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Introduction
In this paper, we present low-PAPR DMRS design for Rel-16 NR. The following agreements was made in RAN WG1 NR AH1901:

	Agreement:
For length 6 CGS; 8-PSK is used
Decide the associated sequences in the next RAN1 meeting

Agreement
For length 12,18, and 24 respectively, NR Rel-16 supports the binary CGS in the Table C1, C2, and C3 respectively followed by pi/2 BPSK modulation followed by DFT as DMRS sequence for π/2 BPSK modulation for both PUSCH and PUCCH.
· The above is applicable to single-symbol DMRS configuration
· FFS: CGS for two-symbol DMRS configuration
Table C1, C2, and C3 can be found in R1-1901362


Agreement
· For pi/2 BPSK Rel.16 sequence design for PUSCH DMRS of length ≥30
· sdf
· Cell ID default scrambling parameter(s) unless configured otherwise
· Use c_init formula from Rel.15 CP-OFDM DMRS and reuse Rel-15 Gold sequence generator
· Open issues for further study:
· Whether new Rel.16 DMRS sequence is used for Msg3 
· For which DCI formats, search spaces and RNTIs the new Rel.16 DMRS sequence configuration is applicable
· Configuration of Rel.16 sequence for pi/2 BPSK PUSCH DMRS
· Alt.A One configuration of Rel.16 sequence applies to all lengths
· Alt.B Independent configuration of Rel.16 sequence for sequence length ≥30  and <30 
· Down-select between Alt.1 and Alt.2 in RAN1#96
· Alt.1  Follow DFT-S-OFDM approach 
· nIDnSCID  is defined as nPUSCH-Identity  
· Only nSCID=0 is applicable
· No change to DCI, only RRC is used to configure 
· Alt.2 Follow CP-OFDM approach 
· nIDnSCID   parameters are configured by RRC as for CP-OFDM DMRS
· DCI is used to indicate nSCID as for CP-OFDM
· 1 bit always present in DCI when Rel.16 DMRS is configured 
· FFS on how to interpret 1 bit in DCI for length<30 
· Possible benefit: gNB can dynamically select sequence to reduce probability of a bad sequence choice (e.g. nulls in PSD)

Agreement
For one OFDM symbol DMRS and for PUSCH with pi/2 BPSK modulation, down select among the following alternatives
· Alt.0: Only a single DMRS port is supported (one comb is used)
· Alt.1: One DMRS port per comb is supported (in total 2 ports)
· Alt.2: Support two DMRS ports per comb (in total 4 ports) 
· Study may take UL timing misalignment into account



Based on the above agreements, in this paper, we provide Rel-16 NR DMRS design for length 6 CGS sequences for 1 PRB allocation of PUSCH. Furthermore, we provide details on the FFS points from these agreements namely, sequence design considerations for two-symbol DMRS, sequence design for length  30, Rel-16 DMRS configuration and port multiplexing. 

DMRS PAPR Reduction DFT-s-OFDM based -BPSK Modulated PUSCH/PUCCH
DMRS PAPR Reduction for PUSCH 




For DFT-s-OFDM based PUSCH where modulation is used, the DMRS sequence can be a binary sequence generated in the time domain. If this design is followed, the binary sequence is then modulated using a constellation. The mapping of the binary sequence  to sequence is defined according to the following equation:




The modulated sequence is then DFT-spread to produce the length L complex sequence which mapped to the allocated subcarriers in the frequency domain. The mapping of the sequence samples is based on NR Type 1 DMRS and is as follows:





where j can take any one of the values i.e., rank-1 transmission from UE perspective. The values of  are specified in [1], Table 6.4.1.1.3-1. The physical structure of Type 1 DMRS is shown in Figure 1. Additional details of Type 1 DMRS mapping for /2 BPSK modulated DFT-S-OFDM DMRS are provided in Appendix B.
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[bookmark: _Ref528943972]Figure 1: Type 1 DMRS Structure


In general, irrespective of time/frequency domain sequence generation, the method for DMRS sequence generation is dependent on length in PRBs of the frequency domain resource allocation as follows:
1. Case I (Small Resource Allocation 1-4 PRBs): Computer generated sequences are used.
2. Case II (Larger Resource Allocation of 5 PRBs and more): Pseudo Random (PN) sequences based on Gold Code are used. 
[bookmark: _Ref529457842]Small Resource Allocation (1-4 PRBs)
For the case of small resource allocation of 1-4 PRBs, based on the structure of the Type 1 DMRS as proposed in the previous section, CGS sequences of length 6, 12, 18 and 24 corresponding to 1, 2, 3 and 4 PRB allocation respectively can be used. Based on previous agreement, the CGS sequences of length 12, 18 and 24 are provided in [5]. In this section, we first discuss the rationale and methodology behind the CGS sequence generation criteria and then propose a set of CGS sequences of length 6. 
[bookmark: _Ref534996790]Length 6 CGS Sequence Generation
The advantage of using Zadoff-Chu (ZC) sequence or frequency domain QPSK CGS sequences in Rel-15 NR and LTE is attributed to the fact that these sequences are constant modulus in frequency domain i.e., they have flat frequency response leading to superior channel estimation performance across all (even extremely large) delay spreads. In the time domain, these sequences have perfect autocorrelation i.e., the autocorrelation function has only one non-zero value at the zero-th lag. This lends itself to efficient time domain channel estimation since there is no self-interference from non-zero lags. 

However, the major drawback of using ZC sequences for coverage limited UEs is that even after application of frequency domain spectrum shaping (FDSS), the PAPR of these sequences is relatively higher compared to modulated DFT-s-OFDM data. Therefore, design of new sequences with PAPR comparable to data is required in order to avoid DM-RS being the performance bottleneck. However, designing sequences with good PAPR comes with the challenge that often, non-flat frequency response is observed. This in turn makes the autocorrelation of the sequence non-ideal which adversely impacts channel estimation performance. Therefore any sequence design needs to optimize over these opposing objectives.

Let a complex time domain sequence after modulation be defined as, where N is the sequence length. The cyclic autocorrelation of the sequence can be computed as 

.


A set of sequences has perfect autocorrelation if. But perfect autocorrelation is not a necessity for efficient channel estimation. In this case, the constraint on  can be relaxed to choose sequences which have so called almost perfect autocorrelation i.e., where we have

.

