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1. Introduction
At the previous RAN1 meetings, UL control channel for NR (NR PUCCH) were discussed and following agreements were made [1]:
	Agreements at RAN1#86bis:
· For UL control channel in short duration,
· 1 symbol duration of a slot is supported.
· [bookmark: OLE_LINK1][bookmark: OLE_LINK2]FFS: a few symbol duration of a slot is supported.
· Mechanism enabling frequency-diversity is supported.
Agreements at RAN1#86bis:
· Study at least the following operations to be supported in NR, from a single UE perspective
· Case 1: UL data and UCI are FDMed where the resource for UCI is not a part of the resource allocated for UL data 
· Case 2: UL data and UCI are TDMed where the resource for UCI is not a part of the resource allocated for UL data 
· Case 3: UL data and UCI are multiplexed where the resource for UCI is a part of the resource allocated for UL data
· FFS: how different types of UCI are handled
· Further study on other possibilities is not precluded
Agreements at RAN1#87:
· Support FDM of ‘short UCI’ and data, both within a UE and between UEs at least for the case where the PRBs for short UCI and data are non-overlapping
· FFS: PUSCH in the short UL duration can be scheduled independently
Agreements at RAN1#87:
· In order to support TDM of short PUCCH from different UEs in the same slot, a mechanism to tell the UE in which symbol(s) in a slot to transmit the short PUCCH on is supported at least above 6 GHz (exact mechanism FFS)
Agreements at RAN1#AH_NR:
· For PUCCH in short-duration,
· At least following is supported for PUCCH in 1-symbol duration:
· UCI and RS are multiplexed in the given OFDM symbol in FDM manner if RS is multiplexed.
· Same SCS between DL/UL data and PUCCH in short-duration in the same slot.
· At least a PUCCH in short-duration spanning 2-symbol duration of a slot is supported.
· FFS actual structure and waveform.
· Same SCS between DL/UL data and PUCCH in short-duration in the same slot.
· At least semi-static configuration for the following is supported.
· A PUCCH resource of a given UE within a slot.
· i.e., short-PUCCHs of different UEs can be TDM’ed within the given duration in a slot.
· The PUCCH resource includes time, frequency and, when applicable, code domains.
· FFS details e.g., if the time in the PUCCH resource includes both slot and symbol, or only symbol in a slot
· PUCCH in short-duration can span until the end of a slot from UE perspective
· No explicit gap symbol is necessary after the PUCCH in short-duration.
· For a slot having short UL-part (i.e., DL-centric slot):
· ‘Short UCI’ and data can be FDMed by one UE if a data is scheduled on the short UL-part.
· For a slot having long UL-part (i.e., UL-centric slot or UL-only slot), following are FFS:
· Whether/how a UL data in the long UL-part can be extended until the end of the slots.
· Whether/how a UL data can be scheduled on the short-duration.
Agreements at RAN1#88:
· For 2-symbol PUCCH, consider following options
· Option 1: RS and UCI are multiplexed by FDM manner in each symbol.
· Option 2: RS and UCI are multiplexed by TDM manner.
· Option 3: RS and UCI are multiplexed by FDM manner in one symbol and only UCI is carried on another symbol without RS
· Option 4: Sequence based design without RS only for small payload size case
· Option 5: Sequence based design with RS only for small payload size case
· Option 6: Pre-DFT multiplexing in one or both symbol(s)
· Combination of above options are not precluded
· RAN1 will definitely down select above options in the next meeting
Agreements at RAN1#88:
· For 1-symbol PUCCH, consider following options
· Option 1: RS and UCI of one UE are multiplexed by FDM manner in each symbol.
· Already agreed.
· Option 4: Sequence based design without RS only for small (1~2) payload size case
· Information is delivered by which sequence/code is transmitted
· Sequence is mapped over contiguous or non-contiguous REs
· UCI sequence can be CDMed with DMRS sequence of other UEs 
· Option 5: Sequence based design with RS only for small (1~2) payload size case
· Information is delivered by which/what sequence/code is transmitted 
· RS and UCI are multiplexed by CDM manner
· Option 6: Pre-DFT multiplexing of RS and UCI
· Consider for both small and large UCI payload size cases 
· Possibility 1: {CP + Pilot} + {CP + Data} to avoid MPI b/w pilot and data
· Possibility 2: CP + {Pilot + Data} as current DFT-s-OFDM
· Other possibilities are not precluded
· RAN1 will definitely down select above options in the next meeting


In this contribution, we propose structures of PUCCH in short-duration. Detailed evaluation comparison on possible PUCCH structure for UCI of up to 2 bits is found in our companion contribution [2].

