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Introduction
During RAN1 #95, we have made following agreements and conclusion on the low PAPR RS [1].

Agreement
The working assumption from RAN1#95 on low PAPR RS for Rel-16 NR is confirmed as an agreement 

· For PDSCH DMRS and PUSCH DMRS for CP-OFDM, DMRS enhancements are specified in Rel.16 to reduce the PAPR to the same level as for data symbols for all port combinations given by 38.212

· For the Rel-16 DMRS enhancement, each CDM group can be configured with different cinit
· For Type 1, the two cinit (configured by nSCID=0,1, respectively) in Rel-15 are used for port(s) in each of the two CDM groups, respectively

· For Type 2, introduce the CDM group index in cinit 
· FFS: How CDM group index is derived?

· For Type 1 and Type 2, simultaneously use dynamic TRP selection (or MU-MIMO pairing with different nSCID) and CDM group specific cinit is supported

· The following solution categories are precluded 
· Modification of OCC 

· Modification to PN sequence generation, such as subsampling a longer sequence

· Note: Concerns raised by MediaTek that preclusion of the above solutions will negatively impact power imbalance issue

· Carefully consider backward compatibility issues and the total number of cinit configured per UE

· 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

· For the next meeting:

· CSI-RS PAPR reduction
· Whether to specify a solution to reduce the PAPR to the same level as for data symbols for all CSI-RS configurations given by 38.211

· Power imbalance issues
· Power imbalance between PAs, between OFDM symbols, between RE in same OFDM symbol 

· Whether is it in scope of WI and if so, whether to specify a solution

Conclusion

For CSI-RS, there is no consensus to specify low PAPR related specification features in Rel-16

Agreement
Metrics to consider for new sequence design for the pi/2 BPSK DMRS are the gNB receiver complexity, PAPR relative to data and link level throughput/BLER performance considering frequency domain flatness and autocorrelation properties, interference considering cross correlation properties and when applicable (e.g. PUCCH), orthogonality of sequences
Agreement
For CP-OFDM and for both DMRS type 1 and 2, the following cinit QUOTE ,c-init.  for CDM group λ is used for Rel-16 DMRS sequence generation
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and where nSCID QUOTE ,n-SCID.  is provided by DCI. Lambda is absolute CDM group index.

Agreement
· For sequences with length 30 or larger, DMRS for π QUOTE π /2 BPSK modulation for PUSCH is generated based on Gold-sequence followed by π/2 BPSK modulation followed by transform precoding resulting in a DMRS Type 1 comb structure. 
· For sequences with length 30 or larger, DMRS for π/2 BPSK modulation for PUCCH is generated based on Gold-sequence followed by π/2 BPSK modulation followed by transform precoding. 

· For sequences with allocation length 6,12,18 and 24 CGS is used for DMRS for π/2 BPSK modulation in case of PUSCH and PUCCH 

Agreement 

Support PUCCH DMRS enhancements for PUCCH format 3 and 4

In this contribution, we have provided our view on several remaining issues on the low PAPR RS design. 
2
On the signaling of the new sequence for DM-RS for CP-OFDM 
During RAN1 #95, following remaining issue has been discussed and considered to be determined at the January meeting. 

For further study:

When 2nd or 3rd CDM group is used, there are two behaviors for a Rel.16 UE: Rel.15 or Rel.16 sequences

· Alt.1 RRC signaling to configure the use of R.15 or R.16 sequence for 2nd and 3rd CDM group

· Alt.2 RRC + DCI signaling to switch between R.15 or R.16 sequence for 2nd and 3rd CDM group

· DCI code points or explicit (new) bit can be used

More analysis of potential benefits needed, downselect next meeting between Alt. 1 and 2 

For both alteratives, RRC signalling is used for enabling Release 16 sequence for DM-RS. Alternative 2 includes additional DCI signalling to allow dynamic switch between release 15 and release 16 DM-RS sequences. The dynamic switching allows the multiplexing of release 15 and release 16 DM-RS. One of the drawback of RRC signalling only is not to allow multiplexing of DM-RSs for release 15 and release 16 UEs in a CDM group. Dynamic switching allows the multiplexing and improve the scheduling flexibility. Because this function is useful when odd number (1 and 3) of DM-RS ports are scheduled for an UE, and not very benefitial compared to its complexity. Also, this multiplexing can be implemented by using release 15 operation when single port is used. Thus, DCI signalling is useful only when 3 DM-RS ports are scheduled and multiplexed with the other release 16 UE’s DM-RS port. 
Obsevation 1: Dynamic switching between release 15 and release 16 sequences is beneficial only with limited use case but additional complexity. 

