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In RAN1 #94b meeting, the following working assumption was agreed:
Working Assumption
· For PDSCH DMRS and PUSCH DMRS for CP-OFDM, DMRS enhancements are specified in Rel.16 to reduce the PAPR to the same level as for data symbols for all port combinations given by 38.212
· For the Rel-16 DMRS enhancement, each CDM group can be configured with different cinit
· For Type 1, the two cinit (configured by nSCID=0,1, respectively) in Rel-15 are used for port(s) in each of the two CDM groups, respectively
· For Type 2, introduce the CDM group index in cinit 
· FFS: How CDM group index is derived?
· For Type 1 and Type 2, simultaneously use dynamic TRP selection (or MU-MIMO pairing with different nSCID) and CDM group specific cinit is supported
· The following solution categories are precluded 
· Modification of OCC 
· Modification to PN sequence generation, such as subsampling a longer sequence
· Note: Concerns raised by MediaTek that preclusion of the above solutions will negatively impact power imbalance issue
· Carefully consider backward compatibility issues and the total number of cinit configured per UE
· For PUSCH/PUCCH DMRS for pi/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 provide our views on the design of DMRS sequences with low PAPR for cell coverage enhancement. 
[bookmark: _Ref471731770][bookmark: _Ref462669569]PAPR of /2 BPSK data vs NR ZC DMRS
For cell-edge UEs, the PAPR of the transmit waveform is a dominating factor to determine the maximum transmit power. In NR Rel-15, /2 BPSK modulation with frequency domain spectrum shaping (FDSS) is supported for the uplink DFT-s-OFDM waveform due to its extreme low PAPR property. On the other hand, the DMRS sequence for PUSCH with DFT-s-OFDM waveform is Zadoff-Chu (ZC) sequence, regardless of the modulation scheme. In Figures 1a and 1b below, we compare the PAPR of the /2 BPSK modulated random PUSCH data with the PAPR of NR Zadoff-Chu sequences. 
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Figure 1a. PAPR comparison among /2 BPSK modulated random PUSCH data, /2 BPSK based DMRS sequences and NR ZC sequences; FDSS corresponds to a time-domain response of [0.28,1,0.28]; Number of Allocated Tones = 96
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Figure 1b. PAPR comparison among /2 BPSK modulated random PUSCH data, /2 BPSK based DMRS sequences and NR ZC sequences; FDSS corresponds to a time-domain response of [0.28,1,0.28]; Number of Allocated Tones = 180
The ZC sequences plotted in Figure 1a are the 60 NR ZC sequences with length 96. The PAPR of both filtered and un-filtered ZC sequences are plotted. As can be seen from the figure, the un-filtered NR ZC sequences has 3.2 dB larger PAPR (at the  CDF point) than the /2 BPSK modulated PUSCH. When the FDSS is applied to the ZC DMRS, the PAPR may be reduced from the un-filtered ZC sequences. However, the PAPR of the filtered ZC sequence is still 1.6 dB larger than the PAPR of /2 BPSK with the same FDSS (which corresponds to [0.28,1,0.28] in the time domain). Moreover, as we increase the number of allocated RBs for PUSCH, the PAPR gap between NR ZC sequence and  /2 BPSK may gets even larger. For example, with 180 DMRS tones, the PAPR gap between NR ZC sequences and /2 BPSK (both with FDSS) increases to 2 dB (see Figure 1b). Due to the PAPR gap between the DMRS and the PUSCH, cell edge users will have to reduce its transmit power of the PUSCH to account for the peak PA power limit, which may results in cell coverage loss. 
Observation 1: NR Rel-15 ZC-based DMRS has more than 1.6 dB larger PAPR than /2 BPSK-modulated data.
Next, we compare the PAPR of best 30 ZC sequences against the PAPR of time-domain pi/2 BPSK data. For both options, we apply the same time domain filter that correspond to [0.28,1,0.28]. The results are shown in Figure 1c below. We observe that, even by choosing the best 30 ZC sequences, the PAPR gap from pi/2 BPSK DMRS may still be greater than 1.5 dB at  CDF. 
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(a) 	6RB                                                                                       (b) 12 RB
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(c)	25RB                                                                                       (d) 50 RB
Figure 1c. PAPR comparison between pi/2 BPSK DMRS and best 30 ZC sequence; FDSS corresponds to a time-domain response of [0.28,1,0.28]; Simulation BWs are 6, 12, 25, 50 RBs from top-left to bottom-right 

Observation 2: The PAPR gap between the best 30 ZC sequences and the pi/2 BPSK data is greater than 1.5 dB at  CDF.

Another observation on NR ZC sequences is that their PAPR are not uniform across the 60 sequences. For example, for the set of length-96 NR ZC sequences, the per-sequence PAPR varies between 2.9 and 3.7 dB, as shown in Figure 2 below. One may argue that gNB could try to schedule sequences with smaller PAPR to cell edge UEs in order to reduce the PAPR gap between ZC sequence based DMRS and the PUSCH. However, this is not possible per NR design. Indeed, due to DMRS sequence hopping, UEs may hop the DMRS sequence on a per slot basis to randomize inter-cell interferences. In this case, it is not possible to guarantee that cell edge UEs will always be allocated with sequences of smaller PAPR. We also notice from Figure 2 that, the median of the PAPR of NR ZC sequence of length 96 with FDSS is 3.3 dB, which is still 1.3 dB larger than the PAPR of the /2 BPSK modulated PUSCH.
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Figure 2. PAPR histogram for NR ZC sequences of length 96; FDSS corresponds to a time-domain response of [0.28,1,0.28] is used to reduce the PAPR of ZC sequences  

Observation 3: With DMRS sequence hopping, the link budget for /2 BPSK modulation is based on the worst PAPR among all NR DMRS base sequences.

