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Introduction
In this paper, we discuss the remaining details of low-PAPR DM-RS design for Rel-16 NR. To this end, the following relevant agreements was made in RAN WG1 96:
	Agreement:
For length 6 CGS; 8-PSK is used
Decide the associated sequences in the next RAN1 meeting

Agreement
The PUSCH multiplexing capacity when Rel-16 DM-RS is configured for pi/2 BPSK PUSCH is up to two ports for one OFDM symbol, four ports (TD-OCC across OFDM symbols) for two OFDM symbols.

Agreement
· For PUSCH DM-RS with pi/2-BPSK modulation, two RRC parameters ScramblingID0 and ScramblingID1 can be configured by RRC as for CP-OFDM DM-RS (16 bit per ID)
· Used in cinit for length ≥30 as n_ID^{n_SCID=0}, n_ID^{n_SCID=1}
· For length<30, these parameters are used as N_ID^PUSCH is configured as either ScramblingID0 or ScramblingID1 depending on DCI
· DCI indicates n_SCID={0,1} dynamically, without increasing DCI size to select the above parameter
· Antenna port indication is re-used for n_SCID indication as follows:
· DM-RS port 1000,1002,1004 and 1006 are interpreted as port 1000,1002,1004 and 1006, respectively, with n_SCID=0
· DM-RS port 1001,1003,1005 and 1007 are interpreted as port 1000,1002,1004 and 1006, respectively, with n_SCID=1


Agreement
For the case of CGS sequence in case of two adjacent symbol DM-RS, the same CGS sets are used for both single and two symbol DM-RS for pi/2 BPSK modulation.
· FFS: Whether or not to support deterministic sequence hopping pattern 



Based on the above agreements and the subsequent email discussion, in this paper, we provide Rel-16 NR DM-RS design for length 6 CGS sequences for 1 PRB allocation of PUSCH. Furthermore, we provide details on the FFS point from these agreements namely, support of deterministic sequence (group) hopping for small resource allocations. 



Length-6 CGS Design 

In RAN1#96, it was agreed that for the case of PUSCH with /2-BPSK modulation two DM-RS ports, one in each comb (CDM Group) using Type 1 Mapping will be supported. Subsequently, an email discussion identified the following alternatives for comb generation for /2-BPSK DM-RS sequence mapping:
	
· Alt.1 pre-DFT block-OCC [X -X] and use length N  DFT and a single sequence set X
· Property: AC,XC,PAPR different for the two combs  (due to [X X] and [X -X])
· A single sequence set X design may take into account AC,XC and PAPR for both the XX and the X -X mapping, i.e. for mapping to any of the two combs
· Alt.2 Rel-15 Type 1 Mapping with a single sequence  set X, i.e., sequence X in time domain gives same frequency domain sequence on both combs
· Property: AC,XC same on both combs, PAPR different for the two combs
· Mapping to 2nd  comb can be implemented either pre-DFT (by applying exp(j*2*pi*n/N))  or post-DFT (direct mapping to 2nd comb)
· A single sequence set X may be designed independently of which comb is assumed with respect to XC,AC properties since resulting XC and AC will be the same for each  comb
· However, the single sequence set X may be designed to take into account PAPR for mapping to any of the two combs since PAPR will differ between the two combs assuming  same FDSS filter
· Alt.3 With two  different sequence sets X1 and X2 to be used use for first and second comb respectively, further categorized into
· Alt.3-a:  As in Alt.1 where instead two sequence sets X1 and X2 are designed for use as [X1 X2] or [X2 -X2] for the two combs respectively  in order to optimize XC,AC and PAPR per comb
· Alt.3-b:  As in Alt.2 where instead two sequence sets X1 and X2 are designed for each of the two combs respectively in order to optimize XC,AC  and PAPR per comb
· Alt.4 Pre-DFT symbol level OCC and use length N-DFT (e.g. [++++…], [+-+-+-+-]) 
· See R1-1901792



Firstly, based on WID description for this agenda item [6], it is mentioned that “no change on RE mapping specified in Rel-15” is allowed. In our understanding, this means that Rel-15 Type 1 mapping will be preserved in Rel-16. To this end, Rel-15 Type 1 mapping for UL DM-RS with transform precoding enabled maps the same DM-RS sequence to both combs within each allocated PRB. To this end, Alt. 2 satisfies this property and is the default choice for comb mapping.

