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1 Introduction
During RAN1 #88bis meeting, RAN1 made the following agreements for NR physical uplink control channel (PUCCH) in short duration [1]: 
Agreement for 1-symbol PUCCH with 1 or 2 bit UCI (without SR):
· 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
Agreement for 1-symbol PUCCH with more than 2 bits:
· 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
· 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.
Agreements for 2-symbol PUCCH:
· For 2-symbol NR-PUCCH, following options are considered (including possible down-selection)

· Option 1: 2-symbol NR-PUCCH is composed of two 1-symbol NR-PUCCHs conveying the same UCI.

· 1-1: Same UCI is repeated across the symbols using repetition of a 1-symbol NR-PUCCH.

· 1-2: UCI is encoded and the encoded UCI bits are distributed across the symbols.

· Option 2: 2-symbol NR-PUCCH is composed of two symbols conveying different UCIs.

· E.g., time-sensitive UCI (e.g., HARQ-ACK) is in the second symbol.

This document presents further details on short duration PUCCH (short PUCCH) including sequence-based UCI transmission for small payload size and a structure of 2-symbol PUCCH. 
2 1-symbol PUCCH for SR or 1-2 HARQ-ACK bits  
Short PUCCH may carry SR, 1 or 2 HARQ-ACK bits, or 3~70 bits consisting of CSI, HARQ-ACK, and/or SR. Small payload UCI such as normal SR via on/off signalling and 1~2 HARQ-ACK bits can be transmitted via a sequence-based message, and the receiver can perform non-coherent sequence detection for decoding. A base Zadoff-Chu (ZC) sequence and sequences resulting from time-domain cyclic shifts of the base ZC sequence can be used for DM RS (e.g. for UCI transmission based on channel coding and DM RS, or DM RS for short data channel) and sequence-based messages. For on/off signalling based normal SR, a gNB may semi-statically configure a UE with resource blocks (RBs) or resource block groups (RBGs) and a sequence. A RB consists of 12 subcarriers of one OFDM or DFT-s-OFDM symbol, and an RBG consists of two or more RBs contiguous in the frequency domain. For 1 (or 2) HARQ-ACK bits, the gNB may allocate RBGs and 2 (or 4) sequences to the UE with combination of semi-static and dynamic signalling. Short PUCCH formats defined according to transmission schemes and UCI types and resource allocation methods for each short PUCCH format are explained in our companion paper [2].    
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 are mapped to non-contiguous DM RS REs in an RB/RBG, where PUSCH or channel coding/DM RS based UCI transmission is frequency-division multiplexed with DM RS. 
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 DM RS/channel coding 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 one of the two sets of configured RBGs can be used to carry 1 HARQ-ACK bit based on 2 orthogonal sequences and channel selection between the two sets of RBGs can indicate another 1 HARQ-ACK bit. In this way, 2 sequences out of 4 orthogonal sequences in each set of RBGs can be used for DM RS of PUSCH or channel coding/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, i.e. formats using sequence based UCI transmission and formats using DM RS/channel coding 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 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:  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 2-symbol PUCCH

Table 1 presents comparison of different options for 2-symbol PUCCH structure. From the analysis below, we propose defining the common RS and UCI multiplexing structure for 1-symbol PUCCH and 2-symbol PUCCH, as described in option 1 and option 4.  
Table 1 Comparison of different options for 2-symbol PUCCH structure
	Options
	Schemes
	Notes

	1
	RS and UCI are multiplexed by FDM manner in each symbol. 
	Since each RB or RBG has DM RS, different RB or RBG allocations between two symbols (e.g. frequency hopping) are possible. Thus, frequency diversity can be exploited without causing PA power back-off due to inter-modulation. 
The common structure of RS and UCI multiplexing for 1-symbol PUCCH and 2-symbol PUCCH would allow efficient multiplexing of multiple short PUCCHs having different duration within the short UL control region. 
Adding DM RS also in the second symbol of 2-symbol PUCCH does not necessarily increase the system overhead, as the DM RS REs can be shared for sequence-based UCI transmission.  

	2
	RS and UCI are multiplexed by TDM manner.
	Transmitting only DM RS in the first symbol of 2-symbol PUCCH may not be resource efficient, as DM RS overhead is always 50%.  
Further, this option does not allow inter-symbol frequency hopping

	3
	RS and UCI are multiplexed by FDM manner in one symbol and only UCI is carried on another symbol without RS
	This option does not allow inter-symbol frequency hopping.
The common structure of RS and UCI multiplexing for 1-symbol PUCCH and 2-symbol PUCCH is beneficial for flexible multiplexing of multiple PUCCHs. 

	4
	Sequence based design without RS only for small payload size case (sequence transmitted in each symbol)
	Multiplexing UCI sequences with DM RS sequences in a CDM manner can exploit an additional dimension of resources without causing the interference to PUSCH/PUCCH data REs.

	5
	Sequence based design with RS only for small payload size case
	UE transmit power may need to be divided into two or more different sequences (RS and payload). Thus, SNR provided for detecting each sequence may decrease, which is not desirable for power-limited UEs.

	6
	Pre-DFT multiplexing in one or both symbol(s)
· {CP + Pilot} + {CP + Data} to avoid MPI b/w pilot and data

· CP + {Pilot + Data} as current DFT-s-OFDM
	Multiplexing data and RS in the time domain before DFT-spreading would make it difficult to apply frequency-domain channel estimation and one-tap equalization. 



Proposal 2: For 2-symbol PUCCH structure, consider multiplexing RS and UCI in an FDM manner in each symbol, and support sequence-based UCI transmission in each symbol for small payload sizes (normal SR, 1-2 HARQ-ACK bits).
UCI carried in each symbol of 2-symbol PUCCH can be the same either with repetition or with distribution of channel bits, depending on UCI payload size. For sequence based small payload UCI transmissions, sequence(s) of 1-symbol PUCCH component can be repeatedly transmitted across 2 OFDM symbols. For UCI of more than 2 bits, all UCI bits are jointly encoded, and the resulting channel bits can be distributed across 2 OFDM symbols to achieve a higher coding gain. Separate encoding of different UCI bits would result in higher cyclic redundancy check (CRC) overhead. However, separate encoding can be enabled in a certain scenario. For example, if a signalled uplink HARQ-ACK feedback delay is a short duration (e.g. less than a slot) and/or if time duration between the end of the last symbol carrying a DL assignment and the beginning of the first symbol of 2-symbol PUCCH is less than a threshold, a UE encodes corresponding HARQ-ACK bits separately from other UCI bits and transmits them in the second symbol of 2-symbol PUCCH, which can provide the UE with at least the minimum required processing time.
Proposal 3: For 2-symbol PUCCH, NR supports repetition of the same UCI sequence(s) across 2 OFDM symbols for small payload UCI, and supports selection between joint encoding of all UCI bits and separate encoding of different UCI bits, depending on operating conditions (e.g. HARQ-ACK feedback delay).
4 Conclusion
In summary, we have the following observations and proposals for NR short PUCCH design:

· Observation:  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.
· Proposal 2: For 2-symbol PUCCH, consider multiplexing RS and UCI in an FDM manner in each symbol, and support sequence-based UCI transmission in each symbol for small payload sizes (normal SR, 1-2 HARQ-ACK bits).
· Proposal 3: For 2-symbol PUCCH, NR supports repetition of the same UCI sequence(s) across 2 OFDM symbols for small payload UCI, and supports selection between joint encoding of all UCI bits and separate encoding of different UCI bits, depending on operating conditions (e.g. HARQ-ACK feedback delay).
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