Another way to characterize almost perfect autocorrelation is to ensure that non-zero values of the autocorrelation function can occur only at certain values. 

Conversely, frequency domain properties related to such autocorrelation functions can also be used as metrics to choose CGS sequences.  At the extreme, ZC sequences provide perfect auto-correlation as well perfect frequency flatness. However, owing to the linearity of the DFT operation, we can choose sequences which have 2 or 3 non-zero autocorrelation values at non-zero lags. 

To this end, consider a frequency domain sequence of length N, which can be decomposed into two length N/2 sub-sequences such that each sub-sequence is frequency flat. In this case, the length sequence can be envisioned as a superposition of two such sequences having two power levels. Since autocorrelation is the superposition of the individual autocorrelations, the autocorrelation function in this case will have the following property:

 

Similarly, sequences which can be decomposed into three sub-sequences, each with a flat power in the frequency domain will have almost perfect autocorrelation with 3 peaks in the time domain at lags 0, N/3 and 2N/3 respectively. In this paper, such sequences are defined to be sequences with almost-perfect autocorrelation. This is illustrated in Figure 2.
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[bookmark: _Ref534989077]Figure 2: Perfect and Almost-perfect Autocorrelation Sequences with corresponding Frequency Domain Power Profiles.
Based on this observation, our choice of CGS sequences is based on the motivation to find sequences with almost perfect autocorrelation with relatively flat frequency domain power profile and good PAPR. We choose sequences which can be decomposed into two or three sub-sequences with flat or relatively power profiles in the frequency domain. Note that for channel estimation using such sequences, if adjacent samples are combined (for example in the sequence with 2 non-zero autocorrelation values as in 2nd case of Figure 2), the time domain autocorrelation of the sequences is further improved. Such sequences are further termed as frequency complementary sequences. One point to note is that although many such sequences with almost perfect autocorrelation can be found for time domain 8-PSK sequences of length 6, choosing only such sequences in the set of 30 CGS sequences degrades the pair-wise cross-correlation of the set leading to potential interference issues during channel estimation. Therefore a trade-off exists between choosing sequences to optimize channel estimation performance and PAPR and choosing a set of CGS with good cross-correlation. 

In the following, we propose a set of CGS sequence with good frequency domain properties and as well as good PAPR performance when compared to data. The sequences are selected based on principles highlighted in the previous section and final set of 30 sequence is chosen based on minimization of pairwise cross-correlation. The detailed method for evaluating cross-correlation is shown in Appendix C. The PAPR for each sequence is evaluated based on frequency domain spectral shaping (FDSS) with a 3-tap filter having time domain coefficients [0.28, 1, 0.28].
 
For length 6 CGS, a set of 30 8-PSK modulated sequences are proposed. The sequences are generated as follows




The phase values are given in the following table.

	Table 1: Length 6 Time Domain 8-PSK CGS Sequences	
	u
	
 
	PAPR

	1
	-7    -3    -7    -3    -7     5
	1.5695

	2
	-7     3    -1     3     5    -5
	2.0805

	3
	-7     5     1     5     1     5
	1.4753

	4
	-3     1     5     1    -3    -7
	0.7709

	5
	 5    -7    -3    -7     5    -7
	1.4457

	6
	-3     1    -3    -7    -3     1
	1.4589

	7
	-7     5    -7    -3    -7    -3
	1.4450

	8
	-7    -3    -5     5     1     7
	2.0919

	9
	 5    -7     5    -7    -3    -7
	1.5782

	10
	-5     1     3     7     3    -3
	2.0990

	11
	 3    -1    -5     7    -5    -1
	0.7552

	12
	-7     5    -7    -3     1    -3
	0.7836

	13
	-7    -3    -7     5    -7     5
	1.5969

	14
	-5     7    -5     7     3     7
	1.5200

	15
	-5    -1     1     7     5    -1
	2.0814

	16
	-5     7     3     7    -5    -1
	0.7733

	17
	-5    -1    -5     7     3     7
	0.7900

	18
	-5     7     3     7    -5     7
	1.5951

	19
	-7    -3     1     5     1    -3
	0.8306

	20
	-1    -5    -1     3    -1    -5
	1.6034

	21
	-5     5     7     5    -7    -1
	1.8559

	22
	 5     3     7    -3    -7     3
	1.9329

	23
	-7    -5     5     1     7    -5
	1.9491

	24
	-1     3     1     3    -3    -7
	1.9255

	25
	-7     5    -1     1    -1     3
	1.9322

	26
	-5    -7    -5     5     1     7
	1.8663

	27
	-1     1    -1     3    -7     5
	1.9325

	28
	-3    -1     3    -7     5    -1
	1.8048

	29
	-5    -7    -5     7    -5     1
	2.3399

	30
	-5     7    -5    -7    -5     1
	2.3900


	
In Figure 3, the Power-to-average-Power Ratio and PAPR of the proposed sequences are shown in comparison to the sequences presented in [6]-[8]. 

       [image: ][image: ]
[bookmark: _Ref528945756]Figure 3: (a) CCDF of Power to Average Power Ratio of proposed CGS Sequences; (b) PAPR of the proposed CGS sequences. It can be seen that the PAPR of the proposed sequenecs is similar to that of other proposals and is similar to /2-BPSK modulated data. FDSS is used corresponding to a 3-tap time domain filter defined by [0.28 1 0.28]. 





We provide the CDFs of pairwise cross-correlation distribution of the proposed length-6 sequences in Figure 4. Additionally we also provide the cross-correlations for the sequences proposed in [6]-[8].
[image: ]
[bookmark: _Ref528945540]Figure 4: Maximum pairwise linear cross-correlation between sequences in time domain.
It can be seen from Figure 4, that for length 6 CGS, the median cross-correlation is larger than for higher lengths but the max cross-correlation is lower than proposed CGSs in [6]-[8]. 

The BLER performance of the proposed length-6 CGS sequences are shown in Appendix A. It can be seen that all sequences perform close to frequency domain Rel-15 NR CGS sequences even under frequency selective channels.
[bookmark: _GoBack]
Proposal 1: 
· 
The CGS Sequences proposed in Tables 1 can be used as DMRS sequence with NR Type 1 DMRS mapping for modulated DFT-S-OFDM based PUSCH for 1 PRB resource allocation with single symbol DMRS configuration.