Furthermore, on the RAN 4 aspects of pi/2 BPSK and ZC DMRS, we notice that an LS [5] was sent by RAN 4 to regarding the PA EVM for pi/2 BPSK and DMRS.  In particular, [5] suggests the following observations:
Observations:
· For un-shaped waveforms, when ZC DMRS accompanies pi/2 BPSK, PA output may be backed off compared to the PA’s capability with pure pi/2 BPSK.

· For shaped waveforms, when ZC DMRS accompanies pi/2 BPSK, PA output may have to be backed off further compared to non-shaped waveforms. Reader is referred to [1] for details. RAN4 believes alternative shaping filter implementations are possible.

Based on the observations above, we have the following proposal. 
Proposal 1: Confirm the following working assumption

· For PDSCH DMRS and PUSCH DMRS for CP-OFDM, DMRS enhancements are specified in Rel.16 to reduce the PAPR to the same level as for data symbols for all port combinations given by 38.212
· For the Rel-16 DMRS enhancement, each CDM group can be configured with different cinit
· For Type 1, the two cinit (configured by nSCID=0,1, respectively) in Rel-15 are used for port(s) in each of the two CDM groups, respectively
· For Type 2, introduce the CDM group index in cinit 
· FFS: How CDM group index is derived?
· For Type 1 and Type 2, simultaneously use dynamic TRP selection (or MU-MIMO pairing with different nSCID) and CDM group specific cinit is supported
· The following solution categories are precluded 
· Modification of OCC 
· Modification to PN sequence generation, such as subsampling a longer sequence
· Note: Concerns raised by MediaTek that preclusion of the above solutions will negatively impact power imbalance issue
· Carefully consider backward compatibility issues and the total number of cinit configured per UE
· For PUSCH/PUCCH DMRS for pi/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
/2 BPSK based DMRS for DFT-S-OFDM waveform
/2 BPSK based DMRS design 
To solve the PAPR issue, new DMRS sequences should be used for /2 BPSK modulation to meet the same PAPR requirement as the data symbols. In this section, we present a new DMRS design with same PAPR between DMRS symbol and data symbol for PUSCH with /2 BPSK modulation for NR Rel-16. 
More specifically, we propose to use /2 BPSK modulated DMRS sequence design based on Gold sequences (i.e., pseudo-random sequences). The diagram for the sequence generation is shown in Figure 3 below. 
Step 1) Generate a set of gold sequences of desired length. The NR pseudo-random sequence generator defined in Section 5.2.1 of [2, TS 38.211] could be reused to simplify the design and standardization effort. 
Step 2)  BPSK modulation.
Step 3) Modulate the  BPSK sequence by DFT-s-OFDM with a proper FDSS.
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Figure 3: Gold sequence based DMRS sequence generation for  BPSK with Filtering
As shown from the diagram above, gold sequences are modulated using BPSK and DFT-s-OFDM with proper FDSS. The same FDSS could be used on the DMRS and the PUSCH to allow 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 (see Figures 1 and 2). In particular, the new BPSK based DMRS have 1.6~2 dB less PAPR compared with the ZC based DMRS in NR Rel-15, as shown in Figures 1 and 2. The study of cross correlation of BPSK based DMRS sequences is provided in Appendix.   

Link level performance of Pi/2 BPSK DMRS vs ZC DMRS
In this section, we provide some comparison between the link level performance of BPSK DMRS and ZC based DMRS. Since the BPSK DMRS are modulated in the time domain, it has fluctuations in the frequency domain. For comparison, the ZC sequence is flat in the frequency domain, which may result in different channel estimation performance. The results in Figure 4 below show that despite the frequency domain fluctuation, the link level performances between the two DMRS sequences are almost equivalent regardless of the number of allocated tones, the number of receive antennas, and channel models.
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(a)                                                                                                         
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(b)                                                                         
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(c)
Figure 4. LLS comparison between NR ZC-based and /2 BPSK-based DMRS for PUSCH with /2 BPSK modulation and DFT-s-OFDM; Realistic channel estimation; coding rate=0.25. The simulation parameters in the figures are:  (a) 8 RB allocation, TDL-C 300 ns, 9 OFDM symbols (1 DMRS symbol);  (b) 6 RB allocation, TDL-C 300 ns, 5 OFDM symbols (1 DMRS symbol);  (c) 50 RB allocation, TDL-C 300 ns, 13 OFDM symbols (1 DMRS symbol)
In Figure 5, we present LLS comparison between frequency-domain based channel estimation and time domain based channel estimation for both ZC DMRS and pi/2 BPSK DMRS for different resource allocation size. The frequency-domain channel estimation is performed on every 4RB bundle. In Figure 5(a), we consider a 4-RB resource allocation. In this case, time-domain and frequency-domain channel estimation yield almost identical performance. The reason for this is that the two methods have the same processing gain. In Figure 5(b), we consider a larger resource allocation of 48 RBs. As shown in the figure, time-domain channel estimation has 1.3 dB better link-level performance than the frequency-domain channel estimation. The reason for this is that, in this case, time-domain channel estimation may exploit a larger processing gain than frequency-domain channel estimation. Another observation is that, if the receiver is constrained to use frequency-domain channel estimation, the ZC based DMRS and the proposed time-domain /2 BPSK based DMRS yield almost identical performance.  
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(a) 4RB allocation 
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(b) 48 RB allocation
Figure 5. LLS comparison between NR ZC-based and /2 BPSK-based DMRS using time domain channel estimation and frequency domain channel estimation; (a) TDL-C 300 ns with 4 RB allocation (b) TDL-C 300ns with 1000 ns delay spread and 4 Rx.  
Observation 4: /2 BPSK based DMRS sequence can yield almost identical link level performance as ZC based DMRS sequence for /2 BPSK modulation. 


