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Introduction
In RAN1 #88b meeting [1], it was decided that:
· 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 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.

Moreover, in the last RAN1 #89 meeting, it was decided that 
· For 2-symbol NR-PUCCH, frequency hopping is supported at least for localized (contiguous) PRB allocation in each symbol
· FFS for distributed (non-contiguous) PRB allocation

In this contribution, we give our view on short PUCCH format and RS/UCI multiplexing for short PUCCH format.

Waveform for PUCCH in short duration
Short PUCCH is intended to carry rather small payloads (1-2bits to tens of bits) in order to provide fast HARQ-ACK and CSI to support fast HARQ and link adaptation. Short PUCCH is a very flexible structure, allowing the UCI overhead in a slot to be adjusted according to the traffic conditions. 
DFTsOFDM has already been agreed to be supported for long PUCCH transmission. For short PUCCH, especially with very low payloads (1-2 bits), sequence based designs have been shown to have advantages. Nevertheless, for more than 2 bits of UCI payload, waveform based transmission is necessary and coherent demodulation has been agreed to be supported. 
Since short PUCCH is limited to 1 or 2 OFDM symbols, it encounters power limitation problems. At least for 1 symbol short PUCCH with more than two bits, an OFDM-like design has already been agreed. Nevertheless, a low PAPR design would increase the coverage of short PUCCH allowing more users to utilize short PUCCH format and thus offload long PUCCH.
Proposal 1: Support DFTsOFDM waveform for PUCCH in short duration.

RS/UCI multiplexing
For 1-symbol PUCCH, 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. For 2-symbol PUCCH, although multiplexing a full RS symbol with a full UCI DFTsOFDM symbol is the most straightforward manner, applying pre-DFT RS/UCI multiplexing in Figure 1 has several advantages, amongst which we can list frequency hopping enabling, the possibility of modulating the RS overhead and allowing a unified design with the 1-symbol PUCCH. 
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 [2], [3]. This is confirmed by simulation results in Figure 5, where the simulated scenarios are described in Table 1. Figure 5 depicts the mean square error of the channel estimate for pre-DFT RS insertion with RS to UCI ratio of X% in either both or one single symbol of a 2-symbol PUCCH transmission for a given SNR. The reference case corresponds to LTE-like RS 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 similar channel estimation performance as LTE-like pilot insertion at low SNR. At high SNR, 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) the LTE-like pilot performance is matched.
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.
Observation: Pre-DFT insertion with a RS to UCI ratio of 50% yields similar channel estimation performance as LTE-like pilot insertion.
Figure 6 depicts the SINR obtained before LLR computation when SNR regime is 0dB and respectively 20dB. Simulated scenarios are described in Table 1. It is obvious that, with strong coding as it is the case for PUCCH, low to moderate SINR differences before LLR computation result in no impact on FER/BER results. We can conclude that for 1-symbol PUCCH with 50% RS overhead, as well as for 2-symbol PUCCH with 50% RS overhead in each symbol there is no UCI performance loss with respect to the reference case (1 RS DFTsOFDM symbol+1 UCI DFTsOFDM symbol). It is also obvious that RS overhead reduction can be achieved by supporting RS/UCI multiplexing only in the 1st symbol (when frequency hopping is not enabled) with virtually no impact on the UCI decoding performance. Since PUCCH will typically be subject to low SNR conditions, RS overhead reduction is possible with minimum impact on the UCI decoding performance.
Observation: Pre-DFT insertion with a RS to UCI ratio of 50% yields similar UCI decoding performance as LTE-like pilot insertion.
Observation: At least al low SNR, pre-DFT insertion allows RS overhead reduction with virtually no impact on the UCI decoding performance.



