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Introduction
3GPP NR Rel 15 supports π/2-BPSK modulation with spectral shaping for uplink DFT-s-OFDM for both control and data channels and ZC/QPSK based computer generated sequences (CGS) are used as DMRS sequences mentioned in TR 38.211 Clause 5.2.2 for coherent detection. 
In RAN plenary meeting #80, the following WI is agreed: 
“Perform study and make conclusion in the first RAN1 meeting after start of the WI, and if needed, specify CSI-RS and DMRS (both downlink and uplink) enhancement for PAPR reduction for one or multiple layers (no change on RE mapping specified in Rel-15).”
Further, In RAN1 #94bis, the following working assumption was made [1]
Working Assumption
….
· For PUSCH/PUCCH DMRS for π/2 modulation, new DMRS sequences are specified in Rel.16 to reduce the PAPR to the same level as for data symbols
· Carefully consider channel estimation performance and cross correlation performance
….
In this contribution, we present new computer-generated sequences for DMRS that have both low PAPR and also better correlation performance compared to [2] and the existing NR CGS sequences.
Low PAPR DMRS for DFT-S-OFDM waveform
In Rel. 15, π/2-BPSK modulation with spectral shaping for uplink DFT-s-OFDM for both control and data channels is supported. ZC/QPSK-based CGS are employed as DMRS for coherent detection for these cases. In [2], it was shown that the DMRS sequences and the data have different PAPR, more specifically, the DMRS sequences in NR Rel-15 have higher PAPR compared to PUxCH channels when they use π/2-BPSK modulation. Hence, it was agreed to resolve this disparity and make the PAPR of the DMRS sequence same as that of PUxCH channels without compromising the system performance. 
Considering the above, in this contribution we present π/2-BPSK-based DMRS sequences with spectral shaping which possess significantly low PAPR compared to existing ZC based DMRS sequences while simultaneously providing excellent correlation properties. 
Specifically, we present two sets of π/2-BPSK based computer generated 30 base sequences for each of the lower PRB allocations, i.e., length 6, 12, 18, 24 which have better auto- and cross-correlation properties besides having minimal PAPR. In one set, we present 30 base sequences which possess good auto correlation properties such that inter-cell/inter-sector collision can be minimized specifically for the cell edge UEs. The second set of 30 base sequences is constructed such that circular shifts of the base sequences will result in orthogonal sequences while having low PAPR and hence can be used for multiplexing several users.
In order to show the merit of the proposed sequences, we compare the PAPR of these new π/2-BPSK based CGS with that of existing NR DMRS sequences and also the sequences provided in [2]. We also compare the bit error performance after coherent detection in all the cases. We show that π/2 BPSK sequences with 1-D pulse shaping provides a total power gain of nearly 2.0 dB compared to existing sequences (c.f. TR 38.211 Clause 5.2.2) without much loss in the error performance. 
π/2 BPSK-based DMRS Design
The overall design is shown in the Fig. 1 and summarized below-
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Fig 1. CGS Sequence based DMRS Design for π/2 BPSK Modulation 
1. Obtain a set of computer-generated sequences of desired length with low PAPR and good correlation properties 
2. -BPSK modulation
3. Precode the -BPSK sequence i.e., spectral shaping
4. Modulate the precoded π/2-BPSK sequence with DFT-s-OFDM 

