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1. Introduction
At the RAN1#88bis meeting, following agreements were made [1]:
	Agreements:
· 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


In this contribution, we propose to adopt 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] – [4], option 4 offers better performance than option 1. This comes from the fact that option 4 does not convey RS; more 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 found 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.

Figure 2 illustrates required SNR comparison between option 1 (FDM-based) and option 4 (sequence-based) for achieving the performance requirements of HARQ-ACK. 2, 3, and 4 as the numbers of PRBs, and channel model of EPA and ETU are assumed. ML detection is performed at the receiver. 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.
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a) EPA                                                                                      b) ETU
Fig. 2	Required SNR comparison between FDM-based PUCCH and sequence-based PUCCH.
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Fig. 3	PAPR cumulative CDF comparison between FDM-based PUCCH and sequence-based PUCCH.

From these two performance comparisons, we propose to adopt 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.

3. Design of sequence-based PUCCH
3.1. Sequence design
Assuming CAZAC sequence is used for PUCCH, sequence length is a key factor to be determined. Longer sequence has higher CDM capacity in CS-domain, and has lower cross-correlation with the CAZAC sequence having the same length while with different sequence index. However, longer sequence consumes more overhead 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 CDF of cross-correlation for a given sequence length of LTE CAZAC sequences. For LTE, CAZAC sequences for 1 RB (12 subcarriers) and 2 RBs (24 subcarriers) adopt computer-generated sequence, so that 30 different sequences are available. Zadoff-Chu (ZC) sequence, which is used for 3 RBs or more, has better cross-correlation performance. As for LTE, it is expected that different sequences are assigned at neighboring cells. In order to suppress inter-cell interference, the sequence length should not be too short; it should be at least the one for 3 RBs. ZC sequence for 3 RBs has 31 samples (with cyclic extension to match 36 subcarriers). With this sequence length, 30 sequence indices are available, which can be assigned to neighboring cells. 
[image: ]
Fig. 4	Cumulative CDF of cross-correlation between CAZAC sequences having the same length.

Next question is whether a sequence length for more than 3 RBs is necessary. In general, for a given payload, same transmission duration with different bandwidth will not change the link-budget. Unless strong reason is identified, the sequence length for 3 RBs would be the baseline.

Proposal 2:
· ZC sequence corresponding to 3 RBs (length of 31 samples) is the starting point.

3.2. Multiplexing with FDM-based PUCCH
Regarding the multiplexing between sequence-based PUCCH and FDM-based PUCCH carrying more than 2 bits, following approaches as shown in Figure 5 can be considered.
· Approach 1: Support FDM between FDM-based PUCCH and sequence-based PUCCH.
· Sequence can be designed independently from the RS of FDM-based PUCCH (Fig. 4 (a)).
· Approach 2: Support CDM between RS of FDM-based PUCCH and sequence-based PUCCH.
· Sequence and RS of FDM-based PUCCH should jointly be designed (Fig. 4 (b)).
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(a) Approach 1					(b) Approach 2
Fig. 5	Multiplexing of PUCCHs for up to 2 bits and for more than 2 bits.

As we proposed in [2], for FDM-based PUCCH with UCI of more than 2 bits, appropriate RS density is not 1/2; it should be less than 1/2, even should be 2/12. In order to investigate the feasibility of approach 2, BER performance of sequence mappings in non-contiguous manner as illustrated in Fig. 6 is evaluated. For simplicity, here, the shortest sequence length, i.e., CAZAC sequence for 1 PRB, is used. From the evaluation results shown in Figure 7, it can be observed that sparse mapping of sequence degrades the performance especially when the channel frequency-selectivity is severe. If the base sequence length is 31 samples, the performance degradation will be more pronounced.

[image: ]
Fig. 6	Evaluated sequence mapping.
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(a) EPA							(b) ETU
Fig. 7	BER performance of sequence-based PUCCH with sparse sequence mapping.

Therefore, our preference is approach 1; sequence-based PUCCH and FDM-based PUCCH are designed separately, aiming at FDM between these PUCCHs.

Proposal 3:
· Multiplexing with FDM-based PUCCH is done in FDM manner.
· Sequence design for sequence-based PUCCH and FDM-based PUCCH can be separate.

3.3. Sequence selection for HARQ-ACK and/or SR
Mapping from UCI to a sequence
Two allocation types of cyclic shift candidates can be considered, which are illustrated in Figure 8. The decision should be made together with whether CDM with other UEs is applied for the sequence-based PUCCH. 
[image: ]          [image: ]
a) Type 1                                         b) Type 2
Fig. 8	CS allocation types.

Scheduling request (SR) can be multiplexed with UCI by allocating other cyclic shift candidates. Figure 9 gives an example. The details of cyclic shift allocation for SR is discussed in [3]. 
[image: ]
Fig. 9	HARQ-ACK + SR.

Proposal 4:
· Further investigate how to assign CS value to each of the UCI code-point.
· For HARQ-ACK + SR, CS shift is applied.

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:
Proposal 1:
· Sequence-based 1-symbol PUCCH is supported for UCI of up to 2 bits.
Proposal 2:
· ZC sequence corresponding to 3 RBs (length of 31 samples) is the starting point.
Proposal 3:
· Multiplexing with FDM-based PUCCH is done in FDM manner.
· Sequence design for sequence-based PUCCH and FDM-based PUCCH can be separate.
Proposal 4:
· Further investigate how to assign CS value to each of the UCI code-point.
· For HARQ-ACK + SR, CS shift is applied.
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Appendix: simulation assumption

Table A1 Simulation parameters
	Parameter
	Value

	Carrier frequency
	4GHz

	Channel model
	EPA, ETU

	System bandwidth
	20MHz

	SCS
	15 kHz

	Antenna config.
	1 x 2 (uncorrelated)

	No. of UCI bits
	2

	CP overhead
	6.6%

	UE speed
	3km/h

	Receiver
	MLD

	No. of REs per PRB
	12

	Modeling of transient period
	Linear in dB [5]

	Target requirement
	ACK-to-NACK error probability <= 1%
NACK-to-ACK error probability <= 0.1%
DTX-to-ACK error probability <= 1%
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a) 2 PRBs                                                                            b) 3 PRBs
[image: ]
c) 4 PRBs
Fig. A1	  ACK to NACK, NACK to ACK error rate (EPA).
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a) 2 PRBs                                                                            b) 3 PRBs
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c) 4 PRBs
Fig. A2	  ACK to NACK, NACK to ACK error rate (ETU).
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