Time-Domain Complementary CGS Sequence Design
In this section, we propose the concept of Complementary Sequences. In this case, for DMRS occupying two adjacent time-domain symbols or single-symbol DM-RS configurations with two or more symbols, complementary sequences can be used in each symbol. The complimentary DM-RS signal can be defined to have sum of auto-correlation function close the delta function. For example for two sequence da and db the sum of auto-correlation function can be defined as follows

.
With this definition, the complementary sequences can be chosen such that the combined autocorrelation can be close to perfect autocorrelation or can be relaxed to have almost perfect autocorrelation as defined in Section 2.1.1.1. An example of such sequence allocation is shown in the following figure for both single and double symbol DMRS.




Figure 5: Time-Domain Complementary DMRS Sequences.
The major advantage of this design is that for even when individual CGS da(i) or db(i) do not have perfect autocorrelation or frequency flatness, the use of complementary sequences can ensure that the combined autocorrelation is perfect or almost perfect. The BLER performance of complementary sequences as opposed using random sequence pairs by utilizing group hopping is shown in the following.

[image: ]
Figure 6: Complementary CGS for 2 symbol FL DMRS with 1 PRB Allocation. A gain of about 1dB SNR is observed.








[image: ][image: ]
Figure 7: Complementary CGS sequences for 1 symbol front-loaded and 1 additional DMRS. It can be seen that for 2 PRB allocation a gain of 1dB and for 3PRB allocation a gain of 0.5 dB is observed compared to group hopping with random CGS.

From RAN4 studies on MPR vs Link Loss gains for /2-BPSK modulation using pulse shaping [9], it can be seen that the MPR gain is extremely small i.e., 0.2 dB. Considering this, a gain of 0.5-1 dB SNR is very important for coverage limited cases and hence we advocate the use of proposed complementary sequences in adjacent (in time or in occurrence) time-domain symbols. The idea of group hopping can still be used for pairs of DMRS symbols using complementary sequences. In this case, the group-hopping can be identical for the symbols using complementary pairs. 

Based on simulation results and the observations in [9], we propose a set of complementary CGS sequences corresponding to the CGS proposed for the 1 symbol case in Tables 1 and the agreed longer sequences in [5]. 

For length 6 CGS with 8-PSK modulation, the following complementary CGS sequence set is proposed


Table 2: Length 6 8-PSK complementary CGS Sequences
	u
	CGS: 


	Complementary CGS: 



	0
	-7    -3    -7    -3    -7     5
	-7    -3    -7     5     1     5

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

	2
	-7     5     1     5     1     5
	-7    -3     1    -3    -7     5

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

	4
	5    -7    -3    -7     5    -7
	-7    -3     1     5     1    -3

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

	6
	-7     5    -7    -3    -7    -3
	-7     5     1    -3     1     5

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

	8
	5    -7     5    -7    -3    -7
	-7     5     1     5    -7    -3

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

	10
	3    -1    -5     7    -5    -1
	-7    -3    -7    -3     1    -3

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

	12
	-7    -3    -7     5    -7     5
	-5    -1    -5     7     3     7

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

	14
	-5    -1     1     7     5    -1
	-7    -3     1    -5    -1    -5

	15
	-5     7     3     7    -5    -1
	-7    -3    -7     5    -7     5

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

	17
	-5     7     3     7    -5     7
	-5    -1     3     7     3    -1

	18
	-7    -3     1     5     1    -3
	-7    -3     1    -3     1    -3

	19
	-1    -5    -1     3    -1    -5
	-5     7    -5    -1     3    -1

	20
	-5     5     7     5    -7    -1
	-7    -5     3     1     7    -3

	21
	5     3     7    -3    -7     3
	-7    -1    -3     5     7     3

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

	23
	-1     3     1     3    -3    -7
	-7     1    -1     5    -5     7

	24
	-7     5    -1     1    -1     3
	-7     1     3    -1     5    -5

	25
	-5    -7    -5     5     1     7
	-7     5    -5     1    -1     7

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

	27
	-3    -1     3    -7     5    -1
	-7    -3     1    -1    -5    -1

	28
	-5    -7    -5     7    -5     1
	-7    -3    -7     3     1     7

	29
	-5     7    -5    -7    -5     1
	-5     7     3    -1     3     7



For this set of sequences the complimentary property is shown by the following illustrative example.
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Figure 8: Length 6 CGS with 8-PSK modulation. The two sequenecs do not individually have perfect autocorrelation 
but the combined sequence has perfect autocorrelation.


For the case of CGS sequences of length 12, 18 and 24 CGS sequences from [5], the complementary sequences are given as follows:


Table 3: Length 12 complementary CGS Sequence
	u
	Binary Sequence
	Binary Complementary Sequence

	0
	0 0 0 0 0 0 1 1 0 1 1 0
	0     0     1     0     0     1     1     1     1     1     1     1

	1
	0 0 0 0 0 1 0 0 0 1 1 1
	0     1     1     1     0     0     0     1     1     1     1     1

	2
	0 0 0 0 0 1 1 1 0 1 1 1
	1     0     0     1     0     0     1     1     1     1     1     1

	3
	1 1 0 1 1 0 1 0 1 0 0 0
	0     0     0     1     1     0     1     1     1     1     1     1

	4
	1 1 0 0 1 0 1 0 1 0 0 1
	0     1     1     0     1     1     0     1     1     1     1     1

	5
	1 0 1 1 0 1 0 0 1 0 1 1
	1     0     1     0     0     1     1     1     0     1     1     1

	6
	0 0 0 1 0 0 1 0 0 0 1 0
	0     1     1     0     1     1     1     0     1     1     1     1

	7
	0 1 0 0 0 1 0 0 1 0 0 0
	0     1     1     1     0     1     1     0     1     1     1     1

	8
	1 0 1 1 1 1 0 1 1 0 1 1
	1     0     1     1     0     1     1     1     0     1     1     1

	9
	1 0 1 1 0 1 1 1 1 0 0 0
	0     1     1     1     0     1     1     1     1     1     1     1

	10
	1 0 1 1 0 1 0 0 0 1 1 0
	1     0     1     1     0     1     1     1     1     1     1     1

