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Introduction
It has been agreed to allow for fast A/N in NR by introducing a short PUCCH format containing only one regular (i.e. with the nominal used carrier spacing) OFDM symbol. Single symbol design furthermore puts restrictions on the DM-RS/UCI allocation. Furthermore, it has also been agreed on that DFTS-OFDM should be supported in NR, having lower PAPR compared to OFDM, which aids in the UE PA design, complexity and power consumption, the latter case especially for UEs in coverage limited scenarios. 
Another important aspect is that, since the UE requires a certain amount of time to decode the DL packet and prepare the ACK/NACK transmitted in the short PUCCH, a guard time is needed between the DL and UL and hence the short PUCCH design choice should also take this into the consideration. All these constraints put design challenges on the DM-RS and UCI for short PUCCH.
Different approaches for short PUCCH design have been proposed at the latest RAN1 meetings [1] and this paper will consider the following proposals 
1. An FDM scheme for the multiplexing of short duration UCI and its associated DMRS in one symbol, where the transmission scheme also supports low PAPR design [2].
2. A split symbol approach, where the short PUCCH is split in two symbols with twice the carrier spacing (i.e. 30 kHz in case regular symbol carrier spacing is 15 kHz), where the first includes DM-RS and the second split symbol includes the UCI [3],[5].
3. A scheme using TDM between DM-RS and UCI prior to the DFT-precoding [4]
In the next section we will discuss the pros and cons for respective of these three methods.
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FDM scheme for multiplexing UCI and DMRS
In [2] a short PUCCH format for frequency multiplexing of DM-RS and UCI was proposed. In order to keep the low PAPR properties for the entire signal the DM-RS and UCI should both keep low PAPR property: For DM-RS, either low PAPR  (eg. Zadoff-Chu) sequences or computer generated sequences can be used, while for UCI DFTS-OFDM may be used. 
The multiplexed DM-RS signal and UCI streams are separately mapped to multiple orthogonal frequency resources and to ensure TDM in time domain, repetition and phase rotation in frequency domain is implemented, as shown in Figure 1. After IFFT transformation, the cyclically repetition will make the signal streams be transformed into comb signal in time domain as also shown in Figure 1.
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Figure 1: 2.1	FDM scheme for multiplexing UCI and DMRS [2].


The approach claims to have low PAPR, like DFTS-OFDM. However, there is a need for a 50-50 split between DM-RS and UCI, which makes the approach somewhat less flexible. Furthermore, the approach doesn’ have the advantage of extra decoding time for UCI bits since the DM-RS and UCI are frequency multiplexed and hence the UCI needs to be finally computed when the short PUCH starts in the UE. Hence, the approach requiring a higher decoding performance in the UE, alternatively a larger DL/UL guard time thereby reducing the system capacity.
Split symbol short PUCCH
In [3] and [5] a split symbol short PUCCH format approach was discussed. Instead of using the regular subcarrier spacing (say 15 kHz), the short PUCCH uses twice the carrier spacing (e.g. 30 kHz) and hence two OFDM symbols of half of the time span of the regular OFDM symbol are used (see Figure 2). 
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Figure 2:Split symbol approach. Regular Sub-carrier spacings =15 kHz, while the short PUCCH uses twice the sub-carrier spacing, i.e. 30 kHz.
Furthermore, by allowing for DM-RS, in the first split symbol, and data in the second allows for extra decoding time for the UE of the received data packet in the same slot before transmitting the A/N (short PUCCH). The UE as well as the gNB need to be able to process both ordinary OFDM symbol spacing in the FFT as well as twice the carrier spacing, and this might come with some complexity increase in the implementation.  Fast A/N using split-symbol comes with the drawback of shorter CP, but A/N is typically robust encoded and hence possible ISI introduced by the channel might not be any issue on PUCCH performance.
TDM between DM-RS and UCI prior DFT-precoding
In [4] an approach for enabling TDM between DM-RS and UCI prior to the DFTS decoding was discussed in some general terms. Below we discuss the approach in more detail. 
The format allows for transmitting DM-RS in the beginning and UCI in the end of the OFDM symbol while maintaining the low PAPR inherent in DFTS-OFDM. Hence, DM-RS (r) and UCI (d) are multiplied in time prior DFT-precoding. Furthermore, guard intervals can be inserted (Lg) to minimize interference between DM-RS and UCI, see Figure 3.
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Figure 3: Split DFTS-OFDM symbol generation.

Now, by using the fact that the UCI contributions to first symbol part in the transmitted symbol is small, see Figure 4, he DFTS-OFDM symbol can be described in the following way (below assuming a 50/50 split DM-RS and UCI (however the method allows for lower DM-RS densities as well)). 
1) In first symbol half 0 to N/2-1, transmit only the DM-RS, i.e. one approximates the UCI tail by zero. Then the first symbol half can be transmitted without UCI knowledge.
2) In second symbol half N/2 to N-1, transmit both the DM-RS tail and UCI part. 



[image: ]
Figure 4: Transmitted symbol in time domain. By approximate the UCI contribution in the first part to zero, one can divide the DFTS-OFDM generation in two parts, the first one consisting of only known DM-RS symbols and the latter part consisting of DM-RS tail and UCI. The approach allows for extra processing time for the UE decoding before transmitting the UCI.

The split symbol DFTS-OFDM comes with the advantages of same low PAPR as DFTS-OFDM, and furthermore, the DM-RS density can be made flexible. Finally, the approach has the same fast ACK/NAK advantages of allowing longer DL data decoding time in the UE as the split symbol approach discussed above, but without the need of using different carrier spacing for short PUCCH compared to other physical channels. 





Conclusion
In this paper we have discussed pros and cons for three different approaches for short PUCCH formats that have been proposed for NR. The proposals are 
1.	An FDM scheme for multiplexing of short duration UCI and its associated DMRS in one symbol, where the transmission scheme also supports low PAPR design [2].
2.	A split symbol approach, where the short PUCCH is split in two symbols with twice the carrier spacing (i.e. 30 kHz in case regular symbol carrier spacing is 15 kHz), where the first includes DM-RS and the second split symbol includes the UCI [3], [5].
3.	A scheme using TDM between DM-RS and UCI prior to the DFT-precoding [4]
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