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Introduction
In the WID on enhancements on MIMO [1], one of the objectives is to conclude on the peak-to-average power ratio (PAPR) issue related to the Rel-15 mapping of DMRS for PDSCH/PUSCH in CP-OFDM. 
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)
[bookmark: _GoBack]Hence, RAN1 need to make a conclusion in the next meeting whether or not DMRS and CSI-RS should be changed in specification.
In this contribution, we post some questions to address in the next RAN1 meeting for making these conclusions on enhancement on DMRS for PAPR reduction. In the companion contribution [2], we address similar questions for CSI-RS. 
Discussion on PAPR for DMRS symbols
The peak-to-average power ratio (PAPR) of a waveform can be determined from the CCDF of the power-to-average power ratio, which represents a stochastic time-varying variable taking values in the range . A more general discussion on PAPR for CP-OFDM can be found in our accompanying paper [3].
[bookmark: _Ref521487708]What is the problem, when does it occur?
The PAPR issue for DMRS is a consequence of mapping same DMRS sequence to antenna ports across the CDM groups. This results in a repetition of sequence values in the frequency domain which can translate to a higher PAPR than alternative mappings that would have avoided such repetition. 
To avoid this issue without any standard changes, one would basically then always need to configure UEs with different scrambling IDs and only assign antenna ports to a UE from one CDM group. Thus, the PAPR issue introduces rank restrictions (as multiple CDM groups cannot be used for SU-MIMO transmission) and it prevents using cell IDs as default scrambling IDs when ports from more than one CDM group are assigned in DL MU-MIMO. The latter fact may also have impact on the UE interference suppression capabilities since the UE cannot readily estimate the channel of the interfering transmission, as different and unknown sequences are used in different CDM groups. 
The magnitude of the PAPR issue can be observed from Figure 1 in Appendix 6.1, where for DMRS type 1 the DMRS PAPR issue results in a peak-to-average power ratio increase, with respect to data symbols, of around 2dB (measured at  of the CCDF), whereas for DMRS type 2 the PAPR can be as high as 4 dB above PAPR of data.
The DMRS port combinations that will be problematic for DMRS configuration type 1 and type 2 are highlighted in Appendix 6.2, where all combinations include ports from more than one CDM group. In case of single-symbol based DMRS, it can be observed that transmissions up to rank 2 can be configured to avoid the PAPR issue whereas transmissions with rank 3 and higher always include ports from more than one CDM group. 
In case of double-symbol based DMRS (albeit not mandatory for UE to support) , we observe that transmissions up to rank 4 can be configured to avoid the PAPR issue whereas transmissions with rank 5 and higher always include ports from more than one CDM group. Hence, when two codewords are enabled ports from more than one CDM group are always included.
The PAPR issue for DMRS limits the transmission rank for SU-MIMO in NR to two (for DL and UL) and may reduce the interference suppression abilities for MU-MIMO scheduling in DL.
Is this really a problem for CP-OFDM waveform?
The DMRS PAPR issue is indeed a problem for the CP-OFDM waveform as it will degrade the throughputs due to clipping or the peak power of the PA needs to be significantly higher which increases costs. See [3] for a more elaborated discussion on why PAPR is important for the CP-OFDM waveform.
Isn’t the problem already existing in LTE?
The PAPR issue for DMRS also exists in LTE DL when scheduling more than 4 layers but will be less severe since in LTE DL the DMRS is always multiplexed with PDSCH in the frequency domain, which is not always the case in NR. Moreover, in NR the PAPR issues can occur for lower rank transmissions such as rank 2, 3 and 4, i.e. for rank transmissions that will be commonly seen in most deployments.   
Can’t the problem be solved by implementation solutions?
The PAPR issue for DMRS was acknowledge by several companies in [4] but instead of solving this issue properly it was proposed to be mitigated by transmitter implementation work arounds that could be performance transparent to the receiver. The following implementation solutions were mentioned in [4]: “the gNB may apply PRG-level precoder cycling, small delay CCD, frequency selective closed loop precoding, even a small frequency-domain shift in one of the two ports”.
Evidently, implementation solutions that always demand subband/frequency-selective precoding prevent wideband precoding and can only be considered for DL. This implies that UEs always need to be configured with subband CSI reporting even in scenarios with no benefits of subband precoding and by then introduce unnecessary PMI overhead.
Furthermore, the amount of PAPR reduction with PRG-level precoder cycling will depend on the number of PRGs used in the transmission and may then not reduce the PAPR sufficiently (i.e. being on par with PAPR of PDSCH) in deployments with smaller bandwidths like 5MHz and 10MHz (in particular in conjunction with subcarrier spacing above 15kHz). Hence, we observe