	11
	1 0 1 0 0 1 0 0 1 0 1 0
	0     0     1     1     1     0     0     1     1     1     1     1

	12
	1 1 0 0 0 0 0 1 1 1 1 0
	0     1     1     0     1     1     1     1     1     1     1     1

	13
	0 1 0 0 0 1 1 0 1 0 1 1
	1     1     1     0     1     1     0     1     1     1     1     1

	14
	0 0 0 0 0 1 1 0 0 0 1 1
	0     0     0     1     1     1     1     1     1     1     1     1

	15
	0 0 0 0 0 1 0 0 1 0 0 1
	1     1     0     0     1     0     0     1     1     1     1     1

	16
	0 0 1 0 0 1 0 0 0 0 0 1
	0     0     0     1     0     0     0     1     1     1     1     1

	17
	0 0 0 0 0 1 1 0 1 1 1 0
	0     0     0     1     0     0     1     1     1     1     1     1

	18
	0 0 0 1 1 1 1 1 0 0 0 1
	1     0     1     1     0     1     1     0     1     1     1     1

	19
	1 0 0 0 1 0 0 0 0 0 1 1
	1     0     0     0     1     1     1     0     1     1     1     1

	20
	0 1 1 1 1 0 1 0 1 1 1 1
	1     0     0     1     1     1     0     0     1     1     1     1

	21
	0 1 1 1 0 1 0 0 1 1 0 1
	0     1     1     1     1     0     0     1     1     1     1     1

	22
	0 1 1 1 1 1 0 0 1 0 0 0
	1     1     0     1     1     0     1     1     1     1     1     1

	23
	0 1 1 1 0 0 0 0 0 1 0 0
	0     0     0     1     1     1     1     1     0     1     1     1

	24
	0 0 1 1 1 1 1 1 1 1 0 0
	1     0     0     1     1     0     1     1     0     1     1     1

	25
	0 1 1 1 0 0 1 1 0 1 0 0
	1     0     0     0     0     1     1     1     1     1     1     1

	26
	0 1 1 1 0 1 1 1 0 1 1 1
	0     0     1     0     1     0     0     1     1     1     1     1

	27
	0 1 1 1 1 1 1 0 0 0 1 1
	0     1     1     0     0     0     1     1     1     1     1     1

	28
	0 1 1 1 1 0 0 0 0 0 1 1
	1     1     1     1     0     1     1     0     1     1     1     1

	29
	0 1 1 1 0 1 1 1 1 0 1 1
	0     0     1     0     0     1     1     0     1     1     1     1



For length 12 CGS, complementary property of the proposed CGS set is illustrated in the following example.
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Figure 9: Length 12 CGS Complementary Sequences. Combined Sequence achieves almost perfect autocorrelation.
Table 4: Length 18 complementary CGS Sequence 
	#
	Binary Sequence
	Binary Complementary Sequence

	0
	0 0 0 0 0 1 0 0 0 1 1 1 1 1 0 0 0 1
	    0     0     0     1     0     0     1     0     0     1     0     0     0     1     1     1     1     1

	1
	0 0 0 0 0 0 0 1 1 1 1 1 0 0 1 0 0 1
	    0     0     1     0     0     1     1     1     1     0     1     1     1     1     1     1     1     1

	2
	0 0 0 0 0 1 1 1 1 0 1 1 1 0 1 1 1 1
	    0     0     1     1     0     1     0     1     1     0     0     1     1     1     1     1     1     1

	3
	0 1 0 1 1 0 1 1 0 0 0 1 1 0 1 0 1 1
	    1     0     0     1     0     0     1     1     0     1     1     1     1     1     1     1     1     1

	4
	1 1 0 1 0 0 1 0 1 0 1 0 0 1 1 1 1 0
	    1     0     1     1     0     0     1     0     0     1     1     1     0     1     1     1     1     1

	5
	0 1 0 1 0 1 1 1 0 0 1 0 1 1 0 1 1 0
	    0     0     0     1     1     0     1     1     0     1     1     1     1     1     1     1     1     1

	6
	0 0 0 1 1 1 0 0 0 1 0 0 0 1 1 1 1 1
	    0     0     0     1     0     0     0     1     1     1     1     1     0     1     1     1     1     1

	7
	0 1 0 1 0 0 0 1 1 0 1 0 0 0 0 0 1 1
	    0     1     1     1     1     1     0     0     1     0     0     1     1     1     1     1     1     1

	8
	0 0 1 0 1 0 0 0 1 0 1 0 0 1 0 0 0 1
	    1     0     0     0     1     0     0     1     0     0     1     0     0     0     1     1     1     1

	9
	1 0 1 1 0 0 1 0 1 0 1 0 0 1 0 0 0 1
	    0     1     0     0     0     1     0     1     1     0     1     1     0     1     1     1     1     1

	10
	1 0 1 1 0 0 0 1 1 1 0 0 0 0 0 0 0 1
	    0     0     0     1     0     1     1     1     0     1     1     1     1     0     1     1     1     1

	11
	1 1 0 1 1 0 1 1 1 0 1 1 1 1 1 0 0 0
	    0     0     0     0     1     0     0     1     1     1     1     0     1     1     1     1     1     1

	12
	1 0 0 0 1 0 1 0 1 0 0 0 1 1 0 1 0 1
	    0     0     0     1     1     1     0     1     1     1     0     0     0     1     1     1     1     1

	13
	1 0 1 1 0 1 0 1 1 1 0 0 0 0 0 1 1 0
	    0     0     1     0     0     1     1     1     0     1     0     1     1     1     1     1     1     1

	14
	0 0 0 0 0 1 1 1 0 1 1 0 1 0 1 1 0 0
	    0     1     0     0     0     1     1     1     1     0     1     1     0     1     1     1     1     1

	15
	0 0 1 1 1 0 1 1 0 1 0 0 0 1 1 0 1 0
	    1     0     1     1     0     1     0     0     0     1     1     1     0     1     1     1     1     1

	16
	0 1 0 0 1 0 0 0 1 1 1 0 1 0 0 1 1 1
	    1     0     1     1     1     0     0     0     1     0     1     1     0     1     1     1     1     1

