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In RAN1 #95 meeting, the following agreements were made on the low PAPR reference signal design in Rel-16:
Agreement
· For sequences with length 30 or larger, DMRS for 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 provide our views on the design of the remaining problems related to the pi/2 BPSK DMRS design, including: 
· DMRS design to support MU-MIMO with pi/2 BPSK for PUSCH and PUCCH format 4
· CGS design for length 6/12/18/24 DMRS sequence  
[bookmark: _Ref471731770][bookmark: _Ref462669569]/2 BPSK based DMRS design for DFT-S-OFDM waveform
DMRS base sequence generation 
For the design of the Gold sequence for DMRS sequence of length 30 or larger, the NR pseudo-random sequence generator defined in Section 5.2.1 of [2, TS 38.211] can be used. Also, the DMRS initialization method for CP-OFDM could be reused. In this section, we describe the detailed procedures for DMRS sequence generation.  
In particular, the base sequence before the transform precoding shall be generated according to
                        (1)
where the pseudo-random sequence  is defined in Section 5.2.1 of [2, TS 38.211] if . The pseudo-random sequence generator shall be initialized with (same as in NR Rel-15)

where  is used in the equation, and  is given by higher-layer parameters scramblingID0 in the DMRS-UplinkConfig same as in NR Rel-15. In this way, no new RRC parameter or DCI signaling is needed for the DMRS sequence initialization.   
Proposal 1: For length 30 or larger DMRS for /2 BPSK modulation for PUSCH/PUCCH, NR Rel-16 reuse Rel-15 Gold sequence generator and DMRS initialization method for CP-OFDM. In particular, Rel-16 Gold sequence generator for length 30 or larger DMRS for /2 BPSK modulation for PUSCH/PUCCH shall be initialized with

where   is used.
Orthogonal DMRS design for PUSCH
During RAN1#95 meeting, it was agreed that the new DMRS design should support comb-2 structure in the frequency domain for PUSCH. To generate comb-2 in the frequency domain, it is equivalent to repeat the same time-domain sequence two times and then apply an OCC [+1, +1] and [+1, -1] on each repetition followed by a DFT whose length is equal to . Here,   is the bandwidth of the PUSCH in terms of resource elements. In other words, block-wise spreading and pre-DFT-OCC can be used. 
More specifically, to generate a sequence of length N with comb 2 structure in the frequency domain, we can take a (time-domain) sequence  and perform a repetition as follows:
=[]  and =[]  .
After performing an N-point DFT on , the length-N sequence  will only occupy even subcarriers, and the length-N sequence  will only occupy odd subcarriers. This way we can achieve a comb-2 structure in the frequency domain.   
In NR release 15, four orthogonal DMRS ports can be supported on one OFDM symbol for DMRS configuration type 1. Indeed, with ZC based DMRS, two orthogonal DM-RS ports can be supported on the same comb by using time-domain cyclic shift (or equivalently, a frequency domain OCC). In NR Rel-16, the same DMRS multiplexing capacity need to be supported for the new DMRS sequence design for   BPSK modulation. In other words, two DMRS ports must be supported in the same comb. However, for the time-domain  BPSK based DMRS, time-domain cyclic shift does not work, since the time-domain  BPSK based DMRS is not necessarily flat in frequency. As a result, time-domain cyclic shift does not result in orthogonal DMRS sequences.  
Observation 1: For time-domain pi/2 BPSK based DMRS sequence, time-domain cyclic shift does not result in orthogonal sequences for DMRS ports in the same comb.
To support orthogonal DMRS sequences on the same comb, intra-symbol time-domain OCC [+1, +1] and [+1, -1] can be used between the different portions of the sequence . Assume that a length- base sequence  contains two equal-length portions  and , each of length . Then, by combining frequency domain comb (implemented by time domain repetition) and time-domain OCC, we can generate four length-N orthogonal DMRS sequences. As an example, Fig. 1 shows the flow chart to generate the DMRS sequence for DMRS port 1 from a DMRS base sequence  of length .
[image: ]
Figure 1. Flow diagram for DMRS generation for DMRS port 1

More specifically, to generate the DMRS sequence on antenna port  from a base sequence , , we first map the base sequence to the intermediate quantity   according to 
                                                                              (2)



where  is given by Table 1 and corresponds to the DMRS port . 
The intermediate vector [,…, ] shall be transform-precoded according to
                                                         (3)

resulting in a block of complex-valued symbols ,…,. 
The block of complex-valued symbols ,…, shall then be mapped to the allocated subcarriers for the PUSCH in a continuous manner. 