Subband precoding does not seem to be a generic solution to the PAPR issue for DL and is not at all applicable as an implementation solution for UL.
With the implementation solution of “small delay CDD”, it is meant that layers are phase shifted/rotated such that in time domain small delays will be introduced on some of the layers (note that no diversity is involved here). One consequence of introducing different delays on the layers is that QCL among the DMRS ports will not strictly be fulfilled (Quasi-QCL). Hence, estimating e.g. delay spread from TRS may then results in performance degradation. Furthermore, since (additional) frequency-selectivity is injected to the channels on some layers the corresponding phase shift between adjacent subcarriers should be very small such that the coherence bandwidth is not limited by the implementation solution. Hence, “small delay CDD” basically targets carrier deployments with larger bandwidths (as a large number of subcarriers needs to be scheduled) and does not seem to be a generic solution to the PAPR issue. 
The above phase shift-based implementation solutions will add computational complexity since a phase shift need to be multiplied to each precoder element and for each scheduled RE containing PDSCH/PUSCH and DMRS for a precoder. 
In addition, for TDD with reciprocity-based precoding design there is no possibility to integrate these phase shifts into sets of pre-determined precoders hence these additional computations are very costly. Since the PAPR issue can easily be avoided by a proper DMRS design, implementation solutions are simply a waste of computational cycles.
With the implementation solution of “a small frequency shift” on some layers, it appears to be meant to mitigate the PAPR issue by introducing transmitter impairments that results in inter-carrier interference at the receiver side. How well this will work in terms of no or minor throughput degradations for different NR numerologies/bandwidths remains though to be studied.
In section 2.1, we noted that the PAPR issue could be avoided in MU-MIMO by configuring UEs with different scrambling IDs and assign ports to a UE from one CDM group only. For UEs performing co-channel interference cancellation based on symbol detection of interfering DMRS, using different scrambling IDs would not impact the cancellation performance. However, there will be a disadvantage for UEs that may perform cancellation by testing the hypothesis of “same scrambling ID”.
On specification-based solutions in Rel-16
To resolve the PAPR issue by specification, it is desirable that the Rel-16 solution has the following properties:
· Backward compatibility in the sense that Rel-15 and Rel-16 UEs can share ports within a CDM group
· Same PAPR statistics as data (for all NR numerologies)
· Low complexity
· Minimal specification impacts
To be studied to make conclusion in RAN1#94-bis
The alternatives to solve the PAPR issue by specifications changes are basically implementation solutions to reduce the PAPR issue or impose rank restrictions. To make conclusions in next RAN1 meeting, implementation solutions should be evaluated with respect to
· Effectiveness of reducing PAPR in a vast number of NR deployment and for both UL and DL
· Throughputs comparisons versus a baseline with no PAPR issues
· As baseline, one can consider resource specific DMRS mapping [5]
· With and without clipping, see [3]
· Feature and operation restrictions such as preventing wideband precoding and impacts on reciprocity-based operations
· Complexity
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Appendix
[bookmark: _Ref521485912]The magnitude of the PAPR issue
To illustrate the magnitude of the PAPR issue, we determine the CCDFs of the power-to-average power ratios when mapping 2, 3, 4 and 6 layers to a common set of transmit antennas. The CCDFs of the PAPR are shown below for an allocation of 50 RBs and with power samples from 100 OFDM symbols. We observe that the Rel-15 DMRS mapping significantly increase the PAPR with respect to the CP-OFDM waveform (waveform with Rayleigh distributed amplitude), e.g. 6 layers with mapping type 2 (ports: 0-5) degrades the PAPR with nearly 4dB at the 99.99% percentile.
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[bookmark: _Ref521485802]Figure 1. PAPR from the CCDF of the power-to-average power ratio.
[bookmark: _Ref521486221]DMRS port combinations with PAPR issues
Figure 1 shows the associations between CDM groups and antenna ports for DMRS configuration type 1 and 2, with single-symbol based DMRS and double-symbol based DMRS. The PAPR issue occurs when ports from multiple CDM groups are spatially multiplexed with non-diagonal precoding matrices.
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[bookmark: _Ref520969322]Figure 2. DMRS port associations to CDM groups.
In the antenna port tables below, the values marked in red are those port combinations that PAPR issues cannot be avoided without introducing precoder matrix restrictions such that antenna ports associated with different CDM groups are not multiplexed on same TX antennas. It can be noticed from these tables that with two codewords enabled, the PAPR issues cannot be avoided by scheduling restrictions.
Table 7.3.1.2.2-1: Antenna port(s) (1000 + DMRS port), DL-DMRS-config-type=1, DL-DMRS-max-len=1
	One Codeword:
Codeword 0 enabled,
Codeword 1 disabled