As shown in the figure above, BPSK sequences are modulated using BPSK and DFT-s-OFDM with proper FDSS. The filter employed above is a two tap filter with the system function 1-D derived from linearized Gaussian pulse without oversampling (suitable truncation and rounding of coefficients is used).
The same FDSS could be used on the DMRS and the PUxCH to allow for accurate channel estimation. In addition, since both the DMRS and data are generated using BPSK and DFT-s-OFDM, their PAPR are effectively the same. 
Similar to the Clause 5.2.2 in TR 38.211, we present computer generated sequences for length 6, 12, 18 and 24 in the Appendix. In the tables, 
Table 1.1 contains one set of 30 base sequences of length 6 which possess extremely good auto correlation properties such that inter cell/sector collision specifically on cell edge UEs can be minimized
Table 1.2 contains second set of 30 base sequences of length 6 such that circular shifts of base sequences will result in low cross-correlation which can be used in multi UE multiplexing. 
Table 2.1 contains one set of 30 base sequences of length 12 which possess extremely good auto correlation properties such that inter cell/sector collision specifically on cell edge UEs can be minimized
Table 2.2 contains second set of 30 base sequences of length 12 such that circular shifts of base sequences will result in orthogonal sequences which can be used for multi UE multiplexing. 
Table 3.1 contains one set of 30 base sequences of length 18 which possess extremely good auto correlation properties such that inter cell/sector collision specifically on cell edge UEs can be minimized
Table 3.2 contains second set of 30 base sequences of length 18 such that circular shifts of base sequences will result in low cross-correlation which can be used in multi UE multiplexing. 
Table 4.1 contains one set of 30 base sequences of length 24 which possess extremely good auto correlation properties such that inter cell/sector collision specifically on cell edge UEs can be minimized
Table 4.2 contains second set of 30 base sequences of length 24 such that circular shifts of base sequences will result in orthogonal sequences which can be used for multi UE multiplexing. 
We next show the performance of the proposed sequences. 
PAPR performance
Figs 2-5 show the CDF of the PAPR of the proposed sequences in comparison with the existing NR sequences and the sequences in [2]. As can be seen from the figure, the proposed sequences have at least 1-2 dB gain in terms of PAPR performance over the existing NR sequences. Due to the PAPR gap between the DMRS and the PUSCH, cell edge users will have to reduce the transmit power of PUxCH to account for the peak PA power limit, which may result in a cell coverage loss. Hence, it is proposed to use the proposed sequences to avoid such asymmetries. 
[bookmark: _GoBack]While the PAPR performance of our sequences is close to that of the sequences in [2], we show in the next section that our sequences perform significantly better in terms of the correlation performance across the sequences. Note that, only length-12, 18 and 24 sequences are available in [2]. Hence, length-6 sequences performance is compared with the available NR sequences.
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Fig 2: CDF of the PAPR of the length-6 proposed sequences and the NR CGS sequences. 
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Fig 3: CDF of the PAPR of the length-12 proposed sequences and the NR CGS sequences. 
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Fig 4: CDF of the PAPR of the length-24 proposed sequences, the NR CGS sequences and sequences in [2]. 
[image: ]
Fig 5: CDF of the PAPR of the length-18 proposed sequences, the NR CGS sequences and sequences in [2]. 
Observation: The proposed π/2-BPSK based CGS sequences have a total power gain of 2 dB compared to the existing NR Rel-15 DMRS sequences.
Cross correlation performance
Figs 6-9 show the comparison of cross correlation performance of the proposed sequences across all the 30 base sequences with that of 30 QPSK based sequences and the sequences in [2]. As can be seen from the figure, the QPSK based sequences are relatively highly correlated compared to that of the proposed sequences. High correlation across the base sequences might result in inter cell/sector interference, especially for cell edge UEs. Furthermore, having orthogonal sequences helps in multiple user multiplexing within the same cell.
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Fig 6: CDF of the correlation performance of the length-6 proposed sequences and the NR CGS sequences
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Fig 7: CDF of the correlation performance of the length-12 proposed sequences and the NR CGS sequences. 
[image: ]
Fig 8: CDF of the correlation performance of the length-18 proposed sequences and the NR CGS sequences. 
[image: ]

Fig 9: CDF of the correlation performance of the length-24 proposed sequences and the NR CGS sequences. 

Observation: The proposed π/2-BPSK based CGS sequences can provide orthogonal sequences which can be used for multiple UE multiplexing.

Link level performance
[image: ]
Fig 10: BER performance for PUCCH format-4 with π/2 BPSK modulation 
In Fig. 10, the BER performance for PUCCH format 4 with π/2 BPSK modulation is shown when the DMRS sequences are chosen from the proposed sets described in Tables 2.1, 2.2 and also the NR sequences from TR 38.211 Clause 5.2.2. The simulation assumptions are shown below. 