Therefore, based on the above observations, we make the following proposal.
Proposal 2: In NR Rel-16, length 30 or larger DMRS for /2 BPSK modulation for both PUSCH and PUCCH is generated based on gold-sequence followed by /2 BPSK modulation followed by transform precoding.
In NR Rel-15, for DFT-S-OFDM waveform, DMRS configuration type 1 is used, which has a comb-2 structure in the frequency domain. In order to be backward compatible with NR Rel-15 design, the new DMRS design should also support comb-2 structure in the frequency domain. To generate comb-2 in the frequency domain, it is equivalent to repeat the same time-domain sequence two times and then apply an OCC [+1, +1] and [+1, -1] followed by a DFT. In other words, block-wise spreading and pre-DFT-OCC can be used. More specifically, to generate a sequence of length N with comb 2 structure in the frequency domain, we can take a sequence  and perform a repetition as follows:
=[]  and =[]  .
After performing an N-point DFT, the length-N sequence  will only occupy even subcarriers, and the length-N sequence  will only occupy odd subcarriers. This way we can achieve a comb-2 structure in the frequency domain.   
Proposal 3: Support block-wise repetition and pre-DFT-OCC with OCC code [+1, +1] and [+1, -1] for Rel-16 DMRS for pi/2 BPSK modulation to preserve comb-2 structure in the frequency domain. 
DMRS sequence generation 
To simplify the design and standardization, the NR pseudo-random sequence generator defined in Section 5.2.1 of [2, TS 38.211] could used to generate the binary sequence before /2 BPSK modulation. Also, the DMRS initialization method for CP-OFDM could be reused. In this section, we describe the detailed procedures for DMRS sequence generation.  In particular, the sequence before DFT spread shall be generated according to

where the pseudo-random sequence  is defined in Section 5.2.1 of [2, TS 38.211]. The pseudo-random sequence generator shall be initialized with (same as in NR Rel-15)

where  is used in the equation, and  is given by higher-layer parameters scramblingID0 in the DMRS-UplinkConfig same as in NR Rel-15. In this way, no new RRC parameter is needed for the DMRS sequence initialization.   
Proposal 4: For length 30 or larger DMRS for /2 BPSK modulation for PUSCH/PUCCH, NR Rel-16 reuse Rel-15 Gold sequence generator and DMRS initialization method for CP-OFDM. In particular, Rel-16 Gold sequence generator for length 30 or larger DMRS for /2 BPSK modulation for PUSCH/PUCCH shall be initialized with

where   is used.
CGS-based BPSK sequences for small RB allocations
For small RB allocations (e.g., sequences of length less than 30), QPSK-based computer-generated sequences (CGS) are used as DMRS sequences in NR Rel-15. However, the PAPR of the NR Rel-15 CGS is also larger than that of the BPSK based PUSCH. In this section, we shall present new computer-generated BPSK sequences, which can be used to further improve the PAPR performance for small RB allocations. 
The criteria used for searching the new BPSK CGS are listed below:
· Low auto-correlation;
· Low PAPR;
· Low cross-correlation.

In particular, all  BPSK CGS for length 12 shall satisfy the following auto-correlation property:

This property guarantees good channel estimation performance regardless of what FDSS is used (as long as the number of taps of the FDSS in time domain satisfies the corresponding RAN 4 requirement.) 
Similarly, all length-18 BPSK CGS shall satisfy the following auto-correlation property:

and

All length-24 BPSK CGS shall satisfy the following auto-correlation property:

For BPSK sequences that satisfy the auto-correlation properties that listed above, sequences with low PAPR and low cross-correlation properties are further selected. A list of selected CGS sequences for length 12, 18, 24 are shown in Tables 1-3 below. The binary sequences in the tables are modulated to /2 BPSK sequences, followed by DFT-s-OFDM with FDSS, similar to the diagram in Figure 3. 
In Figure 6, we compare the PARP of the computer-generated BPSK sequences with the PAPR of the NR QPSK CGS. As can be seen, the proposed  BPSK sequences have around 1.3 dB PAPR gain from the NR Rel-15 QPSK CGS. For the PAPR computation, FDSS which corresponds to [0.28,1,0.28] in time domain is applied.
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Figure 6. PAPR comparison among /2 BPSK CGS and NR QPSK CGS; FDSS corresponds to a time-domain response of [0.28,1,0.28]; Number of Allocated Tones = 12, 24

Table 1: A set of length-12 CGSs for Pi/2 BPSK DMRS
	Index
	Sequence
	PAPR (dB)

	0
	0     1     1     1     1     0     1     0     0     0     1     1
	    0.8630

	1
	0     1     0     1     1     0     1     0     0     0     1     1
	    0.7534

	2
	0     1     1     0     1     0     1     0     0     0     1     1
	    0.9821

	3
	0     1     0     1     0     1     1     0     0     0     1     1
	    1.0299

	4
	0     1     1     1     1     1     1     0     0     0     1     1
	    0.9821

	5
	0     1     0     1     1     1     1     0     0     0     1     1
	    0.7791

	6
	0     1     1     0     0     0     0     0     0     0     1     1
	    1.0299

	7
	0     1     1     1     1     0     0     0     0     0     1     1
	    0.7534

	8
	0     1     0     1     1     0     0     0     0     0     1     1
	    0.7534

	9
	0     1     1     0     1     0     0     0     0     0     1     1
	    0.7791

	10
	0     1     1     1     1     0     1     1     1     0     1     1
	    1.3019

	11
	0     1     0     1     1     0     1     1     1     0     1     1
	    1.1643

	12
	0     1     1     0     1     0     1     1     1     0     1     1
	    1.1933