	Value
	Number of DMRS CDM group(s) without data
	DMRS port(s)

	0
	1
	0

	1
	1
	1

	2
	1
	0,1

	3
	2
	0

	4
	2
	1

	5
	2
	2

	6
	2
	3

	7
	2
	0,1

	8
	2
	2,3

	9
	2
	0-2

	10
	2
	0-3

	11
	2
	0,2

	12-15
	Reserved
	Reserved



Table 7.3.1.2.2-2: Antenna port(s) (1000 + DMRS port), DL-DMRS-config-type=1, DL-DMRS-max-len=2
	One Codeword:
Codeword 0 enabled,
Codeword 1 disabled
	Two Codewords:
Codeword 0 enabled,
Codeword 1 enabled

	Value
	Number of DMRS CDM group(s) without data
	DMRS port(s)
	Number of front-load symbols
	Value
	Number of DMRS CDM group(s) without data
	DMRS port(s)
	Number of front-load symbols

	0
	1
	0
	1
	0
	2
	0-4
	2

	1
	1
	1
	1
	1
	2
	0,1,2,3,4,6
	2

	2
	1
	0,1
	1
	2
	2
	0,1,2,3,4,5,6
	2

	3
	2
	0
	1
	3
	2
	0,1,2,3,4,5,6,7
	2

	4
	2
	1
	1
	4-31
	reserved
	reserved
	reserved

	5
	2
	2
	1
	
	
	
	

	6
	2
	3
	1
	
	
	
	

	7
	2
	0,1
	1
	
	
	
	

	8
	2
	2,3
	1
	
	
	
	

	9
	2
	0-2
	1
	
	
	
	

	10
	2
	0-3
	1
	
	
	
	

	11
	2
	0,2
	1
	
	
	
	

	12
	2
	0
	2
	
	
	
	

	13
	2
	1
	2
	
	
	
	

	14
	2
	2
	2
	
	
	
	

	15
	2
	3
	2
	
	
	
	

	16
	2
	4
	2
	
	
	
	

	17
	2
	5
	2
	
	
	
	

	18
	2
	6
	2
	
	
	
	

	19
	2
	7
	2
	
	
	
	

	20
	2
	0,1
	2
	
	
	
	

	21
	2
	2,3
	2
	
	
	
	

	22
	2
	4,5
	2
	
	
	
	

	23
	2
	6,7
	2
	
	
	
	

	24
	2
	0,4
	2
	
	
	
	

	25
	2
	2,6
	2
	
	
	
	

	26
	2
	0,1,4
	2
	
	
	
	

	27
	2
	2,3,6
	2
	
	
	
	

	28
	2
	0,1,4,5
	2
	
	
	
	