	17
	0 1 0 0 1 1 0 1 1 0 0 0 0 0 0 0 1 0
	    0     0     1     0     1     1     1     0     1     0     0     1     1     1     1     1     1     1

	18
	0 0 1 0 0 1 1 1 1 0 0 0 0 0 1 1 0 0
	    0     0     0     1     0     0     0     1     0     0     0     1     1     1     1     1     1     1

	19
	0 0 0 0 0 0 0 1 0 0 1 0 0 1 1 0 1 1
	    1     0     0     1     0     1     1     1     0     1     0     0     1     1     1     1     1     1

	20
	0 0 0 0 0 1 1 0 0 0 0 1 0 0 1 1 1 1
	    1     0     0     0     1     0     0     0     1     0     0     0     1     1     1     1     1     1

	21
	1 1 1 1 0 1 0 1 1 1 1 1 0 0 1 0 0 1
	    0     0     1     0     0     0     1     0     0     1     1     1     1     0     1     1     1     1

	22
	1 0 0 1 0 0 0 1 0 0 1 1 1 1 0 1 1 1
	    0     0     1     0     0     1     1     1     1     1     0     1     0     1     1     1     1     1

	23
	0 0 1 0 0 0 1 1 1 0 0 0 1 0 0 1 0 1
	    0     1     1     1     0     0     0     0     0     1     1     1     0     1     1     1     1     1

	24
	1 1 0 1 1 0 0 0 0 0 0 0 1 1 0 1 1 0
	    0     0     1     0     0     1     1     1     1     1     1     0     1     1     1     1     1     1

	25
	1 1 0 1 0 1 0 1 1 0 0 0 0 1 0 0 1 0
	    1     0     1     1     1     0     0     1     0     0     1     1     0     1     1     1     1     1

	26
	0 1 1 1 1 1 1 1 0 0 1 0 1 0 0 1 0 0
	    0     1     0     1     1     1     0     0     0     1     0     1     1     0     1     1     1     1

	27
	0 1 1 0 1 1 1 0 0 0 0 0 0 0 1 1 0 0
	    0     1     0     1     1     1     0     0     0     1     1     1     1     0     1     1     1     1

	28
	0 0 0 1 1 0 0 0 0 0 0 0 0 0 1 1 0 0
	    0     0     1     0     0     1     0     0     1     0     0     1     1     1     1     1     1     1

	29
	0 1 1 1 0 1 1 0 1 0 1 1 1 0 1 1 0 0
	    0     1     1     1     1     0     0     1     0     0     1     1     1     1     1     1     1     1



For length 18 CGS, it is observed that all sequences have non-perfect autocorrelation i.e., in all sequences, the autocorrelation function has alternate non-zero values. But interestingly many of the complementary sequences achieve perfect autocorrelation. An illustrative example is shown in the following figure.
[image: ]
Figure 10: Length 18 Complementary CGS with perfect autocorrelation
Table 5: Length 24 complementary CGS Sequence 
	u
	Binary Sequence
	Binary Complementary Sequence

	0
	0 0 0 0 0 0 0 1 0 0 1 1 1 1 1 0 0 1 0 0 1 0 0 1
	0     1     0     0     1     0     0     1     0     1     0     1     1     0     0     0     1     1     0     1     1     1     1     1

	1
	0 0 0 0 0 0 0 1 0 0 1 0 1 1 0 1 1 1 0 0 0 1 1 0
	0     0     1     1     1     1     1     0     1     0     0     1     0     0     0     1     1     0     1     1     1     1     1     1

	2
	0 0 0 0 0 0 0 0 1 0 0 1 0 0 1 0 0 1 1 1 1 0 1 1
	0     0     0     0     1     1     0     0     0     1     1     1     1     1     1     0     0     1     1     1     1     1     1     1

	3
	0 0 0 0 0 0 0 0 1 1 0 1 1 0 0 1 0 1 0 1 1 0 1 1
	0     1     0     0     1     0     1     0     0     1     1     0     1     1     0     1     1     1     0     1     1     1     1     1

	4
	1 0 0 1 1 1 1 1 0 1 1 0 1 1 1 0 1 1 0 0 0 1 1 1
	0     0     0     1     0     0     1     0     1     0     0     0     1     0     0     1     0     0     1     1     1     1     1     1

	5
	1 0 1 0 1 1 0 1 1 0 0 1 1 1 1 1 0 0 1 1 0 1 1 1
	0     0     0     0     0     1     1     0     0     1     1     1     0     0     1     1     1     1     1     1     1     1     1     1

	6
	0 1 1 0 0 1 0 0 1 1 1 1 1 1 0 1 1 1 1 0 1 1 0 1
	0     0     1     1     1     1     0     1     1     1     1     0     1     0     0     0     1     0     0     1     1     1     1     1

	7
	1 0 1 1 1 1 1 1 1 1 1 0 1 0 0 1 1 1 0 0 1 1 0 1
	0     0     0     0     1     1     0     1     0     0     0     1     1     0     1     0     0     1     1     1     1     1     1     1

	8
	0 0 1 0 0 1 0 1 0 0 0 1 0 0 1 0 0 0 0 0 1 1 1 0
	0     1     0     0     1     1     1     0     1     1     1     0     1     1     1     0     0     0     0     1     1     1     1     1

	9
	0 0 0 0 1 0 0 1 1 0 1 0 0 0 0 0 1 1 0 0 0 1 0 1
	0     0     1     0     0     1     1     1     0     0     0     0     1     0     0     0     0     1     1     1     1     1     1     1

	10
	1 0 1 0 0 0 1 1 1 0 0 1 1 1 1 0 1 1 1 1 0 0 1 0
	0     0     0     0     0     0     1     1     0     1     1     1     1     1     1     0     0     1     1     1     1     1     1     1

	11
	0 0 1 0 0 1 0 0 0 0 0 1 1 1 0 0 0 1 0 0 1 0 1 0
	0     0     0     0     1     1     1     0     1     1     1     0     1     1     1     0     0     1     0     1     1     1     1     1

	12
	1 0 1 0 0 1 1 1 0 1 0 0 0 1 0 1 1 1 0 0 1 0 1 1
	0     0     1     1     1     0     0     0     0     0     0     0     1     1     1     0     0     1     1     1     1     1     1     1