Proposal 1: Support only RRC signalling to configure release 16 DM-RS sequence.  

3
DM-RS for π/2-BPSK modulation

We have agreed on the metrics for new sequence design, and they are 
· gNB receiver complexity
· PAPR relative to data 
· link level throughput/BLER performance considering frequency domain flatness and autocorrelation properties, 
· interference considering cross correlation properties 
· orthogonality of sequences when applicable (e.g. PUCCH)
gNB receiver complexity is one of the important factors when designing DMRS sequence. Because gNB should receive PUCCH/PUSCH from the different UE’s, simultaneous reception of CP-OFDM and DFT-s-OFDM should be supported. Principles of DFT-s-OFDM is to utilze frequency domain equalization for single-carrier waveform. Using time domain equalization for a specific sub-band introduce higher implementation complexity. The key implementation requirement is to support frequency domain operation such as FDE, FDSS etc. Thus, we have focused on the BLER performance assuming frequency domain channel estimation. 
For frequency domain channel estimation, spectrum flatness is the key requirement to avoid noise enhancement caused by the channel estimates from DMRS REs with low SNR. 

In this section, we provided the analysis of the candidate sequences in terms of frequency flatness and BLER performance. 

New CGS for DM-RS with short sequence

During RAN1 #95, a joint proposal has been submitted on new CGS for DM-RS for pi/2 BPSK modulation[2], but the BLER performance results provided with the assumption of time-domain channel estimation. 

Figure 1 shows the comparison of BLER performance between relase 15 CGS and the proposed new CGS. 
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(a) release 15 CGS                           (b) new CGC in R1-1814205

Figure 1. Comparison of BLER performance (sequence length = 12, TDL-C with 300ns)

From the simulation results, we can observe that some of the sequences in new CGS perform worse, and 0.8 dB of performance degradation @BLER=10% and 1.3dB degradation @ BLER=1% is observed even compared to the worst of release 15 sequences. This is even larger than PAPR gain from pi/2 BPSK signal after filtering.

Observation 2. For lenthg 12 CGS in R1-1814205, some sequences performs worse with 0.8 dB loss @BLER=10%, and 1dB loss @ BLER.

In order to replace the sequences showing poor BLER performance, we have performed a computer search and finally found better set of sequences than shown in R1-1814205. Table 1 provides the new proposed sequences. The last sixs sequences are updated with new sequences. 

Also, Figure 2 shows the BLER performance of the proposed sequences, and Figure 3 shows the cross-correlation performance. Table 2 also shows the comparison of auto-correlation performance. The proposed sequences shows better BLER performance while having similar cross-correlation performance. Figure 3 shows the comparison of PAPR for two sequence sets, and it is observed that the proposed sequence set shows slightly better PAPR performance. 

Proposal 2: For length 12 CGS of DMRS for pi/2 BPSK modulation, apply the sequences in Table 1.   
Table 1. Proposed CGS for DM-RS for pi/BSPK (sequence length = 12) 

	Index
	b(0) b(1) … b(11)
	Index
	b(0) b(1) … b(11)

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

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

	2
	0   1   0   1   1   1   0   1   1   0   1   1
	17
	1   1   0   1   0   1   1   0   0   0   1   0

	3
	0   1   0   0   0   1   1   1   1   0   1   1
	18
	1   0   1   0   1   1   0   1   1   0   1   0

	4
	0   1   1   0   1   0   1   1   1   0   1   1
	19
	1   0   1   0   0   1   0   0   1   0   1   0

	5
	0   1   1   1   0   1   1   1   0   1   1   1
	20
	1   0   1   1   0   0   0   1   0   0   0   1

	6
	0   0   1   0   0   1   1   1   1   1   1   1
	21
	1   0   1   0   1   1   0   0   1   0   0   1

	7
	0   0   0   1   1   1   1   1   0   0   0   1
	22
	1   0   1   0   0   0   1   0   0   0   0   0

	8
	1   0   0   0   1   0   0   0   1   1   1   1
	23
	1   1   1   1   0   1   1   1   0   1   0   1

	9
	1   0   0   0   1   0   0   0   0   0   1   1
	24
	0   1   0   0   0   0   1   0   0   1   1   1

	10
	1   0   0   1   0   0   1   1   1   1   1   1
	25
	0   1   0   1   0   0   0   1   1   0   1   1

