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Introduction
In RAN1 #90 meeting [1], it was decided that:
· For a PUCCH format for UCI with large payload with no multiplexing capacity within a slot:
· If frequency-hopping is enabled,
· For each frequency-hop with less than X symbols, there is one DMRS symbol.
· X is not smaller than 4.
· For each frequency-hop with equal to or more than X symbols, there are two DMRS symbols.
· For each frequency-hop, at least one DMRS symbol is included.
· FFS: number of DMRS symbols if frequency-hopping is disabled.
· Targeting one value for X.
· FFS: The value of X
· FFS: DMRS structures
Also, 
· Long-PUCCH for moderate UCI payload with multiplexing capacity is supported

In the same meeting, in separate discussions on PUSCH with DFTsOFDM, it was agreed to 
· Support Pre-DFT PT-RS insertion for UL DFT-S-OFDM. 
Although denoted PTRS, the use of these RS for PUSCH is not limited to phase noise compensation only, PTRS serving as support for Doppler tracking, residual CFO compensation, channel estimation enhancement, synchronization enhancement.
In this contribution, we give our view on DMRS structures and on additional RS allowing a tradeoff between RS overhead and UCI coding rate.
This contribution is a resubmission of R1-1716065.

On the need for additional RS
Long PUCCH formats are based on DFTsOFDM waveform. DMRS design needs to take into account the waveform specificities and conserve the PAPR. For this reason DMRS and UCI are not to be FDMed within the same symbol.
When the number of DFTsOFDM symbols in a frequency hop is large, one single DMRS is not sufficient, especially at high speed and/or in mmWave, since the channel estimate quality degrades when moving away from the single DMRS position. Additional support is needed to improve channel quality estimation, but inserting extra full DMRS symbols is penalizing for the coding gain.
One alternative to inserting one extra full DMRS is to insert an additional pre-DFT RS that does not occupy the full symbol, but only a portion of it, depending on the RS to UCI ratio. This allows to improve the channel estimation based on the full DM-RS while reducing the penalty on the UCI coding gain. 


Pre-DFT RS/UCI multiplexing for additional RS
Multiplexing RS and UCI within a single DFTsOFDM symbol in a PAPR conserving manner can be done by pre-DFT TDM multiplexing as depicted in Figure 1. 
The main concern when multiplexing RS and UCI at the DFT input is the mutual interference between the RS and UCI parts. This interference is twofold:
· Due to DFT precoding, interference between the RS and the UCI part occurs especially for symbols at the “border” of the RS/UCI junction 
· Due to multipath, the first samples of RS/ UCI part experience interference from the UCI/RS part respectively
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[bookmark: _Ref473910982]Figure 1 Pre-DFT PT-RS insertion for DFTsOFDM

Interference of UCI on RS part is more damaging, since it impacts channel estimation performance. Light interference from RS to UCI part can be tolerated and managed by the strong forward error coding without impact on the UCI decoding performance.
To limit the interference of UCI on RS due to DFT precoding, a simple solution is presented in Figure 2. RS and UCI can be separately processed by the DFTsOFDM modulator, and interference can be cancelled in the time domain after IDFT without any impact on the receiver. It is intuitive that the PAPR is not affected by this operation, as proven in Figure 3, where the CCDF of the instantaneous normalized power of the scheme in Figure 2 is evaluated. 
To limit the UCI on RS impact due to multipath, CP insertion can be modified as depicted in Figure 4: CP can be created based on the end of the RS part and not on the end of the {UCI+RS} part. From the RS part perspective, this operation completely removes the MPI between RS and UCI, improving channel estimation performance. Due to strong FEC on the UCI part, the impact on UCI demodulation performance is negligible with respect to the case where the CP is inserted with respect to the end of symbol (UCI) part. With respect to {CP+RS}+{CP+UCI} solutions, the operation in Figure 4 does not increase the CP overhead and can be decoded by a DFTsOFDM receiver without knowledge of the CP modification.
Observation: The mutual interference between the RS and UCI parts can be mitigated through simple solutions.
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[bookmark: _Ref477900497]Figure 2 Mitigating RS/UCI interference due to DFTsOFDM processing
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[bookmark: _Ref477959306]Figure 3 PAPR impact (CCDF of INP) of mitigating the RS/UCI interference due to DFTsOFDM processing (QPSK)
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[bookmark: _Ref477901352]Figure 4 Mitigating UCI on RS interference due to multipath
Pre-DFT RS and UCI multiplexing has been reported to yield good results [3], [4]. This is confirmed by simulation results. Figure 5 depicts the mean square error of the channel estimate for pre-DFT RS insertion with RS to UCI ratio of Y% at a given SNR. The reference case corresponds to LTE-like full DMRS insertion. We considered 96 active subcarriers and a channel with RMS delay spread of 300ns.
Pre-DFT insertion with a RS to UCI ratio of 50% yields very good channel estimation performance for half the overhead of full DMRS. At high SNR (interference limited scenario), there is a small loss due to data-RS interference, but with simple interference mitigation on RS part (data part nulling after IDFT and RS-specific CP) improves the performance. The extreme case of a very low RS to UCI ratio of 6.2% is also depicted as an inferior performance bound, showing that RS to UCI ratio can be decreased under 50% while keeping good channel estimation performance. This evaluation is shown within one DFTsOFDM symbol
Figure 6 depicts the SINR obtained before LLR computation on the UCI symbol next to the DMRS symbol when SNR regime is 0dB and respectively 20dB. It is obvious that, with strong coding as it is the case for PUCCH, low to moderate SINR differences before LLR computation result is completely recovered by the FEC, moreover noting that effective coding is stronger when pre-DFT RS with Y% overhead is used as additional RS. 
In long frames, using pre-DFT additional RS with reduced overhead enables either decreasing the UCI effective code rate, or enhance channel estimation by increasing the time-domain RS density and keeping the same RS overhead and UCI coding rate. 
Pre-DFT RS insertion has the advantage of allowing a more flexible structure, where the RS to UCI ratio can be modulated, all in displaying good channel estimation performance. 
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[bookmark: _Ref481704924]Figure 5 – MSE of the channel estimate in different simulation scenarios, RMS 300ns
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[bookmark: _Ref485230748]Figure 6 – SINR before LLR calculation in different simulation scenarios, RMS 300ns

Conclusion
Pre-DFT RS/UCI multiplexing allows mixing RS and UCI in the same DFTsOFDM symbol without PAPR impact and leaving the possibility to modulate the RS and UCI overhead. The mutual interference between the RS and UCI parts can be mitigated through simple solutions, transparent to the receiver, and without the need of any supplementary overhead. 

Proposal: For a PUCCH format for UCI with more than 2 bits, support pre-DFT additional RS insertion for structures with more than X symbols per frequency hop
· FFS the number of additional RS and the RS to UCI density
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