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This contribution discusses a remaining aspect of long PUCCH, namely OCC design for PUCCH format 4
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The following was agreed in RAN1 #91 regarding the OCC for PUCCH format 4:
Agreements:
The OCCs for PUCCH format 4 are supported as shown in the following table.
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Issue with DFT OCC for PUCCH format 4 when  
One issue of the agreed OCC sequences with UE multiplexing capacity 4 is that, when used in combination with pi/2 BPSK modulation, Sequence 0 and Sequence 2 may destroy the phase continuity between adjacent OCC symbols, and, hence, increase the PAPR. And as we discussed in the previous contribution [1], it does not matter whether the pi/2 phase rotation is applied before or after the OCC spreading. A closer look at the PAPRs for the four OCC sequences suggest that the OCC Sequence 0 have a maximum PAPR of 3.7 dB, and is 2 dB larger than the PAPRs of the Sequence 1 and Sequence 3. Furthermore, the PAPR of Sequence 0 with pi/2 BPSK is only 0.8 dB better than QPSK (see Figure 2). 
Similar observation applies for the cubic metric (CM).  The maximum CM of OCC sequence 0 is 1.5 dB, which is about 1.3 dB worse than the maximum CM of OCC sequence 1 and OCC sequence 3. The cubic metric is calculated according to [2] with an IFFT size of 2048.
Observation 1: Using the capacity-4 pre-DFT OCC code agreed in RAN1 91, with pi/2-BPSK modulation, the PAPR of OCC Sequence 0 is 2 dB larger than that of Sequences 1 and 3, and is only 0.8 dB smaller than that of QPSK. 
Observation 2: Using the capacity-4 pre-DFT OCC code agreed in RAN1 91, with pi/2-BPSK modulation, the CM of OCC Sequence 0 is 1.3 dB larger than that of Sequences 1 and 3. 
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Figure 2: PAPR comparison for OCC sequences in Table 1

New OCC for PUCCH format 4 when  
Based on the observations in the previous, we propose to replace the OCC sequence 0 and 2 (that have worse PAPR performance) with two new OCC sequences shown in Table 2. 
Table 2: New OCCs for PUCCH format 4 with UE multiplexing capacity 4
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The PAPR comparison between the new OCC sequences and the DFT OCC sequences are tabulated in Table 3 for both pi/2 BPSK and QPSK modulation (see Figure 3 for a graphical comparison). It can be readily seen that, the maximum PAPR for the new OCC sequences is 2 dB smaller than that of the DFT OCC sequences. Furthermore, all the four OCC sequences in the new OCC sequence set has the same maximum PAPR, which is only 1.76 dB.
Table 3: PAPR comparison between DFT OCC sequences and new OCC sequences 
	
	Max PAPR (dB)
	Mean PAPR (dB)
	Min PAPR (dB)

	DFT OCC, pi/2 BPSK
	3.77
	1.96
	0

	New OCC, pi/2 BPSK
	1.76
	1.32
	0

	DFT OCC, QPSK
	4.44
	2.53
	0

	New OCC, QPSK
	3.77
	2.53
	0
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Figure 3: PAPR comparison between the new OCC and DFT OCC 

Table 4 below lists the max/mean/min CM of the two OCC sequence sets for pi/2 BPSK and QPSK modulation. As can be seen from the table, the new OCC sequences may provide more than 1.3 dB CM reduction compared with the DFT sequences for pi/2 BPSK modulated data; and may provide a 0.9 dB CM reduction for QPSK modulation.
Table 4: CM comparison between DFT OCC sequences and new OCC sequences 
	
	Max CM (dB)
	Mean CM (dB)
	Min CM (dB)

	DFT OCC, pi/2 BPSK
	1.5061
	0.2457
	-0.8216

	New OCC, pi/2 BPSK
	0.1717
	-0.0766
	-0.8216

	DFT OCC, QPSK
	2.37
	0.6223
	-0.8216

	New OCC, QPSK
	1.5061
	0.6314
	-0.8216



Furthermore, the new OCC sequences preserve the property that signals from different UEs occupy orthogonal tones in the frequency domain within a PRB. More specifically, the signals that are spread by OCC sequence 0,1,2,3 occupy Tone [0, 4,8], [1,5,9], [2,6,10], and [3,7,11], respectively, in the frequency domain. Next, we provide the detailed derivations that proves OCC sequence 0 occupies Tone [0,4,8] after DFT. Claims for OCC sequence 1, 2, and 3 follow analogous steps.  
Proof: For four UEs multiplexing, in the pre-DFT-OCC approach, the modulated symbols before DFT for UE 0 is 

where  are the modulated data from UE 0 before spreading. Denote the n-th element on the right-hand size of the above equation, 
Given a discrete time signal  where , the FFT of  is given by

.
Now, since , , as in the signal from UE 0, we have
                              
         
.
From here, it is not difficult to check that  if and only if   . In other words, the frequency domain signal { only occupies Tone 0, 4, and 8. This proves our claim. 
Observation 3: Similar to OCC sequences agreed in RAN1 91, signals from different UEs spread by the new OCC sequences in Table 2 are FDMed in the frequency domain.
Based on the discussions above, we thus put forth the following proposal.
[bookmark: _Ref463027406][bookmark: _Ref465963195][bookmark: _Ref466040522][bookmark: _Ref378529477][bookmark: _Toc424303267][bookmark: _Toc425248865][bookmark: _Toc425344835][bookmark: _Toc425350726][bookmark: _Toc425501584][bookmark: _Toc425504168]Proposal 1: For PUCCH format 4 with UE multiplexing capacity 4, use the new preDFT OCC sequences in Table 2. 

Conclusions
We have motivated the following proposals regarding long PUCCH:
Observation 1: Using the capacity-4 preDFT OCC code agreed in RAN1 91, with pi/2-BPSK modulation, the PAPR of OCC Sequence 0 is 2 dB larger than that of Sequences 1 and 3, and is only 0.8 dB smaller than that of QPSK. 
Observation 2: Using the capacity-4 pre-DFT OCC code agreed in RAN1 91, with pi/2-BPSK modulation, the CM of OCC Sequence 0 is 1.3 dB larger than that of Sequences 1 and 3. 
Observation 3: Similar to OCC sequences agreed in RAN1 91, signals from different UEs spread by the new OCC sequences in Table 2 are FDMed in the frequency domain.
Proposal 1: For PUCCH format 4 with UE multiplexing capacity 4, use the new preDFT OCC sequences in Table 2.
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