. So, in the following part, we just compare the performance of Alt 1, Alt 2 and Alt 3, and the simulation assumptions can be found in the Table 1 in Appendix.
For the first set of simulations, we have compared three candidates with 3 km/h UE speed and 4 bits payload size. The simulation results show that the performance of three candidates is almost similar, which can be found in Figure 1.
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Figure 1. Long PUCCH for moderate payload, UE speed = 3 km/h, payload size = 4 bits
For the second set of simulations, we have compared three candidates with 3 km/h UE speed and 20 bits payload size. The simulation results show that the performance of Alt 2 and Alt 3 both outperform Alt 1, which can be found in Figure 2. The payload size in Figure 2 is larger than in Figure 1, hence the effect of channel coding gain is more important in Figure 2. Since the number of coded bits of Alt 2 and Alt 3 are both more than for Alt 1, channel coding gain of Alt 2 and Alt 3 is larger than for Alt 1, which also causes the performance loss of Alt 1. But the multiplexing capacity of Alt 1 is more than for Alt 2 and Alt 3, which can support multiplexing of five users in one PRB simultaneously.
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Figure 2. Long PUCCH for moderate payload, UE speed = 3km/h, payload size = 20 bits

For the third set of simulations, we have compared three candidates with 120 km/h UE speed and 4 bits payload size. The simulation results show that the performance of Alt 2 and Alt 3 outperform Alt 1 slightly, which can be found in Figure 3. The UE speed in Figure 3 is higher than in Figure 1, hence the effect of channel estimation is more important in Figure 3. Since Alt 2 and Alt 3 can both enable interpolated channel estimation to estimate channel state while Alt 1 cannot support, performance of channel estimation of Alt 2 and Alt 3 are better than Alt 1, which also causes the performance loss of Alt 1.
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Figure 3. Long PUCCH for moderate payload, UE speed = 120km/h, payload size = 4 bits

For the fourth set of simulations, we have compared three candidates with 120 km/h UE speed and 20 bits payload size. The simulation results show that Alt 2 and Alt 3 outperform Alt 1, which can be found in Figure 4. The reasons of this condition can be found in the analysis for Figure 2 & Figure 3.
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Figure 4. Long PUCCH for moderate payload, UE speed = 120km/h, payload size = 20 bits

Based on the simulation results, we have the following observation:
Observation 1: For long PUCCH for moderate payload,

· When UE speed is 3km/h and payload size is 4 bits, performance of Alt1 (time domain OCC scheme), Alt 2 (pre-DFT-OCC) and Alt 3(FDM within the PRB) are almost same, regardless 300ns or 1000ns delay spread.

· When UE speed is 3km/h and payload size is 20 bits, performance of Alt 2 (pre-DFT-OCC) and Alt 3(FDM within the PRB) both outperform Alt1 (time domain OCC scheme) about 0.5 to 2 dB,  which is caused by the reduced multiplexing capacity and increased channel coding gain.

· When UE speed is 120km/h and payload size is 4 bits, performance of Alt 2 (pre-DFT-OCC) and Alt 3(FDM within the PRB) both outperform Alt1 (time domain OCC scheme) about 0.1 to 0.3 dB ,  which is caused by enabling interpolated channel estimation.

· When UE speed is 120km/h and payload size is 20 bits, performance of Alt 2 (pre-DFT-OCC) and Alt 3(FDM within the PRB) both outperform Alt1 (time domain OCC scheme) about 0.5 to 3 dB,  which is caused by previous reasons.

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 2 on 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 5, it can be found that the 2 DMRS symbols outperform 1 DMRS symbol under 14-symbol cases, while 1 DMRS symbol outperform 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.
[image: image9.png]BLER

10°

10!

103

10+

20bits Payload,8 Symbols

—&— 1DMRS 3kmh,300ns
—©— 1DMRS, 120Kknvh,200ns.
—6— 2DMRS 3kmh,300ns

—©— 2DMRS, 120kmvh,200ns.

05

15

SNR

25




 [image: image10.png]BLER

20bits Payload,10 Symbols

—&— 1DMRS 3kmh,300ns
—©— 1DMRS, 120Kkn/h,200ns.
—6— 2DMRS 3kmh,300ns

—©— 2DMRS, 120knvh,200ns.

SNR





[image: image11.png]BLER

20bits Payload,12 Symbols

—— 1DMRS 3kmh,300ns
—©— 1DMRS, 120Kkn/h,200ns.
—6— 2DMRS 3kmh,300ns

—©— 2DMRS, 120kvh,200ns.

05




 [image: image12.png]BLER

20bits Payload,14 Symbols

—&— 1DMRS 3kmh,300ns
—©— 1DMRS, 120Kkn/h,200ns.
—6— 2DMRS 3kmh,300ns
—©— 2DMRS, 120kvh,200ns.