[bookmark: _Ref481704877]Table 1 – Scenario description for a 2-symbol PUCCH
	
	RS to UCI ratio (X) in 1st symbol
	RS to UCI ratio (X) 2nd symbol
	Overall RS overhead
	Interference mitigation on RS part 

	Reference
	100%
	0%
	50%
	No

	Case 1
	X%
	0%
	0.5*X%
	No

	Case 2
	X%
	X%
	X%
	No

	Case 3
	X%
	0%
	0.5*X%
	Yes

	Case 4
	X%
	X%
	X%
	Yes
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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
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. Moreover, with respect to having separate RS and UCI symbols, RS+UCI pre-DFT multiplexing enables frequency hopping for 2-symbol PUCCH based on low PAPR DFTsOFDM.
Proposal 2: Support pre-DFT RS/UCI multiplexing for both 1 and 2 symbols PUCCH in short duration.

Conclusion
Supporting DFTsOFDM for short PUCCH allows an increased coverage of short PUCCH format, thus offloading the long PUCCH format. 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. Pre-DFT insertion with a RS to UCI ratio of 50% yields similar channel estimation performance as LTE-like pilot insertion in the low SNR region. At high operating SNR, pre-DFT insertion with a RS to UCI ratio of 50% has good performance, and further interference mitigation on the RS part leads to similar channel estimation performance as LTE-like pilot insertion. Pre-DFT insertion with a RS to UCI ratio of 50% yields similar UCI decoding performance as LTE-like pilot insertion. At least al low SNR, pre-DFT insertion allows RS overhead reduction with virtually no impact on the UCI decoding performance.
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Proposal 1: Support DFTsOFDM waveform for PUCCH in short duration.
Proposal 2: Support pre-DFT RS/UCI multiplexing for both 1 and 2 symbols PUCCH in short duration.


References
[1]. [bookmark: _Ref477448846]Chairman’s notes, RAN1#88b, Spokane, Washington, April 2017.
[2]. Chairman’s notes, RAN1#89, Hangzhou, China, May 2017.
[3]. [bookmark: _Ref480557245]R1-1705610, Channelization of short PUCCH, Qualcomm Incorporated, RAN1#88b, Spokane, Washington, April 2017.
[4]. [bookmark: _Ref480557247]R1-1704783, Pre-DFT Multiplexing of RS and UCI/Data for Short Duration PUCCH, IITH, CEWiT, Reliance Jio, IITM, Tejas Networks, RAN1#88b, Spokane, Washington, April 2017.

image3.emf
0 2 4 6 8 10 12

10

-4

10

-3

10

-2

10

-1

10

0



2

 (dB)

Prob(INP>



2

)

 

 

OFDM

FDM RS / UCI

pre-DFT RS/UCI multiplexing

pre-DFT RS/UCI mux. + interference mitigation


image4.png
RS ucl
D>
P samples N-P samples

A%

Ncp samples




image5.emf
0 10 20 30 40 50 60 70 80 90 100

-35

-30

-25

-20

-15

-10

-5

0

Sub-carrier Position

Level [dB]

Channel MSE

 

 

Reference

Case 1

Case 2

Case 3

Case 4

SNR=20dB

X=6.2%

X=50%

SNR=0dB


image6.emf
0 20 40 60 80 100

-1.1

-1

-0.9

-0.8

-0.7

-0.6

-0.5

-0.4

Constellation symbol position in bloc

SINR at LLR input [dB]

SNR = 0 dB

 

 

X=6.2%

X=50%

Reference

Case 1

Case 2


image7.emf
0 20 40 60 80 100

13

14

15

16

17

18

19

Constellation symbol position in bloc

SINR at LLR input (dB)

SNR = 20 dB

 

 

X=50%

X=28%

X=6.3%

Reference

Case 1

Case 2


image1.png
RS (K)

UCI (M-K)

DFT
(M)

Subcarrier
mapping

IDFT
(N)





image2.png
KRS M-K zeros

DFTsOFDM
modulation

D>
K zeros M-K UCI

N
DFT samples (time)

DFTsOFDM
modulation

N

<>

P samples

N-P samples

X YT

<>

P samples

N

/

P samples

N-P samples

- 5

DFTsOFDM symbol (time)

N-P samples
(UCl part)




