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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



Furthermore, in RAN1 #1901Ah meeting, the following agreements were agreed. 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 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

Agreement:
For length 6 CGS; 8-PSK is used
Decide the associated sequences in the next RAN1 meeting
Agreement
· For pi/2 BPSK Rel.16 sequence design for PUSCH DMRS of length ≥30
· 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)


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 2-symbol DMRS length 6/12/18/24 DMRS sequence 
· 8PSK CGS design for length 6 DMRS 
· Use Pi/2 BPSK for MSG3 
[bookmark: _Ref471731770][bookmark: _Ref462669569]MU design for PUSCH/PUCCH with /2 BPSK
[bookmark: _GoBack]Number of DMRS ports
First, we share our view on the number of MU ports to be supported for PUSCH and PUCCH with /2 BPSK modulation.
First of all, with the number of receive antennas at the base station kept increasing over time, MU-MIMO is becoming more and more important in supporting multiple users in a cell. In NR Rel-15, the PUSCH and PUCCH format 4 supports four DMRS ports per DMRS symbol for /2 BPSK modulation. From technique evolution perspective, there is no reason to move backward and reduce the number of supported DMRS ports in NR Rel-16. While it is true that the /2 BPSK modulation is mainly targeted for cell edge users that are link-budget limited, nevertheless, depending on the specific deployment scenario, there may be a demand to support a large number of link-budget limited UEs in a large cell. Even in the case where only 3 or 4 link-budget limited UEs present in the cell, it may still be beneficial to schedule them on the same set of resources, instead of doubling the resources (in case the MU capacity is reduced to 2). 
Secondly, since the DMRS design for PUCCH format 4 does not have a comb structure. Therefore, a MU scheme needs to be specified for PUCCH format 4, unless RAN1 decides not to support for MU for PUCCH, which is again moving backwards in technology. The MU scheme agreed for PUCCH can be applied on a DMRS comb for the PUSCH, maybe with minor modification. 
Thirdly, since /2 BPSK modulation typically operate in the low-SNR regime, the performance is mainly noise limited. Therefore, more users may be scheduled on the same set of resources without significantly degrading the performance of each of them. This is in contrast to other modulation orders, for which the gNB needs to carefully pair the users in order not to create significant MU interference among the co-scheduled UEs. In other words, the MU-MIMO gain may be easier to harvest for /2 BPSK modulation. 
Lastly but not least, the number of MU actually scheduled on the same set of RBs is purely up to eNB scheduler. If eNB has concern on MU performance in certain scenarios, eNB can always choose not to fully load the MU capacity. But the spec should allow eNB be able to keep the same MU capacity as Rel-15 for the scenario where eNB sees the need to do more aggressive MU-MIMO. 
Indeed, in Figure 1, we show the LLS results for the MU-MIMO performance for the proposed DMRS multiplexing scheme in Section 2.2. More specifically, two users will be supported on a same comb on the same DMRS symbols via TD-OCC. As shown in the LLS results, the loss is the same (xdB) from SU to 2-MU and from 2-MU to 4-MU. The value of x is ~0.4dB with 8Rx and ~1dB with 4Rx at eNB receiver. We can conclude that the loss of performance is mainly due to interference on data demodulation but not due to channel estimation loss, because there is no channel estimation degradation from SU to 2 MU on two different combs yet a xdB performance loss is still observed. One should also note that, in the simulations, the users are randomly paired without using any a priori information on the channel condition. Furthermore, a simple MMSE interference rejection receiver is used. The gap between the BLER performance of 2 UE and 4 UE multiplexing will be reduced if users are grouped according to their spatial separations or if an interference cancellation receiver is used.  
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[bookmark: _Ref1121731][bookmark: _Ref1121726]Figure 1:  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. In both figures, TDL-C 300 ns channel is used. 