	Simulation Assumption
	Value

	Allocation Size
	1 PRB

	Sub carrier spacing
	30 kHz

	Channel Model
	TDL-C, 30 ns

	Channel Coding
	Reed Muller



It is clearly seen that the proposed sequences do not affect the performance of the PUxCH channel. 
Observation: The link level performance of the proposed π/2-BPSK sequences for DMRS is similar to the performance provided by the existing NR sequences.

Conclusion
It is clearly shown that the proposed new CGS-based DMRS sequences for π/2-BPSK modulation have significantly better performance in terms of PAPR and also correlation properties compared to the existing NR sequences and the sequences proposed in [2]. 
Finally, the following observations and proposals are made:
Observation: The proposed π/2-BPSK based CGS sequences have a total power gain of 2 dB compared to the existing NR Rel-15 DMRS sequences.
Observation: The proposed π/2-BPSK based CGS sequences can provide orthogonal sequences which can be used for multiple UE multiplexing.
Observation: The link level performance of the proposed π/2-BPSK sequences for DMRS is the same as the existing NR sequences.
Proposal: Adopt new CGS-based DMRS sequences for /2 BPSK modulation. For length 6, 12, 18, and 24, adopt DMRS sequences as shown in Table 1, 2, 3 for/2 BPSK modulation.
References
[1] 3GPP RAN1 #94b, Chairman Report
[2] R1-1811280, Low PAPR Reference Signal, Qualcomm 
 Appendix
Below, we show the base sequences that we described in Section 3. 
Table 1.1 contains one set of 30 base sequences of length 6 which possess extremely good auto correlation properties such that inter cell/sector collision specifically on cell edge UEs can be minimized
Table 1.2 contains second set of 30 base sequences of length 6 such that circular shifts of base sequences will result in low cross-correlation which can be used in multi UE multiplexing. 
Table 2.1 contains one set of 30 base sequences of length 12 which possess extremely good auto correlation properties such that inter cell/sector collision specifically on cell edge UEs can be minimized
Table 2.2 contains second set of 30 base sequences of length 12 such that circular shifts of base sequences will result in orthogonal sequences which can be used for multi UE multiplexing. 
Table 3.1 contains one set of 30 base sequences of length 18 which possess extremely good auto correlation properties such that inter cell/sector collision specifically on cell edge UEs can be minimized
Table 3.2 contains second set of 30 base sequences of length 18 such that circular shifts of base sequences will result in low cross-correlation which can be used in multi UE multiplexing. 
Table 4.1 contains one set of 30 base sequences of length 24 which possess extremely good auto correlation properties such that inter cell/sector collision specifically on cell edge UEs can be minimized
Table 4.2 contains second set of 30 base sequences of length 24 such that circular shifts of base sequences will result in orthogonal sequences which can be used for multi UE multiplexing.

















