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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.
Agreements at RAN1 NR AH#2:
· Working assumption:
· For short-PUCCH with UCI of up to 2 bits (with/without SR), option 4 is supported.
· No more short-PUCCH format is supported for short-PUCCH in the WID scope.
Agreements at RAN1#90:
· For 1-symbol short-PUCCH for UCI of up to 2 bits,
· The sequence length of 12 REs with consecutive mapping within a PRB is at least supported.
· Further study 24 or 48 REs.
· Further study for multiplexing b/w sequence-based short-PUCCH and other sequences using CDM or FDM (DMRS for PUSCH/PUCCH, SRS, long-PUCCH).
· Including comb-structure
· For the sequence length of 12 REs,
· The supported number of base sequences is 30
· The number of cyclic shifts available for one base sequence is 12


In this contribution, we propose the design of short-PUCCH for UCI of up to 2 bits. Designs of short-PUCCH for UCI of more than 2 bits are discussed in our companion contribution [2].
2. Design of short-PUCCH for UCI of up to 2 bits
At the RAN1 NR AH#2 meeting, sequence-based short-PUCCH was agreed for UCI of up to 2 bits with/without scheduling request (SR). As we have shown so far [3] – [6], the advantage of sequence-based short-PUCCH is low PAPR property and better link performance than DMRS-based short-PUCCH. As verified in [6], sequence-based PUCCH has 40 ~ 60 % larger coverage compared to DMRS-based short-PUCCH including PAPR power backoff. Considering the minimum/essential UCI set is SR + HARQ-ACK of up to 2 bits, the sequence-based short-PUCCH should cover up to 2 HARQ-ACK bits and SR. At the RAN1#90 meeting, there was an argument whether the agreement tells us that 2 HARQ-ACK bits + SR should be handled by a short-PUCCH for UCI of more than 2 bits. However, in this case, the coverage of short-PUCCH for HARQ-ACK of 2 bits + SR is significantly worse than that of HARQ-ACK of 2 bits, since the PUCCH format cannot be the same. We believe that the sequence-based short-PUCCH is applicable to HARQ-ACK of up to 2 bits + SR.
Proposal 1:
· Sequence-based short-PUCCH is applicable to HARQ-ACK of up to 2 bits + SR.

2.1. UCI mapping to sequence
· HARQ-ACK mapping to sequence
Figure 1 illustrates mapping from HARQ-ACK to a sequence for sequence-based short-PUCCH (hereinafter called short-PUCCH) for the case of HARQ-ACK of 1 bit and  2 bits. For short-PUCCH, a set of cyclic shift candidates are allocated to a UE, and the UE selects one of cyclic shift candidates according to the HARQ-ACK information. If the set of cyclic shift candidates to deliver the HARQ-ACK are allocated at equal cyclic shift distance, 1/2m (m: No. of HARQ-ACK bits) the sequence without DMRS can be interpreted as FDM-based PUCCH with DMRS. For the detection of short-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, with the equal cyclic shift distance, DMRS-based channel estimation and demodulation can be carried out for the sequence-based PUCCH. 
Proposal 2:
· ACK or NACK, is mapped on equally-distant cyclic shift for a given PRB(s).
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(a) UCI 1 bit
[image: ]
(b) UCI 2 bit
Fig. 1	Mapping from UCI to a sequence for short-PUCCH.

· SR mapping to sequence
For a SR transmission, one CS is allocated to a UE. The UE transmits the sequence-based short-PUCCH with the given CS for the case of positive SR, while the UE does not transmit the sequence-based short-PUCCH for the case of negative SR. Figure 2 illustrates CS mapping for SR for UEs. As illustrated in figure 2, maximum 12 UEs can be multiplexed on a given PRB. 
[image: ]
Fig. 2	Cyclic shift mapping for SR-only.
Proposal 3:
· For SR transmission, one CS is allocated to a UE. 
· The UE transmits sequence-based short-PUCCH with the given CS for the case of positive SR; while the UE does not transmit sequence-based short-PUCCH for the case of negative SR.

