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1. Introduction
At the previous RAN1 meetings, following agreements were made [1]:
	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
Agreements at RAN AH#3:
· For simultaneous transmission of 2-bit HARQ-ACK and SR, short PUCCH for UCI of up to 2 bits is used
· Aim to conclude one solution in the next meeting (e.g., # of sequences, potential resource selection, potential spatial bundling, etc.)
· Confirm the following working assumption:
· For short-PUCCH with UCI of up to 2 bits (with/without SR), option 4 is supported.
· Note: option 4 is sequence selection
Conclusions:
· Study further the following alternatives:
· Alt 1: The same set of sequences is used in short PUCCH and long PUCCH when each is used for transmission of up to 2 UCI bits on one PRB.
· Alt 2: The different set of sequences can be used in short PUCCH and long PUCCH when each is used for transmission of up to 2 UCI bits on one PRB.


In this contribution, we propose the design of PUCCH format 0 (short-PUCCH for UCI of up to 2 bits and scheduling request (SR)). Since the definition of the PUCCH resource for PUCCH format 0 is not decided yet, some proposals in this contribution are overlapping the discussion of PUCCH resource allocation. The details of PUCCH resource allocation are discussed in our companion contribution [2].
2. Design of PUCCH format 0 (short-PUCCH for UCI of up to 2 bits)
2.1. UCI mapping to sequence
· HARQ-ACK mapping to sequence
Figure 1 illustrates mapping from HARQ-ACK to a sequence for PUCCH format 0 for the case of HARQ-ACK of 1 and 2 bit(s). For PUCCH format 0, 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, i.e. each cyclic shift index is in units of 12/2m (m: the number of HARQ-ACK bits), the sequence without DMRS can be interpreted as FDM-based PUCCH with DMRS. For the detection of PUCCH format 0, 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 PUCCH format 0. 
Proposal 1:
· ACK or NACK is mapped on equally-distant cyclic shift of which cyclic shift index is in units of 12/2m (m: the number of HARQ-ACK bits) 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 PUCCH format 0.

· SR mapping to sequence
For a SR transmission, one CS of a sequence is allocated to a UE. The UE transmits PUCCH format 0 with the given CS for the case of positive SR, while the UE does not transmit PUCCH format 0 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 2:
· For SR transmission, one CS of one PRB is allocated to a UE. 
· The UE transmits PUCCH format 0 with the given CS of the PRB for the case of positive SR; while the UE does not transmit PUCCH format 0 for the case of negative SR.

· SR + HARQ-ACK mapping to sequence
At the RAN1 NR AH#3 meeting, PUCCH format 0 was agreed for simultaneous transmission of 2-bit HARQ-ACK and SR. However, how to transmit 2-bit HARQ-ACK and SR simultaneously is still FFS. For this, following two alternatives have been identified:
· Alt. 1: 2-bit HARQ-ACK and positive/negative SR are delivered by selecting one of 8 CS, where each sequence has a 12-sample length and mapped on a specific PRB
· Alt. 2: 2-bit HARQ-ACK is first bundled by logical AND operation, and resultant 1-bit HARQ-ACK and positive/negative SR are delivered by selecting 4 sequence, where each has a 12-sample length and mapped on a specific PRB
HARQ-ACK bundling contributes to reduce the number of CS. However, it is at the cost of DL performance; keeping the same re-transmission rate compared to non-bundling case requires lower target BLER of each TB. Furthermore, with the above Alt.2, HARQ-ACK bundling occurs only when 2 bits HARQ-ACK and SR collide. Since gNB needs to care of the different HARQ-ACK feedback (i.e., multiplexing on non-SR timing, while bundling on SR timing), gNB DL scheduler would be complicated. Besides, if the 2 bits of HARQ-ACK are for TBs on different carriers, Alt.1 is not possible, according to the agreement achieved at RAN1 NR-AH#3 meeting (bundling of HARQ-ACKs across different CCs for a UE is not supported in Rel-15). As such, Alt.2 complicates both specification and implementation. 
The main drawback of Alt. 1 pointed out so far is that it needs 8 CS for the case of 2-bit HARQ-ACK and SR. However, for typical use-case of eMBB operation, SR periodicity can be 5ms ~ 10ms and hence,  the possibility of simultaneous transmission of 2-bit HARQ-ACK and SR is not large, the increase of the number of CSs for the simultaneous transmission of 2-bit HARQ-ACK and SR does not affect a big impact on PUCCH system overhead.
Table 1 shows PUCCH system overhead comparison of NR PUCCH format 0 and LTE PUCCH format 1b assuming 2-bit HARQ-ACK, SR, and 2-bit HARQ-ACK + SR. The number of UEs configured with CS for SR is assumed to be 300 and all UEs are assumed to transmit SR one time within SR transmission period (10 ms, 5 ms, or 1 ms), which means (30 UEs, 60 UEs, or 300 UEs) transmit SR on every 1 ms. Among 300 UEs, 12 UEs are assumed to transmit HARQ-ACK on every 1 ms. For the simultaneous transmission, 1 UE, 2 UEs, and 12 UEs are assumed to transmit 2-bit HARQ-ACK and SR at the same time, respectively for SR transmission period is (10 ms, 5 ms, and 1 ms). For UE multiplexing, 6 CS of a PRB is assumed to be used, i.e. 6 CS are used for NR PUCCH format 0 and 18 CS/OCC are used for LTE PUCCH assuming OCC length is 3. For NR PUCCH format 0, 4 CS are used for 2-bit HARQ-ACK and 1 CS is used for SR transmission. For comparison, NR PUCCH format 0 which uses 4 and 8 CS for 2-bit HARQ-ACK + SR is assumed, respectively. For LTE PUCCH, 1 CS is used for 2-bit HARQ-ACK or SR transmission, and 2 CS are used for 2-bit HARQ-ACK + SR assuming the channel selection.
As shown in table 1, even if 8 CS for 2-bit + SR is assumed, system overhead of NR PUCCH format 0 is 29 ~ 36% compared to LTE PUCCH. It is because NR PUCCH format 0 is transmitted on 1 PRB of 1 symbol, while 1 LTE PUCCH is transmitted on 1 PRB of 14 symbols. Comparing NR PUCCH format 0 which uses 4 and 8 CS for 2-bit HARQ-ACK and SR, the increase of system overhead between 4 CS and 8 CS is only 7 ~ 13 % (15/14 = 107%, 21/19 = 111%, 72/64 = 113%). On the basis of above analysis, we propose following: 
Observation 1:
· For simultaneous transmission of 2-bit HARQ-ACK and SR, 4 or 8 CS can be used. The increase of system overhead of PUCCH format 0 between 4 and 8 CS is only 7 ~ 13 %, assuming no. of supportable SR UE = 300, SR transmission period = (10, 5, 1) ms, no. of UEs for HACK-ACK = 12 / 1 ms, and no. of UEs for HACK-ACK + SR = (1, 2, 12) / 1ms.