	Index
	Length 6 BPSK sequence

	1
	-1
	-1
	-1
	-1
	-1
	1

	2
	1
	-1
	-1
	-1
	-1
	-1

	3
	-1
	1
	-1
	-1
	-1
	-1

	4
	-1
	-1
	1
	-1
	-1
	-1

	5
	-1
	-1
	-1
	1
	-1
	-1

	6
	-1
	-1
	-1
	-1
	1
	-1

	7
	-1
	-1
	-1
	-1
	1
	1

	8
	1
	-1
	-1
	-1
	-1
	1

	9
	1
	1
	-1
	-1
	-1
	-1

	10
	-1
	1
	1
	-1
	-1
	-1

	11
	-1
	-1
	1
	1
	-1
	-1

	12
	-1
	-1
	-1
	1
	1
	-1

	13
	-1
	-1
	1
	1
	1
	1

	14
	1
	-1
	-1
	1
	1
	1

	15
	1
	1
	-1
	-1
	1
	1

	16
	1
	1
	1
	-1
	-1
	1

	17
	1
	1
	1
	1
	-1
	-1

	18
	-1
	1
	1
	1
	1
	-1

	19
	-1
	1
	1
	1
	1
	1

	20
	1
	-1
	1
	1
	1
	1

	21
	1
	1
	-1
	1
	1
	1

	22
	1
	1
	1
	-1
	1
	1

	23
	1
	1
	1
	1
	-1
	1

	24
	1
	1
	1
	1
	1
	-1

	25
	-1
	-1
	1
	-1
	1
	-1

	26
	-1
	-1
	-1
	1
	-1
	1

	27
	1
	-1
	-1
	-1
	1
	-1

	28
	-1
	1
	-1
	-1
	-1
	1

	29
	1
	-1
	1
	-1
	-1
	-1

	30
	-1
	1
	-1
	1
	-1
	-1


                                        Table 1.1 First set of length-6 CGS BPSK Sequences for π/2 BPSK DMRS
                                         





























	Index
	Length 6 BPSK sequence

	1
	-1
	-1
	-1
	-1
	-1
	1

	2
	-1
	-1
	-1
	-1
	1
	-1

	3
	-1
	-1
	-1
	-1
	1
	1

	4
	-1
	-1
	-1
	1
	-1
	-1

	5
	-1
	-1
	-1
	1
	-1
	1

	6
	-1
	-1
	-1
	1
	1
	-1

	7
	-1
	-1
	1
	-1
	-1
	-1

	8
	-1
	-1
	1
	-1
	1
	-1

	9
	-1
	-1
	1
	-1
	1
	1

	10
	-1
	-1
	1
	1
	-1
	-1

	11
	-1
	-1
	1
	1
	-1
	1

	12
	-1
	-1
	1
	1
	1
	1

	13
	-1
	1
	-1
	-1
	-1
	-1

	14
	-1
	1
	-1
	-1
	-1
	1

	15
	-1
	1
	-1
	-1
	1
	1

	16
	-1
	1
	-1
	1
	-1
	-1

	17
	-1
	1
	-1
	1
	1
	-1

	18
	-1
	1
	-1
	1
	1
	1

	19
	-1
	1
	1
	-1
	-1
	-1

	20
	-1
	1
	1
	-1
	-1
	1

	21
	-1
	1
	1
	-1
	1
	-1

	22
	-1
	1
	1
	1
	-1
	1

	23
	-1
	1
	1
	1
	1
	-1

	24
	-1
	1
	1
	1
	1
	1

	25
	1
	-1
	-1
	-1
	-1
	-1

	26
	1
	-1
	-1
	-1
	-1
	1

	27
	1
	-1
	-1
	-1
	1
	-1

	28
	1
	-1
	-1
	1
	-1
	1

	29
	1