	13
	0     1     1     1     0     1     1     1     1     0     1     1
	    1.3019

	14
	0     1     0     0     0     1     1     1     1     0     1     1
	    1.1239

	15
	0     1     1     0     1     1     1     1     1     0     1     1
	    1.3079

	16
	0     1     0     1     0     0     0     1     1     0     1     1
	    1.3874

	17
	0     1     0     0     0     0     0     1     1     0     1     1
	    1.1917

	18
	0     1     0     0     0     1     0     1     1     0     1     1
	    1.3249

	19
	0     1     1     1     1     1     0     1     1     0     1     1
	    1.3079

	20
	0     1     0     1     1     1     0     1     1     0     1     1
	    1.1566

	21
	0     1     1     0     0     0     1     0     1     0     1     1
	    1.3874

	22
	0     1     1     1     0     1     1     0     1     0     1     1
	    1.1643

	23
	0     1     1     0     1     1     1     0     1     0     1     1
	    1.1566

	24
	0     1     1     0     0     0     0     0     1     0     1     1
	    1.1917

	25
	0     1     1     1     1     0     0     0     1     0     1     1
	    1.1240

	26
	0     1     0     1     1     0     0     0     1     0     1     1     
	    0.7534

	27
	0     1     1     0     1     0     0     0     1     0     1     1
	    1.3249

	28
	0     1     1     1     0     1     1     1     0     1     1     1
	    1.3184

	29
	0     1     0     0     0     0     1     0     0     1     1     1
	    1.2500



Table 2: A set of length-18 CGSs for Pi/2 BPSK DMRS
	Index
	Sequence
	PAPR (dB)

	0
	0     1     1     0     1     1     1     0     0     0     0     0     0     0     1     1     0     0
	 0.8229

	1
	0     1     1     0     1     1     1     1     1     0     0     0     0     0     1     1     0     0
	    0.9182

	2
	0     0     0     1     1     1     1     1     0     1     1     0     0     0     1     1     0     0
	    0.9182

	3
	 0     0     1     0     0     1     0     1     0     1     1     0     0     0     1     1     0     0
	    0.9675

	4
	 0     0     0     1     1     1     0     1     1     0     0     0     0     0     1     1     0     0
	    1.0088

	5
	0     1     1     1     1     1     1     0     0     1     0     0     0     0     1     1     0     0
	    1.0528

	6
	0     0     1     0     0     1     1     1     1     1     1     0     0     0     1     1     0     0
	    1.0528

	7
	0     0     0     1     1     0     1     1     1     1     1     0     0     0     1     1     0     0
	    1.0547

	8
	 0     1     1     1     0     1     1     0     1     0     1     1     1     0     1     1     0     0
	    1.0793

	9
	 0     0     0     1     1     0     0     0     0     0     1     1     1     0     1     1     0     0
	    1.1117

	10
	0     0     1     0     0     1     1     1     1     0     1     1     1     0     1     1     0     0
	    1.1167

	11
	0     1     1     0     0     0     0     0     0     0     1     1     1     0     1     1     0     0
	    1.1715

	12
	0     1     1     1     0     1     0     1     1     0     0     0     0     0     1     1     0     0
	    1.2025

	13
	 0     0     0     0     0     1     1     0     1     0     1     1     1     0     1     1     0     0
	    1.2340

	14
	0     0     0     1     1     0     0     1     0     1     0     1     0     0     1     1     0     0
	    1.2357

	15
	0     1     1     0     1     0     1     1     1     1     1     0     0     0     1     1     0     0
	    1.2444

	16
	0     1     1     1     1     1     0     1     0     1     1     0     0     0     1     1     0     0
	    1.2444

	17
	0     0     0     0     1     0     0     1     0     1     1     0     0     0     1     1     0     0
	    1.3030

	18
	0     1     1     0     1     0     0     1     0     0     0     0     0     0     1     1     0     0
	    1.3030

	19
	0     1     0     1     0     1     1     0     0     1     0     0     0     0     1     1     0     0
	    1.3492

	20
	0     0     1     0     0     1     1     0     1     0     0     0     0     0     1     1     0     0
	    1.3690

	21
	0     0     1     0     1     0     0     1     1     0     1     0     0     0     1     1     0     0
	    1.4081

	22
	0     1     1     0     0     0     0     0     0     1     0     0     0     0     1     1     0     0
	    1.4618

	23
	0     0     0     1     1     0     0     0     0     0     0     0     0     0     1     1     0     0
	    1.4625

	24
	0     1     1     0     0     0     1     0     1     0     0     0     0     0     1     1     0     0
	    1.4654

	25
	0     0     0     1     1     0     0     0     1     0     1     0     0     0     1     1     0     0
	    1.4852

	26
	0     1     1     0     0     0     0     0     1     0     1     0     0     0     1     1     0     0
	    1.5380

	27
	0     1     0     1     0     0     0     0     0     1     1     0     0     0     1     1     0     0
	    1.5380

	28
	0     0     1     0     1     0     0     0     0     1     1     0     0     0     1     1     0     0
	    1.5598

	29
	0     1     0     0     0     0     0     1     1     0     0     0     0     0     1     1     0     0
	    1.5674



Table 3: A set of length-24 CGSs for Pi/2 BPSK DMRS
	Index
	Sequence
	PAPR(dB)

	0
	0     1     0     1     1     0     1     0     1     0     1     0     1     1     0     1     1     0     0     1     0     0     1     1
	    0.9946

	1
	0     1     0     0     0     1     1     0     1     0     1     0     1     1     1     0     1     0     0     1     0     0     1     1
	    0.9994

	2
	0     1     0     0     1     0     0     1     1     1     1     1     1     1     1     1     1     0     0     1     0     0     1     1
	    1.0316