In Figure 2 below, we show the LLS performance for MU-MIMO multiplexing with the CGS agreed in RAN1#1901Ah. In each simulation instance, a CGS is randomly chosen from the agreed CGS set and is used as a base sequence for all UEs multiplexed on the same resource. In this figure, we compare the performance of the proposed DMRS multiplexing design in Section 2.2 with the Rel-15 DMRS multiplexing approach (i.e., FD comb 2 + FD-OCC). As can be seen from  Figure 2.(a) and Figure 2.(c), the Rel-15 DMRS multiplexing approach yields a 0.4~1 dB performance degradation compared with the proposed multiplexing scheme. Furthermore, a similar performance gap between the 2UE multiplexing (using comb) and 4 UE multiplexing (using the proposed DMRS multiplexing method) as in Figure 1 is observed. In other words, the conclusions we draw from above for Gold sequences also apply to the CGS. 
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[bookmark: _Ref1724837]Figure 2: LLS performance for MU-MIMO with CGS and DMRS multiplexing ; a) Length-12 CGS with 2/4 UEs;  b) Length-18 CGS with 2/4 UEs; (c) Length-24 CGS with . In both figures, TDL-C 300 ns channel is used.
In Figure 3 below, we illustrate that the TD-OCC design is robust to timing errors. To this end, we compare the LLS performance of the following four cases:
· 2 UE multiplexing on the same comb using block-wise TD-OCC
· 2 UE multiplexing on 2 combs
· 2 UE multiplexing on the same comb using block-wise TD-OCC, where there is a timing error of value equal to the normal CP length for 1 UE
· 2 UE multiplexing on 2 combs, where there is a timing error of value equal to the normal CP length for 1 UE.

In the simulations, we have considered both the Gold sequences and the set of length-12 CGSs that were agreed in RAN1 #Ah1901. as we observe from the simulation results, for the length-30 Gold sequence, the impact of timing error is negligible (<0.1 dB) for both comb and TD-OCC. For the length-12 CGSs, a timing error may bring at most 0.2 dB performance degradation for the TD-OCC scheme. Overall, the impact of timing error is marginal for the block-wise TD-OCC proposed in Section 2.2. 
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[bookmark: _Ref1122285][bookmark: _Ref1040861]Figure 3: LLS results for 2-UE MU with and without timing error: (a) 5 RB allocation with length-30 random Gold sequence; (b) 2 RB allocation with length-12 CGS randomly chosen from the CGS set agreed in RAN1 #1901Ah.

Furthermore, in Figure 4 below, we show the CDF of the PAPR of the CGS on all four DMRS ports using the proposed DMRS multiplexing method, and compare it with that of the DMRS on port 0 and with the random pi/2 BPSK data. As can be seen from the figure, the use of block-wise TD-OCC indeed may increase the PAPR of some (but not all) CGSs. However, the PAPRs of the CGS on all ports are still smaller than that of the random pi/2 BPSK data.  
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[bookmark: _Ref1725471]Figure 4: PAPR comparison between the CGS and random pi/2 BPSK data: (a) length-12 CGS; (b) length-18 CGS; (c) length-24 CGS.


Based on the discussions above, we make the following proposal.