· SR + HARQ-ACK mapping to sequence
It is important to support multiplexing between HARQ-ACK and SR for a given short-PUCCH. For short-PUCCH, different sets of cyclic shift candidates can be allocated for both positive SR and negative SR. Figure 3 illustrates an example of the set of cyclic shift candidates for HARQ-ACK and SR. In order to maintain sequence orthogonality for different HARQ-ACK even under a large delay spread, cyclic shift values corresponding to different HARQ-ACK should be separated each other. In Figure 3, each HARQ-ACK is allocated to detached cyclic shits so that the orthogonality of HARQ-ACK could be maintained. 
[image: ]
(a) HARQ-ACK of 1 bit
[image: ]
(b) HARQ-ACK of 2 bit
Fig. 3	A set of cyclic shift candidates for HARQ-ACK and SR.
2.2. PUCCH resource allocation
· Definition of PUCCH resource
For sequence-based short-PUCCH, multiple CSs should be allocated to a UE for HARQ-ACK transmission. Considering the appropriate HARQ-ACK mapping to sequence, PUCCH resource is given as following.
· One PUCCH resource is given by
· PRB index of the given UL BWP (if a sequence spanning more than one PRB is supported, then it is starting PRB index)
· Symbol index within a slot
· CS index
The CS index is a single value out of {0, 1, …, 11}. 
· PUCCH resource allocation
For HARQ-ACK feedback, the CS index corresponds to “(NACK)” for 1 bit, and “(NACK, NACK)” for 2 bits, which can be considered as starting CS index for all ACK/NACK states mapped on equally-distant CSs. From this starting CS index, UE can decide other CS index(es), i.e. “(ACK)” or “(ACK, NACK), (ACK, ACK), and (NACK, ACK)”, so that each CS for ACK or NACK is mapped on equally-distant on a given PRB(s). Note that each CS for ACK or NACK is not called as PUCCH resources in this definition.
If gNB would like to multiplex UEs on the same PRB, gNB can configure PUCCH resource of the same PRB/symbol index but different CS index to different UEs. If not, gNB can configure PUCCH resource of different PRB/symbol index to different UEs. For 2-symbol PUCCH, two PUCCH resources of different symbol index are configured to a UE. If the two PUCCH resources have different PRB index, frequency hopping is enabled.
For SR, one PUCCH resource of PRB/symbol/CS index is configured to a UE. UE transmits short-PUCCH on the given PUCCH resource for the case of positive SR; on the other hand, UE does not transmit for the case of negative SR.
For HARQ-ACK + SR, two PUCCH resources are configured to a UE; one is for HARQ-ACK + negative SR and the other is HARQ-ACK + positive SR. One example for this is the case that two PUCCH resources have the same PRB/symbol but different CS index, as illustrated in figure 3. The PUCCH resource for “SR” and “NACK + positive SR or (NACK, NACK) + positive SR” can be overlapped.

Proposal 4:
· A PUCCH resource is given by (1) PRB index for the given UL BWP, (2) symbol index for the given slot, and (3) CS index.
· Note: if a sequence spanning more than one PRB is supported, the PRB index is the starting PRB index.
· In case of HARQ-ACK feedback, the CS index for the PUCCH resource corresponds to “(NACK)” or “(NACK, NACK)”.
· For HARQ-ACK feedback only, UE determines one PUCCH resource.
· For 1 HARQ-ACK bit, equally-distant two CSs are used.
· For 2 HARQ-ACK bits, equally-distant four CSs are used.
· For SR only, UE determines one PUCCH resource.
· For HARQ-ACK + SR, UE determines one PUCCH resource for HARQ-ACK with negative SR and another PUCCH resource for HARQ-ACK with positive SR.

