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[bookmark: _Ref481749371]Introduction
In the WID [1], one of the objectives is to consider DMRS enhancements for PAPR reduction. In RAN1#94bis, a working assumption was made:
· 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 discuss the desirable properties of such sequences and performs some initial evaluations on DFT-spread  modulated DMRS, i.e. the type of DMRS that was proposed in [2].
Discussions
Desirable properties of DMRS sequences
In the design of DMRS sequences, it is in general desirable that sequences have the following properties
1. Low CM/PAPR (less or equal to CM/PAPR of data)
2. Constant amplitude and zero autocorrelation (flat spectrum)
3. Low cross-correlations
The first property means that power variations in the time domain are limited and not worse than data. The second property means that power variations in frequency domain are limited which allows for similar channel estimation quality across the scheduling bandwidth. The third property means that interfering DMRS (of same type) can be suppressed effectively. The challenge when designing DMRS for spectrum shaped DFT-spread  modulated data, is to find DMRS sequences that fulfill all these desirable properties.
Evaluation setup
Figure 1 and Figure 2 show the setup used in the subsequent evaluations, where  is a length- sequence of  modulated symbols. When  refers to data, the DFT-spreading maps the sequence to  consecutive subcarriers where FDSS then scales the power per subcarrier accordingly. When  refers to DMRS, the sequence  is constructed by concatenating a length- sequence of  modulated symbols, either as  or as . After DFT-spreading, the corresponding DMRS sequence  will have a comb structure as is used for the DMRS Type 1.
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[bookmark: _Ref528831730]Figure 1. a) Frequency domain spectrum shaping. b) The FDSS considered in evaluations (as in [2]).
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[bookmark: _Ref528831736]Figure 2. The DRMS Type 1 mapping of DFT-spread  modulated DMRS.
PAPR and CM
The left-hand side of Figure 3 depicts CCDFs of power-to-average power ratios (PAPR) of spectrum shaped DFT-spread  BPSK modulated data of length 12 (1 RB), 24 (2 RBs) and 192 (16 RBs). Here, the CCDF related to the 1 RB allocation is determined from  sequences of  whereas for the other allocations the CCDFs are determined from 1000 randomly selected sequences. From this figure we first observe that the PAPR (measured at ) of one single resource block of data is 2.3 dB and that the PAPR approaches 2 dB with increasing scheduling bandwidth. We then further observe that the CM (determined over the set of randomly selected sequences), is almost the same for the different allocations.
The right-hand side of Figure 3 depicts the PAPR and CM for the possible  DMRS sequences that can be considered for DMRS type 1 mapping of a 2 RB allocation. From this figure we first observe that all sequences result in PAPR less than 2 dB and that roughly 2000 sequences of length-12 have a PAPR less than 1.15 dB. We then observe that roughly 3000 sequences have a CM less than -0.75 dB and that only some hundred sequences result in relatively large CM (those to be avoided in the design). It can be noticed that selecting a set of 30 “best” sequences with respect to smallest PAPR will not results in the same set as if the selection would be based on smallest CM. Figure 4 depicts PAPR and CM when the bit sequence  refers to a Gold sequences with  being randomly selected 
Observation 1: Not surprisingly, PAPR/CM of DFT-spread  BPSK DMRS will be like PAPR/CM of data and most of sequences have PAPR/CM lower than those for data
Conclusion 1: When selecting bit sequences for DFT-spread  BPSK DMRS, one can avoid a few outliers with respect to poor PAPR/CM and then the design focus can be on searching for DMRS sequences with relatively flat amplitude responses and low cross-correlations.
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[bookmark: _Ref528754714]Figure 3. PAPR and CM of spectrum shaped DFT spread  modulated data (left) and DMRS (right).
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[bookmark: _Ref528854889]Figure 4. PAPR and CM with pseudo-random based DMRS (type 1 mapping on first comb).

Amplitude response of DFT-S pi/2-BPSK modulated DMRS
A consequence of using DMRS with PAPR of DFT-spread  /2-BPSK modulated data is potentially large amplitude variations in the frequency domain which can impact the channel estimation quality negatively. Furthermore, for allocations of a few RBs, some DMRS sequences can result in many subcarriers with zero-power. These aspects are demonstrated in Figure 5 for DMRS type 1 mapping (first comb) where the plot on the left-hand side is obtained by selecting row 28 in table 1 [2] (bit sequence length of 12) whereas the plot on the right-hand side refer to DMRS based on a pseudo-random binary sequence of length 36.

Observation 2: DFT-spread  /2-BPSK DMRS can have relatively large amplitude variations in frequency domain and some  /2-BPSK sequences results in comb-subcarriers with zero-power.  