	29
	2
	2,3,6,7
	2
	
	
	
	

	30
	2
	0,2,4,6
	2
	
	
	
	

	31
	Reserved
	Reserved
	Reserved
	
	
	
	



Table 7.3.1.2.2-3: Antenna port(s) (1000 + DMRS port), DL-DMRS-config-type=2, DL-DMRS-max-len=1
	One codeword:
Codeword 0 enabled,
Codeword 1 disabled
	Two codewords:
Codeword 0 enabled,
Codeword 1 enabled

	Value
	Number of DMRS CDM group(s) without data
	DMRS port(s)
	Value
	Number of DMRS CDM group(s) without data
	DMRS port(s)

	0
	1
	0
	0
	3
	0-4

	1
	1
	1
	1
	3
	0-5

	2
	1
	0,1
	2-31
	reserved
	reserved

	3
	2
	0
	
	
	

	4
	2
	1
	
	
	

	5
	2
	2
	
	
	

	6
	2
	3
	
	
	

	7
	2
	0,1
	
	
	

	8
	2
	2,3
	
	
	

	9
	2
	0-2
	
	
	

	10
	2
	0-3
	
	
	

	11
	3
	0
	
	
	

	12
	3
	1
	
	
	

	13
	3
	2
	
	
	

	14
	3
	3
	
	
	

	15
	3
	4
	
	
	

	16
	3
	5
	
	
	

	17
	3
	0,1
	
	
	

	18
	3
	2,3
	
	
	

	19
	3
	4,5
	
	
	

	20
	3
	0-2
	
	
	

	21
	3
	3-5
	
	
	

	22
	3
	0-3
	
	
	

	23
	2
	0,2
	
	
	

	24-31
	Reserved
	Reserved
	
	
	



Table 7.3.1.2.2-4: Antenna port(s) (1000 + DMRS port), DL-DMRS-config-type=2, DL-DMRS-max-len=2
	One codeword:
Codeword 0 enabled,
Codeword 1 disabled
	Two Codewords:
Codeword 0 enabled,
Codeword 1 enabled

	Value
	Number of DMRS CDM group(s) without data
	DMRS port(s)
	Number of front-load symbols
	Value
	Number of DMRS CDM group(s) without data
	DMRS port(s)
	Number of front-load symbols

	0
	1
	0
	1
	0
	3
	0-4
	1

	1
	1
	1
	1
	1
	3
	0-5
	1

	2
	1
	0,1
	1
	2
	2
	0,1,2,3,6
	2

	3
	2
	0
	1
	3
	2
	0,1,2,3,6,8
	2

	4
	2
	1
	1
	4
	2
	0,1,2,3,6,7,8
	2

	5
	2
	2
	1
	5
	2
	0,1,2,3,6,7,8,9
	2

	6
	2
	3
	1
	6-63
	Reserved
	Reserved
	Reserved

	7
	2
	0,1
	1
	
	
	
	

	8
	2
	2,3
	1
	
	
	
	

	9
	2
	0-2
	1
	
	
	
	

	10
	2
	0-3
	1
	
	
	
	

	11
	3
	0
	1
	
	
	
	

	12
	3
	1
	1
	
	
	
	

	13
	3
	2
	1
	
	
	
	

	14
	3
	3
	1
	
	
	
	

	15
	3
	4
	1
	
	
	
	

	16
	3
	5
	1
	
	
	
	

	17
	3
	0,1
	1
	
	
	
	

	18
	3
	2,3
	1
	
	
	
	

	19
	3
	4,5
	1
	
	
	
	

	20
	3
	0-2
	1
	
	
	
	

	21
	3
	3-5
	1
	
	
	
	

	22
	3
	0-3
	1
	
	
	
	

	23
	2
	0,2
	1
	
	
	
	

	24
	3
	0
	2
	
	
	
	

	25
	3
	1
	2
	
	
	
	

	26
	3
	2
	2
	
	
	
	

	27
	3
	3
	2
	
	
	
	

	28
	3
	4
	2
	
	
	
	

	29
	3
	5
	2
	
	
	