In the following, we discuss technical details of DM-RS sequence mapping using Alt. 2 and compare it to Alt. 1, which a proposed new mapping using TD-OCC and block repetition in the pre-DFT time domain. 

Details on Alt. 2 - Rel-15 Type 1 Mapping:

Type 1 DM-RS mapping as defined in NR Rel-15 corresponds directly to Alt. 2. Let  denote a length N time-domain /2-BPSK modulated DM-RS sequence which is mapped post DFT to 2N subcarriers in the frequency-domain denoted by a sequence. In this case, we can first take an N-point DFT  and map the post-DFT DM-RS sequence to the two combs as in Rel-15.This is illustrated in the following figure.

[image: ]
[bookmark: _Ref4688014]Figure 1: DM-RS sequence mapping to Type 1 comb structure.
Alternately and equivalently block repetition and linear phase ramp can be applied before DFT to map the same sequence to the two combs. The following table shows the time domain DM-RS sequence which needs to be passed through a 2N-point DFT to generate the Type 1 DM-RS mapping. Since 2N-point DFT might be implementation friendly, this option can also be considered.

	DM-RS Port Number
	CDM Group
	DM-RS Sequence in Time domain

	0
	0
	


	2
	1
	




Furthermore, this alternative has no assumptions spectral flatness of the channel for estimation purposes.

On Alt. 1 vs. Alt 2:
One major advantage of Alt. 2 is that it maps identical sequences to both comb 1 and comb 2 i.e., the frequency domain properties of the generated sequences are identical for both combs. This is not true for Alt.1 wherein frequency domain properties of the same time domain sequence can be different based on comb mapping using TD-OCC since different sequences are mapped to comb 2 (comb 1 is identical in both cases). In order to demonstrate this shortcoming of Alt. 1 mapping, in Figure 2, we have plotted the cyclic autocorrelation of the 3 sets of agreed Rel-16 CGS sequences of lengths 12, 18 and 24 [5]. In this case, the plots show the mean autocorrelation of each lag of the sequence sets when mapped to comb 2 using Alt. 1 and Alt. 2.   

[image: ][image: ][image: ]Figure 2: Comparison of Auto-Correlation Properties of Rel-16 CGS sequences [5] for Alternative 1 and Alternative 2. It can be seen that when Alternative 1 is used to generate comb 2, the autocorrelation of the sequences is significantly degraded.  
[image: ][image: ][image: ]
[bookmark: _Ref4714042]Figure 3: Comparison of the CDF of cyclic autocorrelation first (a) 2 non-zero lags for Length 12 CGS set, (b) first 4 non-zero lags for length 18 set and (c) first 5 non-zero lags for length 24 CGS set for Rel-16 [5] for the case of comb mapping using Alt. 1 and Alt. 2.

From Figure 2 and Figure 3, it can be clearly observed that Alt. 1 degrades the autocorrelation properties (and therefore flatness of power spectral density in frequency domain) of the Rel-16 sequence sets, especially around lag 0 which is extremely detrimental to channel estimation performance. This is also the case, when designing length-6 CGS sequences since the spectral and autocorrelation properties of comb 1 cannot be guaranteed for comb 2. Based on the above observation, we have the following proposal. 

Proposal 1:
Adopt Alt.2 i.e., Rel-15 NR DM-RS Type 1 mapping for transmission of /2-BPSK modulated DM-RS sequences in Rel-16 for all sequence lengths (including CGS and PRBS based DM-RS).


On Pulse Shaped /2-BPSK DM-RS Transmission:

For the case of pulse shaped DM-RS transmission, e.g., when frequency domain spectral shaping (FDSS) with a 3-tap filter having time domain coefficients [-0.28, 1, -0.28] is used, sequences which are designed only considering port 0 might have higher PAPR when transmitted in port 2[footnoteRef:1]. This is due to the fact that the pulse shaping filter coefficients applied to the two combs are not identical as shown in Figure 1. This problem is particularly exacerbated in the case of 1-PRB allocation (due to smaller filter length and larger frequency selectivity) and is less apparent for with increasing allocation size. The application of the example pulse shaping filter is illustrated in Figure 3 for the case of a single PRB allocation. [1:  Note that this holds true for either Alt. 1 or Alt. 2 described above.  ] 