	3
	 0     1     1     0     1     0     1     1     0     1     1     0     0     1     0     1     0     1     0     1     0     0     1     1
	    1.0326

	4
	 0     1     0     1     0     1     0     1     1     0     0     1     0     0     1     0     1     0     0     1     0     0     1     1
	    1.0326

	5
	0     0     0     0     1     0     1     0     0     1     0     1     0     1     0     1     1     0     0     1     0     0     1     1
	    1.1270

	6
	0     1     1     0     0     0     0     1     0     0     0     0     0     0     0     1     1     1     0     1     0     0     1     1
	    1.1577

	7
	0     1     0     0     0     1     1     1     1     0     1     1     1     1     1     1     1     0     0     1     0     0     1     1
	    1.1595

	8
	0     1     0     1     1     0     0     0     1     0     0     0     1     0     1     0     0     1     0     1     0     0     1     1
	    1.1972

	9
	0     1     0     1     1     0     1     0     1     1     1     0     1     1     1     0     0     1     0     1     0     0     1     1
	    1.1972

	10
	0     1     0     0     0     1     1     0     1     0     1     0     0     1     0     1     0     0     0     1     0     0     1     1
	    1.2271

	11
	0     1     0     1     0     1     0     1     1     0     1     0     0     1     1     0     1     1     1     1     0     0     1     1
	    1.2462

	12
	0     1     0     1     0     1     1     0     1     1     1     1     1     0     0     1     1     1     1     1     0     0     1     1
	    1.2583

	13
	0     1     0     1     1     0     0     0     0     0     0     1     1     1     0     1     0     0     0     1     0     0     1     1
	    1.2933

	14
	0     1     0     1     0     0     0     1     0     1     1     0     1     1     1     0     0     1     0     1     0     0     1     1
	    1.3145

	15
	0     1     1     0     0     1     0     1     0     1     1     0     1     0     1     0     1     1     1     1     0     0     1     1
	    1.3453

	16
	0     1     0     1     0     1     1     0     1     1     0     1     1     1     1     1     0     1     1     0     0     0     1     1
	    1.3591

	17
	0     1     1     1     1     0     0     1     0     0     0     0     1     0     0     1     0     1     0     1     0     0     1     1
	    1.3834

	18
	0     1     0     1     0     1     1     0     1     1     1     1     0     1     1     0     0     0     0     1     0     0     1     1
	    1.3834

	19
	0     1     1     1     1     1     1     0     0     1     0     1     0     0     0     0     1     0     0     1     0     0     1     1
	    1.3891

	20
	0     1     1     0     1     0     1     0     1     0     0     1     1     0     1     0     1     1     1     1     0     0     1     1
	    1.4022

	21
	0     1     0     1     0     0     0     1     1     0     1     0     0     0     1     0     0     1     0     1     0     0     1     1
	    1.4199

	22
	0     1     0     1     0     1     1     0     1     1     0     1     0     1     0     1     1     0     0     1     0     0     1     1
	    1.4334

	23
	0     1     0     1     1     0     1     1     1     0     1     1     1     1     1     0     0     1     0     1     0     0     1     1
	    1.4496

	24
	0     1     0     0     0     0     0     1     0     1     1     0     0     1     0     0     0     0     0     1     0     0     1     1 
	    1.4536

	25
	0     1     0     0     1     0     0     0     0     1     1     0     0     1     0     1     0     1     0     1     0     0     1     1
	    1.4551

	26
	0     1     0     1     0     1     0     0     1     0     1     0     0     0     0     1     1     0     0     1     0     0     1     1
	    1.4771

	27
	0     1     0     1     0     0     1     0     1     0     0     1     1     0     0     0     0     0     0     1     0     0     1     1
	    1.4907

	28
	0     1     1     0     1     1     0     1     0     1     0     1     0     1     1     0     0     1     0     1     0     0     1     1 
	    1.4888

	29
	0     1     0     0     0     0     0     1     0     1     1     0     0     1     1     1     1     1    1  1     0     0     1     1
	    1.4980




For length-6, there are not enough binary sequences to form 30 DMRS base sequences. Indeed, if we fix the phase of the first symbol, there are  length-6  BPSK sequences in total. And only 6 of them are distinct from each other. The rest of the sequences can all be generated by performing a cyclic shift over one of the 6 sequences in the time domain, modulo a constant phase rotation. As an example, it can be readily checked that the sequence [0 0 0 1 0 1] and [0 0 1 0 0 0] from [6, Table A1] are the same sequence under cyclic-shift and constant phase rotation operation. 
Instead, we shall search for sequences with a larger constellation in the time-domain. In particular, the DMRS sequence before DFT spread is given by 

where the value of  is given by Table 4, and u indicates is the base sequence group number as in NR Rel-15. 

Table 4: A set of length-6 CGSs 
	u
	 
	PAPR (dB)