Conclusion 2: Selected  /2-BPSK DMRS sequences should result in DFTS sequences that have non-zero power at the subcarriers associated with the selected comb.
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[bookmark: _Ref528862695]Figure 5. Amplitude response of DFT-spread  /2-BPSK DMRS after FDSS. Left plot using sequence from [2] and right plot using PRBS. 
Cross-correlations of DFT-S pi/2-BPSK modulated DMRS
When introducing new DMRS for DFT-spread  modulated data, the cross-correlations within the set of new DMRS sequences should preferable be no worse than for the Rel.15 sequences used for the DFT-spread waveforms. In Figure 6, we compare the cross-correlations obtained when using Rel.15 sequences for 2 RB and 6 RB allocations with corresponding cross-correlations of DFT-spread  DMRS. The depicted CDFs are determined over all sequence combinations within a set of  sequences ( cross-correlation values).
The left-hand side of Figure 6 depicts the CDFs with the DMRS sequence length of 12 (2 RBs), where the CDF with legend “QPSK” refers to the sequences given by Table 5.2.2.2-2 in TS 38.211. The CDF plotted with dashed line refers to the proposed 30 sequences in [2] for length 12 and the CDF plotted with dashed-dotted line refers to determining cross-correlations for   sequences. The right-hand side of Figure 6 depicts the CDFs with the DMRS sequence length of 36 (6 RBs), where the CDF with dashed-dotted line refers to determining cross-correlations for 1000 pseudo-random   sequences.
Observation 3: The overall cross-correlations of  DMRS may not be worse than what can be observed with Rel.15 DMRS for the DFTS waveform.
Conclusion 3: It should be possible to select sets of  DMRS sequences with cross-correlations as in Rel.15. 
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[bookmark: _Ref528933559]Figure 6. Rel.15 cross-correlations vs. DFT-spread  modulated DMRS.

Conclusion
In this contribution, we discussed desirable properties of DMRS sequences and performed some initial evaluations on DFT-spread  modulated DMRS. The following observations and conclusions were made:
Observation 1: Not surprisingly, PAPR/CM of DFT-spread  BPSK DMRS will be like PAPR/CM of data and most of sequences have PAPR/CM lower than those for data.
Observation 2: DFT-spread  /2-BPSK DMRS can have relatively large amplitude variations in frequency domain and some  /2-BPSK sequences results in comb-subcarriers with zero-power.

Observation 3: The overall cross-correlations of  DMRS may not be worse than what can be observed with Rel.15 DMRS for the DFTS waveform.
Conclusion 1: When selecting bit sequences for DFT-spread  BPSK DMRS, one can avoid a few outliers with respect to poor PAPR/CM and then the design focus can be on searching for DMRS sequences with relatively flat amplitude responses and low cross-correlations.
Conclusion 2: Selected  /2-BPSK DMRS sequences should result in DFTS sequences that have non-zero power at the subcarriers associated with the selected comb.

Conclusion 3: It should be possible to select sets of  DMRS sequences with cross-correlations as in Rel.15. 
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Appendix
CM/PAPR comparisons of DFT-S pi/2 BPSK and ZC
It is desirable that the cubic metric (CM) (or PAPR) of the DMRS waveform is less, or at least not much worse, than corresponding CM values of the considered data waveforms such that power de-rating needs of a PA is not determined or defined by the DMRS design. In contrast to PAPR, CM characterizes the effects of the 3rd order non-linearity of a PA on the transmitted waveform and may then better predict the power de-rating needs.
Figure 1 shows both CM (left-hand side) and PAPR (right-hand side) for DFT-spread  BPSK of 20 RBs and for extended ZC sequences of length 240, with and without FDSS. Here, CM is determined for each ZC root index, where we in the left-hand side of the figure have sort the CM from smallest to largest. The CCDFs related to ZC and ZC FDSS are determined from all ZC root indices.
From this figure, we make the following observations:
· The variance of the CM with respect to ZC root index is reduced with FDSS but without FDSS, significantly lower CM can be obtained.
· For DFT-spread  BPSK, FDSS reduces the CM in the order of 1dB which is considerably less than the corresponding PAPR reduction (3.2dB at 99.9% percentile).
· By applying same FDSS on DM-RS as data, the CM of ZC-based DMRS derived from the 30 best ZC root indices will be in the order of 1.5dB larger in comparisons to DFT-spread  BPSK.
The property of constant modulus of the DM-RS is desirable from a channel estimation perspective so applying FDSS on the DM-RS would impact the channel estimation performance negatively. This together with lower CM obtained without FDSS could possibly motivate to consider receiver non-transparency FDSS.
Observation A1: CM of spectrum shaped ZC sequences cannot match CM of DFT-spread π/2 BPSK.
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Figure 7. CM and PAPR with and without FDSS.
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