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Introduction
One of the important topics within the scope of UL control channel design for NR is the transmission of PUCCH within duration of one symbol carrying at least 1 or 2 to 10s of UCI bits. The design of 1-symbol PUCCH was heavily discussed during the study item where various design options were proposed based on different criteria such as PAPR, coverage, multiplexing capacity and operating SNR. In RAN1#88, different proposed options were listed as the following and it was agreed to narrow down the options as soon as possible. In our companion contribution[1] we discussed that for 1-2 bits UCI, 1-symbol PUCCH based on sequence selection can be considered as a reasonable choice. In this contribution we address the structure of 1-symbol PUCCH for accommodating transmission of UCI of more than 2 bits.
The following agreements were made during the last meeting for 1-symbol PUCCH with more than 2 bits [2]:
Agreement:
· At least for 1 symbol short-PUCCH with more than 2 bits, the following is supported.
·  RS and UCI are multiplexed in FDM manner in the OFDM symbol where RS and UCI are mapped on different subcarriers and coherent demodulation are supported.
· FFS: Details on RS
· FFS: whether to support option 6 (pre-DFT)
· FFS: for 1 and 2 bits
Agreements:
· For 1-symbol short PUCCH with > 2 UCI bits, the following is supported for the agreed Option 1:
· QPSK for UCI
· X1 to X2 PRBs can be configured to support various UCI payload sizes
· Both localized (contiguous) and distributed (non-contiguous) allocations are supported 
· FFS: detailed PRB allocations and signaling of the configuration
· FFS: values of X1, X2
· DMRS overhead: down-select among the following options:
· Option 1: one value (e.g., 1/2, 1/3, 1/4, 1/5, …)
· Option 2: multiple values depending on, e.g. UCI payload size etc.
Agreement: 
· K=1 (if channel coding is applied):
· Repetition code
· K=2 (if channel coding is applied):
· Simplex code
· 3<=K<=11:
· LTE RM code
· Note that if NR requires a codeword size N that is not supported by the LTE RM code, then the LTE RM code will be extended by repetition as in LTE
· 12<=K:
· Polar code (single design for all control information sizes, except for possible omission of CRC bits for payloads <= ~22 bits)

In this contribution we discuss the remaining details on 1-symbol PUCCH structure for transmission of more than 2 UCI bits including the corresponding DMRS structure payload to PRB mapping.
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In our view, the structure of 1-symbol PUCCH for supporting more than 2 UCI bits is such that in this format, DM-RS uses a subset of subcarriers allocated on a comb and the remaining subcarriers are modulated with channel encoded and QPSK-mapped UCI, see Figure 1Figure 1. We will refer to this format as OFDM-based. 
In order to determine more details on the DMRS and payloads structures, the link level performance of the PUCCH for different settings is evaluated and discussed in the following section. 
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[bookmark: _Ref478138654]Figure 1: OFDM-based 1-symbol PUCCH format supporting more than 2 UCI bits.
In this section we evaluate the OFDM-based format for payloads in the range of 5 to 30 bits with DM-RS overhead (RS OH) of 1/2, 1/3, and 1/4, respectively. The definition of the DM-RS pattern corresponds to the layouts illustrated in Figure 2Figure 2. To avoid code rate close to 1, we consider 1 PRB only for 5 bits UCI, and 2 - 6 PRBs for 10-30 bits UCI. Since the code rate is close to 1 with only 1 PRB and RS OH 1/2, we consider more PRBs for example 2, 4 and 6 PRBs in the evaluations. The transmitter is configured with constant Tx power TX PSD which hence leads to a reduced Tx PSD an increase in the TX power as the number of PRBs increases. For UCI bits more than 11 bits, Polar encoders are used and RM encoders, otherwise. In case of Polar encoder, the UCI bits are appended by two CRC codes, there the first of consisting of 3 bits is Polar code specific and the second one consisting of 8 bits is for error detection purposes. Thus in total 11 bits CRC with Polar code. In case of a detected CRC-fail, all bits are treated as NACK, i.e., the same handling as for LTE PUCCH format 4 and 5. The simulation settings and performance metrics used in this section are the same as listed in Table 1Table 1. 
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[bookmark: _Ref481411135]Figure 2: Illustration of DMRS mapping on a PRB for more than 1-2 UCI bits for 1-symbols PUCCH 
The coding rate for different number of UCI bits (with or without CRC codes) and different combinations of DMRS overhead as well as allocated number of PRBs for 1-symbol PUCCH transmissions are shown in Figure 3Figure 3. The cases that the coding rate exceeds 1/3 are also can be distinguished from this figure.. 
[bookmark: _Ref481402938]Table 1: Simulation assumptions for 1-symbol PUCCH for more than 2 bits UCI
	Parameter
	Value