	11
	0   1   1   0   0   0   0   0   1   1   0   1
	26
	0   1   1   0   1   0   0   0   0   0   1   1

	12
	0   0   0   0   0   1   1   0   0   0   1   1
	27
	0   1   0   0   0   1   0   1   1   0   1   1

	13
	0   0   0   1   0   0   1   1   1   0   0   1
	28
	0   1   1   1   1   0   0   0   1   0   1   1

	14
	0   0   0   1   0   0   1   0   0   1   1   1
	29
	0   1   1   1   1   0   0   0   0   0   1   1
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(a) new CGC in R1-1814205                         (b) new CGC in Table 1

Figure 2. Comparison of BLER performance (sequence length = 12, TDL-C with 300ns)
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(a) new CGC in R1-1814205                       (b) new CGC in Table 1   
Figure 3. Comparison of cross-correlation performance (sequence length = 12)

Table 2. Comparison of the autocorrelation on cyclic shift = [-2 -1 1 2] 
	
	CGS in R1-1814205
	CGS in Table 1

	Mean correlation
	0.08
	0.07

	Max correlation
	0.33
	0.35
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(a) new CGC in R1-1814205                    (b) new CGC in Table 1


   
Figure 4. Comparison of PAPR for two CGS set (sequence length = 12)

DM-RS generated by Gold-sequence and pi/2 BPSK modulation

Aforementioned, the frequency flatness is one important requirement for DM-RS. Time-domain Gold-sequence with pi/2 BPSK modulation is providing Low PAPR, however, its frequency domain characteristic especially for frequency flatness is not guaranteed. Figure 5 shows the CDF of DM-RS amplitude variation to the average in frequency domain for DM-RS with pi/2 BPSK modulation. More than 10dB of variation is observed for 10%, and for some frequency bins, DMRS amplitude drop to zero, and it is a critical problem in the channel estimation performance. 
Also, cross-correlation property has been evaluated with 100000 randomly selected pair of sequences. Figure 6 shows the CDF of cross-correlation when randomly selected sequences are used. Though most sequences showed cross-correlation lower than 0.2, around 10% of sequences are showing higher correlation even more than 0.4. 
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Figure 5. CDF of DM-RS amplitude in the frequency domain (8 PRBs, measured over 65536 different sequences)
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Figure 6. CDF of DM-RS cross-correlation in the frequency domain (8 PRBs, 100000 randomly selected pair of sequences)
Thus, we have found two sets of 30 sequences with two different criteras considering amplitude variation and cross-corrleation property, which are the set 1 and set 2 in Table 3. For comparison, a set by random selection is provided as Set 3. The example of the sequences are provided in Table 3 for each set.

Table 3. examples of the sequence set for different selection criteria

	
	Sequence indices for initialization (cinit)

	Set 1
	1397400374   1948390234     54941152   1087627298   1792774606   2003020090    269135190   1418382870    668157602    219338626    977428234   1485781356  1303011910   1310592260   1978826322   1203500702   1630971272    573703602   1567586876   1380868876    871876776    574555572     82968786   1632511372  1362846430    330291356   2106310550   1150274412   1959465846   1671412548

	Set 2
	235804588   1722197616    323164298    921673340   1189312122    144174104    668862116   1661407360   1408110076    373812832  620168744    859479518   1309904130    751202848   1877927932    631446426    959340252    585816870   1432839056   1263706594  1220987936    390781238    719980326   1857983092    140209166   1880238082   1546620764    388755078    100652628   1880052396

	Set 3
	984872050    740225540     55711202   1534474728    681461444   1304633930   1573059146   1595128450    433751118   1962895572  839065002    485688530    714289602    645918996   1506965922   1210545840   1068168518    922110248    557002802   1767089890  29021598    714224066    342005946   1666628408   1768597222    930777406   1249550782   1807465630    814904002    299287288


Figure 7 shows the comparison of the amplitude response for DM-RS with 3 different sequence sets. As shown in the graph, high amplitude fluctuation is observed with Set 3 while Set 1 and Set 2 are providing limited variation. In Set 1, the amplitude are mostly varying in 15 dB, and peak value is the similar to the set 3. In Set 2, though the amplitude variation range is larger than Set 1, peak value is lower than Set 1 and Set 3. 
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(c) Set 3