	13
	1 0 1 0 0 1 1 0 1 1 0 1 0 1 0 1 1 0 1 1 0 0 1 0
	0     0     0     1     1     0     0     0     0     0     0     0     1     1     0     0     0     1     1     1     1     1     1     1

	14
	1 0 1 0 0 0 1 0 0 1 1 1 0 0 0 0 0 1 0 0 1 0 1 1
	0     0     0     1     0     1     1     1     0     0     0     1     1     1     0     1     1     0     1     1     1     1     1     1

	15
	1 0 0 1 0 1 0 0 1 1 0 0 0 0 1 1 1 1 1 1 1 0 0 1
	0     0     0     1     0     0     1     0     0     1     1     1     1     1     0     1     0     1     1     1     1     1     1     1

	16
	0 0 0 1 1 1 1 0 0 1 0 1 0 0 1 1 1 0 1 1 1 0 0 1
	0     0     0     1     0     1     0     0     0     1     1     1     1     1     0     0     1     1     1     1     1     1     1     1

	17
	1 1 0 1 0 1 1 1 0 0 1 1 1 0 0 0 0 0 0 1 1 0 1 0
	0     0     0     1     1     0     0     1     0     1     0     0     0     1     0     1     0     0     1     1     1     1     1     1

	18
	0 0 0 0 0 0 0 0 0 1 1 1 1 0 0 0 1 0 1 1 0 0 0 1
	0     0     1     0     0     1     1     1     0     0     1     0     0     1     1     1     1     1     0     1     1     1     1     1

	19
	1 0 0 0 1 0 1 1 0 0 0 1 0 0 0 0 0 0 0 0 0 1 1 1
	0     1     1     1     1     1     0     0     1     0     0     1     1     1     0     0     1     0     0     1     1     1     1     1

	20
	0 0 0 0 0 0 1 1 1 0 1 1 0 0 0 1 1 0 0 0 1 0 1 0
	0     1     1     0     0     0     0     1     1     1     0     0     0     0     1     1     0     1     1     1     1     1     1     1

	21
	0 1 1 0 1 0 1 1 1 0 0 0 0 1 0 0 0 0 1 0 0 0 1 1
	0     0     1     1     0     1     0     1     1     0     0     1     0     1     0     1     1     0     1     1     1     1     1     1

	22
	1 0 1 0 0 1 0 0 0 0 0 1 1 1 0 0 1 0 0 0 1 0 1 1
	0     0     0     1     0     1     0     1     1     0     0     1     1     1     1     1     0     0     1     1     1     1     1     1

	23
	1 0 0 1 1 0 1 0 0 0 0 0 1 1 1 1 1 1 1 1 0 0 1 1
	0     1     1     0     1     0     1     0     0     1     1     0     1     0     1     1     0     0     1     1     1     1     1     1

	24
	1 0 0 0 1 1 0 1 0 1 0 0 1 0 0 1 1 1 1 1 1 0 0 0
	0     1     1     0     0     1     0     1     1     1     0     0     1     0     1     1     0     1     1     1     1     1     1     1

	25
	1 0 1 0 1 1 0 0 0 1 0 0 0 1 1 1 1 1 1 0 0 1 0 0
	1     0     1     1     0     1     0     0     1     1     1     0     1     0     0     1     1     0     1     1     1     1     1     1

	26
	0 1 0 0 1 0 1 0 1 1 0 0 0 1 1 1 1 1 1 0 0 1 0 0
	0     1     1     0     1     0     0     1     1     1     0     1     0     0     1     1     0     1     1     1     1     1     1     1

	27
	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     0     0     1     1     1     1     1     0     0     1     1     1     1     1     0     0     1     1     1     1     1     1     1

	28
	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     0     0     0     0     1     1     1     0     1     1     1     1     0     1     1     0     1     1     1     1     1     1     1

	29
	0 1 0 0 1 0 0 1 1 1 1 1 1 1 1 1 1 0 0 1 0 0 1 1
	0     0     1     1     1     0     0     1     1     1     1     1     0     0     0     0     0     1     1     1     1     1     1     1





For length 24 CGS, an illustration of the complementary CGS property is shown in the following figure.
[image: ]
Figure 11: Length 24 Complementary CGS with almost perfect autocorrelation.
Based on the above observations, we have the following proposal:


Proposal 2: 
· 
The Complementary CGS Sequences proposed in Tables 6-10 can be used as DMRS sequences with NR Type 1 DMRS mapping for the case of modulated DFT-S-OFDM based PUSCH for 1-4 PRB resource allocation with more than single symbol DMRS configuration cases for both 1 and 2 symbol front-loaded DMRS. The single-symbol DMRS CGS are used in the first symbol and the corresponding complementary sequence is used in the adjacent (or adjacent occurring) DMRS symbol. 







Large Resource Allocation (5+ PRBs)

For larger resource allocations, a PN sequence modulated by constellation can be used, where the sequence is generated as 



where  is a pseudo-random length-31 Gold sequence initialized by [1]

.




Here each UE, transmits only a single layer and the  can be used for sequence selection. In current specification, the DCI bit for indicating  is not present in DCI when transform precoding is enabled. However, having the additional flexibility of sequence selection using  can provide improved performance since in the case of Rel-16 CGS, the sequences are generated using time domain Gold sequences and are therefore non-constant modulus in the frequency domain. To illustrate the advantages of using the  bit to switch between one of two possible sequences, in the following figures, we have plotted the distribution of the normalized energy within the first 10% of the non-zero lags of the auto-correlation of the /2-BPSK modulated Gold sequences for 5, 6 and 12 PRB allocations. The normalized energy is calculated as the ratio of the sum of absolute values of the autocorrelation function in the first 10% non-zero lags normalized by the sum of absolute values of all lags. This metric gives a means to select sequences which have preferable autocorrelation around the zero lag which as we have analyzed before translates to acceptable frequency domain properties.


[image: ][image: ][image: ]
[bookmark: _Ref1145913]Figure 12: Autocorrelation and PAPR properties of nSCID based sequence selection for (a) 5PRB, (b) 6PRB and 
(c) 12 PRB resource allocation. 