2. Structures of PUCCH in short duration
At the RAN1#88 meeting, some options were agreed for PUCCH in short-duration. Considering the necessary specification efforts, minimum number of PUCCH structures covering various cases should be specified. Therefore, PUCCH structure supporting both 1-symbol and 2-symbol by a common unit is preferred. On the other hand, covering various UCI payloads by single PUCCH structure is not preferable; at least, different UCI payloads require different channel coding, RS densities, the number of PRBs, and so on. Therefore, we propose to define at least two PUCCH structures for different UCI payloads.
According to the evaluation in [2], for UCI of up to 2 bits, sequence-based PUCCH offers lower SNR operating point, lower PAPR, and larger coverage, than DMRS-based PUCCH. Therefore, we propose to support sequence-based PUCCH for UCI of up to 2 bits. On the other hand, for other cases (i.e., UCI of more than 2 bits), FDM of DMRS and UCI on 1-symbol should be used as sequence-based PUCCH for large payload require huge amount of sequence resources to deliver the information. Structures of DMRS-based PUCCH and sequence-based PUCCH are illustrated in figure 1.
Below, detailed designs of each PUCCH structures are discussed.
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a) DMRS-based PUCCH for high payload                   b) Sequence-based PUCCH for low payload
Figure 1 DMRS-based PUCCH and sequence-based PUCCH in short duration

2.1. DMRS-based PUCCH for UCI of more than 2 bits
For DMRS-based PUCCH for UCI of more than 2 bits, following aspects need to be fixed:
· For 1-symbol case,
· The number of PRBs
· DMRS sequence, mapping pattern, and density
· How to extend to 2-symbol case

Optimal numbers of PRBs and DMRS densities depend on UCI payload. We investigate the impact of these factors onto the PUCCH detection performance by link-level simulation. Simulation parameters are listed in Table 1. TBCC with 8-bit CRC is applied so that DTX-to-ACK and NACK-to-ACK performances can be sufficiently good without fine-tuning DTX threshold (assuming A-to-N error probability <= 1%, N-to-A error probability <= 0.1%, and D-to-A error probability <= 1%). We consider UCI of 8 bits and 16 bits, and the encoded UCI bits are rate-matched to fit with available REs per PUCCH. In order to evaluate the impact of DMRS density, 6 types of DMRS density (i.e. 1/12, 2/12, 3/12, 4/12, 5/12, and 6/12) are evaluated, as illustrated in figure 2. SCS 15 kHz and the number of PRBs is 2 and 4 are assumed. At the receiver, MMSE channel estimation is applied to demodulate the UCI. Antenna configuration of {1Tx, 2Rx (uncorrelated)} at 4GHz under EPA channel is assumed.

Table 1 Simulation parameters
	Parameter
	Value

	Channel model
	EPA

	Carrier frequency
	4GHz

	System bandwidth
	20MHz

	SCS
	15 kHz

	PUCCH type
	FDM-type DMRS-based

	No. of UCI bits
	8, 16

	No. of PRBs
	2, 4

	Antenna config.
	1 x 2 (uncorrelated)

	CP overhead
	6.6%

	UE speed
	3km/h

	Channel est.
	Real (MMSE)

	Encoding
	TBCC with 8-bit CRC

	Target requirement
	ACK-to-NACK error probability <= 1%
NACK-to-ACK error probability <= 0.1%
DTX-to-ACK error probability <= 1%



[image: ][image: ]Will be modified for DMRE-based
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Figure 2 Evaluated 6 types of DMRS density (for the case of 2 PRBs)

Figure 3 illustrates the required SNR for DMRS-based PUCCH with various DMRS densities. From the evaluation results, it can be observed that keeping low coding rate, i.e., having less DMRS resources, is important to achieve good performance. This is because the operating SNR is relatively high, e.g., 8 dB ~ 12 dB, in the evaluated cases. If the operating SNR is low, e.g., less than 0 dB, then the channel estimation could be a dominant factor, and high DMRS density would become desirable.
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a) UCI of 8 bits
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b) UCI of 16 bits
Figure 3 Required SNR for DMRS-based PUCCH with various DMRS density

Above discussion is limited to 1-symbol case. For 2-symbol case, it is simpler to define the same DMRS/UCI pattern for different symbols. This ensures the same channel estimation performance between the symbols and hence, no UCI differentiation is required for different symbols forming a PUCCH. Frequency-hopping between the symbols is applicable to improve the performance. If a channel coding is applied to the UCI, the coded bit sequence is rate-matched taking into account the total number of available UCI REs over the 2-symbols, so that coding gain is maximized. In the evaluations here, DMRS density of 2/12 or 3/12 can achieve the best BER performance for the case of 8 and 16 bits UCI under EPA channel model, assuming TBCC encoding with 8 bit CRC.

Proposal 1:
· For UCI of more than 2 bits, FDM-type DMRS-based PUCCH is applied.
· For the case of 1-symbol,
· The number of PRBs and DMRS density are adjustable according to UCI payload.
· FFS: the exact numbers and densitydensities.
· For the case of 2-symbols,
· Same DMRS/UCI mapping is applied to the 2-symbols.
· Frequency-hopping is applied between the 2-symbols.
· Coded bit sequence is rate-matched taking into account the total number of available UCI REs over the 2-symbols.