It can be readily checked that, the DMRS sequences generated from the same base sequence by the forgoing procedure are orthogonal to each other. Furthermore, the resulted time-domain sequences are still /2 BPSK modulated sequences (i.e., the phase change between adjacent time-domain samples are kept constant at  or ). 

Table 1: Parameter    
	DMRS port 
	CDM group
	

	
	
	
	
	
	

	0
	0
	1
	1
	1
	1

	1
	
	1
	-1
	1
	-1

	2
	1
	1
	1
	-1
	-1

	3
	
	1
	-1
	-1
	1






Performance with TD-OCC
The use of OCC [+1,-1] on the first- and second-half of a given base Gold sequence may change its auto-correlation and PAPR profile. However, since Gold sequence is a pseudo random sequence, its TD-OCC version is also a “random” sequence. Hence, it is expected that the statistics of auto-correlation and PAPR will be the same for both Gold sequences and their TD-OCC counterparts. In this section we compare the auto-correlation, PAPR, and LLS performance of Gold sequences and their TD-OCC counterparts. Note that, in the results below, we shall focus exclusively on length-30 Gold sequences. This is with out loss of generality, since the longer the Gold sequences are, the more they resemble uniform random sequences, and hence the smaller the performance differences (if any) are between Gold sequences and their TD-OCC counterparts.  
In Fig. 2, we provide the CDF of the auto correlation of length-30 Gold sequences and their TD-OCC counterparts for lags belonging to {-4,-3,-2,-1,1,2,3,4}. The results indicate that Gold sequences and their TD-OCC counterparts have the same auto-correlation profile. 
[image: ]
Figure 2. Auto correlation comparison between length-30 Gold sequences and their TD-OCC counterparts  

In Figure 3, we compare the PAPR of Gold sequences, their TD-OCC counterparts, and that of the random data. For Gold sequences and their TD-OCC counterparts, we have use comb2 structure in the frequency domain, to comply with the RAN1 95 agreement. From the figure, it’s clear that the use of TD-OCC will not impact the PAPR of the Gold sequences, at least statistically. 

[image: ]
Figure 3. PAPR comparison between length-30 Gold sequences, their TD-OCC counterparts, and pi/2 BPSK random data  

In Fig. 4, we consider a setting where two UEs are scheduled on the same comb, one UE with DRMS port 0, the other one with DMRS port 1. The DMRS length is chosen to be 30, which is the shortest one with Gold sequence. We compare the LLS performance of the two UEs. From the results in Fig. 4, we see that the two DRMS ports yield the same LLS performance, which agrees with the auto-correlation results in Fig. 2. Furthermore, as discussed above, for sequences of longer length, the impact of TD-OCC is be smaller. Hence, there will be no LLS performance difference between the two DMRS ports for DMRS of length longer than 30. 
[image: ]
Figure 4. LLS performance comparison between DRMS port 0 and DMRS port 1 using TD-OCC  
Performance comparison between block-wise and bit-wise TD-OCC
An alternative scheme to support two DMRS ports on the same comb is a bit-wise time-domain OCC as is proposed in [2]. More specifically, the DMRS for the two UEs on the same comb will have alternating signs on every other sample before spreading and DFT. In this section, we discuss the difference in performance between the bit-wise TD-OCC design and the block-wise TD-OCC design introduced in Section 2.2. 
First of all, we note that, similar to the discussion in Section 2.2.1, the use of bit-wise TD-OCC will not change the statistics of the auto-correlation and cross-correlation of the Gold sequence. Therefore, there will be no difference between bit-wise TD-OCC and block-wise TD-OCC in terms of auto- and cross- correlation. 
Secondly, it was argued in [3] that when the channel is time-varying, the bit-wise TD-OCC may result is better orthogonality than the block-wise TD-OCC as proposed in this contribution. While this argument is true in theory, it is not clear whether for channel parameters of interest in 5G, this will have any visible impact on the link-level simulation performance. To shed light on this issue, we compare the link-level performance of bit-wise TD-OCC and block-wise TD-OCC in Fig. 5. In the simulation, two UEs are scheduled on the same comb, where both UEs have a TDL-C channel with 300 ns delay spread, and 120Hz Doppler spread (corresponding to a vehicular speed of 30 Km/Hr). The figure illustrates the performance of the UE that is transmitting using DMRS port 1. The UE that is transmitting using port 0 will see similar interference, and hence is expected to experience a similar link-level performance as the UE using port 1. 
As shown in the simulation results in Fig. 5, for the simulated Doppler, the performance difference between bit-wise TD-OCC and block-wise TD-OCC is very small (<0.1 dB for 4 Rx antenna case, and is almost 0 dB for the 8 Rx antenna case). 