From Figure 12, it can be observed that sequence with significantly better autocorrelation properties can be selected if the additional flexibility in sequence selection afforded by the can be utilized. In the following we provide additional link level simulations to show the improvement in BLER performance as a results of flexible sequence selection.


[image: ][image: ][image: ]
Figure 13: BLER Performance of 1x2 PUSCH with dynamic nSCID selection. 

[image: ][image: ][image: ] 
Figure 14: BLER Performance of 1x4 PUSCH with dynamic nSCID selection
It can be seen that the dynamic sequence selection improves the BLER for smaller resource allocations which is typically the bottleneck with power-limited UEs. Therefore based on the simulation results, we have the following proposal on Rel-16 DMRS sequence design for large resource allocation i.e., sequence  30. 

Proposal 3:
· Alt.2 Follow CP-OFDM approach 
· nIDnSCID   parameters are configured by RRC as for CP-OFDM DMRS

Proposal 4:
For indication of nSCID, the following options can be considered: 
· Alt.1: DCI is used to indicate nSCID as for CP-OFDM
· 1 bit always present in DCI when Rel.16 DMRS is configured 
· For length < 30 can be used to select one of two possible CGS sequences i.e., u1 or u2 based on different initialization of group hopping. 
· Alt.2: nSCID is jointly indicated with DMRS antenna ports by modifying the DMRS antenna port indication tables for the case when transform precoding is enabled.

DMRS PAPR Reduction for PUCCH

In Rel-15 NR, PUCCH Formats 3 and 4 use DFT-S-OFDM with optional modulation. Furthermore, PUCCH Format 3 can occupy 1-16 PRBs in the frequency domain while Format 4 occupies 1 PRB. The DMRS structure for both Format 3 and 4 occupies all subcarriers i.e., no combs. Therefore, for PUCCH Format 4 and 1 PRB allocation of Format 3, length-12 CGS sequences proposed in Table 2 can be used. For the case of PUCCH Format 3 with resource allocation of 2 PRBs, the length-24 CGS sequences proposed in Table 4 can be used. For PUCCH Format 3 with resource allocation of 3-16 PRBs, the Gold sequence based PN sequence (used 5+ PRB resource allocation of PUSCH) can be used. These methods would effectively reduce the PUCCH DMRS PAPR while also maintaining good cross-correlation properties across resource allocations and with PUSCH DMRS. 

DMRS Configuration and Port Mapping
Rel-16 DMRS Configuration

Furthermore, the Rel-16 sequences should only be used for the case of specific RNTI i.e., when the DCI is scrambled by C-RNTI, CS-RNTI and MCS-RNTI.

Proposal 5:
	For the use of new Rel-16 DMRS sequences:
· Rel-16 DMRS sequence should be used only for the case PDSCH/PUSCH is scheduled by DCI format 1_1/0_1 with CRC scrambled by C-RNTI, CS-RNTI or MCS-RNTI. 
· Rel-16 DMRS sequence should be used only for the case PDSCH/PUSCH is scheduled by DCI format 1_0/0_0 configured in UE specific search space.

In addition it was discussed whether separate semi-static configuration should be used to configure Rel-16 DMRS sequence use for 1-4 PRB allocations and 5+ PRB allocation. The major use case of this was to enable the use of Rel-16 CGS concurrently with Rel-15 ZC sequences for larger RB allocations. In our view this flexibility is not required since for very large allocations, Gold sequences are quite random. Therefore for this FFS point, we have the following proposal
Proposal 6:
For Configuration of Rel.16 sequence for pi/2 BPSK PUSCH DMRS
· Alt.A One configuration of Rel.16 sequence applies to all lengths


Rel-16 DMRS Port Multiplexing for /2-BPSK modulated PUSCH
With respect to DMRS port multiplexing options for /2-BPSK modulated uplink transmissions, support of 4 port MU-MIMO is a very uncommon use-case since it expected that this modulation order will mostly benefit coverage limited UEs. Therefore in our understanding, support of two orthogonal ports should suffice. 
Proposal 7:
For one OFDM symbol DMRS and for PUSCH with pi/2 BPSK modulation, 
· Alt.1: One DMRS port per comb is supported (in total 2 ports)                 
In case, it is agreed that 4 port support similar to Rel-15 is essential, we propose to re-use the FD-OCC based Rel-15 Type 1 DMRS mapping in current form since this method is feasible and requires minimal change. 

Conclusions

In this paper, we have proposed PAPR reduction techniques for Rel-16 NR DMRS for CP-OFDM based PDSCH/PUSCH and DFT-s-OFDM based  modulated PUSCH and PUCCH. To this end, the following proposals were made:

1. The CGS Sequences proposed in Tables 1 can be used as DMRS sequence with NR Type 1 DMRS mapping for /2-BPSK modulated DFT-S-OFDM based PUSCH for 1-4 PRB resource allocation with single symbol DMRS configuration.

2. Complementary CGS Sequences proposed in Tables 3-6 can be used as DMRS sequences with NR Type 1 DMRS mapping for the case of /2-BPSK modulated DFT-S-OFDM based PUSCH for 1-4 PRB resource allocation.

3. For initialization of Rel-16 Gold Code based DMRS for /2-BPSK modulated PUSCH, follow CP-OFDM approach nIDnSCID   parameters are configured by RRC as for CP-OFDM DMRS.

4. For indication of nSCID, the following options can be considered: 
a. Alt.1: DCI is used to indicate nSCID as for CP-OFDM
i. 1 bit always present in DCI when Rel.16 DMRS is configured 
ii. For length < 30 can be used to select one of two possible CGS sequences i.e., u1 or u2 based on different initialization of group hopping. 
b. Alt.2: nSCID is jointly indicated with DMRS antenna ports by modifying the DMRS antenna port indication tables for the case when transform precoding is enabled.
5. For the use of new Rel-16 DMRS sequences:
a. Rel-16 DMRS sequence should be used only for the case PDSCH/PUSCH is scheduled by DCI format 1_1/0_1 with CRC scrambled by C-RNTI, CS-RNTI or MCS-RNTI. 
b. Rel-16 DMRS sequence should be used only for the case PDSCH/PUSCH is scheduled by DCI format 1_0/0_0 configured in UE specific search space.

6. For Configuration of Rel.16 sequence for pi/2 BPSK PUSCH DMRS one configuration of Rel.16 sequence applies to all lengths.