Proposal 3:
· For simultaneous transmission of 2-bit HARQ-ACK and SR, 8 cyclic shifts are used.
· 8 cyclic shifts can be on the same PRB or different PRBs.

Table 1   Comparison of no. of PRBs required for PUCCH and system overhead of PUCCH
(For 2-bit HARQ-ACK, SR, and 2-bit HARQ-ACK + SR).
(a) SR transmission period  = 10 ms
	
	LTE PUCCH 
format 1b
	NR PUCCH format 0 (1PRB)

	
	
	4 CS for 2-bit + SR
	8 CS for 2-bit + SR

	SR transmission period [ms]
	10

	No. of supportable SR UEs
	300

	No. of UEs for HARQ-ACK / 1ms
	12

	No. of UEs for HARQ-ACK + SR / 1ms
	1

	No. of CS/OCC available for PUCCH
	18
	6

	No. of CS required for 2-bit HARQ-ACK
	1
	4

	No. of CS required for SR
	1
	1

	No. of CS required for 2-bit HARQ-ACK + SR
	2
	4
	8

	No. of PRBs required for PUCCH
	3
	14
	15

	PUCCH system overhead compared to LTE
	-
	33 %
	36 %


(b) SR transmission period  = 5 ms
	
	LTE PUCCH 
format 1b
	NR PUCCH format 0 (1PRB)

	
	
	4 CS for 2-bit + SR
	8 CS for 2-bit + SR

	SR transmission period [ms]
	5

	No. of supportable SR UEs
	300

	No. of UEs for HARQ-ACK / 1ms
	12

	No. of UEs for HARQ-ACK + SR / 1ms
	2

	No. of CS/OCC available for PUCCH
	18
	6

	No. of CS required for 2-bit HARQ-ACK
	1
	4

	No. of CS required for SR
	1
	1

	No. of CS required for 2-bit HARQ-ACK + SR
	2
	4
	8

	No. of PRBs required for PUCCH
	5
	19
	21

	PUCCH system overhead (assuming =1.0 for LTE)
	-
	27 %
	30 %


(c) SR transmission period  = 1 ms
	
	LTE PUCCH 
format 1b
	NR PUCCH format 0 (1PRB)

	
	
	4 CS for 2-bit + SR
	8 CS for 2-bit + SR

	SR transmission period [ms]
	1

	No. of supportable SR UEs
	300

	No. of UEs for HARQ-ACK / 1ms
	12

	No. of UEs for HARQ-ACK + SR / 1ms
	12

	No. of CS/OCC available for PUCCH
	18
	6

	No. of CS required for 2-bit HARQ-ACK
	1
	4

	No. of CS required for SR
	1
	1

	No. of CS required for 2-bit HARQ-ACK + SR
	2
	4
	8

	No. of PRBs required for PUCCH
	18
	64
	72

	PUCCH system overhead (assuming =1.0 for LTE)
	-
	25 %
	29 %



Figure 3 illustrates an example of the simultaneous transmission of 2-bit HARQ-ACK and SR. In figure 3, the different CS of the same PRB is used for HARQ-ACK and positive / negative SR. If the delay spread is small, the different CS of the same PRB is used for HARQ-ACK and positive / negative SR, and if the delay spread is large, the different PRB is used for HARQ-ACK and positive / negative SR. 