[image: ]
Figure 5. LLS performance comparison between bit-wise and block-wise TD-OCC  

[bookmark: _GoBack]Finally, we remark that the main difference between bit-wise and block-wise TD-OCC lies in their PARP performance. More specifically, bit-wise TD-OCC may have a big impact on the PAPR of a sequence than block-wise TD-OCC. Indeed, to have a small PAPR, a sequence may need to avoid large phase jumps between adjacent symbols. However, it is very difficult to avoid large phase jumps on both the sequence and it’s bit-wise TD-OCC counterpart. If the sequence is a pi/2 BPSK sequence, then this may not be an issue, since pi/2 BPSK signal have constant pi/2 phase change between adjacent symbols, and adding bit-wise TD-OCC on top will not change this fact.  However, as long as the sequence is not a pi/2 BPSK sequence, there will be a tension between PAPR of the sequence and the PAPR of it’s bit-wise TD-OCC counterpart. Hence, it is difficult to find a sequence outside the pi/2 BPSK family such that both the sequence and the bit-wise TD-OCC counter-part of the sequence have small PAPR. This can be very problematic for the length 6 CGS design. We shall explain this problem in detail in Section 2.4.2.  
LLS MU-MIMO performance
In Fig. 6(a) and Fig. 6(b), we show the LLS results for the MU-MIMO performance for the proposed DMRS multiplexing scheme. As shown in the LLS results, in case of 2 UE multiplexing, TD-OCC may lead to slight performance degradation compared with comb due to multi-path. However, the loss is negligible (<0.2 dB at 0.1 BLER).   
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(a)
[image: ]
(b) 
Figure 6. LLS performance for MU-MIMO with pi/2 BPSK and DMRS multiplexing; a) 4 Rx, 10 RB allocation with 1/2/4 UEs; b) 8 Rx, 10 RB allocation with 1/2/4 UEs. 
Based on the results in this section, we make the following proposal on the orthogonal DMRS design for uplink transmission with pi/2 BPSK modulation.  

Proposal 2: For PUSCH with pi/2 BPSK modulation, NR Rel-16 supports the same capacity of orthogonal DMRS multiplexing as in NR Rel-15. 
· Support four orthogonal DMRS ports on the same OFDM symbol via preDFT intra-symbol repetition and preDFT intra-symbol TD-OCC as shown in Equations (2) and (3). The transform-precoded complex symbols ,…, shall be mapped to the allocated PUSCH subcarriers in a continuous fashion.   

Orthogonal DMRS design for PUCCH Format 4
In NR Rel-15, the PUCCH format 4 can support 2 or 4 users on the same resource block. The same capacity may need to be supported in NR Rel-16 when pi/2 BPSK is used. Towards, this end, we need to specify the DMRS structure for multi-user multiplexing. For PUCCH format 4, the base sequences are length-12  BPSK sequences followed by DFT, and is not flat in the frequency domain. Therefore, cyclic shift-based method as in NR Rel-15 does not work. 
Instead, we propose to use pre-DFT OCC to orthogonalize the DMRS. In particular, given a base sequence  before transform precoding, UE shall generate the time-domain DMRS sequence  according to 
                                                                       (4)

where  denotes the orthogonal sequence index, and  corresponds to the orthogonal sequence index, and is shown in Table 2.
The block of complex symbols ,…, shall then be transform precoded according to 
                                                                      (5)

resulting in a block of complex-valued symbols 

Table 2: Orthogonal sequences for PUCCH Format 4 
	Orthogonal sequence index 
	

	0
	

	1
	

	2
	

	3
	



An LLS performance comparison for PUCCH format 4 with varying number of UEs can be found in Fig. 7. As the figure indicates, the 4 UE MU performance is almost identical to the single-user performance. This is mainly because the data of PUCCH format 4 are orthogonal between the multiple users (i.e., CDM-ed). For comparison, in PUSCH, there is a performance gap between 1UE and 2 UE case, and between the 2 UE and 4 UE case, since the data for PUSCH are not spatially multiplexed, and is not orthogonal.  
[image: ]
Figure 7. LLS performance for PUCCH format 4 with pi/2 BPSK modulation and DMRS multiplexing; payload size =11 bits

Proposal 3: For PUCCH format 4 with pi/2 BPSK modulation, NR Rel-16 supports the same MU capacity as in NR Rel-15. 
· Support four orthogonal DMRS sequences on the same DMRS symbol via preDFT intra-symbol TD-OCC as shown in Equations (4) and (5). 