	0
	    -7     5    -7    -3    -5     5
	    1.4610

	1
	    -7    -3    -7    -3     7     5
	    1.4610

	2
	    -7    -3     3     7     3    -3
	    1.5421

	3
	    -7     5    -7    -3     7     5
	    1.6373

	4
	    -7    -3    -7    -3    -5     5
	    1.6373

	5
	    -7     1    -1     5    -7     5
	    1.6492

	6
	    -7     5    -1     1    -3     1
	    1.8773

	7
	    -7    -3    -7    -5     5     1
	    1.8773

	8
	    -7    -5     3     7     5    -1
	    1.9518

	9
	    -7     3    -3    -5    -1     7
	    1.9518

	10
	    -7     1    -3     1     7     5
	    1.9574

	11
	    -7    -3    -3    -1    -7     5
	    1.9661

	12
	    -7    -7    -3     1    -3     7
	    1.9661

	13
	    -7     5    -5    -1    -3     5
	    1.9682

	14
	    -7    -1     5     7     5    -1
	    1.9911

	15
	    -7     3    -3    -5    -3     3
	    1.9911

	16
	    -7    -3     3    -1    -7    -5
	    1.9939

	17
	    -7    -3    -5    -3     7     3
	    1.9939

	18
	    -7    -1    -3    -1     7     3
	    2.0232

	19
	    -7     5     7    -1    -3     3
	    2.0314

	20
	    -7    -1    -3     5     7     3
	    2.0314

	21
	    -7    -1     3     7     3    -1
	    2.0425

	22
	    -7     3    -1    -5    -1     3
	    2.0425

	23
	    -7     3     3     7    -5     7
	    2.0490

	24
	    -7     5    -7    -3    -3     7
	    2.0491

	25
	    -7    -5     3     7     3    -3
	    2.0927

	26
	    -7     3    -1     3    -5    -3
	    2.0928

	27
	    -7     1    -3     5     7     5
	    2.1111

	28
	    -7     5    -3     1     1    -1
	    2.1966

	29
	    -7     7     7    -5     3    -1
	    2.1966



Proposal 5: For length 12, 18, and 24, NR Rel-16 supports the binary CGS in Table 1, 2, 3 followed by pi/2 BPSK modulation followed by transform precoding as DMRS for/2 BPSK modulation for both PUSCH and PUCCH Format 1/3/4.
Proposal 6: For length 6, NR Rel-16 supports the pre-DFT sequences  with  defined in Table 4 followed by transform precoding as DMRS for/2 BPSK modulation for PUSCH.
Orthogonal DMRS port design for BPSK 
In NR release 15, four orthogonal DMRS ports can be supported on one OFDM symbol for DMRS configuration type 1. Indeed, with ZC based DMRS, orthogonal DM-RS ports can be supported by a combination of frequency domain comb and time-domain cyclic shift. In NR Rel-16, the same DMRS multiplexing capacity need to be supported for the new DMRS sequence design for   BPSK modulation. However, for the proposed time-domain  BPSK based DMRS, time-domain cyclic shift does not work, since the time-domain  BPSK based DMRS is not flat in frequency. Thus, new multiplexing method is required to generate four orthogonal DMRS ports on one OFDM symbol. 

As we discussed in the end of Section 3.2 and Proposal 3, pre-DFT-OCC with OCC code [+1, +1] and [+1, -1] may be used to achieve comb-2 structure in the frequency domain.  That is, for a given length-N/2 sequence , we can obtain two orthogonal length-N DMRS sequences  and [ -] in the time domain, where the two sequences occupy orthogonal tones in the frequency domain. To further generate orthogonal DMRS ports on the same comb, (intra-symbol) time-domain OCC [+1, +1] and [+1, -1] can be used between the different portions of the sequence . More specifically, assume that a length- base sequence  contains two equal-length portions  and  each of length . Then, by combining frequency domain comb and time-domain OCC, we can generate four length-N orthogonal DMRS sequences as in Table 5 below. 
It can be readily checked that, the resulted DMRS sequences are orthogonal to each other. Furthermore, the resulted time-domain sequences are still /2 BPSK modulated sequences (i.e., the phase change between adjacent time-domain samples are kept constant to  or ). 
Table 5: Orthogonal DMRS ports from a common base sequence  before DFT spread   
	DMRS port
	CDM group
	Sequence in Time domain

	0
	0
	

	1
	
	

	2
	1
	

	3
	
	



Proposal 7: For PUSCH with pi/2 BPSK modulation, NR Rel-16 supports the same capacity of orthogonal DMRS multiplexing as in NR Rel-15.
· Support four orthogonal DMRS ports on the same DMRS symbol via intra-symbol repetition and TD-OCC as shown in Table 5.

Low PAPR sequence design for PUCCH
As we discussed in previous sections, the new low-PAPR sequence design shall be applicable to both PUSCH and PUCCH. In this section, we present the detailed design for the 5 PUCCH formats supported in NR Rel-15. 
For PUCCH Format 0, frequency-domain QPSK CGS of length 12 is used as the base sequence. Different cyclic shifts of the same base sequence is used to indicate the information for Ack/Nack and SR. Since PUCCH format 0 is typically used for UEs with good channel condition, we could reuse the same sequence and multiplexing method in NR Rel-16. 
For PUCCH Format 2, since it is based on CP-OFDM waveform, the low-PAPR sequence design is not applicable. 
For PUCCH Format 1/3/4 (i.e., long PUCCH), the low-PAPR sequence design proposed in Section 3.1-Section 3.3 can be applied. For PUCCH Format 1 and 3, the application of the low-PAPR sequence is straightforward. For PUCCH format 4, in addition to the sequence design, we also need to specify the DMRS structure for multi-user multiplexing. In this case, the base sequences are length-12  BPSK sequences followed by DFT, and is not flat in the frequency domain. Therefore, cyclic shift based method in NR Rel-15 does not work. Instead, we propose to use intra-symbol TD-OCC to orthogonalize the DMRS. In particular, given a base sequence  before DFT spread, UE shall generate its corresponding DMRS sequence before DFT spread according to 

where  for UE multiplexing capacity 2 and 4 are shown in Table 6 and 7, respectively.
Table 6: Orthogonal sequences  for PUCCH Format 4 for 2 user multiplexing  
	
	

	0
	

	1
	



Table 7: Orthogonal sequences for PUCCH Format 4 for 4 user multiplexing  
	
	

	0
	

	1
	

	2
	

	3
	



In Table 8 below, we summarize the proposed sequence design for PUCCH in NR Rel-16.
Table 8: Sequence design for PUCCH in NR Rel-16   
	PUCCH format 
	Use case of sequence
	Rel-15 
	Rel-16