[image: image13.png]BLER

10°

10!

103

10

20bits,8 Symbols

—6— 1DMRS 3kmh,1000ns
—&— 2DMRS,3kmh,1000ns

—&— 2DMRS, 120k, 1000ns.
—&— 1DMRS, 120knvh, 1000ns.

15

25

SNR

35




 [image: image14.png]BLER

10

1

20bits Payload,10 Symbols

—6— 1DMRS 3kmh,1000ns

—&— 1DMRS, 120Kknvh, 1000ns.
—6— 2DMRS,3kmh,1000ns

—&— 2DMRS, 120knvh, 1000ns.

05

SNR

15





[image: image15.png]BLER

20bits Payload,12 Symbols

—6— 1DMRS 3kmh,1000ns
—&— 1DMRS, 120Kknvh, 1000ns.
—6— 2DMRS,3kmh,1000ns

—&— 2DMRS, 120knvh, 1000ns

SNR



 [image: image16.png]BLER

20bits Payload,14 Symbols

10!

—6— 1DMRS 3kmh,1000ns
—&— 1DMRS, 120Kknvh, 1000ns.
—6— 2DMRS 3kmh,1000ns

—&— 2DMRS, 120k, 1000ns





Figure 5. Long PUCCH for large payload, 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 5, it can be found that the 1 DMRS symbol outperform 2 DMRS symbols, except 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 6. Long PUCCH for large payload, 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 7, it can be found that the 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 7. Long PUCCH for large payload, payload size = 100 bits

Based on the simulation results, we have the following observation and proposal:
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.

Proposal 1: For long PUCCH for large payload,

· Number of DMRS symbols is decided by X (symbol number of each hopping part) and payload size.

· When payload size is less than 60 bits, 

· For each frequency-hop with less than 6 symbols, there is one DMRS symbol; 
· or each frequency-hop with equal to or more than 6 symbols, there is two DMRS symbols;
· When payload size is equal to or more than 60 bits, 

· For each frequency-hop, there is one DMRS symbol;
· Locations of DMRS symbols

In General, if there is only one DMRS symbol on each frequency-hop, located the DMRS symbol on the middle of this frequency-hop will get the best channel estimation performance, such as:
Symbol number of each frequency-hop is N,

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

· If N is even, DMRS symbol is located on the (N/2) th or (N/2 + 1)th symbol;
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.
3 Conclusion
In this contribution, structures of long PUCCH with moderate payload size are given. Based on above discussions, the following proposal and observations are given. 
Proposal 1: For long PUCCH for large payload,

· Number of DMRS symbols is decided by X (symbol number of each hopping part) and payload size.

· When payload size is less than 60 bits, 

· For each frequency-hop with less than 6 symbols, there is one DMRS symbol; 
· or each frequency-hop with equal to or more than 6 symbols, there is two DMRS symbols;
· When payload size is equal to or more than 60 bits, 

· For each frequency-hop, there is one DMRS symbol;
Observation 1: For long PUCCH for moderate payload,

· When UE speed is 3km/h and payload size is 4 bits, performance of Alt1 (time domain OCC scheme), Alt 2 (pre-DFT-OCC) and Alt 3(FDM within the PRB) are almost same, regardless 300ns or 1000ns delay spread.

· When UE speed is 3km/h and payload size is 20 bits, performance of Alt 2 (pre-DFT-OCC) and Alt 3(FDM within the PRB) both outperform Alt1 (time domain OCC scheme) about 0.5 to 2 dB,  which is caused by the reduced multiplexing capacity and increased channel coding gain.

· When UE speed is 120km/h and payload size is 4 bits, performance of Alt 2 (pre-DFT-OCC) and Alt 3(FDM within the PRB) both outperform Alt1 (time domain OCC scheme) about 0.1 to 0.3 dB,  which is caused by enabling interpolated channel estimation.

· When UE speed is 120km/h and payload size is 20 bits, performance of Alt 2 (pre-DFT-OCC) and Alt 3(FDM within the PRB) both outperform Alt1 (time domain OCC scheme) about 0.5 to 3 dB,  which is caused by previous reasons.

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 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 
	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 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 8. DMRS pattern of long PUCCH for moderate payload & large payload with 2 DMRS symbols on each frequency-hop
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Figure 9. DMRS pattern of long PUCCH for large payload with 1 DMRS symbol on each frequency-hop
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Figure 10. Multiplexing scheme of Alt1 (moderate payload)
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Figure 11. Multiplexing scheme of Alt2 (moderate payload)
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Figure 12. Multiplexing scheme of Alt3 (moderate payload)