[image: ]
Fig. 3	An example of the simultaneous transmission of 2-bit HARQ-ACK and SR.

2.2. Base sequence for PUCCH format 0
· Different or the same base sequence for PUCCH format 0 / 1
For the base sequence of PUCCH format 0, some companies proposed new CGS of which cross-correlation between sequences and PAPR are lower than that of LTE [3-7]. However, supporting different set of sequence for PUCCH format 0 and PUCCH format 1 will complicate specification. It will also disable to multiplex PUCCH format 0 and PUCCH format 1 on the same PRB(s). Hence, we propose as following:
Proposal 4:
· The same set of sequences is used for a base sequence of PUCCH format 0 and PUCCH format 1 (Alt 1 of agreement of RAN1 NR#3)


· LTE CGS or new CGS
The base sequence of PUCCH format 0 should satisfy following points:
· (1) Constant amplitude in time domain for lower PAPR.
· (2) Lower cross-correlation for lower inter-cell interference.
The base sequence of PUCCH format 1 should satisfy following points:
· (1) Constant amplitude in time domain for lower PAPR.
· (2) Lower cross-correlation for lower inter-cell interference.
· (3) Constant amplitude in frequency domain so that almost the same channel estimation accuracy is obtained on all subcarriers.
As listed on proposal 4, we support that the same set of sequences is used for a base sequence of PUCCH format 0 and PUCCH format 1; the base sequence should satisfy all points of (1) ~ (3). Since LTE CGS satisfies all points of (1)~(3), we propose as following:
Proposal 5:
· LTE computer generated sequence (CGS) is used for the base sequence of both PUCCH format 0 and 1

· Length of the sequence
In RAN1# 90, the sequence length of 12 is already agreed. Next question is whether the length of 24 or 48 should be supported. According to the link budget analysis in [8], 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, appropriate coordination of inter-cell interference can also reduce the inter cell interference, and hence only the sequence length of 12 is enough for PUCCH format 0.
Proposal 6:
· The length of the sequence is supported only 12 for PUCCH format 0.

2.3. Views on multiplexing with DMRS for PUSCH/PUCCH or SRS or long-PUCCH
At the RAN1#90 meeting, following options illustrated in figure 4 [9] 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.4	Options for multiplexing of the PUCCH format 0 with other UL sequence(s) [9].
For option 1 and option 2, target received power can be different between PUCCH format 0 and other UL sequence(s), e.g. DMRS for PUSCH/PUCCH or SRS or long-PUCCH (PUCCH format 1); and hence, near-far problem occurs between PUCCH format 0 and other UL sequence(s). For option 3, there is no near-far problem. However, due to the time limitation of Rel. 15, it is better not to take into account multiplexing PUCCH format 0 and other sequence(s). 
Proposal 7:
· Sequence design should not be taken into account to Multiplex with other sequence(s).

3. Conclusion
In this contribution, we proposed the design of PUCCH format 0. Following proposals were made:
Proposal 1:
· ACK or NACK is mapped on equally-distant cyclic shift of which cyclic shift index is in units of 12/2m (m: the number of HARQ-ACK bits) for a given PRB(s).
Proposal 2:
· For SR transmission, one CS of one PRB is allocated to a UE. 
· The UE transmits PUCCH format 0 with the given CS of the PRB for the case of positive SR; while the UE does not transmit PUCCH format 0 for the case of negative SR.
Observation 1:
· For simultaneous transmission of 2-bit HARQ-ACK and SR, 4 or 8 CS can be used. The increase of system overhead of PUCCH format 0 between 4 and 8 CS is only 7 ~ 13 %, assuming no. of supportable SR UE = 300, SR transmission period = (10, 5, 1) ms, no. of UEs for HACK-ACK = 12 / 1 ms, and no. of UEs for HACK-ACK + SR = (1, 2, 12) / 1ms.
Proposal 3:
· For simultaneous transmission of 2-bit HARQ-ACK and SR, 8 cyclic shifts are used.
· 8 cyclic shifts can be on the same PRB or different PRBs.
Proposal 4:
· The same set of sequences is used for a base sequence of PUCCH format 0 and PUCCH format 1 (Alt 1 of agreement of RAN1 NR#3)
Proposal 5:
· LTE computer generated sequence (CGS) is used for the base sequence of both PUCCH format 0 and 1
Proposal 6:
· The length of the sequence is supported only 12 for PUCCH format 0.
Proposal 7:
· Sequence design should not be taken into account to Multiplex with other sequence(s).
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