	Carrier frequency
	4 GHz

	System bandwidth
	20 MHz

	UCI bits
	5, 10, 20, 30 bits

	CRC bits
	3+ 8 bits 

	Channel coding
	3-11 UCI bits: LTE RM/RM-dual
More than 11 UCI bits: Polar codes

	Modulation
	QPSK

	#PRB for 1-symbol PUCCH
	1, 2, 4, 6

	PRB and subcarrier allocation
	Contiguous and non-contiguous  (well separated) over allocated PRBs. 

	DM-RS overhead
	1/2, 1/3, 1/4

	Number of UEs
	Single UE

	Performance metric
	NACK-to-ACK error probability ≤ 0.1%
ACK-miss detection probability ≤ 1%
DTX-to-ACK probability ≤ 1%

	Interference model
	AWGN (no inter-cell interference)

	Channel estimation
	Realistic

	Noise estimation
	Ideal
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[bookmark: _Ref481630002]Figure 3: Encoding rate for different number of UCI bits (with or without CRC codes) and different combinations of DMRS overhead as well as allocated number of PRBs for 1-symbol PUCCH transmissions. The figure also shows the cases corresponding to the coding rate exceeds 1/3.
Based on the link level simulation results, the probability for occurrence of NACK-to-ACK error, ACK-miss detection error and DTX-to-ACK error are obtained for different number of UCI bits as well as the number of allocated PRBs. For each test case, then the (power-adjusted) minimum SNR value that meets the requirements indicated in Table 1Table 1 is determined. The results are shown in Figure 4Figure 4  to Figure 7Figure 6 for different number of UCI bits.


[bookmark: _Ref481634871]Figure 4: Minimum required SNR to meet the performance requirements for the OFDM-based format for 1-symbol PUCCH and 5 UCI bits. Single UE and TDL-A 300ns channel model are assumed. 


Figure 54: Minimum required SNR to meet the performance requirements for the OFDM-based format for 1-symbol PUCCH and 10 UCI bits. Single UE and TDL-A 300ns channel model are assumed. 


Figure 65: Minimum required SNR to meet the performance requirements for the OFDM-based format for 1-symbol PUCCH and 20 UCI bits. Single UE and TDL-A 300ns channel model are assumed.

[bookmark: _Ref481634878]Figure 76: Minimum required SNR to meet the performance requirements for the OFDM-based format for 1-symbol PUCCH and 30 UCI bits. Single UE and TDL-A 300ns channel model are assumed.
The considered OFDM-based format enables higher payloads than the sequence-based PUCCH formats, but lacks the UE multiplexing capabilities on a single PRB, wherefore it is less preferred format for low payloads of 1-2 bits. It also has a relatively high PAPR/CM and hence is not suited for coverage optimization.
Based on the performance evaluation, we make the following observations and proposals.
Observations:
· With contiguous PRB allocation (1-6), the (power-adjusted) operating SNR is improved by increasing the number of PRBsIncreasing the number of allocated PRB allocation reduces the minimum required operating SNR is reduced.
· With non-contiguous PRB allocation (1-6), the (power-adjusted) operating SNR is not necessarily improved by increasing the number of PRBs. Non-contiguous PRB allocation improves the performance and the minimum required operating SNR is reduced.
· Significant gains in the (power-adjusted) operating SNR with non-contiguous allocation compared to contiguous allocation. 
· UutilizingUtilizing DMRS OH 1/3 provides an overall good performance. 
· UUutilizing DMRS OH 1/3 achieves best (power-adjusted) operating SNR for 5- and 210 UCI bits when RM encoder is applied.
· Uutilizing DMRS OH 1/4 achieves best (power-adjusted) operating SNR for for 20 and 30 UCI bits. when Polar encoder is applied. Moreover, minor difference in performance is observed by DMRS OH of 1/3.
Proposals:
· DMRS overhead of 1/3 can be assumed as the default value for 1-symbol PUCCH for more than 2 UCI bits.
· Non-contiguous PRB allocation is the baseline assumption for 1-symbol PUCCH for more than 2 UCI bits.
· Number of allocated PRBs for 1-symbol PUCCH for more than 2 UCI bits depends on the UCI size.
Conclusion
In this contribution we investigated and discussed the remaining details on 1-symbol PUCCH structure for transmission of more than 2 UCI bits including the corresponding DMRS density and PRB size and mapping. Based on this study we made the following observations and  propose the following:
Observations:
· With contiguous PRB allocation (1-6), the (power-adjusted) operating SNR is improved by increasing the number of PRBs
· With non-contiguous PRB allocation (1-6), the (power-adjusted) operating SNR is not necessarily improved by increasing the number of PRBs.
· Significant gains in the (power-adjusted) operating SNR with non-contiguous allocation compared to contiguous allocation. 
· Utilizing DMRS OH 1/3 provides an overall good performance. 
· Utilizing DMRS OH 1/3 achieves best (power-adjusted) operating SNR for 5-20 UCI bits 
· Utilizing DMRS OH 1/4 achieves best (power-adjusted) operating SNR for 30 UCI bits. 