CGS-based BPSK sequences for small length
For  sequences of length less than 30, it was agreed in RAN 1 # 95 to use computer generated sequences as DMRS. Since time-domain pi/2 BPSK sequence is used as DMRS for length 30 or larger, it is natural to use computer-generated time-domain BPSK sequences for length less than 30.  
CGS design for length-12, 18, and 24
The criteria used for searching the BPSK CGS are listed below:
· Low auto-correlation;
· Low PAPR
· Low cross-correlation.

In particular, all  BPSK CGS for length 12 shall satisfy the following auto-correlation property to avoid self-interference due to filtering:

This property guarantees good channel estimation performance regardless of what FDSS is used (as long as the number of taps of the FDSS in time domain satisfies the corresponding RAN 4 requirement). 
Similarly, all length-18 BPSK CGS shall satisfy the following auto-correlation property:

and

All length-24 BPSK CGS shall satisfy the following auto-correlation property:

For BPSK sequences that satisfy the auto-correlation properties that listed above, 30 sequences with low PAPR and low cross-correlation properties are further selected. 
A list of selected CGS sequences for length 12, 18, 24 are shown in Tables 3-5 below. The binary sequences in the tables are modulated to /2 BPSK symbols according to (1), followed by DFT-s-OFDM with FDSS. 
Table 3: A set of length-12 CGSs for Pi/2 BPSK DMRS
	Index
	Sequence

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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



Table 4: A set of length-18 CGSs for Pi/2 BPSK DMRS
	Index
	Sequence

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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



Table 5: A set of length-24 CGSs for Pi/2 BPSK DMRS
	Index
	Sequence

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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



In the RAN1 #95 meeting, a joint proposal on length-12, length-18, and length-24 CG sequences for pi/2 BPSK as listed in Table 6-8 was made in [1]. In the joint proposal, CGSs are proposed based on slightly different metrics.  Since the joint proposal [1] yields similar link-layer simulation performance as in Table 3/4/5, it could be supported as an alternative option for the length-12, length-18, and length-24 CGS design in NR Rel-16. 
Table 6: A set of length-12 CGSs for Pi/2 BPSK DMRS
	Index
	Sequence

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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



Table 7: A set of length-18 CGSs for Pi/2 BPSK DMRS
	Index
	Sequence

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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



Table 8: A set of length-24 CGSs for Pi/2 BPSK DMRS
	Index
	Sequence

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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



Proposal 4: For length 12, 18, and 24, NR Rel-16 supports one of the following options as DMRS design for both PUSCH and PUCCH Format 3 and 4.
· Option 1: NR Rel-16 supports the binary CGS in Table 3, 4, 5 followed by pi/2 BPSK modulation followed by transform precoding as DMRS.
· Option 2: NR Rel-16 supports the binary CGS in Table 6, 7, 8 followed by pi/2 BPSK modulation followed by transform precoding as DMRS.

CGS design for length-6
For length-6, there are not enough binary sequences to form 30 DMRS base sequences. Indeed, if we fix the phase of the first symbol, there are  length-6  BPSK sequences in total. And only 6 of them are distinct from each other if we identify sequences that can coincide with each other after cyclic-shift as one sequence. In other words, all length-6 pi/2 BPSK sequences can be generated by performing a cyclic shift over one of these 6 sequences in the time domain, modulo a constant phase rotation. As an example, it can be readily checked that the sequence [0 0 0 1 0 1] and [0 0 1 0 0 0] from [6, Table A1] are the same sequence under cyclic-shift and constant phase rotation operation. Even if we only take into account the +1 and -1 cyclic shifts of a binary sequence, there’re only 10 distinct length-6  BPSK sequences.
Instead, we shall search for sequences with a larger constellation in the time-domain. In particular, the DMRS sequence before DFT spread is given by 