Proposal 1: For one-symbol DMRS and for PUSCH with pi/2 BPSK modulation, support two DMRS ports per comb (in total 4 ports).
[bookmark: _Ref1121816]DMRS MU design for PUSCH with /2 BPSK
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 =[]  .                                                                              (1)
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, Figure 5 shows the flow chart to generate the DMRS sequence for DMRS port 1 from a DMRS base sequence  of length .
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[bookmark: _Ref956870][bookmark: _Ref956858]Figure 5: 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 ). 
[bookmark: _Ref956984]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 comparison between UEs with different 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 Figure 6, 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. 
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[bookmark: _Ref957039][bookmark: _Ref957035]Figure 6: Auto correlation comparison between length-30 Gold sequences and their TD-OCC counterparts
In Figure 7, 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 used comb 2 structure in the frequency domain. From the figure, it’s clear that the use of TD-OCC will not impact the PAPR of the Gold sequences, at least statistically. 
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[bookmark: _Ref957087]Figure 7: PAPR comparison between length-30 Gold sequences, their TD-OCC counterparts, and pi/2 BPSK random data
In Figure 8, we consider a setting where two UEs are co-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 will likely be smaller. Hence, there will be no LLS performance difference between the two DMRS ports for DMRS of length 30 or longer. 
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[bookmark: _Ref957126]Figure 8: LLS performance comparison between DRMS port 0 and DMRS port 1 using TD-OCC  
Based on the above study, we make the following observation.
Observation 2: For the proposed TD-OCC, the same performance is achieved for UEs scheduled with [+,+] and [+,-]. 
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 Figure 9, 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). 
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[bookmark: _Ref957168]Figure 9: LLS performance comparison between bit-wise and block-wise TD-OCC
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 3.  
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 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.   
DMRS MU design for PUCCH with /2 BPSK
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 Figure 10. 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.  
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[bookmark: _Ref957441]Figure 10: 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 ports on the same DMRS symbol via preDFT intra-symbol TD-OCC as shown in Equations (4) and (5). 
CGS design  
CGS design for 2-symbol DMRS
For the case of two-symbol DMRS, the sequences in the two DMRS symbols may be jointly designed to have better performance. As an example, it was proposed in [3] to jointly search for pairs of CGSs to be transmitted on two DMRS symbols. In particular, for each CGS length (6/12/18/24), a dedicated list of 30 pairs of CGSs was provided in [3] to be used for the two-symbol DMRS transmission scenario. While jointly optimizing the sequences on two DMRS symbols may potentially yield better channel estimation performance, in our view, it comes with the following disadvantages.
· First of all, it increases the complexity of the UE and the base station. Indeed, for a given DMRS length, a UE needs to store 2 CGS tables, one table for single-DMRS transmission and one table for double-DMRS transmission. Furthermore, each size of the table for the double-DMRS case is twice the size of that for the single-DMRS case. 
· Secondly, while the CGS pairs have good performance if used jointly, the channel estimation performance of each individual CGS in a CGS pair may not be guaranteed. Indeed, it can be readily seen from [3, Figs. 10-13] that, the auto-correlation and frequency-domain flatness of each individual sequence in a CGS pair are much worse than the combined auto-correlation and frequency-domain flatness. Such a design may be problematic in case the UE sees different interferences on the two DMRS symbols. 
· Last but not least, it may put restrictions on the multi-user multiplexing. Indeed, in NR Rel-15, a two-symbol DMRS transmission consists of two single-symbol DMRS transmissions. In such a case, the base station may schedule a UE with a two-symbol DMRS and a UE with one-symbol DMRS to be multiplexed on the same uplink resources orthogonally, provided that the same DMRS base sequence is used on the overlapping DMRS symbol. However, with the joint-CGS design proposal in [3], this is not possible since the individual sequences on the two-symbol DMRS is are different base sequences than the base sequences used for the one-symbol DMRS. 

To exploit the benefit of a joint CGS design and to avoid the drawbacks listed above, we may reuse the CGS sets designed for the one-symbol DMRS transmission case, and properly choose the index of the CGS to be transmitted on the first and the second DMRS symbol. More specifically, for a given CGS length, once the sequence  on the first DMRS symbol is determined (for example, following the Rel-15 DFT-s-OFDM approach), we may find a CGS in the same set of CGSs such that the joint auto-correlation of () is optimized. In other words, instead of using a random sequence (group) hopping as in Rel-15, we may design a deterministic DMRS sequence hopping rule, for which the joint auto-correlation and cross-correlation of the two DMRS sequences are optimized. 
In Table 3, we provide such a DMRS hopping pattern design for length-12 CGS, where the first column indicates the CGS index to be transmitted on the first DMRS symbol, and the second column indicates the corresponding CGS index to be transmitted on the second DMRS symbol.  
[bookmark: _Ref960256][bookmark: _Ref960251]Table 3  Length-12 CGS pairing table
	CGS index on the first DMRS symbol
	CGS index on the second DMRS symbol
	CGS index on the first DMRS symbol
	CGS index on the second DMRS symbol

	0
	16
	15
	0

	1
	1
	16
	19

	2
	7
	17
	21

	3
	15
	18
	23

	4
	4
	19
	12

	5
	29
	20
	14

	6
	24
	21
	17

	7
	26
	22
	10

	8
	27
	23
	2

	9
	22
	24
	3

	10
	6
	25
	20

	11
	25
	26
	9

	12
	8
	27
	18

	13
	28
	28
	13

	14
	11
	29
	5



A comparison between the cross-correlation and auto-correlation of a random sequence hopping vs the proposed deterministic sequence hopping is provided in Table 4. As can be seen from the table, the deterministic hopping method may effectively improve the (joint) auto-correlation of the two-symbol DMRS, compared to the random hopping method. And the cross-correlation in the two cases are almost the same. Furthermore, by optimizing the DMRS sequence hopping pattern, the joint auto-correlation and cross-correlation across the 2 DMRS symbols are almost identical to that of the joint CGS design in [3].
[bookmark: _Ref973320]Table 4 Cross- and auto-correlation comparison between random sequence hopping and deterministic sequence hopping for length-12 CGS; [-3:3] lags are checked for auto- and cross-correlation
	
