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Introduction
Regarding PUCCH with long duration, the following has been agreed: 
Agreements: [2]
· Physical uplink control signaling should be able to carry at least hybrid-ARQ acknowledgements, CSI reports (possibly including beamforming information), and scheduling requests
· Support ‘UCI on PUSCH’, i.e. using some of the scheduled resources for UCI in case of simultaneous UCI and data
· Support ‘simultaneous PUSCH and PUCCH at least for the long PUCCH format’, i.e. transmit uplink control on PUCCH resources even in presence of data
· At least a low PAPR/CM design should be supported for the ‘long PUCCH’
· A combination of semi-static configuration and (at least for some types of UCI information) dynamic signaling is used to determine the PUCCH resource both for the ‘long and short PUCCH formats’
· It should be possible to dynamically indicate (at least in combination with RRC) the timing between data reception and hybrid-ARQ acknowledgement transmission as part of the DCI.
Agreements: [2] 
· A UCI carried by long duration UL control channel at least with low PAPR design can be transmitted in one slot or multiple slots
· Transmission across multiple slots should allow a total duration of [1] ms at least for some cases
· FFS: more than [1] ms at least for some cases
· FFS the numbers of the slots
Agreements: [2] 
· For UL control channel with long duration, TDM between RS and UCI is supported at least for DFT-S-OFDM
· FFS on location of RS symbol(s) (e.g., front-loaded RS, fixed-location RS)
Agreements: [3]
· For PUCCH in long-duration,
· Long UL-part of a slot can be used for transmission of PUCCH in long-duration.
· i.e., PUCCH in long-duration is supported for both UL-only slot and a slot with the number of uplink symbols greater than X (X >= 2).
· FFS exact value of X
· In addition to simultaneous PUCCH-PUSCH transmission, UCI on PUSCH is supported.
· Intra-slot frequency-hopping is supported
Agreements: [3]
· For further discussion of PUCCH in short-duration, UCI payload of 1 – at least a few tens of bits (or SR) is assumed.
· For further discussion of PUCCH in long-duration, UCI payload of 1 – at least a few hundreds of bits (or SR) is assumed.
· For PUCCH in long-duration, DFT-s-OFDM waveform is supported.
· For PUCCH in long-duration, transmit antenna diversity is supported.
· FFS: PUCCH in short-duration

