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In RAN plenary meeting #80, the following WI is agreed [1]: 
“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).”
In this contribution, we provide our views on the design of DMRS sequences with low PAPR for cell coverage enhancement. 
[bookmark: _Ref471731770][bookmark: _Ref462669569]/2 BPSK based DMRS for DFT-S-OFDM waveform 
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.
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  

[bookmark: _GoBack]Observation 2: With DMRS sequence hopping, the link budget for /2 BPSK modulation is based on the worst PAPR among all NR DMRS base sequences. 
/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 Reference Signal 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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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)
Observation 3: /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 1: NR Rel-16 supports new DMRS sequence for /2 BPSK modulation. For length 30 or larger, the new DMRS is based on gold-sequence followed by /2 BPSK modulation then followed by DFT.
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. 
A list of CGS sequences for length 12, 18, 24 is 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 4. For the PAPR computation, FDSS which corresponds to [0.28,1,0.28] in time domain is applied.
In Figure 7, 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 more than 1 dB PAPR gain from the NR Rel-15 QPSK CGS.
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Figure 5. 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     0     0     1     0     0     1     0     0     0     0
	1.3079

	1
	0     1     1     0     1     0     0     1     0     0     0     0
	1.1956

	2
	0     1     0     1     1     0     0     1     0     0     0     0
	1.3114

	3
	0     1     1     0     0     1     0     1     0     0     0     0
	1.3807

	4
	0     1     0     0     1     1     0     1     0     0     0     0
	1.5100

	5
	0     1     1     0     1     1     0     1     0     0     0     0
	1.1917

	6
	0     1     0     1     0     0     1     1     0     0     0     0
	0.9782

	7
	0     1     0     0     1     0     1     1     0     0     0     0
	0.9946

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

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

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

	11
	0     1     1     0     1     0     0     0     1     0     0     0
	0.9073

	12
	0     1     0     1     1     0     0     0     1     0     0     0
	1.0601

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

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

	15
	0     1     0     1     1     1     0     0     1     0     0     0
	0.8629

	16
	0     1     1     0     0     0     1     0     1     0     0     0
	1.3114

	17
	0     1     1     1     0     0     1     0     1     0     0     0
	0.7791

	18
	0     1     1     1     0     1     1     0     1     0     0     0
	0.8338

	19
	0     1     0     0     1     1     1     0     1     0     0     0
	0.8629

	20
	0     1     1     0     1     1     1     0     1     0     0     0
	1.0601

	21
	0     1     0     1     0     0     0     1     1     0     0     0
	1.3114

	22
	0     1     0     0     0     1     0     1     1     0     0     0
	0.9073

	23
	0     1     0     1     1     1     0     1     1     0     0     0
	1.0601

	24
	0     1     0     1     0     0     1     1     1     0     0     0
	0.7791

	25
	0     1     0     0     1     0     1     1     1     0     0     0
	1.1239

	26
	0     1     1     0     1     0     1     1     1     0     0     0
	1.1956

	27
	0     1     0     1     1     0     1     1     1     0     0     0
	0.8338

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

	29
	0     1     1     1     0     0     0     1     0     1     0     0
	1.3079



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

	0
	     0     1     0     1     1     1     0     1     0     0     1     1     0     0     0     0     0     0
	1.3383

	1
	     0     1     0     1     1     1     0     0     1     0     1     1     0     0     0     0     0     0
	1.0781

	2
	     0     0     1     0     1     1     0     0     0     1     0     1     0     0     0     0     0     0
	1.7052 

	3
	     0     0     0     1     0     1     1     0     0     1     0     1     0     0     0     0     0     0
	1.5668 

	4
	     0     0     1     0     1     1     1     0     1     0     1     1     0     0     0     0     0     0
	1.7632 

	5
	     0     1     0     0     1     1     0     1     0     1     1     1     0     0     0     0     0     0
	1.4289 

	6
	     0     0     0     1     0     1     0     0     1     1     0     1     0     0     0     0     0     0
	1.6207 