	Random hopping
	Deterministic hopping
	Joint CGS design [3]

	Mean auto-correlation 
	0.073
	0.026
	0.024

	Max auto-correlation
	0.33
	0.17
	0.17

	Mean X-corr
	0.16
	0.16
	0.17

	95%-tile X-corr
	0.42
	0.42
	0.42



Similarly, the DMRS sequence hopping pattern for length-18 and length-24 CGS are given in Table 5 and Table 7, respectively. And the auto-correlation and cross-correlation comparison between random DMRS sequence hopping and deterministic DMRS sequence hopping are provided in Table 6 and Table 8, respectively.  
[bookmark: _Ref973519]Table 5  Length-18 CGS pairing table
	CGS index on the first DMRS symbol
	CGS index on the second DMRS symbol
	CGS index on the first DMRS symbol
	CGS index on the second DMRS symbol

	0
	     5
	15
	     0

	1
	    27
	16
	    24

	2
	     2
	17
	    21

	3
	    29
	18
	    17

	4
	    19
	19
	    13

	5
	     1
	20
	     9

	6
	    28
	21
	    22

	7
	    10
	22
	     3

	8
	     6
	23
	    14

	9
	    25
	24
	     8

	10
	    26
	25
	    12

	11
	     4
	26
	    15

	12
	    20
	27
	     7

	13
	    11
	28
	    16

	14
	    23
	29
	    18



[bookmark: _Ref973709]Table 6 Cross- and auto-correlation comparison between random sequence hopping and deterministic sequence hopping for length-18 CGS; [-4:4] lags are checked for auto- and cross-correlation
	
	Random hopping
	Deterministic hopping
	Joint CGS design [3]

	Mean auto-correlation 
	0.04
	0.026
	0.028

	Max auto-correlation
	0.33
	0.11
	0.056

	Mean X-corr
	0.13
	0.13
	0.13

	95%-tile X-corr
	0.33
	0.33
	0.33



[bookmark: _Ref973542]Table 7 length-24 CGS pairing table
	CGS index on the first DMRS symbol
	CGS index on the second DMRS symbol
	CGS index on the first DMRS symbol
	CGS index on the second DMRS symbol

	0
	    17
	15
	     6

	1
	    28
	16
	     7

	2
	     3
	17
	     9

	3
	     1
	18
	     5

	4
	    19
	19
	     2

	5
	    18
	20
	     0

	6
	    15
	21
	    22

	7
	    26
	22
	    12

	8
	    23
	23
	    27

	9
	     8
	24
	     4

	10
	    16
	25
	    10

	11
	    24
	26
	    11

	12
	    13
	27
	    29

	13
	    21
	28
	    20

	14
	    14
	29
	    25



[bookmark: _Ref1149613]Table 8 Cross- and auto-correlation comparison between random sequence hopping and deterministic sequence hopping for length-24 CGS; [-6:6] lags are checked for auto- and cross-correlation
	
	Random hopping
	Deterministic hopping
	Joint CGS design [3]

	Mean auto-correlation 
	0.036
	0.021
	0.0069

	Max auto-correlation
	0.5
	0.17
	0.083

	Mean X-corr
	0.12
	0.11
	0.11

	95%-tile X-corr
	0.29
	0.29
	0.29



Proposal 4: For PUSCH with two-symbol DMRS and length smaller than 30, reuse the same sets of CGSs as in the one-symbol DMRS case, and support deterministic DMRS sequence hopping between the two DMRS symbols to optimize the performance.
· The deterministic DMRS hopping pattern for length-12, 18, 24 DMRSs is given in Table 3,Table 5,Table 7.
CGS design for length-6 DMRS
In RAN1 #1901Ah, the CGS set for length-12, 18, and 24 are agreed. Furthermore, it was agreed to use 8PSK constellation for length-6 CGS. In this section, we share our view on the length-6 8PSK CGS design. 
More specifically, the DMRS sequence before DFT spread is given by 

