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1 Introduction
During RAN1 #88bis and #89 meetings, RAN1 made the following agreements for NR physical uplink control channel (PUCCH) in short duration including 2-symbol PUCCH structure, DM RS overhead for 1-symbol PUCCH with more than 2 bits, down-selection options for 1-symbol PUCCH with up to 2 bit UCI and evaluation assumptions: 
Agreements [1]:

· For 2-symbol NR-PUCCH

· option 1-1 (same UCI is repeated across the symbols using repetition of a 1-symbol NR-PUCCH) is supported for sending UCI with up to 2 bits.
· Note that sequence hopping is not precluded for option 1-1

· FFS method for sending UCI with more than 2 bits

· option 2 (2-symbol NR-PUCCH is composed of two symbols conveying different UCIs) is not supported.

· Note: The functionality of option 2 can be achieved by two 1-symbol short PUCCHs transmitted on one slot in TDM manner (as already agreed in RAN1 #88bis meeting) and therefore it is considered as not necessary to introduce option 2.
· For 1-symbol NR-PUCCH with more than 2 bits based on the agreed Option 1 (RS and UCI are multiplexed in FDM manner in the OFDM symbol),

· DM-RS overhead of 1/3 is supported

· FFS on other values for DM-RS overhead, if necessary

· FFS on detailed DM-RS pattern

· For 2-symbol NR-PUCCH, frequency hopping is supported at least for localized (contiguous) PRB allocation in each symbol

· FFS for distributed (non-contiguous) PRB allocation
· 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.
Agreement for 1-symbol PUCCH with 1 or 2 bit UCI (without SR) [2]:
· 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
Considering dynamic nature of HARQ-ACK bits in short PUCCH compared to long PUCCH/PUSCH in terms of frequency of PUCCH allocation, and small payload sizes, flexible scheduling/allocation and multi-user multiplexing capabilities may be the most important requirements for short PUCCH with up to 2 bit UCI. Sequence-based short PUCCH would be more suitable than DM RS based short PUCCH for flexible scheduling/allocation and multi-user multiplexing. This contribution presents details on sequence-based short PUCCH (without data symbol modulation) carrying scheduling request (SR) or 1-2 HARQ-ACK bits. Furthermore, link-level performances of sequence-based short PUCCH are compared for different types of resource element (RE) mapping and for the cases that combination of channel selection and sequence selection is used. 
2 Sequence based short PUCCH for SR or 1-2 HARQ-ACK bits  
For sequence-based UCI transmission (i.e. without DM RS transmission), UCI sequences can be multiplexed with DM RS sequences, and two types of resource mapping can be considered:

1. Type 1 RE mapping: Sequences carrying UCI are mapped to contiguous resource elements (REs).
An RB-length (i.e. 12) sequence may be mapped to every RE of an allocated RB and repeated or an OCC cover is applied over all the allocated RBs/RBGs to achieve an SNR processing gain. RBs/RBGs allocated for sequence-based UCI transmission may also be used for transmission of DM RS of DFT-S-OFDM based long PUCCH or PUSCH. A larger number of cyclic shifts of a base sequence, e.g. up to 12, equivalently a larger number of orthogonal sequences can be supported (i.e. can be multiplexed in a given RB), since the sequence is mapped to contiguous REs. In addition, for a given power spectral density (PSD) of transmit signals, the SNR gain is dependent on the total number of allocated RBs ([image: image2.png]
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2. Type 2 RE mapping: Sequences carrying UCI and DM-RS are code-division multiplexed (using different cyclic shifts) and mapped to non-contiguous RS REs in an RB/RBG, and frequency-division multiplexed with PUSCH or channel coding (DM RS based) UCI transmission on the remaining REs in the RB/RBG. 
For example, a DM RS pattern in Figure 1 (b) results in 12 DM RS REs within an RBG (i.e. 3 RBs), and a length-12 ZC sequence (or its cyclic shifted version) can be mapped to DM RS REs of the RBG. An SNR processing gain can be obtained by PSD boosting (e.g., by 3x as every 3rd subcarrier is occupied) and/or via RBG-level aggregation, and is dependent on the number of aggregated RBGs, ([image: image6.png]
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. In type 2 RE mapping, a given RBG can be used for both sequence based UCI transmission and channel coded (DM RS based) UCI/data transmission. 
Compared to type 1 RE mapping, type 2 RE mapping allows less number of cyclic shifts of a base sequence (i.e. the reduced max. number of orthogonally multiplexed sequences) due to increased subcarrier spacing between two adjacent DM RS REs. For example, up to 4 cyclic shifts of the base ZC sequence is supported when resource mapping is based on the DM RS pattern in Figure 1 (b). For transmission of 2 HARQ-ACK bits, UE may be configured with two separate sets of RBGs and two sequences per set of RBGs, wherein the 2 orthogonal sequences (within one set of RBGs) can be used to carry 1 HARQ-ACK bit and channel selection between the two sets of RBGs can indicate another 1 HARQ-ACK bit. In this way, the remaining 2 sequences out of 4 orthogonal sequences in each set of RBGs can be used for DM RS of PUSCH or channel coded(DM RS based) PUCCH of a different UE. Figure 2 illustrates transmission of 2 HARQ-ACK bits based on combination of channel selection and sequence-based UCI transmission.       