[image: ]
[bookmark: _Ref4710881]Figure 4: Frequency Domain Pulse Shaping filter application to DM-RS in 2 combs and corresponding data.
In order to have efficient time or frequency domain channel estimation for data demodulation without specification of a pulse shaping filter i.e., in the case when the gNB is not aware of the actual PS filter coefficients, the data and DM-RS should use identical PS filters applied either in time or frequency. For the comb based transmission, in frequency domain, the PS filter applied to DM-RS should necessarily be a subsampled version of the data PS filter as shown in Figure 3, where the blue samples are used for DM-RS in the 1st comb and the red samples are used for DM-RS in the 2nd comb. The PS filter is considered to be a part of the channel from the gNB’s perspective and the interpolation during channel estimate is expected to provide an accurate pulse-shaped channel estimate for data which uses the full filter for transmission. However, if DM-RS sequences are designed only with consideration of Port 0, the PAPR in Port 2 is generally degraded due the effect illustrated in Figure 3. 

To avoid PAPR degradation, a set of sequences needs to be designed such that it provides acceptable PAPR across both ports (combs). In the following, we propose a set of CGS sequence with good PAPR properties across both combs considering comb generation using Alt. 2. The sequences are selected based on PAPR and PSD properties and the final set of 30 sequences is chosen based on minimization of pairwise cross-correlation. We note that in this case, cross-correlation for all cyclic shifts of the base sequence does not need to be considered since the inter-cell interference as a cyclic shift of a base sequence can only occur within CP duration and linear cross-correlation across all lags is enough to capture this impact. Furthermore, we also consider 8x oversampling to account for non-integer shifts due timing misalignment across cells. The detailed method for evaluating cross-correlation is shown in the Appendix. The PAPR for each sequence is evaluated for both combs 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





where the phase values are given in the following table.

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

	Port 0 PAPR 
	Port 2 PAPR

	0
	    -7    -3    -7     5    -7    -3
	    1.4589
	    2.1346

	1
	     1    -3     1    -3     1     5
	    1.5028
	    2.1785

	2
	    -7    -3     1    -3    -7    -3
	    1.4457
	    2.1837

	3
	    -7     5    -7    -3    -7    -3
	    1.4450
	    2.1834

	4
	    -1    -5    -1    -5     7    -5
	    1.5200
	    2.1681

	5
	    -7     5     1     5     1     5
	    1.4753
	    2.1234

	6
	    -7    -3     1    -5    -5     5
	    1.6514
	    1.5596

	7
	     7     5    -1    -7    -3     1
	    1.6764
	    1.7570

	8
	    -7    -3     7    -5     5    -7
	    1.4270
	    1.4449

	9
	    -3     1     1     5    -1    -7
	    1.9579
	    1.3811

	10
	     5     5    -1    -3     7    -5
	    1.9816
	    1.9955

	11
	     3     7     5     3     7    -1
	    1.8483
	    1.9080

	12
	    -5    -1     3    -7     3    -3
	    1.9564
	    1.6194

	13
	    -7     5    -7     7    -5     5
	    1.7588
	    1.9896

	14
	     7     5    -7    -3     5    -7
	    1.9019
	    1.9854

	15
	    -3     1    -5    -1    -1    -7
	    1.5303
	    1.6013

	16
	     5    -7     3     7    -5    -5
	    1.5113
	    1.4347

	17
	     3    -3     1     5    -1    -1
	    1.8116
	    1.8093

	18
	    -5     1    -5     7     3    -7
	    1.8275
	    1.9739

	19
	    -5     1    -1     3     7     1
	    1.8065
	    1.8770

	20
	     3    -7    -3     1    -1    -7
	    1.9287
	    1.6017

	21
	    -3     7     7     1     5    -7
	    1.7455
	    1.4907

	22
	    -7    -7     3     7    -5     5
	    1.5271
	    1.5922

	23
	    -5     3     7     5     3     7
	    1.9311
	    1.9666

	24
	    -7     3    -7    -5     1    -5
	    1.8142
	    1.8725

	25
	    -3     7     7    -5    -1    -7
	    1.1953
	    1.1791

	26
	    -5     5     3    -7    -5     1
	    1.7946
	    1.8689

	27
	    -7     5    -5    -1    -3     1
	    1.5822
	    1.7728

	28
	    -3     1     7     3    -5    -1
	    1.6074
	    1.8093

	29
	    -5     1    -5     5    -7    -3
	    1.9181
	    1.8474


	






In Figure 5, the Power-to-average-Power Ratio and PAPR of the proposed sequences are shown for both DM-RS ports. 