	
	
	Sequence
	MU Multiplexing 
	Sequence
	MU Multiplexing

	PF 0
	Sequence 
	QPSK-CGS (length 12) in frequency domain
	Cyclic shift
	Reuse Rel-15 CGS in frequency domain 
	Same as Rel-15

	PF 1
	DMRS and data 
	QPSK-CGS (length 12) in frequency domain
	Intra-symbol cyclic shift + inter-symbol TD-OCC
	Length-12/2 BPSK CGS in time domain
	Intra-symbol TD-OCC as in Table 6/7 + inter-symbol TD-OCC

	PF 3
	DMRS
	QPSK CGS for length 12 and 24 in frequency domain;
ZC sequence for length >24 in frequency domain
	N/A
	/2 BPSK CGS in time domain for length 12 and 24; 
Gold sequence based  BPSK sequence in time domain for length >24
	N/A

	PF 4
	DMRS
	QPSK CGS (length-12) in frequency domain
	Cyclic shift
	Length-12/2 BPSK CGS in time domain
	Intra-symbol TD-OCC as in Table 6/7



Base on the discussion above, we have the following proposal for DMRS design for PUCCH in NR Rel-16.
Proposal 8: NR Rel-16 supports DMRS design schemes listed in Table 8 for PUCCH Format 0/1/3/4. 
PAPR reduction for DMRS with CP-OFDM waveform
[bookmark: _Ref463027406][bookmark: _Ref465963195][bookmark: _Ref466040522][bookmark: _Ref378529477][bookmark: _Toc424303267][bookmark: _Toc425248865][bookmark: _Toc425344835][bookmark: _Toc425350726][bookmark: _Toc425501584][bookmark: _Toc425504168]
Significant progress was made regarding the CP-OFDM low-PAPR for DMRS in the previous meeting:

Working Assumption
· For PDSCH DMRS and PUSCH DMRS for CP-OFDM, DMRS enhancements are specified in Rel.16 to reduce the PAPR to the same level as for data symbols for all port combinations given by 38.212
· For the Rel-16 DMRS enhancement, each CDM group can be configured with different cinit
· For Type 1, the two cinit (configured by nSCID=0,1, respectively) in Rel-15 are used for port(s) in each of the two CDM groups, respectively
· For Type 2, introduce the CDM group index in cinit 
· FFS: How CDM group index is derived?
· For Type 1 and Type 2, simultaneously use dynamic TRP selection (or MU-MIMO pairing with different nSCID) and CDM group specific cinit is supported
· The following solution categories are precluded 
· Modification of OCC 
· Modification to PN sequence generation, such as subsampling a longer sequence
· Note: Concerns raised by MediaTek that preclusion of the above solutions will negatively impact power imbalance issue
· Carefully consider backward compatibility issues and the total number of cinit configured per UE

Based on the progress shown above, some details seem to be still open regarding
· Backward compatibility
· Dynamic scrambling ID selection (what is referred to as dynamic TRP selection in the above WA)
· Relation of CDM group index to cinit

DMRS configuration Type 1

In NR Rel-15, for DMRS configuration Type 1, ports of both CDM groups were always using the same , and the nSCID in the DCI was used to toggle between these two  as described in the table: 
[image: ]
NR Rel-15 DMRS for  across CDM groups for DMRS configuration Type 1

To make  CDM group specific and solve the PAPR problem following the working assumption, we could just toggle the  between the CDM groups using the nSCID bit in the DCI: 
[image: ]
That is, for nSCID=0, the first CDM group uses the first , and the second CDM group uses the second, whereas for nSCID=1 is the opposite. 

Proposal 9: For DMRS configuration type 1 in NR Rel-16, update the of PDSCH/PUSCH DMRS as follows:
· CDM group 0:  (same as Rel-15)
· CDM group 1: 

DMRS configuration Type 2
Similarly to DMRS Configuration Type 1, the DMRS configuration 2 was also toggling with the nSCID bit the  in a same way across all the CDM groups which resulted in high PAPR in same scenarios as follows in the figure below: 
[image: ]
NR Rel-15 DMRS for  across CDM groups for DMRS configuration Type 2

One simple way to fix this issue is to extend the DMRS configuration Type 1 solution, where the CDM group ID 2 is always using 2 in the  formula as summation, and the nSCID bit still toggles the scrambling ID between  and  . In other words, the  is the following across CDM groups:

Proposal 10: For DMRS configuration type 1 in NR Rel-16, update the of PDSCH/PUSCH DMRS as follows:
· CDM group 0:  (same as Rel-15)
· CDM group 1: 
· CDM group 2:

Proposal 11: Include an RRC parameter in NR Rel-16 to change between the  of NR Rel-15 and NR Rel-16 for PDSCH DMRS and PUSCH DMRS separately. If parameter is not configured, the NR Rel-15 sequences are used as default.
Conclusions
We have the following observations based on the study and simulation results for PAPR reduction for DMRS in Rel-16.
Observation 1: NR Rel-15 ZC-based DMRS has more than 1.6 dB larger PAPR than /2 BPSK-modulated data.
Observation 2: The PAPR gap between the best 30 ZC sequences and the pi/2 BPSK data is greater than 1.5 dB at  CDF.
Observation 3: With DMRS sequence hopping, the link budget for /2 BPSK modulation is based on the worst PAPR among all NR DMRS base sequences. 
Observation 4: /2 BPSK based DMRS sequence can yield almost identical link level performance as ZC based DMRS sequence for /2 BPSK modulation. 
Observation 5: /2 BPSK based DMRS sequences have smaller mean cross-correlation than ZC based DMRS sequences. 
Based on the above observations, we have the following proposals for PAPR reduction for DMRS in Rel-16.
Proposal 1: Confirm the following working assumption