Type 1 RE mapping may allow code-division multiplexing (CDM) of short PUCCH with a part of long PUCCH in an RB/RBG. Type 2 RE mapping allows flexible multiplexing of different short PUCCH formats [3], i.e. formats using sequence based UCI transmission and formats using channel coding (DM-RS based) UCI transmission, and flexible multiplexing of short PUCCH and short PUSCH in the RB/RBG. Multiplexing small size UCI with DM RS of PUSCH/PUCCH in a CDM manner can exploit an additional dimension of resources without causing the interference to PUSCH/PUCCH data REs. Hence, it allows flexible RBG allocation for short PUCCH carrying small payload, which would make short PUCCH easily multiplexed with long PUCCH or long PUSCH in a system without limiting scheduling flexibility of long PUCCH/PUSCH. Furthermore, in contrast to the scheme that interleaves a RS sequence with a UCI symbol modulated sequence in the frequency domain for 1-symbol PUCCH carrying 1-2 HARQ-ACK bits, the sequence-based UCI transmission scheme without DM RS can maintain low PAPR, so that more UEs in a cell (i.e., better coverage) can benefit from 1-symbol PUCCH based fast SR and fast HARQ-ACK transmissions. UEs configured with SR resources (e.g. RB(s)/RBG(s) and a sequence) can transmit SR and 1-2 HARQ-ACK bits together in one OFDM symbol with low PAPR, if gNB allocates RB(s)/RBG(s) for 1-2 bit HARQ-ACK transmission close to RB(s)/RBG(s) configured for SR, as shown in Figure 2.
Observation 1:  Sequence-based short PUCCH transmission on DM RS REs may allow flexible multiplexing of different PUCCH formats and multiplexing of short PUCCH and short PUSCH from the same or different UEs. 
Proposal 1: For 1-symbol PUCCH, consider sequence-based UCI transmission for normal SR (via on/off signalling) and 1-2 HARQ-ACK bits, where UCI sequences can be multiplexed with DM RS sequences of other UEs in a CDM manner.
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Figure 1 Examples of resource mapping for short PUCCH with small payload (normal SR, 1~2 HARQ-ACK bits) 
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Figure 2 Example of 2 HARQ-ACK bit transmission based on combination of channel selection and sequence-based UCI transmission  
3 Performance evaluation
Table 1 presents simulation assumptions for link-level performance evaluations.
Table 1 Link-level simulation assumptions

	Parameters
	Values

	Carrier frequency
	4 GHz

	System bandwidth
	20 MHz

	Subcarrier spacing 
	15KHz

	Short PUCCH duration
	1 symbol

	Target error rate
	DTX to ACK: 1%

ACK to NACK or DTX: 1%

NACK to ACK: 0.1 %

	UCI bit
	1 or 2 HARQ-ACK bit(s)
Note: For 2 bit, channel selection is used together with sequence based transmission, as shown in Figure 2.

	RE mapping and UCI sequences
	Type 1 RE mapping: all the REs of 1 RB;
Type 2 RE mapping: DM RS REs of contiguous 3 RBs, DM RS overhead of 1/3;
2 UCI sequences (1 for ACK and 1 for NACK): cyclic shifts of length-12 ZC sequence of root index 3

	Channel model 
	TDL-A channel with delay spread scaling with 30ns, 300ns, and 1000ns

