[bookmark: _Hlk481307827][bookmark: OLE_LINK3]3GPP TSG RAN WG1 NR Ad-Hoc#2							R1-1711098
Qingdao, P.R. China 27th – 30th Jun 2017

Source:	NTT DOCOMO, INC.
[bookmark: OLE_LINK8][bookmark: OLE_LINK9][bookmark: OLE_LINK21][bookmark: OLE_LINK22]Title:	Sequence-based PUCCH for UCI of up to 2 bits
[bookmark: Source]Agenda Item:	5.1.3.2.1.1
[bookmark: DocumentFor]Document for: 	Discussion and Decision
1. Introduction
At the previous RAN1 meeting, following agreements were made [1]:
	Agreements at RAN1#88bis:
· For 1-symbol PUCCH without SR with 1 or 2 bit(s) UCI payload size, RAN1 will select one from the following options.
· Option 1: RS and UCI are multiplexed by FDM manner in the OFDM symbol
· UCI can be sequence
· FFS: low PAPR design is applied
· Option 4: Sequence selection with low PAPR
· FFS following cases:
· If SR only
· If with SR + other UCI;
· This does not imply the necessity of special SR design 
· FFS whether the design may or may not depend on the frequency range
Agreements at RAN1#89:
· All proponents are recommended to have evaluations for 1-symbol NR-PUCCH until the next meeting
· Simulation assumptions for 1-symbol NR-PUCCH with 1 or 2 bit(s) UCI payload
· System bandwidth = 20Mhz
· Subcarrier spacing =  {15Khz, 60Khz}
· TDL-A or TDL-C channel with delay spread = {30nS, 300nS, 1000nS}
· # UE Tx =1, # eNB Rx =2
· # UCI bits = {1,2}
· Number of RB = {1 RB, 2 contiguous RBs, 2 dis-contiguous RBs} 
· Carrier frequency = 4Ghz
· Number of UEs = {1}
· For option 1: evaluate both UCI based on repetition coding and UCI with modulated sequence.  
· Practical channel estimation and ideal noise estimation
· Note: design target for 1-symbol PUCCH with 1 or 2 bits is a separate discussion.
· Design of 1-symbol short-PUCCH for UCI of 1 or 2 bits should consider tradeoff among PAPR, A-to-N, N-to-A, and DTX-to-ACK performances, and UE multiplexing capacity.


In this contribution, we propose to select option 4 (sequence selection with low PAPR). Detailed designs are presented in a later chapter. Designs of PUCCH in short duration for UCI of more than 2 bits are discussed in our companion contribution [2].
2. Performance comparison between option 1 and option 4
As we have shown so far [3] – [5], option 4 offers better performance than option 1. This comes from the fact that option 4 does not convey DMRS; full energy is available for UCI delivery under the condition that total energy per transmission is the same. Besides, as a promising sequence for option 4, CAZAC sequence is available; low PAPR design is achievable without any effort. If it is aimed to apply low PAPR design for option 1, further standardization effort is necessary to find low PAPR combinations of RS and UCI.
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(a) Option 1 (FDM-based PUCCH)
[image: ]
(b) Option 4 (sequence-based PUCCH)
Fig. 1	Illustrations of option 1 and option 4.
2.1. Sequence-based PUCCH which can be interpreted as FDM-based PUCCH
Figure 2 illustrates mapping from UCI to a sequence for sequence-based PUCCH. For sequence-based PUCCH, a set of cyclic shift candidates are allocated to a UE, and UE selects one of cyclic shift candidates according to the UCI delivered by the PUCCH. If the set of cyclic shift candidates to deliver a UCI are allocated at equal cyclic shift distance, 1/2m (m: No. of UCI bits) REs have a constant value no matter which cyclic shift candidate is selected, which can be also used as DMRS. For detection of sequence-based PUCCH, DMRS is not necessary in theory. However, ML type of detection may be the burden for the gNB receiver in some implementations. In this case, the REs having constant value can be used as DMRS to carry out channel estimation. This restriction allows sequence-based PUCCH to be interpreted as FDM-based PUCCH without any effort for PAPR reduction.
[image: ]
(a) UCI 1 bit
[image: ]
(b) UCI 2 bit
Fig. 2	Mapping from UCI to a sequence for sequence-based PUCCH.
2.2. Comparison of UE multiplexing capacity / required SNR / PAPR
Figure 3 illustrates comparison of UE multiplexing capacity, required SNR, and PAPR. Link-level evaluation is conducted to identify required SNR and PAPR under the assumptions of TDL-A (DS = 300 ns), 1PRB, and 15 kHz subcarrier spacing. The detail evaluation assumptions are summarized on table A1 of an appendix. For the case of UCI 1 bit, UE multiplexing capacity and required SNR of both sequence-based PUCCH and FDM-based PUCCH is the same; only difference is that the sequence-based PUCCH has 4.4 dB lower PAPR than the FDM-based PUCCH. For the case of UCI 2 bit, sequence based has an advantage of 1.3 dB lower required SNR and 4.4 dB lower PAPR, meanwhile UE multiplexing capacity of sequence-based PUCCH is 1/2 of FDM-based PUCCH.
[image: ]
(a) UCI 1 bit
[image: ]
(b) UCI 2 bit
Fig. 3	Comparison of sequence-based PUCCH and FDM-based PUCCH.