where the value of  is given by Table 4, and u indicates is the base sequence group number as in NR Rel-15. 
To design the sequence, we notice that the base sequence will be used to generate four orthogonal DMRS sequences as we discussed in Section 2.2. However, the use of TD-OCC may affect the PAPR, auto-correlation, and cross-correlation property of the CGS. To account for this, we optimize the set of CGS by taking into account four DMRS ports generated from each of the base sequences. A set of 30 length-6 8PSK sequences that have good PAPR, auto-correlation, and cross-correlation properties on all DMRS ports are provided in Table 9 below. Here, the DMRS sequence corresponding to the four DMRS ports are determined according to Proposal 2. 
As can be seen from Table 9, using block-wise TD-OCC, it is possible to find 8PSK base sequences that have low PAPR on all four DMRS ports. For comparison, if bit-wise TD-OCC is used, then it is hard to find 8PSK sequences such that both the sequence and it’s bit-wise TD-OCC have low PAPR due to the phase jump between adjacent symbols. For example, there are only 12 8PSK sequences for which the PAPR of corresponding four DMRS ports are all below 2.2 dB, and for which the auto-correlation (of -1 and +1 lag) is below 0.5. 
Observation 2: With bit-wise TD-OCC, it is not possible to find 30 8PSK CGS that has PAPR below 2.2 dB on all DMRS ports with acceptable auto-correlation. 
Table 9: A set of length-6 8PSK CGSs  
	Index
	Sequence
	Max PAPR over four ports

	0
	    -7    -3     5     1    -7    -3
	    1.9599

	1
	    -7     1     5     1     5    -3
	    1.9599

	2
	    -7    -1     5     1     7    -5
	    1.6158

	3
	    -7    -1     3     1     7    -3
	    1.6158

	4
	    -7    -3     7    -5     5    -7
	    1.8227

	5
	    -7     3     7     7    -5     5
	    1.8227

	6
	    -7    -3    -7     5    -7    -3
	    1.5366

	7
	    -7    -3     1    -3    -7    -3
	    1.5367

	8
	    -7     5    -7     5    -7    -3
	    1.5367

	9
	    -7    -3     7    -7     3     7
	    2.0166

	10
	    -7     3     7    -7    -3     7
	    2.0166

	11
	    -7     3    -3     1    -5     7
	    1.6158

	12
	    -7     3    -1     1    -5     5
	    1.6158

	13
	    -7     3    -3    -1    -7     5
	    1.6142

	14
	    -7     3    -1     3    -3     7
	    1.6142

	15
	    -7    -3     5     1     5    -3
	    1.7711

	16
	    -7     1     5     1    -7    -3
	    1.7711

	17
	    -7    -3    -7    -3    -7    -3
	    1.8289

	18
	    -7     3    -7    -3     7    -5
	    1.8577

	19
	    -7     3     7     5    -1     5
	    1.8577

	20
	    -7    -1    -7     7    -5     5
	    1.8577

	21
	    -7    -3     7    -5     1    -5
	    1.8577

	22
	    -7    -1    -7     7     1     7
	    1.8833

	23
	    -7     3    -7    -5     1    -5
	    1.8833

	24
	    -7    -1     3    -1    -7    -3
	    1.9694

	25
	    -7     3     7     3    -7    -3
	    1.9694

	26
	    -7    -3     7     3     7    -3
	    1.9694

	27
	    -7    -3     3    -1     3    -3
	    1.9694

	28
	    -7    -1    -7    -5     3    -5
	    2.0642

	29
	    -7     1    -7     7    -3     7
	    2.0642



For the CGS is Table 9, the maximum auto-correlation on the  lags is 1/3. Note that, when computing the auto-correlation of a CGS, we have also considered the correlation between all four DMRS sequences generated from the same base CGS. This is needed since when the sequence is used by more than 1 UEs on the same RB using different DMRS ports, the correlation between the two sequences will generate interference to the channel estimator.
The CDF of the cross-correlation of the sequences (including all DMRS ports) on the 0 and  lags is shown in Fig. 7. The mean and max cross-correlation are 0.39 and 0.92, respectively. Similar to the auto-correlation computation, here we have considered all four DMRS ports of each base CGS.  
[image: ]
Figure 8. Cross-correlation of the length-6 CGS

A comparison between the auto-correlation, cross-correlation, and PAPR of the proposed CGS and the CGS in [3] can be found in Table 10 below. As can be seen from the table, when taking into account all four DMRS ports, the length-6 CGS in [3] has significantly larger PAPR than the CGS in Table 9.