	

	30
	3
	6
	2
	
	
	
	

	31
	3
	7
	2
	
	
	
	

	32
	3
	8
	2
	
	
	
	

	33
	3
	9
	2
	
	
	
	

	34
	3
	10
	2
	
	
	
	

	35
	3
	11
	2
	
	
	
	

	36
	3
	0,1
	2
	
	
	
	

	37
	3
	2,3
	2
	
	
	
	

	38
	3
	4,5
	2
	
	
	
	

	39
	3
	6,7
	2
	
	
	
	

	40
	3
	8,9
	2
	
	
	
	

	41
	3
	10,11
	2
	
	
	
	

	42
	3
	0,1,6
	2
	
	
	
	

	43
	3
	2,3,8
	2
	
	
	
	

	44
	3
	4,5,10
	2
	
	
	
	

	45
	3
	0,1,6,7
	2
	
	
	
	

	46
	3
	2,3,8,9
	2
	
	
	
	

	47
	3
	4,5,10,11
	2
	
	
	
	

	48
	1
	0
	2
	
	
	
	

	49
	1
	1
	2
	
	
	
	

	50
	1
	6
	2
	
	
	
	

	51
	1
	7
	2
	
	
	
	

	52
	1
	0,1
	2
	
	
	
	

	53
	1
	6,7
	2
	
	
	
	

	54
	2
	0,1
	2
	
	
	
	

	55
	2
	2,3
	2
	
	
	
	

	56
	2
	6,7
	2
	
	
	
	

	57
	2
	8,9
	2
	
	
	
	

	58-63
	Reserved
	Reserved
	Reserved
	
	
	
	




Table 7.3.1.1.2-9: Antenna port(s) (1000 + DMRS port), PUSCH-tp=Disabled, DL-DMRS-config-type=1, DL-DMRS-max-len=1, rank = 2
	Value
	Number of DMRS CDM group(s) without data
	DMRS port(s)

	0
	1
	0,1

	1
	2
	0,1

	2
	2
	2,3

	3
	2
	0,2

	4-7
	Reserved
	Reserved



Table 7.3.1.1.2-10: Antenna port(s) (1000 + DMRS port), PUSCH-tp=Disabled, DL-DMRS-config-type=1, DL-DMRS-max-len=1, rank = 3
	Value
	Number of DMRS CDM group(s) without data
	DMRS port(s)

	0
	2
	0-2

	2-7
	Reserved
	Reserved



Table 7.3.1.1.2-11: Antenna port(s) (1000 + DMRS port), PUSCH-tp=Disabled, DL-DMRS-config-type=1, DL-DMRS-max-len=1, rank = 4
	Value
	Number of DMRS CDM group(s) without data
	DMRS port(s)

	0
	2
	0-3

	2-7
	Reserved
	Reserved




Table 7.3.1.1.2-13: Antenna port(s) (1000 + DMRS port), PUSCH-tp=Disabled, DL-DMRS-config-type=1, DL-DMRS-max-len=2, rank = 2
	Value
	Number of DMRS CDM group(s) without data
	DMRS port(s)
	Number of front-load symbols

	0
	1
	0,1
	1

	1
	2
	0,1
	1

	2
	2
	2,3
	1

	3
	2
	0,2
	1

	4
	2
	0,1
	2

	5
	2
	2,3
	2

	6
	2
	4,5
	2

	7
	2
	6,7
	2

	8
	2
	0,4
	2

	9
	2
	2,6
	2

	10-15
	Reserved
	Reserved
	Reserved



Table 7.3.1.1.2-14: Antenna port(s) (1000 + DMRS port), PUSCH-tp=Disabled, DL-DMRS-config-type=1, DL-DMRS-max-len=2, rank = 3
	Value
	Number of DMRS CDM group(s) without data
	DMRS port(s)
	Number of front-load symbols