	-1
	-1
	1
	1
	-1

	30
	1
	-1
	-1
	1
	1
	1


                       
                         Table 1.2 Second set of length-6 CGS BPSK Sequences for π/2 BPSK DMRS

	Index
	Table 2.1: First set of length-12 CGS BPSK Sequences for π/2 BPSK DMRS

	1
	-1
	1
	-1
	1
	-1
	-1
	-1
	-1
	-1
	1
	1
	-1

	2
	-1
	-1
	1
	-1
	1
	-1
	-1
	-1
	-1
	-1
	1
	1

	3
	1
	-1
	-1
	1
	-1
	1
	-1
	-1
	-1
	-1
	-1
	1

	4
	1
	1
	-1
	-1
	1
	-1
	1
	-1
	-1
	-1
	-1
	-1

	5
	-1
	1
	1
	-1
	-1
	1
	-1
	1
	-1
	-1
	-1
	-1

	6
	-1
	-1
	1
	1
	-1
	-1
	1
	-1
	1
	-1
	-1
	-1

	7
	1
	-1
	1
	-1
	1
	1
	1
	1
	1
	-1
	-1
	1

	8
	1
	1
	-1
	1
	-1
	1
	1
	1
	1
	1
	-1
	-1

	9
	-1
	1
	1
	-1
	1
	-1
	1
	1
	1
	1
	1
	-1

	10
	-1
	-1
	1
	1
	-1
	1
	-1
	1
	1
	1
	1
	1

	11
	1
	-1
	-1
	1
	1
	-1
	1
	-1
	1
	1
	1
	1

	12
	1
	1
	-1
	-1
	1
	1
	-1
	1
	-1
	1
	1
	1

	13
	-1
	1
	-1
	1
	1
	1
	1
	1
	-1
	-1
	1
	1

	14
	1
	-1
	1
	-1
	1
	1
	1
	1
	1
	-1
	-1
	1

	15
	1
	1
	-1
	1
	-1
	1
	1
	1
	1
	1
	-1
	-1

	16
	-1
	1
	1
	-1
	1
	-1
	1
	1
	1
	1
	1
	-1

	17
	-1
	-1
	1
	1
	-1
	1
	-1
	1
	1
	1
	1
	1

	18
	1
	-1
	-1
	1
	1
	-1
	1
	-1
	1
	1
	1
	1

	19
	1
	-1
	1
	-1
	-1
	-1
	-1
	-1
	1
	1
	-1
	-1

	20
	-1
	1
	-1
	1
	-1
	-1
	-1
	-1
	-1
	1
	1
	-1

	21
	-1
	-1
	1
	-1
	1
	-1
	-1
	-1
	-1
	-1
	1
	1

	22
	1
	-1
	-1
	1
	-1
	1
	-1
	-1
	-1
	-1
	-1
	1

	23
	1
	1
	-1
	-1
	1
	-1
	1
	-1
	-1
	-1
	-1
	-1

	24
	-1
	1
	1
	-1
	-1
	1
	-1
	1
	-1
	-1
	-1
	-1

	25
	-1
	1
	-1
	1
	1
	-1
	-1
	1
	1
	1
	1
	1

	26
	1
	-1
	1
	-1
	1
	1
	-1
	-1
	1
	1
	1
	1

	27
	1
	1
	-1
	1
	-1
	1
	1
	-1
	-1
	1
	1
	1

	28
	1
	1
	1
	-1
	1
	-1
	1
	1
	-1
	-1
	1
	1

	29
	1
	1
	1
	1
	-1
	1
	-1
	1
	1
	-1
	-1
	1

	30
	1
	1
	1
	1
	1
	-1
	1
	-1
	1
	1
	-1
	-1


       




































	Index
	     Table 2.2: Second set of length-12 CGS BPSK Sequences for π/2 BPSK DMRS