2.3. Link-budget analysis
Figure 4 illustrates required SNR comparison between option 1 (FDM-based) and option 4 (sequence-based) for achieving the performance requirements of HARQ-ACK. UCI of 2 bits, and 1, 2, 3, and 4 as the numbers of PRBs, and channel model of TDL-A (DS = 30, 300, and 1000 ns) are assumed. The detail evaluation assumptions are summarized on table A1. ML detection is performed at the receiver for both sequence-based PUCCH and FDM-based PUCCH. As can be seen from the results, sequence-based PUCCH always outperforms FDM-based PUCCH. Figure 3 shows cumulative CDF of PAPR of sequence-based PUCCH and FDM-based PUCCH. Assuming none of PAPR reduction is considered, FDM-based PUCCH has high PAPR; sufficient power back-off is necessary for this case, which reduces the supportable coverage.
	[image: ]
Fig. 4	Required SNR comparison between FDM-based PUCCH and sequence-based PUCCH (UCI 2 bits).
[image: ]
Fig. 5	PAPR cumulative CDF comparison between FDM-based PUCCH and sequence-based PUCCH.

Link-budget is calculated with the required SNR to reveal supportable cell coverage of 1 symbol PUCCH, under the assumptions of TDL-A (DS = 300 ns). The detail evaluation assumptions are summarized on table A1. PAPR margin, which is CCDF 1% of PAPR, is included for the link-budget calculation. As can be seen from the analysis, sequence-based PUCCH has 40 ~ 60 % larger coverage assuming 3 dB margin.
Table 2	Link-budget analysis (UCI=2bits, for 1x2, and TDL-A with DS = 300 ns)
	
	1PRB
	2PRB
	3PRB
	4PRB

	Physical channel name
	FDM-based
	Seq.-based
	FDM-based
	Seq.-based
	FDM-based
	Seq.-based
	FDM-based
	Seq.-based

	No. of PRBs
	1
	2
	3
	4

	Subcarrier spacing (kHz)
	15

	Max Tx power  (dBm)
	23

	(1) Actual Tx power (dBm)
	23

	(2) Thermal noise density (dBm/Hz)
	-174

	(3) Receiver noise figure (dB)
	5

	(4) Interference margin (dB)
	0

	(5) Occupied channel bandwidth (Hz)
	180,000
	360,000
	540,000
	720,000


	 (6) Effective noise power= (2) + (3) + (4) + 10 log((5))  (dBm)
	-116.4
	-113.4
	-111.7
	-110.4

	(7) Required SINR (dB)
	7.3
	6
	5.2
	3.2
	2.8
	0.5
	1.0
	-1.6

	(8) Receiver sensitivity  = (6) + (7) (dBm)
	-109.1 
	-110.4 
	-108.2 
	-110.2 
	-108.9 
	-111.2 
	-109.4 
	-112.0 

	(9) MCL = (1) - (8) (dB)
	132.1 
	133.4 
	131.2 
	133.2 
	131.9 
	134.2 
	132.4 
	135.0 

	Shadow fading 4dB margin (UMi, NLoS, Hex)
	128.1 
	129.4 
	127.2 
	129.2 
	127.9 
	130.2 
	128.4 
	131.0 

	PAPR margin (CCDF 1%)
	119.4 
	125.2 
	118.0 
	124.9 
	118.4 
	125.7 
	118.7 
	125.7 

	 + 3dB margin
	116.4 
	122.2 
	115.0 
	121.9 
	115.4 
	122.7 
	115.7 
	122.7 

	Max distance (m)
	134
	193
	122
	189
	125
	198
	128
	199

	 + 6dB margin
	122.1 
	123.4 
	121.2 
	123.2 
	121.9 
	124.2 
	122.4 
	125.0 

	Max distance (m)
	191
	208
	181
	205
	188
	218
	195
	229



From these performance comparisons, we propose to select option 4 (sequence-based PUCCH or sequence selection with low PAPR) as 1-symbol PUCCH for UCI of up to 2 bits.
Proposal 1:
· Sequence-based 1-symbol PUCCH is supported for UCI of up to 2 bits.
Proposal 2:
· Cyclic shifts for different UCI are allocated at equal cyclic shift distance for receiver flexibility