Proposals:
· DMRS overhead of 1/3 can be assumed as the default value for 1-symbol PUCCH for more than 2 UCI bits.
· Non-contiguous PRB allocation is the baseline assumption for 1-symbol PUCCH for more than 2 UCI bits.
· Number of allocated PRBs for 1-symbol PUCCH for more than 2 UCI bits depends on the UCI size.
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1 UE, 5 UCI bits

1/2 RS OH	1 PRB	2 PRB	4 PRB	6 PRB	1 PRB	2 PRB	4 PRB	6 PRB	10.9	9.3330000000000002	8.1780000000000008	7.6379999999999999	7.218	6.3120000000000003	6.1319999999999997	1/3 RS OH	1 PRB	2 PRB	4 PRB	6 PRB	1 PRB	2 PRB	4 PRB	6 PRB	9.2929999999999993	7.8040000000000003	7.0359999999999996	6.8040000000000003	6.1319999999999997	5.7	5.8789999999999996	1/4 RS OH	1 PRB	2 PRB	4 PRB	6 PRB	1 PRB	2 PRB	4 PRB	6 PRB	8.9239999999999995	8.0220000000000002	7.4610000000000003	7.2130000000000001	6.2640000000000002	5.8490000000000002	6.109	
Required SNR [dB]




1 UE, 10 UCI bits

1/2 RS OH	2 PRB	4 PRB	6 PRB	2 PRB	4 PRB	6 PRB	9.3919999999999995	8.1609999999999996	7.883	7.7839999999999998	6.7839999999999998	6.6909999999999998	1/3 RS OH	2 PRB	4 PRB	6 PRB	2 PRB	4 PRB	6 PRB	9.1219999999999999	8.1219999999999999	7.8739999999999997	7.1470000000000002	6.5140000000000002	6.8070000000000004	1/4 RS OH	2 PRB	4 PRB	6 PRB	2 PRB	4 PRB	6 PRB	9.2050000000000001	8.3360000000000003	8.1029999999999998	7.3	6.8810000000000002	7.077	
Required SNR [dB]




1 UE, 20 UCI bits

1/2 RS OH	2 PRB	4 PRB	6 PRB	2 PRB	4 PRB	6 PRB	15	13.59	12.92	11.78	1/3 RS OH	2 PRB	4 PRB	6 PRB	2 PRB	4 PRB	6 PRB	17.02	13.16	12.38	16.84	11.45	10.68	1/4 RS OH	2 PRB	4 PRB	6 PRB	2 PRB	4 PRB	6 PRB	15.88	13.13	12.43	15.41	11.55	10.88	
Required SNR [dB]




1 UE, 30 UCI bits

1/2 RS OH	2 PRB	4 PRB	6 PRB	2 PRB	4 PRB	6 PRB	18.350000000000001	15.41	17.260000000000002	13.75	1/3 RS OH	2 PRB	4 PRB	6 PRB	2 PRB	4 PRB	6 PRB	15.54	13.7	13.78	12.27	1/4 RS OH	2 PRB	4 PRB	6 PRB	2 PRB	4 PRB	6 PRB	14.93	13.44	13.28	12.23	
Required SNR [dB]
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