	1
	-1
	-1
	-1
	-1
	-1
	1
	-1
	1
	-1
	-1
	1
	1

	2
	-1
	-1
	-1
	-1
	-1
	1
	1
	-1
	-1
	1
	-1
	1

	3
	-1
	-1
	-1
	-1
	1
	-1
	-1
	-1
	1
	-1
	1
	1

	4
	-1
	-1
	-1
	-1
	1
	-1
	-1
	1
	1
	1
	-1
	1

	5
	-1
	-1
	-1
	-1
	1
	-1
	1
	-1
	-1
	1
	1
	-1

	6
	-1
	-1
	-1
	-1
	1
	-1
	1
	1
	1
	-1
	-1
	1

	7
	-1
	-1
	-1
	-1
	1
	1
	-1
	-1
	1
	-1
	1
	-1

	8
	-1
	-1
	-1
	-1
	1
	1
	-1
	1
	-1
	-1
	-1
	1

	9
	-1
	-1
	-1
	1
	-1
	-1
	-1
	-1
	1
	1
	-1
	1

	10
	-1
	-1
	-1
	1
	-1
	-1
	-1
	1
	-1
	1
	1
	-1

	11
	-1
	-1
	-1
	1
	-1
	-1
	1
	1
	1
	-1
	1
	-1

	12
	-1
	-1
	-1
	1
	-1
	1
	-1
	-1
	1
	1
	-1
	-1

	13
	-1
	-1
	-1
	1
	-1
	1
	1
	-1
	-1
	-1
	-1
	1

	14
	-1
	-1
	-1
	1
	-1
	1
	1
	1
	-1
	-1
	1
	-1

	15
	-1
	-1
	-1
	1
	-1
	1
	1
	1
	1
	-1
	1
	1

	16
	-1
	-1
	-1
	1
	1
	-1
	-1
	1
	-1
	1
	-1
	-1

	17
	-1
	-1
	-1
	1
	1
	-1
	1
	-1
	-1
	-1
	1
	-1

	18
	-1
	-1
	-1
	1
	1
	-1
	1
	1
	1
	1
	-1
	1

	19
	-1
	-1
	1
	-1
	-1
	-1
	-1
	1
	-1
	1
	1
	1

	20
	-1
	-1
	1
	-1
	-1
	-1
	-1
	1
	1
	-1
	1
	-1

	21
	-1
	-1
	1
	-1
	-1
	-1
	1
	-1
	1
	1
	-1
	-1

	22
	-1
	-1
	1
	-1
	-1
	1
	1
	1
	-1
	1
	-1
	-1

	23
	-1
	-1
	1
	-1
	1
	-1
	-1
	-1
	-1
	-1
	1
	1

	24
	-1
	-1
	1
	-1
	1
	-1
	-1
	1
	1
	-1
	-1
	-1

	25
	-1
	-1
	1
	-1
	1
	1
	-1
	-1
	-1
	-1
	1
	-1

	26
	-1
	-1
	1
	-1
	1
	1
	1
	-1
	-1
	1
	-1
	-1

	27
	-1
	-1
	1
	-1
	1
	1
	1
	-1
	1
	1
	1
	1

	28
	-1
	-1
	1
	-1
	1
	1
	1
	1
	-1
	1
	1
	-1

	29
	-1
	-1
	1
	1
	-1
	-1
	-1
	-1
	-1
	1
	-1
	1

	30
	-1
	-1
	1
	1
	-1
	-1
	1
	-1
	1
	-1
	-1
	-1



	Index 
	                   Table 3.1 First set of length-18 CGS BPSK Sequences for π/2 BPSK DMRS

	1
	-1
	-1
	-1
	-1
	-1
	-1
	-1
	1
	1
	-1
	1
	-1
	1
	-1
	-1
	1
	1
	-1

	2
	-1
	-1
	-1
	-1
	-1
	-1
	-1
	-1
	1
	1
	-1
	1
	-1
	1
	-1
	-1
	1
	1

	3
	1
	-1
	-1
	-1
	-1
	-1
	-1
	-1
	-1
	1
	1
	-1
	1
	-1
	1
	-1
	-1
	1

	4
	1
	1
	-1
	-1
	-1
	-1
	-1
	-1
	-1
	-1
	1
	1
	-1
	1
	-1
	1
	-1
	-1

	5
	-1
	1
	1
	-1
	-1
	-1
	-1
	-1
	-1
	-1
	-1
	1
	1
	-1
	1
	-1
	1
	-1

	6
	-1
	-1
	1
	1
	-1
	-1
	-1
	-1
	-1
	-1
	-1
	-1
	1
	1
	-1
	1
	-1
	1

	7
	1
	-1
	-1
	1
	1
	-1
	-1
	-1
	-1
	-1
	-1
	-1
	-1
	1
	1
	-1
	1
	-1

	8
	-1
	1
	-1
	-1
	1
	1
	-1
	-1
	-1
	-1
	-1
	-1
	-1
	-1
	1
	1
	-1
	1

	9
	1
	-1
	1
	-1
	-1
	1
	1
	-1
	-1
	-1
	-1
	-1
	-1
	-1
	-1
	1
	1
	-1

	10
	-1
	-1
	-1
	-1
	-1
	-1
	-1
	1
	1
	-1
	-1
	1
	-1
	1
	-1
	1
	1
	-1

	11
	-1
	-1
	-1
	-1
	-1
	-1
	-1
	-1
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