Table 10. Comparison between performance of the length-6 CGS in Table 9 and CGS in [3]
	
	CGS in Table 9
	CGS in [3]

	Max PAPR on port 0,1,2,3
	 2.06 dB
	4.24 dB

	Max auto-corr on  1 lag
	0.33
	0.90

	Mean cross-corr on 0 and  1 lag
	0.39
	0.36

	Max cross-corr on 0 and  1 lag
	0.92
	0.96




Proposal 5: For length 6, NR Rel-16 supports the pre-DFT sequences  with  defined in Table 9 followed by transform precoding as DMRS for/2 BPSK modulation for PUSCH.

Backward compatibility issues  
For an NR Rel-16 UE, it may need to support both the NR Rel-15 DMRS and the Rel-16 DMRS. For example, this may be needed for the UE in order to be able to communicate with gNBs that implement only one of the NR releases. In this case, the gNB may need to indicate the UE what DMRS scheme to use for uplink transmission with  BPSK modulation. To differentiate the NR Rel-15 and the NR Rel-16 DMRS schemes, we make the following proposal. 
Proposal 6: NR Rel-16 supports RRC signaling to differentiate the use of Rel-15 or Rel-16 DMRS sequence for uplink transmission with  BPSK modulation.
PAPR reduction for DMRS with CP-OFDM waveform
[bookmark: _Ref463027406][bookmark: _Ref465963195][bookmark: _Ref466040522][bookmark: _Ref378529477][bookmark: _Toc424303267][bookmark: _Toc425248865][bookmark: _Toc425344835][bookmark: _Toc425350726][bookmark: _Toc425501584][bookmark: _Toc425504168]Significant progress was made regarding the CP-OFDM low-PAPR for DMRS in the previous meeting, with the following agreement being made:

Agreement
For CP-OFDM and for both DMRS type 1 and 2, the following cinit for CDM group λ is used for Rel-16 DMRS sequence generation
[image: ]
and where nSCID is provided by DCI. Lambda is absolute CDM group index.
It was also concluded to perform further study on the signaling aspects between the Rel-15 and Rel-16 sequences of CP-OFDM:
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 

We now present our views regarding the above two alternatives. Alt. 2 suggests that there will be DCI signaling to pick between the Rel-15 and Rel-16 sequences for the 2nd or 3rd CDM group. Such a feature would only make sense if it is obviously clear that there are many cases during which a Rel-15 port and a Rel-16 port would not be possible to be orthogonally MU-MIMO paired in a dynamic fashion across different UEs. We argue that this is not a problem for the following reasons. 2 UEs from different Release could still be paired across 2 CDM groups (FDM), or even within the 1st or 2nd CDM group since the sequences used for these groups are the same. A reasonable scheduler for example, could first pair some Rel-15 and Rel-16 ports inside the first CDM group, pair some others inside the 2nd CDM group, and then FDM in the 3rd CDM group either all Rel-15 ports or all Rel-16 ports. Recall that for 2-symbol DMRS a scheduler can already pair 4 UEs in the 1st or 2nd CDM group (e.g., X Rel-15 ports + Y Rel-16 ports such that X+Y<=4), and also add additional Rel-16-only ports or Rel-15-only ports in the 3rd CDM group to achieve orthogonal MU-MIMO port pairing. Finally, it should be noted that non-orthogonal MU-MIMO pairing is always an option and can still be used by a scheduler as needed to transmit data to both Rel-15 and Rel-16 UEs. Based on the above, adding the additional complexity at the UE to support DCI-switching between the sequences, or using the precious PDCCH capacity for such a reason is not needed. 
Proposal 7: NR Rel-16 supports Alt. 1 to differentiate the use of Rel-15 or Rel-16 DMRS sequences for CP-OFDM.
Conclusions
We have the following observation based on the study and simulation results for PAPR reduction for DMRS in Rel-16.
Observation 1: For time-domain pi/2 BPSK based DMRS sequence, time-domain cyclic shift does not result in orthogonal sequences for DMRS ports in the same comb.
We have made the following proposals for PAPR reduction for DMRS in NR Rel-16. 
Proposal 1: For length 30 or larger DMRS for /2 BPSK modulation for PUSCH/PUCCH, NR Rel-16 reuse Rel-15 Gold sequence generator and DMRS initialization method for CP-OFDM. In particular, Rel-16 Gold sequence generator for length 30 or larger DMRS for /2 BPSK modulation for PUSCH/PUCCH shall be initialized with