3. Design of sequence-based PUCCH
3.1. Sequence design
Sequence length is a key factor for sequence-based PUCCH design. Longer sequence can have higher CDM capacity in cyclic shift domain, and can have lower cross-correlation among sequences. However, longer sequence consumes more resources and suffers from frequency-selective fading channel. The sequence length should be decided carefully taking into account the balance between these factors.
Figure 3 illustrates a cumulative CDF of cross-correlation for a given sequence length of LTE CAZAC sequences corresponding to the given number of PRB(s); 1, 2, …, 10. For LTE, CAZAC sequences for 1 PRB (12 subcarriers) and 2 PRBs (24 subcarriers) adopt computer-generated sequence and Zadoff-Chu (ZC) sequences for 3 PRBs or more, so that 30 different sequences are available. 
[image: ]
Fig. 6	Cumulative CDF of cross-correlation between CAZAC sequences having the same length.
As for LTE, different sequences should be assigned on the same time/frequency resources among neighboring cells. For LTE, the number of cell IDs is 504 and depending on the cell ID, the sequence for PUCCH and PUSCH DMRS is chosen from the 30 sequences. For NR, the number of cell IDs is increased to up to around 1000. In order to take advantage of the increased number of cell IDs, it should be considered to increase the number of sequences for PUCCH and PUSCH DMRS. However, as pointed above, increased number of sequences with limited sequence length increases the cross-correlations among sequences having the same length. Therefore, defining sequence-based PUCCH with a very short sequence length (e.g., 1 PRB) may be risky. 
Proposal 3:
· Consider to increase the number of sequences compared to LTE CAZAC.
· Investigate the sequence length for sequence-based PUCCH carefully taking into account the following aspects:
· Shorter sequence length results in:
· Robustness for channel frequency-selectivity.
· Higher cross-correlation and/or higher PAPR for a given number of sequences in the system.
· Longer sequence length results in:
· Lower cross-correlation and/or higher PAPR for a given number of sequences in the system.
· Losing robustness for channel frequency-selectivity.

3.2. Sequence selection for HARQ-ACK and/or scheduling request (SR)
It is important to support multiplexing between HARQ-ACK and scheduling request (SR) for a given PUCCH. For sequence-based PUCCH, different sets of cyclic shift candidates can be allocated for both positive SR and negative SR. Figure 7 illustrates an example of the set of cyclic shift candidates for HARQ-ACK and SR. In order to maintain sequence orthogonality for each UCI bits even under a large delay spread, cyclic shift values corresponding to each UCI bits should be separated each other. In Figure 7, each UCI is allocated to detached cyclic shits so that the orthogonality of UCI could be maintained. 
If the set of cyclic shift candidates for each UCI are allocated at equal cyclic shift distance for positive SR and negative SR respectively, 1/2m (m: No. of UCI bits) REs have a constant value, which can be also used as DMRS. Since the DMRS of negative SR and the DMRS of positive SR has different values, DMRS can be also used to detect SR at a receiver. This cyclic shift allocation for UCI and SR can increases receiver flexibility to detect UCI and SR as following options:
· Option 1. A receiver attempts ML detection on all REs to detect UCI and SR simultaneously (MLD type 1).
· Option 2. A receiver attempts ML detection on DMRS REs to detect SR and DMRS, and attempts ML detection on all REs to detect UCI (MLD type 2).
· Option 3 A receiver attempts ML detection on DMRS REs to detect SR and DMRS, estimates channel by using received signals on DMRS REs, and demodulates received signals on UCI REs to detect UCI.
  