[image: ]
[bookmark: _Ref528945756]Figure 5: CCDF of Power to Average Power Ratio of proposed Length-6 CGS Sequences using Alt. 2 mapping to generate the sequences on the two combs. 

We provide the CDFs of pairwise maximum cross-correlation distribution of the proposed length-6 sequences in Figure 6. We additionally also provide the cross-correlation for sequences submitted to the 3GPP RAN1 NR email discussion thread by all proponent companies following Alt. 2 based comb mapping. 
[image: ]
[bookmark: _Ref528945540]Figure 6: Maximum pairwise linear cross-correlation between sequences in time domain.



Proposal 2: 

The CGS Sequences, or a subset thereof, proposed in Table 1 can be used as DM-RS sequence with NR Type 1 DM-RS mapping for modulated DFT-S-OFDM based PUSCH for 1 PRB resource allocation with single symbol DM-RS configuration. 

Deterministic Sequence Hopping Patterns
In this section, we propose the deterministic sequence hopping patterns for CGS sequences. In this case, for single-symbol DM-RS occupying two adjacent-occurring time-domain 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

.
Ideally, complementary DM-RS sequences can be chosen such that the combined autocorrelation can be close to perfect autocorrelation or can be relaxed to have almost perfect autocorrelation. However, since the set of CGS sequences that can be used is limited to a set of 30 sequences, we propose to find pairs of sequences within these sets of 30 sequences which are approximately complementary to each other.





Figure 7: Time-Domain Complementary DM-RS Sequences.

The major advantage of this design is that for even when individual CGS da(i) or db(i) do not have good or perfect autocorrelation or frequency flatness, the use of complementary sequences can ensure that the combined autocorrelation is improved. Therefore, we propose to use a deterministic sequence hopping pattern based on agreed sets of DM-RS sequences [5]. In this case, the group hopping can still be used on a per-symbol pair or per-slot basis i.e., based on the random value of, the sequence in the first DM-RS symbol of the pair can be picked and the second symbol uses the sequence from a deterministic hopping pattern defined in the following tables for length 12, 18 and 24 CGS sequences. 



Table 2: Complementary CGS for Length 12 Based on Table 1 from R1-1901362
	CGS Index for First Symbol
	Complementary CGS Index 
for adjacent DM-RS Symbol
	CGS Index for First Symbol
	Complementary CGS Index 
for adjacent DM-RS Symbol

	0
	    15
	15
	    18

	1
	     0
	16
	     9

	2
	    16
	17
	    21

	3
	    10
	18
	    19

	4
	     2
	19
	    23

	5
	     4
	20
	    25

	6
	     8
	21
	    17

	7
	    13
	22
	     3

	8
	     6
	23
	    12

	9
	    26
	24
	    20

	10
	     7
	25
	    22

	11
	    14
	26
	    28

	12
	     1
	27
	     5

	13
	    29
	28
	    27

	14
	    11
	29
	    24



An example of this complementary property which improves the autocorrelation is shown in the following figure. 
[image: ]
Figure 8: Length 12 Complementary CGS. The combined autocorrelation is improved compared to individual sequences. 
Table 3: Complementary CGS for Length 18 Based on Table 2 from R1-1901362
	CGS Index for First Symbol
	Complementary CGS Index 
for adjacent DM-RS Symbol
	CGS Index for First Symbol
	Complementary CGS Index 
for adjacent DM-RS Symbol