Figure 7. Comparison of the amplitude response for DM-RS with 3 different sequence sets. (sequence length = 48)
Figure 8 shows the comparison of the cross-correlation matrix for DM-RS sequences in 3 different sequence sets. Because the sequences in Set 1 and Set 2 are selected with the criteria of cross-correlation lower than 0.2, lower cross-correlation than Set 3 is observed. 
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(a) Set 1   










  (b) Set 2

[image: image17.png]cross-correlation, 30 selected DMRS sequences





(c) Set 3

Figure 8. Comparison of the cross-correlation performance for DM-RS with 3 different sequence sets. (sequence length = 48)

Finally, we have evaluated BLER performance for each set, and Figure 9 provides the BLER performance evaluated. Because the pi/2 BPSK modulation is used for coverage enhancement, the performance with the channel having large delay spread should be taken into account. Considering worst sequences, required SNR for Set 3 over Set 2 is almost 3 dB @ 10% BLER, and more than 5dB @ 1% BLER. If we compare this with release 15 ZC sequence, the SNR degradation is upto 4 dB @ 10% BLER. This means, without further optimization of sequence seletion, all gain from low PAPR of pi/2 BPSK modulation diminished by BLER degradation. 

From the evaluation result, we can observe that best 30 Gold-sequences for DMRS for pi/2 BPSK should be defined for providing comparable performance over release 15 DM-RS with ZC sequences. However, to find best sequences for all bandwidth are neither easy or practical. In fact, DFT-s-OFDM transmission with larger bandwidth is mostly useful in FR2, and we can expect that the channel delay is small in FR2. In that case, BLER performance impact from frequency selectivity reduced, and the performance may be improved by averaging over whole bandwidth. Thus, we only need to define the best sequences for small bandwidth (e.g. upto 8 PRBs). For bandwidth with beyond [8] PRBs, we can consider one sequnces set for all bandwidth can be considered, because any sequence set may provide the same or better performance than the randomly selected set of the sequences.  
Observation 3. Randomly selected Gold-sequence with pi/2 BPSK is not always providing coverage enhancement even with PAPR gain due to worse BLER performance, and even worse than release 15 DM-RS sequences.  

Observation 4.  Selected sequences provides comparable BLER performance to ZC sequences. 

Observation 5.  Low cross-correlation and low PAPR in frequency domain are possible options for selection criteria..

Proposal 3: Define 30 sequences for DM-RS for pi/2 BPSK modulation for each bandwidth upto [8] PRBs

· FFS: reuse the same sequence indices for bandwidth beyond [8] PRBs. 
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(a) Set 1   










  (b) Set 2
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Figure 9. Comparison of the BLER performance for DM-RS with 3 different sequence sets. (sequence length = 48, TDL-C-1000ns, 1Tx2Rx)

4
Conclusion

Obsevation 1: Dynamic switching between release 15 and release 16 sequences is benefitial only with limited usecase but additional complexity. 

Proposal 1: Support only RRC signalling to configure release 16 DM-RS sequence.  

Observation 2. For length 12 CGS in R1-1814205, some sequences performs worse with 0.8 dB loss @BLER=10%, and 1dB loss @ BLER.

Proposal 2: For length 12 CGS of DMRS for pi/2 BPSK modulation, apply the sequences in Table 1.   

Observation 3. Randomly selected Gold-sequence with pi/2 BPSK is not always providing coverage enhancement even with PAPR gain due to worse BLER performance, and even worse than release 15 DM-RS sequences.  

Observation 4.  Selected sequences provides comparable BLER performance to ZC sequences. 

Observation 5.  Low cross-correlation and low PAPR in frequency domain are possible options for selection criteria..

Proposal 3: Define 30 sequences for DM-RS for pi/2 BPSK modulation for each bandwidth upto [8] PRBs

· FFS: reuse the same sequence indices for bandwidth beyond [8] PRBs.
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Appendix. Simulation Assumptions 

	System bandwidth
	20 MHz

	Numerology
	30 KHz SCS

	Channel
	TDL-C 300ns/1000ns @ 12km/h

	Number of Antennas
	UE Tx=1, gNB Rx =2

	PUSCH duration
	14 OFDM symbols, with one front-loaded DMRS symbols symbol

	Number of UEs
	1 UE

	# RBs for PUSCH
	2 RBs for CGS/ 

8 RBs for Long sequences

	Carrier Frequency
	4 GHz

	Coding rate
	0.25

	Coding
	NR LDPC + CRC

	Receiver
	Frequency-domain Channel Estimation and Ideal Noise Estimation