	7
	     0     0     1     0     1     0     0     0     1     1     0     1     0     0     0     0     0     0
	1.7052 

	8
	     0     1     0     0     0     1     0     1     1     0     0     0     1     0     0     0     0     0
	1.4216 

	9
	     0     0     1     0     1     0     1     1     0     0     0     0     1     0     0     0     0     0
	1.5742 

	10
	     0     0     0     1     0     1     0     0     1     0     0     0     1     0     0     0     0     0
	1.6673

	11
	     0     1     0     1     0     0     1     1     0     0     0     0     1     0     0     0     0     0
	1.5224 

	12
	     0     1     0     0     0     1     1     0     1     0     1     1     0     0     0     0     0     0
	1.1617 

	13
	     0     0     1     1     0     1     0     1     1     0     0     0     1     0     0     0     0     0
	1.1617 

	14
	     0     0     1     0     1     0     1     0     0     1     1     0     0     0     0     0     0     0
	1.7170 

	15
	     0     1     0     1     1     0     0     0     1     1     0     1     0     0     0     0     0     0
	1.3792 

	16
	     0     1     0     0     1     1     1     0     0     1     0     1     0     0     0     0     0     0
	1.3693 

	17
	     0     0     1     1     1     0     1     0     0     1     0     1     0     0     0     0     0     0
	1.3623 

	18
	     0     1     0     1     1     0     1     0     0     0     1     1     0     0     0     0     0     0
	1.2622 

	19
	     0     1     1     0     0     1     0     1     0     1     1     1     0     0     0     0     0     0
	1.3623 

	20
	     0     0     0     1     0     1     0     1     1     0     1     1     0     0     0     0     0     0
	1.0288 

	21
	     0     0     0     1     1     0     1     0     1     0     0     1     0     0     0     0     0     0
	1.3446 

	22
	     0     1     0     1     0     0     1     1     0     1     1     1     0     0     0     0     0     0
	1.4156

	23
	     0     0     1     0     1     0     1     1     0     0     1     1     0     0     0     0     0     0
	1.5881

	24
	     0     1     0     1     0     0     0     1     1     0     1     1     0     0     0     0     0     0
	1.3248

	25
	     0     0     1     0     1     0     1     1     1     0     0     1     0     0     0     0     0     0
	1.5443

	26
	     0     1     0     1     0     0     1     1     1     0     0     1     0     0     0     0     0     0
	1.2922

	27
	     0     1     1     0     0     0     1     1     0     1     0     1     0     0     0     0     0     0
	1.4991

	28
	     0     0     0     1     1     0     1     1     0     1     0     1     0     0     0     0     0     0
	1.4451

	29
	     0     1     1     1     0     0     1     0     1     0     1     1     0     0     0     0     0     0
	0.9914



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

	0
	     0     1     1     0     1     0     0     1     1     0     0     1     1     1     1     0     1     0     1     0     0     0     0     0
	1.0823

	1
	     0     1     1     1     0     1     0     1     1     0     0     1     1     1     0     1     1     0     1     0     0     0     0     0
	1.4006

	2
	     0     1     1     1     1     0     1     0     1     1     0     0     1     1     0     0     1     0     1     0     0     0     0     0
	1.4459

	3
	     0     1     0     1     1     0     0     0     0     1     0     1     0     1     1     0     0     1     1     0     0     0     0     0
	0.9339

	4
	     0     1     1     0     0     1     1     0     1     0     1     0     0     0     0     1     1     0     1     0     0     0     0     0
	0.9336

	5
	     0     0     1     1     1     0     0     1     0     1     1     0     0     1     1     0     1     0     1     0     0     0     0     0
	 0.9912

	6
	     0     1     0     1     0     0     1     0     0     0     1     1     0     0     1     0     1     1     1     0     0     0     0     0
	1.1908

	7
	     0     1     1     1     0     1     0     0     1     0     0     0     1     1     0     0     1     0     1     0     0     0     0     0
	1.1559