In this contribution we propose long PUCCH design that can cater for medium to large payload sizes and also enables multiplexing of different PUCCH onto the same time-frequency resource.
Discussion
Design guidelines
In [4] we argue to reduce the number of long PUCCH formats in NR to two, one format for small payload sizes and one for medium to large payload sizes. Due to the flexible frame structure of NR the time duration of an UL transmission in an UL slot can vary (e.g.NR defines different slot lengths, UL heavy or UL only slots, extended cyclic prefix), not considering this fact may lead to an even large number of PUCCH formats. [4] proposes to design long PUCCH agnostic w.r.t. to number of UL OFDM symbols. PUCCH should not rely on block-spreading across OFDM symbols for multiplexing but instead on multiplexing per symbol.
3GPP already agreed that DFTS-OFDM is supported for long PUCCH. 
To cope with varying payload sizes up to a few hundred bits it is necessary to support different bandwidths for long PUCCH. 
PUCCH Format 4 in LTE supports variable and large payload sizes up to several hundred bits. The large payload sizes are enabled by several PRBs bandwidth. However, even if only a single PRB is allocated it supports a rather large payload size and since it does not offer multiplexing multiple users onto the same time-frequency resource PUCCH Format 4 is not very effective for small paylods.
PUCCH Format 5 in LTE enables multiplexing of two users using block-spreading per DFTS-OFDM symbol which is in line with our proposal on multiplexing of PUCCH should not introduce dependencies across DFT-spread symbols. However, PUCCH format 5 has a fixed bandwidth of one PRB. To unify bandwidth flexibility and multiplexing capability in a clean way we propose to base PUCCH multiplexing on FDM: Different PUCCH sharing the same PRB(s) only use a fraction of the PRB subcarriers in a comb fashion. Different PUCCH allocated to the same PRB(s) are assigned different combs.
Long PUCCH design
Figure 1 summarizes the proposed long PUCCH design for medium to large payload sizes. In the shown example PUCCH has a length of 14 symbols, however, as stated above PUCCH needs to support various PUCCH transmission lengths. This is enabled by puncturing UCI-carrying symbols in Figure 1. For very short PUCCH length it may be even benficial not to frequency-hop.
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[bookmark: _Ref470091201]Figure 1 Proposed long PUCCH design. #PUCCH PUCCHs are multiplexed onto #PRB Physical Resource Blocks.  In this example long PUCCH is transmitted over 14 symbols, however, often PUCCH will be shorter due to e.g. DL control region at the beginning of a slot.
The UCI is first encoded. The encoder generates as many coded bits as needed to map to all PUCCH symbols carrying UCI. Per DFTS-OFDM symbol  coded bits are mapped to  QPSK symbols which are input to the DFT-precoder. On  Physical Resource Blocks up to  PUCCHs are multiplexed using different subcarrier combs (each PUCCH is assigned every -th subcarrier of the allocated PRBs in comb fashion). For example, one allocated PRB could be dedicated to a single user (all 12 subcarriers), to two users (each users has a comb-2 assigned), or to 4 users (each user has a comb-3 assigned). 
If multiple PRB are allocated they could in principle be shared among multiple PUCCHs in the same manner. However, typically multiple PRBs are assigned to a PUCCH with large payloads, therefore it is FFS if PUCCH multiplexing is needed for multi-PRB PUCCH.
The PRB(s) allocated to PUCCH should frequency-hop during the PUCCH transmission duration to achieve frequency diversity. In Figure 1 a slot of 14 OFDM symbols is assumed and the allocated PUCCH hops between the first and second half. Each frequency-hop legs has one DM-RS symbol. For very short PUCCH length it may be even benficial not to frequency-hop. 
If fewer OFDM symbols are available, the channel encoder produces fewer bits or some coded bits are punctured. For example, in the setup in Figure 1 and assuming 4 PUCCHs share 1 PRB (i.e. each PUCCH uses 3 subcarriers) the encoder produces . In another example where only 13 OFDM symbols are available (and thus 11 data symbols and 2 DM-RS symbols) and assuming PUCCH occupies 4 PRB (no multiplexing, i.e. all 48 subcarriers are used by 1 PUCCH) the encoder generates  Assuming a code rate of  the number of information bits is 24 and 352 for the first and second example, respectively. The design thus covers a large range of payload sizes.
In case multiple PUCCH are multiplexed onto the same time-frequency resource the combs assigned to a particular PUCCH can hop across DFTS-OFDM symbols to randomize interference.
DM-RS
As said above two DM-RS are inserted, one per frequency hopping leg. If multiple PUCCH are multiplexed onto the same time-frequency resource each PUCCH only occupies a comb of subcarriers, e.g. if 4 PUCCHs share 1 PRB each PUCCH only occupies 3 subcarriers. One possibility is to use the same number of subcarriers also for DM-RS. UCI is transmitted across several DFTS-OFDM symbols and the subcarriers assignment can hop across DFTS-OFDM symbols to randomize interference. For DM-RS with only one symbol per frequency hopping leg this is not possible. DM-RS across few subcarriers may suffer from high interference, another possibility is to use all subcarriers of the PRB(s) allocated to a PUCCH for DM-RS. If multiple PUCCHs share a PRB DM-RS can be separated by cyclic shifts of the same DM-RS base sequence. 

Proposal: Consider to base long PUCCH for medium to large payload sizes on the design outlined in this contribution. 
Simulation Assumptions
In the next section PUCCH BLER curves are presented for a single and multi-user link simulations over the TDL-A channel model [5] with different RMS delay spreads. Different PUCCH resource allocations and payloads sizes are simulated. The PUCCH is encoded with tail biting convolutional code, interleaved and rate matched before it is DFT-spread. Frequency hopping is used for the first and second half of the PUCCH message, where the first half starts in PRB 0 and the second half ends in PRB 99. The DM-RS is allocated in the fourth and eleventh OFDM symbol. The data and DMRS power are here the same for all OFDM symbols. In multi-user scenarios all user have the same TX power. In the curves the SNR is per resource element. 