2.3. UE multiplexing
Figure 4 illustrates UE multiplexing of short-PUCCH for HARQ-ACK of up to 2 bits. As illustrated in figure 4, different PRBs can be allocated to different UEs for UE multiplexing. Besides, different cyclic shift (CS) of a PRB can be also allocated to different UEs. Figure 5 illustrates cyclic shifts and PRBs allocation for UE multiplexing. As shown in figure 5, ACK or NACK is mapped on equally-distant cyclic shift for a given PRB(s). Since 1 UE requires 2 or 4 cyclic shifts for the case of HARQ-ACK of 1 or 2 bit(s); assuming 12 cyclic shifts are available, the maximum 6 or 3 UEs can be multiplexed on different cyclic shifts for the case of HARQ-ACK of 1 or 2 bit(s). As the number of the multiplexed UEs on different cyclic shifts becomes larger, neighboring cyclic shifts are used by other UEs and the orthogonality of short-PUCCH for different UEs is lost for the case of large delay spread (DS), i.e. it leads multi UE interference.
[image: ]
Fig. 4	UE multiplexing of short-PUCCH for HARQ-ACK of up to 2 bits.
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(a) HARQ-ACK of 1 bit
[image: ]
(b) HARQ-ACK of 2 bit
Fig. 5	Cyclic shifts allocation to different UEs for UE multiplexing.
A link level evaluation is conducted to verify the performance of short-PUCCH with UE multiplexing on different cyclic shifts. HARQ-ACK of 1 bit, 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. Cyclic shifts allocation shown in figure 5 is assumed regardless of the number of PRBs. The performance requirements are ACK-to-NACK error rate <= 1%, NACK-to-ACK error rate <= 0.1%, and DTX-to-ACK error rate <= 1%.
Figure 6 shows the required SNR of HARQ-ACK for short-PUCCH with UE multiplexing, where the required SNR is derived by the link-level evaluation results on fig. A1 – A4. As shown in figure 6, the performance difference between “1 UE (no multi UE interference)” and “2 or 3 UE mux” is small when the DS is small, i.e. DS = 30 ns. It is because the orthogonality between different cyclic shifts can be maintained for small DS. Besides, as the number of PRBs for short-PUCCH increases, the performance degradation can be seen especially for the case of larger DS. It is because the frequency selectivity within the transmission bandwidth of short-PUCCH becomes severer as the bandwidth becomes wider, and the orthogonality between the sequences of different UEs could not be maintained. From the evaluation results, the number of PRBs as 1 or 2 is preferable for short-PUCCH for HARQ-ACK of 1 bit considering multi UE multiplexing in different cyclic shifts.
Figure 7 shows the required SNR of HARQ-ACK 2 bits for short-PUCCH with UE multiplexing, where the required SNR is derived by the link-level evaluation results on fig. A5 – A8. As shown in figure 7, the performance difference between “1 UE (no multi UE interference)” and “2 or 3 UE mux” is small when the DS is small or the number of PRBs is small. Unlike the case of HARQ-ACK 1 bit, the performance of “3 UE mux” and DS = 1000 ns significantly degrades for the case of HARQ-ACK 2 bits. It is because the closer cyclic shift distance interval was used for HARQ-ACK of 2 bits compared to that for HARQ-ACK 1 bit. From the evaluation results, “3 UE mux” may not be preferable for the case of large delay spread for HARQ-ACK 2 bits.
Observation 1:
· For HARQ-ACK of 1 bit, performance degradation of UE multiplexing by different cyclic shifts with the same sequence on the same time/frequency resource could not be seen when the number of PRBs is 2 or less even if DS = 1000 ns.
· For HARQ-ACK of 2 bits, performance degradation of UE multiplexing by different cyclic shifts with the same sequence on the same time/frequency resource is large for the case of 3 UE multiplexing on different cyclic shift and DS = 1000 ns.
From the performance results, we propose following.
Proposal 6:
· It is up to gNB whether to multiplex different CSs on the same PRB or on different PRBs.
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a) DS = 30 ns                                                                            b) DS = 300 ns
[image: ]
c) DS = 1000 ns
Fig. 6	  Required SNR for short-PUCCH with UE multiplexing (TDL-A, HARQ-ACK of 1 bit).
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a) DS = 30 ns                                                                            b) DS = 300 ns
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c) DS = 1000 ns
Fig. 7	  Required SNR for short-PUCCH with UE multiplexing (TDL-A, HARQ-ACK of 2 bit).

2.4. Views on multiplexing with DMRS for PUSCH/PUCCH or SRS or long-PUCCH
At the RAN1#90 meeting, following options illustrated in figure 8 [8] are proposed for multiplexing of the short-PUCCH with other UL sequence(s):
· Option 1: CDM with long PUCCH for UCI of up to 2 bits
· Option 2: CDM with DM-RS of short PUCCH for more than 2 bits
· Option 3: IFDM with SRS using comb structure
[image: ]
Fig.8	Options for multiplexing of the short-PUCCH with other UL sequence(s) [8].
For option 1 and option 2, target received power is different between short-PUCCH and other UL sequence(s), e.g. DMRS for PUSCH/PUCCH or SRS or long-PUCCH; and hence, near-far problem occurs between short-PUCCH and other UL sequence(s). For option 3, there is no near-far problem; however the effect of the Doppler shift should be studied. Due to the time limitation of Rel. 15, it is better not to take into account multiplexing short-PUCCH and other sequence(s). 
Proposal 7:
· Focus on completion of agreed sequence.