7. For one OFDM symbol DMRS and for PUSCH with pi/2 BPSK modulation, one DMRS port per comb is supported (in total 2 ports)                 
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Appendix A: Link Level Simulation Results
In this appendix, we provide LLS results for the proposed CGS sequences in Section 2.1.1 Table 1. The evaluation assumptions are as follows:

	Assumptions
	Value

	Carrier frequency
	3 GHz

	Subcarrier spacing
	30 kHz

	Number of TXRUs
	TRP = 8, UE = 1

	Number of layers
	SU MIMO 1 layer

	DM-RS configuration
	1 + 1 (NR Type 1 RE Mapping)

	Data allocation
	1 PRB

	Modulation order, Coding rate
	/2-BPSK, R = 1/3

	TBS
	1 PRB: 48

	Channel coding scheme
	LDPC

	Link adaptation / HARQ
	No link adaptation and no HARQ

	Channel estimation
	MMSE channel estimation

	Performance metric
	BLER

	UE speed
	3 km/h

	Channel model
	TDL-A model with DS = 1000ns
Antenna correlation Rx = ‘Low’



The following figures show the BLER performance of the proposed CGS sequences. For each length, the sequences are plotted in order of BLER performance[footnoteRef:1]. The performance of constant modulus NR Rel-15 frequency domain CGS sequences are also plotted as a baseline. [1:  Note that the legend is written in the form “SeqID=u” where u =1,2,…30, is the sequence number from Table 1. ] 
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Figure 15: BLER Performance of Length 6 CGS. 
Appendix B: DMRS Port Multiplexing for /2 BPSK DMRS

In this Appendix, we provide some clarity on DMRS mapping and orthogonal port multiplexing for /2 BPSK modulated DMRS for DFT-S-OFDM waveform. We start by noting that in Rel-15 NR, DFT-S-OFDM supports only single layer transmission from UE perspective and this is the scope of Rel-16 NR as well. To this end, for DMRS design in Rel-15 NR, the use of cyclic shift was not allowed i.e.,  for ZC based DMRS. Furthermore, in Rel-16, if time DMRS sequences modulated by /2 BPSK followed by DFT spreading is considered, time domain cyclic shift will not work since the DMRS sequences are not frequency flat. To this end, in order to facilitate MU-MIMO operation at the gNB, port multiplexing can be performed identical to the method in Rel-15 NR i.e., based on Type 1 comb structure and application of FD-OCC [+1 +1] and [+1 -1] in the frequency domain across pairs of REs in the same comb. The concept of CDM-groups can be re-used and the system can be specified in a similar manner as current Rel-15 NR with the addition of frequency domain signal specification using time domain binary sequences modulated with /2 BPSK and DFT-Spreading. Since channel estimation can be performed in either time or frequency domain as per gNB implementation, no assumptions should be specified. 
To this end, Figure 16 shows the DMRS generation process that can be used. 
[image: ]

[bookmark: _Ref529460773]Figure 16: /2 BPSK Modulated DMRS Generation and Mapping
The Type 1 mapping and OCC application can be implemented in either frequency or time domain according to the discretion of the transmitter. Therefore to clarify the mapping further, we provide a time domain equivalent of the Rel-15 NR DMRS Type 1 mapping and FD-OCC (as shown in Figure 16) in the following table.



Consider a length N time-domain /2 BPSK modulated DMRS sequence which is mapped to 2N subcarriers in the frequency-domain. Let  denote the first and last  samples respectively, of the time domain DMRS sequence. The following table then denotes the time domain DMRS sequence which needs to be passed through a 2N-point DFT to generate the Type 1 DMRS mapping.

	DMRS port Number
	CDM Group
	DMRS Sequence in Time domain

	0
	0
	
 

	1
	
	


	2
	1
	
		 

	3
	
	




For CDM group 0, block-wise repetition and a block-wise cyclic shift of the repeated sequence achieves the comb structure as well the FD-OCC. For CDM group 1, a time domain phase ramp representing a frequency domain cyclic shift by one sub-carrier is applied in addition to identical operations as in CDM group 0 to achieve the comb structure and FD-OCC. This ensures a mapping identical to Rel-15 NR wherein, ports 0-3 have identical frequency domain DMRS sequences after DFT-spreading and identical FD-OCC as specified in [1].  

Appendix C: Evaluation of Maximum Cross Correlation

To calculate the pair-wise maximum cross-correlation, we considered all time domain taps (after oversampling) and linear cross-correlation since the interference between any two scheduled sequences is across cells. Furthermore, for any two sequences, we additionally consider all possible shifts in frequency domain of one sequence in units of 6 (corresponding to one PRB) to capture the impact of frequency domain scheduling offset. Furthermore, when choosing sequences of lengths larger than 6, we ensured that the choice of sequences maintained minimum max cross-correlation not only among chosen sequences of same length but also for all sequences of smaller length. For example for length 18 CGS, the max cross-correlation is evaluated across all sequences (and their PRB level frequency domain shifts) of lengths 6, 12 as well 18. This method of cross-correlation calculation is incorporated into the CGS search method. It is illustrated in the following figure.

[image: ]


The function xCorr() measures the maximum linear cross-correlation in the time domain after OFDM symbol generation between two sequences. Furthermore, the maximum linear cross-correlation between first sequence and all possible shifted and zero padded versions (in frequency domain) of second sequence is also evaluated where the shifts are in multiples of 6 subcarriers and replicates the impact of non-overlapping frequency allocation for all sequences. The methodology for evaluation of autocorrelation and frequency domain shift is illustrated as follows:


The function  denotes a shifting of the sequence in frequency domain. The shifting can be done after mapping the complex frequency domain sequence to alternate sub-carriers after multiplying with OCC i.e., after Type 1 DMRS resource mapping [1]. The reference point is subcarrier zero of the lowest numbered sub-carrier in the UE’s uplink resource allocation. 

As an example, the different cases for  for sequences with same or different lengths are shown in the following. This can be generalized to sequences of any two lengths. 

[image: ]  
[image: ]

Final cross correlation i.e.,  for a given sequence is the maximum linear cross correlation values among all shifts and all chosen sequences of shorter length. Finally the sequence with minimum of this value is chosen in each iteration of sequence selection. 
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