[bookmark: _Ref450726407]Table 1	Link level simulation assumptions 
	Parameter
	Value

	Numerology
	15kHz 

	FFT size
	2048

	Cyclic prefix length
	1160 + 6144 samples

	PUCCH length
	1 ms

	Resource block size
	12 subcarriers

	Channel estimation
	Practical, Ideal

	Channel model
	TDL-A 100ns, 300ns, 1000ns

	Carrier frequency
	2 GHz

	UE speed
	3 kmph

	Channel coding 
	Tail biting convolutional code, code rate=1/3  

	TX antennas
	1

	RX antennas
	2




Simulation Results
Single user
Figure 2, Figure 3 and Figure 4 show PUCCH BLER for different payloads, 1 PRB and 4 PRB and ideal and practical channel estimation, assuming TDL-A 100 ns, TDL-A 300 ns and TDL-A 1000 ns channel respectively. Repetition coding is done for 1 PRB with 24 and 48 bits and 4 PRB with 96 and 192 bits to fill out the allocated resources. The results also show that the outlined design supports flexible resource allocations and payload sizes.
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[bookmark: _Ref473737636]Figure 2: TDL-A 100 ns, 1 and 4 PRB and different payloads. 
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[bookmark: _Ref473737641]Figure 3: TDL-A 300 ns, 1 and 4 PRB and different payloads.
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[bookmark: _Ref473737645]Figure 4: TDL-A 1000 ns, 1 and 4 PRB and different payloads.

Two user
Figure 5, Figure 6 and Figure 7 show PUCCH BLER for a 2 user scenario, where both users have the same TX power. Further 24 and 48 bits payloads are used for different resource allocations within 1 PRB. The assumed channel models are TDL-A 100 ns, TDL-A 300 ns and TDL-A 1000 ns, respectively. Practical channel estimation is assumed. The data allocation is here either 6 contiguous subcarriers or comb very every other is used. The DM-RS uses either the same subcarriers as data or 12 subcarriers that are CDM coded in the frequency domain. The result in Figure 5 shows only small differences between the different resource allocations for BLER up to 0.001. In Figure 6 and Figure 7, with larger delay spread, using the same subcarriers for data and DMRS gives better results.  
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[bookmark: _Ref473784823]Figure 5: TDL-A 100 ns, 2 users, 1 PRB, 24 and 48 payload bits and different resource allocations.
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[bookmark: _Ref473784826]Figure 6: TDL-A 300 ns, 2 users, 1 PRB, 24 and 48 payload bits and different resource allocations.
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[bookmark: _Ref473784828]Figure 7: TDL-A 1000 ns, 2 users, 1 PRB, 24 and 48 payload bits and different resource allocations.
Four users
Figure 8, Figure 9 and Figure 10 show PUCCH BLER for a 4 user scenario, where all users have the same TX power. Further 24 bits payload is used for different resource allocations within 1 PRB for both practical and ideal channel estimation. The assumed channel models are TDL-A 100 ns, TDL-A 300 ns and TDL-A 1000 ns, respectively. The data allocation is here either 3 contiguous subcarriers or comb very every fourth subcarrier is used. The DM-RS uses either the same subcarriers as data or 6 subcarriers that are CDM coded between 2 users or 12 subcarriers that are CDM coded between all users. The results for practical channel estimation is similar as for the 2 user case, but the losses with CDM coding the DM-RS is larger. 
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[bookmark: _Ref470180863]Figure 8: TDL-A 100 ns, 4 users, 1 PRB and different resource allocations.
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[bookmark: _Ref470180866]Figure 9: TDL-A 300 ns, 4 users, 1 PRB and different resource allocations.
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[bookmark: _Ref470180870]Figure 10: TDL-A 1000 ns, 4 users, 1 PRB and different resource allocations.
 

Conclusion
In this contribution we outline a design for long PUCCH for medium to large payload sizes. The proposed design enables multiplexing of multiple PUCCHs onto the same time-frequency resource and covers a large range of payload sizes via variable bandwidth. The design is also flexible w.r.t. to PUCCH length.
Proposal: Consider to base long PUCCH for medium to large payload sizes on the design outlined in this contribution.  
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