	8
	     0     1     1     0     1     0     1     1     1     0     1     1     1     0     0     1     0     1     1     0     0     0     0     0
	1.3072

	9
	     0     1     1     0     1     0     0     1     1     1     0     1     1     1     0     1     0     1     1     0     0     0     0     0
	1.3071

	10
	     0     1     1     1     0     1     0     1     1     0     0     1     0     1     1     0     0     0     1     0     0     0     0     0
	0.9601

	11
	     0     1     1     0     0     1     1     0     1     0     0     1     0     1     0     1     1     1     0     0     0     0     0     0
	1.2008

	12
	     0     1     1     0     0     1     0     1     1     1     0     0     1     0     1     0     1     1     0     0     0     0     0     0
	1.1670

	13
	     0     1     1     0     1     0     1     1     0     0     1     0     1     1     1     0     0     0     1     0     0     0     0     0
	1.4313

	14
	     0     1     1     0     0     0     1     0     0     1     0     1     1     1     0     1     0     1     1     0     0     0     0     0
	1.2051

	15
	     0     1     0     1     0     1     1     0     0     1     0     1     1     0     0     1     1     1     0     0     0     0     0     0
	1.4030

	16
	     0     1     1     0     0     1     0     1     1     1     1     0     1     1     0     0     0     1     0     1     0     0     0     0
	1.2034

	17
	     0     1     0     0     1     0     1     0     0     0     1     1     1     0     1     0     0     1     1     0     0     0     0     0
	1.3155

	18
	     0     1     1     0     0     1     0     1     1     1     0     0     0     1     0     1     0     0     1     0     0     0     0     0
	1.3158

	19
	     0     1     0     0     1     1     0     1     0     1     1     0     0     0     1     1     1     0     1     0     0     0     0     0
	1.1182

	20
	     0     1     0     1     1     0     0     1     1     0     1     0     1     0     0     1     1     1     0     0     0     0     0     0
	1.0139

	21
	     0     1     1     0     0     0     1     0     1     0     0     1     0     0     0     1     0     1     1     0     0     0     0     0
	1.2189

	22
	     0     1     1     0     0     1     0     1     1     1     1     0     0     1     1     0     1     0     1     0     0     0     0     0
	1.1223

	23
	     0     1     1     0     1     0     0     0     1     0     0     0     1     1     0     1     0     1     1     0     0     0     0     0
	1.1128

	24
	     0     1     1     1     0     0     1     0     0     1     0     1     0     1     1     1     0     0     1     0     0     0     0     0
	1.1095

	25
	     0     1     1     1     1     0     1     1     0     1     0     1     0     1     1     0     0     1     1     0     0     0     0     0
	0.9793

	26
	     0     1     1     0     0     1     1     1     1     0     0     1     0     0     1     0     1     0     1     0     0     0     0     0
	0.9910

	27
	     0     1     1     0     0     0     0     1     1     0     1     0     1     0     1     1     0     0     1     0     0     0     0     0
	1.1543

	28
	     0     1     0     1     1     1     1     0     0     1     1     0     0     1     0     1     0     1     1     0     0     0     0     0
	1.0282

	29
	     0     1     1     1     0     0     1     0     0     1     0     1     0     1     0     0     1     1     0     0     0     0     0     0
	1.0985