2.5. The length of the sequence
Due to the time limitation of standardization, LTE computer-generated/CAZAC sequence should be used as a base sequence for short-PUCCH. If other new sequence is proposed, the advantage of the new sequence should be provided in terms of a PAPR and cross-correlation by RAN1 #90-b.
In RAN1# 90, the sequence length of 12 is already agreed. Next question is whether the length of 24 or 48 should be supported. From the coverage point of view, according to the link budget analysis in [6], larger length of the sequence does not contribute to increase the coverage. The benefit of the larger sequence length is its lower cross correlation between different sequences, and it can lead lower inter cell interference. However, a randomization of PRB/sequence/CS indexes can also reduce the inter cell interference, and hence only the sequence length of 12 is enough for short-PUCCH for UCI of up to 2 bits.
Proposal 8:
· LTE computer-generated/CAZAC sequence should be used as a base sequence of short-PUCCH for UCI of up to 2 bits.
· The length of the sequence is supported only 12, i.e. 1 PRB.

3. Conclusion
In this contribution, we proposed the design of short-PUCCH carrying 1 or 2 bit(s) UCI with/without SR. Following observations and proposals were made:
Proposal 1:
· Sequence-based short-PUCCH is applicable to HARQ-ACK of up to 2 bits + SR.
Proposal 2:
· ACK or NACK, is mapped on equally-distant cyclic shift for a given PRB(s).
Proposal 3:
· For SR transmission, one CS is allocated to a UE. 
· The UE transmits sequence-based short-PUCCH with the given CS for the case of positive SR; while the UE does not transmit sequence-based short-PUCCH for the case of negative SR.
Proposal 4:
· A PUCCH resource is given by (1) PRB index for the given UL BWP, (2) symbol index for the given slot, and (3) CS index.
· Note: if a sequence spanning more than one PRB is supported, the PRB index is the starting PRB index.
· In case of HARQ-ACK feedback, the CS index for the PUCCH resource corresponds to “(NACK)” or “(NACK, NACK)”.
· For HARQ-ACK feedback only, UE determines one PUCCH resource.
· For 1 HARQ-ACK bit, equally-distant two CSs are used.
· For 2 HARQ-ACK bits, equally-distant four CSs are used.
· For SR only, UE determines one PUCCH resource.
· For HARQ-ACK + SR, UE determines one PUCCH resource for HARQ-ACK with negative SR and another PUCCH resource for HARQ-ACK with positive SR.
Proposal 5:
· For inter-cell/TRP interference randomization of sequence-based short-PUCCH, at least one of PRB / symbol / sequence / CS index should be randomized.
Proposal 6:
· It is up to gNB whether to multiplex different CSs on the same PRB or on different PRBs.
Proposal 7:
· Focus on completion of agreed sequence.
Proposal 8:
· LTE computer-generated/CAZAC sequence should be used as a base sequence of short-PUCCH for UCI of up to 2 bits.
· The length of the sequence is supported only 12, i.e. 1 PRB.
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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 (with/without SR)

	No. of PRBs
	1, 2, 3, 4 (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 [7]

	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) DS = 30 ns                                                                            b) DS = 300 ns
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c) DS = 1000 ns
Fig. A1	  ACK to NACK, NACK to ACK error rate with UE multiplexing (1PRB, UCI 1 bit).
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a) DS = 30 ns                                                                            b) DS = 300 ns
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c) DS = 1000 ns
Fig. A2	  ACK to NACK, NACK to ACK error rate with UE multiplexing (2PRB, UCI 1 bit).
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a) DS = 30 ns                                                                            b) DS = 300 ns
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c) DS = 1000 ns
Fig. A3	  ACK to NACK, NACK to ACK error rate with UE multiplexing (3PRB, UCI 1 bit).
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a) DS = 30 ns                                                                            b) DS = 300 ns
[image: ]
c) DS = 1000 ns
Fig. A4	  ACK to NACK, NACK to ACK error rate with UE multiplexing (4PRB, UCI 1 bit).
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a) DS = 30 ns                                                                            b) DS = 300 ns
[image: ]
c) DS = 1000 ns
Fig. A5	  ACK to NACK, NACK to ACK error rate with UE multiplexing (1PRB, UCI 2 bit).
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a) DS = 30 ns                                                                            b) DS = 300 ns
[image: ]
c) DS = 1000 ns
Fig. A6	  ACK to NACK, NACK to ACK error rate with UE multiplexing (2PRB, UCI 2 bit).
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a) DS = 30 ns                                                                            b) DS = 300 ns
[image: ]
c) DS = 1000 ns
Fig. A7	  ACK to NACK, NACK to ACK error rate with UE multiplexing (3PRB, UCI 2 bit).
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a) DS = 30 ns                                                                            b) DS = 300 ns
[image: ]
c) DS = 1000 ns
Fig. A8	  ACK to NACK, NACK to ACK error rate with UE multiplexing (4PRB, UCI 2 bit).
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