	Antenna configuration
	UE 1 Tx, gNB 2 Rx

	Noise estimation for DTX detection
	Ideal average noise power 

	gNB receiver
	Correlation based non-coherent detector 


Figure 3-Figure 5 show error rate performances of 1 bit UCI transmission for type 1 and type 2 RE mapping of sequence-based short PUCCH (shown in Figure 1), with channel delay spread scaling values of 30ns, 300ns, and 1000ns, respectively. A DTX detection threshold is set such that 1% DTX to ACK target error rate can be achieved. With small to medium delay spread (i.e. scaling values of 30ns and 300ns), type 1 and type 2 show similar error rates, or type 1 slightly outperforms type 2 with less than 0.5dB operating SNR difference at target error rates. With large delay spread (i.e. scaling values of 1000ns), performances of type 2 RE mapping degrade significantly due to high frequency selectivity of channels. Thus, gNB can configure type 2 mapping of sequence-based short PUCCH in small cell environments and/or with massive MIMO beamforming, where channel delay spread or post-beamforming channel delay spread is small enough so that a channel coherence bandwidth can be larger than transmission bandwidth of type 2 mapping. Furthermore, gNB can select type 1 or type 2 mapping for a give UE based on estimated channel delay spread and configured subcarrier spacing. For example, gNB can configure a UE using 60KHz subcarrier spacing with type 1 mapping of sequence-based short PUCCH. Note that performances of type 2 RE mapping may be robust to large delay spread, if gNB employs an advanced detector, e.g. channel estimation based on an assumed UCI sequence followed by coherent detection.    
Observation 2: With non-coherent detection, type 1 or type 2 RE mapping of sequence-based short PUCCH perform similarly for small to medium delay spread, while type 1 outperforms type2 in very large delay spread channels.
Proposal 2: gNB can select type 1 or type 2 mapping of sequence-based short PUCCH, depending on cell deployment scenarios, or UE-specifically based on estimated channel delay spread and configured subcarrier spacing.
Figure 6 and Figure 7 provide error rate performances of 2 bit UCI transmission for type 2 RE mapping of sequence-based short PUCCH, with channel delay spread scaling values of 300ns, and 1000ns, respectively. Note that 2 bit UCI is transmitted with combination of channel selection and sequence selection, as shown in Figure 2. That is, the first bit selects a UCI sequence among 2 UCI sequences, and the second bit selects a set of RBs from two sets of RBs, where the selected UCI sequence is transmitted. In both Figure 6 and Figure 7, it is observed that the 2nd bit based on channel selection has much lower error rates (ACK-to-NACK or DTX, NACK-to-ACK) than the 1st bit based on sequence selection, in particular in high SNR region. According to the results in Figure 7, type 2 RE mapping of sequence-based short PUCCH can also achieve very good performances in large delay spread channels for the 2nd bit based on channel selection. Thus, if gNB employs only one RE mapping scheme for sequence-based short PUCCH, i.e. type 2 RE mapping, for better multiplexing of sequence-based short PUCCH and DM RS based short PUSCH/PUCCH, type 2 RE mapping can be used together with channel selection, for both 1 bit and 2 bit UCI transmissions. Since type 2 RE mapping uses other UE’s DM RS REs, configuring more than one set of RBs for channel selection would not waste radio resources. Further performance enhancement for the UCI bit delivered by sequence selection may be achieved with optimizing UCI sequences.
Observation 3: Type 2 RE mapping of sequence-based short PUCCH can also achieve very good performances (similar to type 1) in large delay spread channels by adopting channel selection. 
Proposal 3: Consider type 2 RE mapping of sequence-based short PUCCH with channel selection.
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Figure 3 Comparison of error rates between type 1 and type 2 mappings for 1 bit UCI, TDL-A with DS scaling of 30ns, and 15KHz SCS  
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Figure 4 Comparison of error rates between type 1 and type 2 mappings for 1 bit UCI, TDL-A with DS scaling of 300ns, and 15KHz SCS  
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Figure 5 Comparison of error rates between type 1 and type 2 mappings for 1 bit UCI, TDL-A with DS scaling of 1000ns, and 15KHz SCS  
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Figure 6 Comparison of error rates for type 2 mappings, 2 bit UCI (combination of channel and sequence selections), TDL-A with DS scaling of 300ns, and 15KHz SCS 
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Figure 7 Comparison of error rates for type 2 mappings for 2 bit UCI (combination of channel and sequence selections), TDL-A with DS scaling of 1000ns, and 15KHz SCS 
4 Conclusion
In summary, we have the following observations and proposals for NR short PUCCH design:

· Observation 1:  Sequence-based short PUCCH transmission on DM RS REs allows flexible multiplexing of different PUCCH formats and multiplexing of short PUCCH and short PUSCH from the same or different UEs. 
· Proposal 1: For 1-symbol PUCCH, consider sequence-based UCI transmission for normal SR (via on/off signalling) and 1-2 HARQ-ACK bits, where UCI sequences can be multiplexed with DM RS sequences of other UEs in a CDM manner.

· Observation 2: With non-coherent detection, type 1 (contiguous) or type 2 (non-contiguous) RE mapping of sequence-based short PUCCH perform similarly for small to medium delay spread, while type 1 outperforms type2 in very large delay spread channels.

· Proposal 2: gNB can select type 1 or type 2 mapping of sequence-based short PUCCH, depending on cell deployment scenarios, or UE-specifically based on estimated channel delay spread and configured subcarrier spacing.
· Observation 3: Type 2 RE mapping of sequence-based short PUCCH can also achieve very good performances (similar to type 1) in large delay spread channels by adopting channel selection. 
· Proposal 3: Consider type 2 RE mapping of sequence-based short PUCCH with channel selection.
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