Proposal 2: NR Rel-16 supports new DMRS sequence for /2 BPSK modulation. For length 12, 18, and 24, adopt DMRS sequence as in Table 1, 2, 3 for/2 BPSK modulation.
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]For CP-OFDM waveform, it has been reported in several contributions that there are antenna port combinations, especially for DM-RS of PxSCH, where the sequence in frequency domain is repeated, which results to significant increase in the PAPR [4]. This increase in PAPR may significantly degrade performance if clipping is happening. 
We provide simulation results for a typical case for both DL and UL: Rank 2 transmission with the two ports FDMed for DMRS configuration type 1 (port 0,2) with precoding [1,1;1,-1]. These results clearly confirm that a 2-3dB higher PAPR occurs for DMRS compared to the data symbols. 
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Figure 6. PAPR for CP-OFDM with Rank 2
Observation 4: DMRS symbols may have 2-3 dB higher PAPR compared to data symbol for some typical antenna port combinations which are common for both PDSCH and PUSCH.
It is evident that a problem exist and needs to be fixed going forward. Yet, we need to talk about backwards compatibility, especially for UL, where it is not up to the UE control which ports are going to be scheduled, nor it can do advanced subband precoding to combat against the PAPR increase of DMRS. 
To be more precise, fixing this issue in NR Rel-16 means that the UEs would need to support both NR Rel-15 and NR Rel-16 DMRS, which would only make sense, if RAN4 defines a higher MPR (Maximum Power Reduction) for the NR Rel-15 antenna port combinations. This way, the Rel-16 DMRS fix would come with the benefit of a lower MPR, and the UE/network/system performance would increase when using the Rel-16 DMRS compared to using the Rel-15 DMRS. On the other hand, if all antenna port combinations in Rel-15 DMRS have the same MPR as in Rel-16 DMRS, no gain will be observed from UE and system perspective. 
To be more precise, in 38.101-1 in Section 6.2.2, the MPR values for different waveform and modulation orders are shown. For example, for CP OFDM QPSK it is 1.5 dB, whereas DFT-S QPSK it is 0 dB, which means that the UE can transmit at peak power with 1.5 dB less compared to DFT-S QPSK. This difference is due to the higher PAPR of CP-OFDM QPSK compared to DFT-S QPSK. However, these numbers in RAN4 were designed assuming the PAPR of CP-OFDM of ~9.5 dB, whereas, it turns out in the NR Rel-15 DMRS design there are scenarios that the CP-OFDM QPSK is 2.5 dB higher! 
Proposal 3: To fix the issue of DM-RS PAPR for CP-OFDM with minimal specification changes,
· NR Rel-16 supports a physical-subcarrier-specific PN sequence for both CP-OFDM DM-RS of PxSCH.
· Text Proposal for 38.211 Section 6.4.1.1.3


Change   to 

· Text Proposal for 38.211 Section 7.4.1.1.2


Change  to  
· Send an LS to RAN4 which informs RAN4 that there exist antenna port combinations (e.g., ports {0,2}) in both PxSCH DM-RS which result in the PAPR of CP-OFDM DM-RS to be 2-3 dB higher than the CP-OFDM data symbols. 
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: With DMRS sequence hopping, the link budget for /2 BPSK modulation is based on the worst PAPR among all NR DMRS base sequences. 
Observation 3: /2 BPSK based DMRS sequence can yield almost identical link level performance as ZC based DMRS sequence for /2 BPSK modulation. 
Observation 4: DMRS symbols may have 2-3 dB higher PAPR compared to data symbol for some typical antenna port combinations which are common for both PDSCH and PUSCH.
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: NR Rel-16 supports new DMRS sequence for /2 BPSK modulation. For length 30 or larger, the new DMRS is based on gold-sequence followed by /2 BPSK modulation then followed by DFT.
Proposal 2: NR Rel-16 supports new DMRS sequence for /2 BPSK modulation. For length 12, 18, and 24, adopt DMRS sequence as in Table 1, 2, 3 for/2 BPSK modulation.
Proposal 3: To fix the issue of DM-RS PAPR for CP-OFDM with minimal specification changes,
· NR Rel-16 supports a physical-subcarrier-specific PN sequence for both CP-OFDM DM-RS of PxSCH.
· Text Proposal for 38.211 Section 6.4.1.1.3


Change   to 

· Text Proposal for 38.211 Section 7.4.1.1.2


Change  to  
· Send an LS to RAN4 which informs RAN4 that there exist antenna port combinations (e.g., ports {0,2}) in both PxSCH DM-RS which result in the PAPR of CP-OFDM DM-RS to be 2-3 dB higher than the CP-OFDM data symbols. 
· Appendix I: 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 6. 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 7. (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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