where the value of  is given by Table 4, and u indicates the base sequence group number as in NR Rel-15. Note that, the support of  is the set {-7,-5,-3,-1, 1, 3, 5, 7}, which corresponds to the 8PSK constellation in Figure 11 below. 
[image: ]
[bookmark: _Ref958060]Figure 11  The 8PSK constellation
To design the length-6 CGS, 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 CGSs by taking into account all 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 3: 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. 
[bookmark: _Ref973715][bookmark: _Ref1033240]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 in 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 12. 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.
[bookmark: _Ref1043421]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.
/2 BPSK modulation for Message 3 transmission
Due to the low PAPR advantage of the new DMRS, it is beneficial to allow message 3 to be transmitted with the new DMRS. To achieve this, we need to solve the following issue. Namely, for contention-based RACH, the gNB may not know whether the UE is capable to support Rel-16 sequence or not. A simple solution to solve this issue is to let the UE indicate this UE capability to the gNB via the different PRACH preamble resources. More specifically, a UE may be configured with different PRACH preamble sequences. The set of preamble sequences and RACH occasions may be partitioned into mutually exclusive subsets, and the index of each subset can be associated with the UE’s capability to support the  BPSK modulation and the Rel-16 new DMRS or not (see Figure 13).  Based on the detected preamble, gNB may be able to determine whether the Rel-16 new DMRS are supported by the UE or not. 
[image: ]
[bookmark: _Ref1126675]Figure 13.  Capability signaling using RACH preamble
Once the gNB detects preamble and the UE’s capability, it may schedule an RAR grant to let the UE transmit PUSCH. To enable the use of  BPSK and the new DMRS to be used for the PUSCH scheduled by the RAR grant, the gNB may indicate in the grant whether  BPSK and new DMRS will be used or not. For example, the RAR grant may include one additional field 
· 1 bit to indicate the scheduled MSG3 is with  BPSK and Rel-16 new DMRS 

Proposal 6: NR Rel-16 support using BPSK and Rel-16 DMRS for MSG3
· For contention-based RACH, UE’s capability of supporting BPSK and Rel-16 DMRS is indicated to gNB via RACH preamble resource selection 
· gNB indicates, in the RAR grant, whether  BPSK and Rel-16 DMRS is used for MSG3 
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

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 nPUSCH-Identity 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 7: For length 30 or larger DMRS for /2 BPSK modulation for PUSCH/PUCCH,  is used in the Gold sequence generator, where  is defined according to the higher-layer parameter nPUSCH-Identity if configured, and is equal to  otherwise. 
· No change to DCI is needed. 
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 8: NR Rel-16 supports RRC signaling to differentiate the use of Rel-15 or Rel-16 DMRS sequence for uplink transmission with  BPSK modulation.
Conclusions
We have the following observations 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.
Observation 2: For the proposed TD-OCC, the same performance is achieved for UEs scheduled with [+,+] and [+,-]. 
Observation 3: 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. 
We have made the following proposals. 
Proposal 1: For one-symbol DMRS and for PUSCH with pi/2 BPSK modulation, support two DMRS ports per comb (in total 4 ports).
Proposal 2: For PUSCH with pi/2 BPSK modulation, NR Rel-16 supports 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 PUSCH with two-symbol DMRS and length smaller than 30, reuse the same sets of CGSs as in the one-symbol DMRS case, and support deterministic DMRS sequence hopping between the two DMRS symbols to optimize the performance.
· The deterministic DMRS hopping pattern for length-12, 18, 24 DMRSs is given in Table 3,Table 5,Table 7.

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 support using BPSK and Rel-16 DMRS for MSG3
· For contention-based RACH, UE’s capability of supporting BPSK and Rel-16 DMRS is indicated to gNB via RACH preamble resource selection 
· gNB indicates, in the RAR grant, whether  BPSK and Rel-16 DMRS is used for MSG3 

Proposal 7: For length 30 or larger DMRS for /2 BPSK modulation for PUSCH/PUCCH,  is used in the Gold sequence generator, where  is defined according to the higher-layer parameter nPUSCH-Identity if configured, and is equal to  otherwise. 
· No change to DCI is needed. 

Proposal 8: NR Rel-16 supports RRC signaling to differentiate the use of Rel-15 or Rel-16 DMRS sequence for uplink transmission with  BPSK modulation.
· 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 with MCS 1
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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