where   is used.
Proposal 2: For PUSCH with pi/2 BPSK modulation, NR Rel-16 supports the same capacity of orthogonal DMRS multiplexing as in NR Rel-15. 
· Support four orthogonal DMRS ports on the same OFDM symbol via preDFT intra-symbol repetition and preDFT intra-symbol TD-OCC as shown in Equations (2) and (3). The transform-precoded complex symbols ,…, shall be mapped to the allocated PUSCH subcarriers in a continuous fashion.   

Proposal 3: For PUCCH format 4 with pi/2 BPSK modulation, NR Rel-16 supports the same MU capacity as in NR Rel-15. 
· Support four orthogonal DMRS sequences on the same DMRS symbol via preDFT intra-symbol TD-OCC as shown in Equations (4) and (5). 

Proposal 4: For length 12, 18, and 24, NR Rel-16 supports one of the following options as DMRS design for both PUSCH and PUCCH Format 3 and 4.
· Option 1: NR Rel-16 supports the binary CGS in Table 3, 4, 5 followed by pi/2 BPSK modulation followed by transform precoding as DMRS.
· Option 2: NR Rel-16 supports the binary CGS in Table 6, 7, 8 followed by pi/2 BPSK modulation followed by transform precoding as DMRS.

Proposal 5: For length 6, NR Rel-16 supports the pre-DFT sequences  with  defined in Table 9 followed by transform precoding as DMRS for/2 BPSK modulation for PUSCH.
Proposal 6: NR Rel-16 supports RRC signaling to differentiate the use of Rel-15 or Rel-16 DMRS sequence for uplink transmission with  BPSK modulation.

Proposal 7: NR Rel-16 supports Alt. 1 to differentiate the use of Rel-15 or Rel-16 DMRS sequences for CP-OFDM.
· Appendix 1: Simulation Assumptions
Table 11. Link-level simulation assumptions
	System bandwidth
	20 Mhz

	Numerology
	30 KHz SCS

	Channel
	TDL-C 300ns/1000ns

	Number of Antennas
	UE Tx=1, gNB Rx = 4, 8

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

	Number of UEs
	1 UE

	# RBs for PUSCH
	10 RBs

	Carrier Frequency
	4 GHz

	Coding 
	NR LDPC + CRC for PUSCH;
Reed-Muller code for PUCCH with 11 bits payload

	UE Speed
	12 Kmh 

	Channel Estimation 
	Practical Channel Estimation and Ideal Noise Estimation

	MU-MIMO receiver 
	MMSE receiver

	PUCCH duration
	Length 14, with 2 DMRS symbols
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𝒄 𝒊𝒏𝒊𝒕 ሺ 𝝀 ሻ = ൬ 𝟐 𝟏𝟕 ቀ 𝑵 𝒔𝒚𝒎𝒃 𝒔𝒍𝒐𝒕 𝒏 𝒔 , 𝒇 𝝁 + 𝒍 + 𝟏 ቁ ቀ 𝟐 𝑵 𝑰𝑫 𝒏 𝑺𝑪𝑰𝑫 ′ ሺ 𝝀 ሻ + 𝟏 ቁ + 𝟐 𝑵 𝑰𝑫 𝒏 𝑺𝑪𝑰𝑫 ′ ሺ 𝝀 ሻ + 𝒏 𝑺𝑪𝑰𝑫 ′ ሺ 𝝀 ሻ + 𝟐 𝟏𝟕 ඌ 𝝀 𝟐 ඐ ൰ 𝒎𝒐𝒅 𝟐 𝟑𝟏   Where   𝒏 𝑺𝑪𝑰𝑫 ′ ሺ 𝝀 = 𝟎 ሻ = 𝒏 𝑺𝑪𝑰𝑫   𝒏 𝑺 𝑪𝑰𝑫 ′ ሺ 𝝀 = 𝟏 ሻ = 𝟏 − 𝒏 𝑺𝑪𝑰𝑫   𝒏 𝑺𝑪𝑰𝑫 ′ ሺ 𝝀 = 𝟐 ሻ = 𝒏 𝑺𝑪𝑰𝑫  