[image: ]
Fig. 7	A set of cyclic shift candidates for HARQ-ACK and SR.
A link level evaluation is conducted to verify the performance of multiplexing HARQ-ACK and SR. The set of cyclic shift candidates of UCI and SR which is shown in figure 7 is used for the evaluation. A channel model of TDL-A, and the number of PRBs = 2 are assumed. Other detail assumptions are summarized at table A1. The performance of UCI transmission without SR, and the performance of UCI + SR transmission are compared. At a receiver, both MLD type 1 and MLD type 2, which are mentioned above, are applied respectively when UCI + SR are transmitted.
Figure 8 illustrates BER of sequence-based for UCI 2 bits + SR. As can be seen from the figure, MLD type 1 has better UCI performance which closes to that of UCI transmission without SR, even in case of DS = 1000 ns. It is because cyclic shift values corresponding to each UCI bits are separated each other. If MLD type 2 is applied at the receiver, the performance of both UCI and SR is worse than that of MLD type 1. It is because SR detection is applied on only DMRS REs for MLD type 2, and the worse SR error rate also degrades UCI error rate. 
[image: ]               [image: ]
a) DS = 30 ns                                                                            b) DS = 300 ns
[image: ]
c) DS = 1000 ns
Fig. 8	  BER of sequence-based for UCI 2 bits + SR (TDL-A, 2PRBs).
Figure 9 illustrates ACK to NACK, NACK to ACK, and SR error rate of sequence-based for UCI 2 bits + SR. In advance of the evaluation, it is confirmed that DTX to ACK is less than 1%. As can be seen from the figure, MLD type 1 has better ACK to NACK and NACK to ACK error rate performance which closes to that of UCI transmission without SR, even in case of DS = 1000 ns. If MLD type 2 is applied at the receiver, the performance of SR is worse than that of MLD type 1. However in terms of required SNR, MLD type 1 has only 1.2~1.5 dB lower required SNR than MLD type 2 except the case of DS = 1000 ns.
[image: ]              [image: ]
a) DS = 30 ns                                                                      b) DS = 300 ns
[image: ]
c) DS = 1000 ns
Fig. 9	  ACK to NACK, NACK to ACK, SR error rate of sequence-based for UCI 2 bits + SR (TDL-A, 2PRBs).


Proposal 4:
· For HARQ-ACK + SR, a set of cyclic shift candidates for each UCI should be allocated at equal cyclic shift distance for positive SR and negative SR respectively.
[bookmark: _GoBack]
4. Conclusion
In this contribution, we discuss the detailed design for 1-symbol PUCCH carrying 1 or 2 bit(s) UCI payload size based on option 4 of sequence selection with low PAPR. Following proposals were made:
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Appendix:

Table A1 Simulation parameters
	Parameter
	Value

	Carrier frequency
	4GHz

	Channel model
	TDL-A (Delay spread = 30ns, 300ns, 1000ns)

	System bandwidth
	20MHz

	SCS
	15 kHz

	Antenna config.
	1 x 2 (uncorrelated)

	No. of UCI bits
	1, 2

	No. of PRBs
	1, 2 (contiguous PRBs)

	CP overhead
	6.6%

	UE speed
	3km/h

	Receiver
	MLD

	No. of REs per PRB
	12

	Modeling of transient period
	Linear in dB [6]

	Target requirement
	ACK-to-NACK error probability <= 1%
NACK-to-ACK error probability <= 0.1%
DTX-to-ACK error probability <= 1%



[image: ]                      [image: ]
a) DS = 30 ns                                                                            b) DS = 300 ns
[image: ]
c) DS = 1000 ns
Fig. A1	  ACK to NACK, NACK to ACK error rate (1PRB, UCI 1 bit).
[image: ]                      [image: ]
a) DS = 30 ns                                                                            b) DS = 300 ns
[image: ]
c) DS = 1000 ns
Fig. A2	  ACK to NACK, NACK to ACK error rate (2PRB, UCI 1 bit).
[image: ]                      [image: ]
a) DS = 30 ns                                                                            b) DS = 300 ns
[image: ]
c) DS = 1000 ns
Fig. A3	  ACK to NACK, NACK to ACK error rate (3PRB, UCI 1 bit).
[image: ]                      [image: ]
a) DS = 30 ns                                                                            b) DS = 300 ns
[image: ]
c) DS = 1000 ns
Fig. A4	  ACK to NACK, NACK to ACK error rate (4PRB, UCI 1 bit).


[image: ]                      [image: ]
a) DS = 30 ns                                                                            b) DS = 300 ns
[image: ]
c) DS = 1000 ns
Fig. A5	  ACK to NACK, NACK to ACK error rate (1PRB, UCI 2 bit).
[image: ]                      [image: ]
a) DS = 30 ns                                                                            b) DS = 300 ns
[image: ]
c) DS = 1000 ns
Fig. A6	  ACK to NACK, NACK to ACK error rate (2PRB, UCI 2 bit).
[image: ]                      [image: ]
a) DS = 30 ns                                                                            b) DS = 300 ns
[image: ]
c) DS = 1000 ns
Fig. A7	  ACK to NACK, NACK to ACK error rate (3PRB, UCI 2 bit).
[image: ]                      [image: ]
a) DS = 30 ns                                                                            b) DS = 300 ns
[image: ]
c) DS = 1000 ns
Fig. A8	  ACK to NACK, NACK to ACK error rate (4PRB, UCI 2 bit).
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