	0
	2
	0-2
	1

	1
	2
	0,1,4
	2

	2
	2
	2,3,6
	2

	3-15
	Reserved
	Reserved
	Reserved



Table 7.3.1.1.2-15: Antenna port(s) (1000 + DMRS port), PUSCH-tp=Disabled, DL-DMRS-config-type=1, DL-DMRS-max-len=2, rank = 4
	Value
	Number of DMRS CDM group(s) without data
	DMRS port(s)
	Number of front-load symbols

	0
	2
	0-3
	1

	1
	2
	0,1,4,5
	2

	2
	2
	2,3,6,7
	2

	3
	2
	0,2,4,6
	2

	4-15
	Reserved
	Reserved
	Reserved



Table 7.3.1.1.2-17: Antenna port(s) (1000 + DMRS port), PUSCH-tp=Disabled, DL-DMRS-config-type=2, DL-DMRS-max-len=1, rank=2
	Value
	Number of DMRS CDM group(s) without data
	DMRS port(s)

	0
	1
	0,1

	1
	2
	0,1

	2
	2
	2,3

	3
	3
	0,1

	4
	3
	2,3

	5
	3
	4,5

	6
	2
	0,2

	7-15
	Reserved
	Reserved



Table 7.3.1.1.2-18: Antenna port(s) (1000 + DMRS port), PUSCH-tp=Disabled, DL-DMRS-config-type=2, DL-DMRS-max-len=1, rank =3
	Value
	Number of DMRS CDM group(s) without data
	DMRS port(s)

	0
	2
	0-2

	1
	3
	0-2

	2
	3
	3-5

	3-15
	Reserved
	Reserved




Table 7.3.1.1.2-19: Antenna port(s) (1000 + DMRS port), PUSCH-tp=Disabled, DL-DMRS-config-type=2, DL-DMRS-max-len=1, rank =4
	Value
	Number of DMRS CDM group(s) without data
	DMRS port(s)

	0
	2
	0-3

	1
	3
	0-3

	2-15
	Reserved
	Reserved



Table 7.3.1.1.2-21: Antenna port(s) (1000 + DMRS port), PUSCH-tp=Disabled, DL-DMRS-config-type=2, DL-DMRS-max-len=2, rank=2
	Value
	Number of DMRS CDM group(s) without data
	DMRS port(s)
	Number of front-load symbols

	0
	1
	0,1
	1

	1
	2
	0,1
	1

	2
	2
	2,3
	1

	3
	3
	0,1
	1

	4
	3
	2,3
	1

	5
	3
	4,5
	1

	6
	2
	0,2
	1

	7
	3
	0,1
	2

	8
	3
	2,3
	2

	9
	3
	4,5
	2

	10
	3
	6,7
	2

	11
	3
	8,9
	2

	12
	3
	10,11
	2

	13
	1
	0,1
	2

	14
	1
	6,7
	2

	15
	2
	0,1
	2

	16
	2
	2,3
	2

	17
	2
	6,7
	2

	18
	2
	8,9
	2

	19-31
	Reserved
	Reserved
	Reserved



Table 7.3.1.1.2-22: Antenna port(s) (1000 + DMRS port), PUSCH-tp=Disabled, DL-DMRS-config-type=2, DL-DMRS-max-len=2, rank=3
	Value
	Number of DMRS CDM group(s) without data
	DMRS port(s)
	Number of front-load symbols

	0
	2
	0-2
	1

	1
	3
	0-2
	1

	2
	3
	3-5
	1

	3
	3
	0,1,6
	2

	4
	3
	2,3,8
	2

	5
	3
	4,5,10
	2

	6-31
	Reserved
	Reserved
	Reserved



Table 7.3.1.1.2-23: Antenna port(s) (1000 + DMRS port), PUSCH-tp=Disabled, DL-DMRS-config-type=2, DL-DMRS-max-len=2, rank=4
	Value
	Number of DMRS CDM group(s) without data
	DMRS port(s)
	Number of front-load symbols

	0
	2
	0-3
	1

	1
	3
	0-3
	1

	2
	3
	0,1,6,7
	2

	3
	3
	2,3,8,9
	2

	4
	3
	4,5,10,11
	2

	5-31
	Reserved
	Reserved
	Reserved
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