2.2. Sequence-based PUCCH for UCI of up to 2 bits
For sequence-based PUCCH, there are two design directions; (a) designing sequence-based PUCCH independently from DMRS-based PUCCH and multiplex them in FDM manner in the same symbol, or (b) allowing CDM a sequence-based PUCCH and DMRS for DMRS-based PUCCH on the same REs as in CDM manner as illustrated in figure 4. For option (b), DMRS sequence of DMRS-based PUCCH should be designed such that sequence-based PUCCH can be orthogonally multiplexed, while it is not the case with option (a).

[image: ]
a) FDM on different PRB(s)                          b) CDM on DMRS REs of FDM-type DMRS-based PUCCH
Figure 4 Two type of multiplexing of DMRS-based PUCCH and sequence-based PUCCH

The performance impact of DMRS density on DMRS-based PUCCH for UCI of more than 2 bits was evaluated in section 2.1. Therefore, here, the performance impact of sparse sequence mapping for sequence-based PUCCH is evaluated by link-level simulation. The parameters are listed in Table 2. Carrier frequency = 4 GHz under AWGN, EPA and ETU channel model are considered in the simulation. Sequence length 12 of sequence-based PUCCH is assumed. Sequence mapping type of non-contiguous REs with various RE spacing is illustrated in figure 5. Note that the PAPR of sequence-based PUCCH is unchanged as long as sparse sequence mapping keeps equal-spacing. In the evaluation, sequence length is assumed to be constant for any RE spacing. RE spacing (i.e. 12/12, 6/12, 4/12, 3/12, 2/12, and 1/12) evaluated here is aligned with the DMRS mappings of DMRS-based PUCCH evaluated in section 2.1. 
Table 2 Simulation parameters
	Parameter
	Value

	Carrier frequency
	4 GHz

	SCS
	15 kHz

	PUCCH type
	Sequence-based

	No. of UCI bits
	2

	Channel model
	AWGN, EPA, ETU

	Antenna config.
	1 x 2

	CP overhead
	6.6%

	UE speed
	3km/h

	Receiver
	MLD

	Sequence length
	12
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Figure 5 Evaluated RE spacing of sequence-based PUCCH
Figure 6 illustrates BER performance of sequence-based PUCCH with various RE spacing. Following observations could be achieved:
· In AWGN channel, BER performance of various RE spacing aligns. It is because frequency selectivity does not exist and different sequence allocated to different UCI bit is orthogonal no matter how large RE spacing is assigned.
· In EPA channel, larger RE spacing has worse BER performance. For the case of RE spacing is 2/12 or smaller, performance degradation from contiguous RE mapping (i.e. 12/12) is less than 1 dB at BER = 10-3. UCI sequence of sequence-based PUCCH can be CDMed with DMRS sequence for the case of DMRS density is 2/12 or larger, in EPA channel.
· In ETU channel, larger RE spacing has worse BER performance, and the performance degradation is larger than EPA channel, because of severity of frequency selectivity. For the case of RE spacing is 6/12 or smaller, performance degradation from contiguous RE mapping (i.e. 12/12) is less than 1 dB at BER = 10-3. UCI sequence of sequence-based PUCCH can be CDMed with DMRS sequence for the case of DMRS density is 6/12 or larger, in ETU channel.
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(a) AWGN
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(b) EPA
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(c) ETU
Figure 6 BER performance of sequence-based PUCCH with various RE spacing


Proposal 2:
· For low payload (up to 2 bits), sequence-based PUCCH is supported.
· Multiplexing between sequence-based PUCCH and FDM-type DMRS-based PUCCH is realized by either:
· Option 1: FDM on different PRB(s)
· Option 2: CDM on DMRS REs of FDM-type DMRS-based PUCCH.


3. Conclusion
In this contribution we discussed PUCCH in short duration and proposed the following:
Proposal 1:
· For UCI of more than 2 bits, FDM-type DMRS-based PUCCH is applied.
· For the case of 1-symbol,
· The number of PRBs and DMRS density are adjustable according to UCI payload.
· FFS: the exact numbers and densities.
· For the case of 2-symbols,
· Same DMRS/UCI mapping is applied to the 2-symbols.
· Frequency-hopping is applied between the 2-symbols.
· Coded bit sequence is rate-matched taking into account the total number of available UCI REs over the 2-symbols.
Proposal 2:
· For low payload (up to 2 bits), sequence-based PUCCH is supported.
· Multiplexing between sequence-based PUCCH and FDM-type DMRS-based PUCCH is realized by either:
· Option 1: FDM on different PRB(s)
· Option 2: CDM on DMRS REs of FDM-type DMRS-based PUCCH.
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