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In RAN1_87 Adhoc [1], the following has been agreed for UL control channelization
· 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.

In this contribution, the channelization of the short PUCCH is discussed. After an introduction of the contribution Section 1, the rest of the contribution is organized as the following. In Section 2, in terms of PUCCH coverage, the advantage of low PAPR waveform over CP-OFDM based waveform is discussed. In Section 3, the proposal of UL short PUCCH channelization for 1–symbol short duration span is discussed. In Section 4, the proposal of UL short PUCCH channelization for 2–symbol short duration span is discussed. In Section 5, the localized contiguous RBs for short PUCCH is proposed when multiple RBs are used for short PUCCH transmission. Simulation results are also provided in Section 5 to compare localized RBs versus distributed RBs. The conclusions are listed in Section 6. 
[bookmark: _Ref473802466][bookmark: _Ref462669569]Waveform for short PUCCH
For short PUCCH, even the use case is for transmission of small payload such as 1 bit ACK/NACK, applying the low PAPR waveform such as DFT-S-OFDT still can give a better coverage. As shown in Table 1, with DFT-S-OFDM waveform, the ACK/NACK coverage (with 0.1% error rate) is 754 meters. While with OFDM waveform, assuming 2dB PA power back-off due to higher PAPR, the ACK/NACK coverage (with 0.1% error rate) is 667 meters. Therefore, to improve short PUCCH coverage, low PAPR waveform such as DFT-S-OFDM should be adopted to support link budget limited UEs at cell edge.
[bookmark: _Ref450903402]Table 1 1-bit ACK/NACK channel link budget analysis
	3GPP TR 36.824
	DFT-S-OFDM
	CP-OFDM

	(1) Tx Power (dBm)
	23
	21

	(2) Thermal noise density (dBm/Hz)
	-174
	-174

	(3) eNB Receiver noise figure (dB)
	5
	5

	(4) Interference margin (dB)
	0
	0

	(5) Occupied channel bandwidth (Hz)
	1.44E+06
	1.44E+06

	(6) Effective noise power
=(2) + (3) + (4) + 10log(5) (dBm)
	-107.42
	-107.42

	(7) required SINR (dB) per RxAnt
	-12
	-12

	(8) Receiver sensitivity (dBm)
=(6) + (7)
	-119.42
	-119.42

	(9) MCL
=(1) - (8)
	142.42
	140.42

	
	
	

	(10) number RxAnt
	4
	4

	(11) Baseband Gain (dB)
	6.02
	6.02

	(12) UE TxAnt gain (dBi)
	-1.00
	-1.00

	(13) eNB RxAnt Gain (dB)
	15
	15

	(14) penetration loss (dB)
	20
	20

	(15) logNormal shadow (dB)
	6.9
	6.9

	(16) Max path loss (dB)
= (9) + (12) + (13) - (14) - (15)
	129.52
	127.52

	(17) Carr frequency (Hz)
	4.00E+09
	4.00E+09

	(18) Max cell Radius (m)
	7.54E+02
	6.67E+02



Proposal 1: Support low PAPR waveform such as DFT-S-OFDM waveform for PUCCH in short duration. 
[bookmark: _Ref473901776]PUCCH channelization in 1-symbol short duration
For 1-symbol short duration, it was agreed “at least” that “UCI and RS are multiplexed in the given OFDM symbol in FDM manner if RS is multiplexed” is supported. But it does not exclude other options such as TDM RS with UCI in the given OFDM symbol. Actually, we think by TDM DMRS pilot with UCI before DFT spreading, we can apply low PAPR waveform to 1-symbol short PUCCH, which have the advantage of improve PUCCH coverage for link budget limited UEs, as shown in Table 1 for 1 bits ACK/NACK channel link budget analysis.
Without loss of generality, the idea of TDM DMRS with UCI before DFT spreading is illustrated in Figure 1 with an example of DMRS and UCI ratio of 1:1. The TDM of DMRS with UCI before DFT with other ratio between DMRS and UCI can be extended from this example. In this example, we denote N as the number of modulated symbols for the OFDM symbol before adding CP. Before DFT spreading, DMRS pilot and UCI data are TDM in the OFDM symbol of length N where DMRS located at the first half and UCI is located at the second half of the OFDM symbol. Since DMRS and pilot are TDMed before DFT spread, low PAPR waveform such as DFT-S-OFDM can be utilized, which has been proved improving PUCCH coverage for link budget limited UEs.   


[bookmark: _Ref473816189][bookmark: _Ref473816186]Figure 1: TDM DMRS pilot with UCI data before DFT.
In summary, the transmitter processing chain for 1-symbol short PUCCH can be illustrated as in Figure 2. The only difference to ordinary DFT-S-OFDM based transmitter chain is that an extra operation is needed to TDM DMRS pilot and UCI content, while everything else is the same as regular DFT-S-OFDM.


[bookmark: _Ref473818432]Figure 2: Transmitter processing chain for TDM DMRS and UCI before DFT.

Proposal 2: In addition to FDM RS and UCI, also support TDM RS and UCI before DFT spread in short duration with 1-symbol span. 
[bookmark: _Ref473899589]PUCCH channelization in 2-symbol short duration
For PUCCH with 2-symbol short duration, the previous agreement in RAN1_87 Adhoc was “FFS actual structure and waveform”. 
The proposal for PUCCH channelization in short UL duration with 2-symbol span is shown in Figure 3.  The short UL duration consists of two symbols at the end of a slot. The DMRS and UCI are assumed to be TDM’ed in time domain where DMRS transmitted in the first symbol while UCI transmitted in the second symbol. The TDM of DMRS and UCI over two symbols has the following two advantages
1. With TDMed DMRS and UCI, PUCCH can apply DFT-S-OFDM waveform, which improves the PUCCH link budget (i.e. coverage) for the short UL duration.  
2. By putting the UCI on the 2nd symbol can relax UE ACK turn-around timeline for self-contained downlink-centric slot. The 1st symbol of DMRS is an extra margin to process PDSCH and generate UCI waveform.  