· For PDSCH DMRS and PUSCH DMRS for CP-OFDM, DMRS enhancements are specified in Rel.16 to reduce the PAPR to the same level as for data symbols for all port combinations given by 38.212
· For the Rel-16 DMRS enhancement, each CDM group can be configured with different cinit
· For Type 1, the two cinit (configured by nSCID=0,1, respectively) in Rel-15 are used for port(s) in each of the two CDM groups, respectively
· For Type 2, introduce the CDM group index in cinit 
· FFS: How CDM group index is derived?
· For Type 1 and Type 2, simultaneously use dynamic TRP selection (or MU-MIMO pairing with different nSCID) and CDM group specific cinit is supported
· The following solution categories are precluded 
· Modification of OCC 
· Modification to PN sequence generation, such as subsampling a longer sequence
· Note: Concerns raised by MediaTek that preclusion of the above solutions will negatively impact power imbalance issue
· Carefully consider backward compatibility issues and the total number of cinit configured per UE
· For PUSCH/PUCCH DMRS for pi/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

Proposal 2: In NR Rel-16, length 30 or larger DMRS for /2 BPSK modulation for both PUSCH and PUCCH is generated based on gold-sequence followed by /2 BPSK modulation followed by transform precoding.
Proposal 3: Support block-wise repetition and pre-DFT-OCC with OCC code [+1, +1] and [+1, -1] for Rel-16 DMRS for pi/2 BPSK modulation to preserve comb-2 structure in the frequency domain.  
Proposal 4: For length 30 or larger DMRS for /2 BPSK modulation for PUSCH/PUCCH, NR Rel-16 reuse Rel-15 Gold sequence generator and DMRS initialization method for CP-OFDM. In particular, Rel-16 Gold sequence generator for length 30 or larger DMRS for /2 BPSK modulation for PUSCH/PUCCH shall be initialized with

where   is used.
Proposal 5: For length 12, 18, and 24, NR Rel-16 supports the binary CGS in Table 1, 2, 3 followed by pi/2 BPSK modulation followed by transform precoding as DMRS for/2 BPSK modulation for both PUSCH and PUCCH Format 1/3/4.
Proposal 6: For length 6, NR Rel-16 supports the pre-DFT sequences  with  defined in Table 4 followed by transform precoding as DMRS for/2 BPSK modulation for PUSCH.

Proposal 7: For PUSCH with pi/2 BPSK modulation, NR Rel-16 supports the same capacity of orthogonal DMRS multiplexing as in NR Rel-15.
· Support four orthogonal DMRS ports on the same DMRS symbol via intra-symbol repetition and TD-OCC as shown in Table 5.

Proposal 8: NR Rel-16 supports DMRS design schemes listed in Table 8 for PUCCH Format 0/1/3/4.

Proposal 9: For DMRS configuration type 1 in NR Rel-16, update the of PDSCH/PUSCH DMRS as follows:
· CDM group 0:  (same as Rel-15)
· CDM group 1: 

Proposal 10: For DMRS configuration type 1 in NR Rel-16, update the of PDSCH/PUSCH DMRS as follows:
· CDM group 0:  (same as Rel-15)
· CDM group 1: 
· CDM group 2:

Proposal 11: Include an RRC parameter in NR Rel-16 to change between the  of NR Rel-15 and NR Rel-16 for PDSCH DMRS and PUSCH DMRS separately. If parameter is not configured, the NR Rel-15 sequences are used as default. 
· Appendix 1: Simulation Assumptions
Table 4. Link-level simulation assumptions
	System bandwidth
	20 Mhz

	Numerology
	30 KHz SCS

	Channel
	TDL-C 300ns/1000ns

	Number of Antennas
	UE Tx=1, gNB Rx =2, 4

	PUSCH duration
	13/9/5 OFDM symbols, with one front-loaded DMRS symbols symbol

	Number of UEs
	1 UE

	# RBs for PUSCH
	6,8,50 RBs

	Carrier Frequency
	4 GHz

	Coding rate
	0.25 

	Coding 
	NR LDPC + CRC

	UE Speed
	12 Kmh 

	Receiver
	Practical Channel Estimation and Ideal Noise Estimation



· Appendix 2: Cross-correlation for Pi/2 BPSK based DMRS
In this section, we present cross-correlation properties of BPSK based DMRS. 
The cross-correlation behavior of BPSK based DMRS and NR ZC sequence is plotted in Figure 8. Figure 6(a) shows the cross-correlation for sequences within the set of BPSK based DMRS and the set of NR ZC sequence, with and without FDSS. Figure 6(b) shows the cross-correlation between each set of DMRS sequences with the set of NR ZC sequences without FDSS, which is used for UEs not scheduled with BPSK modulation. As can be seen from the figures, the mean cross-correlation of the new BPSK based DMRS sequence is smaller than that of NR ZC sequences, however, the maximum cross-correlation of the new BPSK based DMRS sequence is larger than that of NR ZC sequences. 
Finally, we remark that the selected FDSS in this contribution correspond to a time domain response of [0.28 1 0.28], which satisfies the requirements on the spectral shaping filter set forth in RAN 4 [3].  
 [image: ]
(a)                                                                                            
[image: ]
(b) 
Figure 8. (a) Cross-correlation within the set of /2 BPSK-based DMRS sequences and NR ZC sequences; (b) Cross-correlation between different sets of sequences and NR ZC sequences without FDSS (used for UEs not using /2 BPSK modulation); DMRS length=96
Observation 5: /2 BPSK based DMRS sequences have smaller mean cross-correlation than ZC based DMRS sequences. 
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