	0
	    23
	15
	     5

	1
	    17
	16
	     1

	2
	     6
	17
	    20

	3
	     0
	18
	    12

	4
	    19
	19
	    25

	5
	     7
	20
	    24

	6
	     8
	21
	    15

	7
	    11
	22
	    28

	8
	     2
	23
	     9

	9
	     4
	24
	    27

	10
	    22
	25
	    14

	11
	    21
	26
	    13

	12
	    18
	27
	    16

	13
	    29
	28
	    26

	14
	    10
	29
	     3



An example of this complementary property which improves the autocorrelation is shown in the following figure. 
[image: ]
Figure 9: Length 18 Complementary CGS with perfect combined autocorrelation.
Table 4: Complementary CGS for Length 24 Based on Table 3 from R1-1901362
	CGS Index for First Symbol
	Complementary CGS Index 
for adjacent DM-RS Symbol
	CGS Index for First Symbol
	Complementary CGS Index 
for adjacent DM-RS Symbol

	0
	     8
	15
	     7

	1
	     3
	16
	    19

	2
	    20
	17
	     4

	3
	     2
	18
	     9

	4
	    18
	19
	    16

	5
	    14
	20
	     1

	6
	    29
	21
	    27

	7
	     0
	22
	    28

	8
	    11
	23
	    10

	9
	    26
	24
	     6

	10
	    21
	25
	     5

	11
	    22
	26
	    15

	12
	    13
	27
	    24

	13
	    12
	28
	    25

	14
	    23
	29
	    17



An example of this complementary property which improves the autocorrelation is shown in the following figure. 
[image: ]
Figure 10: Length 24 Complementary CGS

Based on the above observations, we have the following proposal on the use of deterministic sequence hopping.
Proposal 3:
· For /2-BPSK modulated CGS sequences, use the deterministic sequence hopping patterns shown in Tables 2-4 for every pair of adjacent occurring DM-RS symbols to further improve the autocorrelation of the Rel-16 CGS sequences. 
· Random group hopping per slot can be used to select the sequence for the first DM-RS symbol of the pair and this sequence set can be repeated for additional occurring DM-RS symbol pairs within the slot.
[bookmark: _GoBack]Clarification on /2-BPSK DM-RS Gold Sequence Initialization
In RAN1 NRAH1901, it was agreed that Rel-16 NR DM-RS for /2-BPSK modulated PUSCH for large resource allocation of 5+ PRBs would use time domain Gold sequence modulated by /2-BPSK and DFT spreading. In this case, the Gold sequence generation would be identical to Rel-15 CP-OFDM case i.e.,

.
The quantity l is the OFDM symbol number. In the case of /2-BPSK modulated 2-symbol DM-RS for PUSCH with transform precoding enabled, the OFDM symbol index l should refer to the symbol number of the 1st DM-RS symbol of the two-symbol DM-RS i.e., the sequence should be identical in both symbols of the two-symbol DM-RS as is the case for Rel-15 ZC sequence based DM-RS.

Proposal 4:
For initialization of Rel-16 /2-BPSK modulated DM-RS using time domain Gold sequences, the OFDM symbol number l in the cinit formula for two-symbol DM-RS should correspond to the OFDM symbol number of the first DM-RS symbol of the pair. 	
Conclusions
In this paper, we have proposed the following with respect to remaining details of Low PAPR RS design:
· Adopt Alt.2 i.e., Rel-15 NR DM-RS Type 1 mapping for transmission of /2-BPSK modulated DM-RS sequences in Rel-16 for all sequence lengths (including CGS and PRBS based DM-RS).
· 
The CGS Sequences, or a subset thereof, proposed in Table 1 can be used as DM-RS sequence with NR Type 1 DM-RS mapping for modulated DFT-S-OFDM based PUSCH for 1 PRB resource allocation with single symbol DM-RS configuration. 
· For /2-BPSK modulated CGS sequences, use the deterministic sequence hopping patterns shown in Tables 2-4 for every pair of adjacent occurring DM-RS symbols to further improve the autocorrelation of the Rel-16 CGS sequences. 
· Random group hopping per slot can be used to select the sequence for the first DM-RS symbol of the pair and this sequence set can be repeated for additional occurring DM-RS symbol pairs within the slot.
· For initialization of Rel-16 /2-BPSK modulated DM-RS using time domain Gold sequences, the OFDM symbol number l in the cinit formula for two-symbol DM-RS should correspond to the OFDM symbol number of the first DM-RS symbol of the pair.
1. 
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Appendix: 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 Type 1 DM-RS 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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