[bookmark: _Ref463021226]Figure 3: UL control channelization in short UL duration.
Proposal 3: Support TDM DMRS and UCI for PUCCH channel in short duration with 2-symbol span.
[bookmark: _Ref473802481][bookmark: _Ref463027406][bookmark: _Ref378529477][bookmark: _Toc424303267][bookmark: _Toc425248865][bookmark: _Toc425344835][bookmark: _Toc425350726][bookmark: _Toc425501584][bookmark: _Toc425504168]Localized RBs for short PUCCH 
As shown in Figure 4, when a UE send a PUCCH over multiple RBs, the multiple RBs can either be localized and contiguous in frequency domain or distributed to span a large bandwidth. Therefore, another important topic for short PUCCH is to decide whether localized contiguous RBs or distributed RBs should be applied to short PUCCH with multiple RBs transmission. 


[bookmark: _Ref473798247][bookmark: _Ref473798243]Figure 4: localized vs distributed RBs in short UL duration.

Localized contiguous RBs for PUCCH has quite a few advantages over distributed RBs, as listed below:
· Localized contiguous RBs allows better channel estimation algorithm which has larger channel processing gain.
· Localized contiguous RBs allows low PAPR waveform for short PUCCH, which improves PUCCH short PUCCH coverage. It is well known that low PAPR waveform with localized RBs has about 2dB power gain due to lower PAPR. 
· Localized contiguous RBs has smaller IM (intermodulation) distortion/leakage. With distributed RBs, IM3 can cause often a few dB PA back-off. [2] Indicated that for the worst case at least 5.4dB back-off is needed with non-contiguous RB allocation. 
· Adopt narrow band distributed RBs (as shown in case C in Figure 4) can potentially reduce IM. However, it also reduced the diversity gain comes with the distributed RB allocation.
· Localized RBs works well with dynamic scheduling of PUCCH, which can bring frequency selective scheduling gain.

On the other hand, distributed RBs can have frequency diversity gain in frequency selective channels. However, this frequency diversity gain can be offset by channel estimation loss due to less DMRS tones in each distributed single RB. Furthermore, distributed RBs suffer from PA back-off due to high PAPR and high IM leakage.
The pure link level performance comparison (without accounting PA back-off due to PAPR and/or IM leakage) between localized and distributed RBs confirmed the above statement of channel estimation loss with distributed RBs. We simulated ACK/NACK performance with 4 RBs assigned to ACK/NACK with 1-symbol short PUCCH span. The system bandwidth is 100Mhz. Subcarrier space is 30 KHz. With localized RBs, 4 RBs are fixed at location from physical RB4 to RB 7. With distributed RBs, 4 RBs are evenly distributed over the whole 100 MHz system bandwidth. 
First of all, in AWGN channel, there is no frequency diversity gain with distributed RBs. Localized RBs allows 4 RB joint channel estimation which yields more channel processing gain than per RB based channel estimation with distributed RBs.   Figure 5 shows exactly the potential loss with distributed PUCCH RBs due to worse channel estimation than localized RBs. 
Even in EPA channel, Figure 6 shows that at 0.1% error rate, distributed and localized RBs yield almost the same performance, which indicates that the gain of frequency diversity with RBs span over 100Mhz is simply offset by the channel estimation loss. One should notice that 4 RBs span over 100Mhz may lead to very high IM leakage and PAPR.
Only in EVA/ETU channels which as large delay spread, we can see about 2dB gain with distributed RBs spanning100Mhz over localized RBs. But we should notice that this 2dB gain comes with the consequences of high IM leakage and bad PAPR. Considering the back-off of PA, the 2dB gain might disappear easily. Narrowing the distributed RBs spanning could reduce the IM. But it diminishes the frequency diversity gain of distributed RBs at the same time, as shown in Figure 7 and Figure 8. 
[image: ]
[bookmark: _Ref473800245]Figure 5: ACK/NACK performance in AWGN channel.
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[bookmark: _Ref473800813]Figure 6: ACK/NACK performance in EPA 5Hz low correlation channel.
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[bookmark: _Ref474168908]Figure 7: ACK/NACK performance in EVA 5Hz low correlation channel.
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[bookmark: _Ref474168926]Figure 8: ACK/NACK performance in ETU 5Hz low correlation channel.

In summary, just adding the ~2dB PAPR gain with localized contiguous RBs allocation into the above figures, the performance of localized RBs is already better or at least no worse than distributed RBs. Furthermore, considering the back-off due to IM with distributed RBs, localized contiguous RBs allocation has better performance than distributed RBs. Therefore, we propose adopting localized contiguous RBs for short PUCCH with low PAPR waveform, when multiple RBs per UE is supported. 
Proposal 4: Adopt localized contiguous RBs for short PUCCH with low PAPR waveform when multiple RBs per UE is supported. 
[bookmark: _Ref465963195][bookmark: _Ref466040522]Conclusions
The following proposals are for PUCCH channelization in short UL duration. 
[bookmark: _Ref465864507]Proposal 1: Support low PAPR waveform such as DFT-S-OFDM waveform for PUCCH in short duration. 
Proposal 2: In addition to FDM RS and UCI, also support TDM RS and UCI before DFT spread in short duration with 1-symbol span. 
Proposal 3: Support TDM DMRS and UCI for PUCCH channel in short duration with 2-symbol span.
Proposal 4: Adopt localized contiguous RBs for short PUCCH with low PAPR waveform when multiple RBs per UE is supported. 
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