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During the past RAN1 meetings [1][2][3], most of the design issues for the low PAPR reference signal in Rel-16 are settled. One remaining issue is the support of multi-user multiplexing for PUCCH format 4. In this contribution, we study the potential solutions to solve this remaining issue, namely,
Option 1: Nonorthogonal MU multiplexing via  selection
Option 2: Adopt Rel-15 approach, i.e., use cyclic shifts {0,3,6,9}
Option 3: Use another set of cyclic shifts, e.g., {0,2,5,10}
Option 4: preDFT TD-OCC

We also provide some link-level simulation results to assess the performance of each option. 
[bookmark: _Ref471731770][bookmark: _Ref462669569]Options to support DMRS multiplexing for PUCCH Format 4
For PUCCH format 4, it was agreed that the “orthogonal” MU capacity when Rel-16 DMRS is configured for pi/2 BPSK PUCCH is a single port. However, this will strongly limit the benefit of pi/2 BPSK and in fact may render the PUCCH format 4 useless. Indeed, in Rel-15, PUCCH format 4 resource can be configured with 2 or 4 UE “orthogonal” multiplexing. And the information bits for different UEs are multiplexed essentially in a FDM fashion. As such, if we limit the number of scheduled UEs on PUCCH format 4 to be one, then that means 50% (when occ-Length = 2) or 75% (when occ-Length = 4) of the data tones are wasted, because these tones cannot be allocated to other UEs, as shown in Figure 1. Besides, this is against the spirit of an earlier agreement made in RAN1 95. 
Agreement [1]
Support PUCCH DMRS enhancements for PUCCH format 3 and 4 


[bookmark: _Ref4777241]Figure 1  Single UE PUCCH format 4 RE mapping structure with Pi/2 BPSK modulation
To eliminate this problem, we list below the possible alternatives. 

Option 1: Nonorthogonal MU multiplexing via  selection

For PUSCH, it was agreed in RAN1 96 that gNB can schedule “nonorthogonal MU” in DCI by indicate different DMRS sequences. The “transparent nonorthogonal MU” agreement for PUSCH is copy-and-pasted below
Agreement [3]
· For PUSCH DMRS with pi/2-BPSK modulation, two RRC parameters ScramblingID0 and ScramblingID1 can be configured by RRC as for CP-OFDM DMRS (16 bit per ID)
· Used in cinit for length ≥30 as n_ID^{n_SCID=0}, n_ID^{n_SCID=1}
· For length<30, these parameters are used as N_ID^PUSCH is configured as either ScramblingID0 or ScramblingID1 depending on DCI
· DCI indicates n_SCID={0,1} dynamically, without increasing DCI size to select the above parameter
· Antenna port indication is re-used for n_SCID indication as follows:
· DMRS port 1000,1002,1004 and 1006 are interpreted as port 1000,1002,1004 and 1006, respectively, with n_SCID=0
· DMRS port 1001,1003,1005 and 1007 are interpreted as port 1000,1002,1004 and 1006, respectively, with n_SCID=1

This approach can be naturally extended to support MU multiplexing for PUCCH format 4.  More specifically, in Rel-15, each PUCCH resource with format 4 is configured with an occ-length and an occ-index, where the occ-length indicates the multiplexing capacity (i.e., 2 vs 4) and the occ-index indicates the pre-DFT OCC code applied to the payload of the PUCCH format 4 transmission of a specific UE. In case the Rel-16 new DMRS is configured for PUCCH format 4, UE may select a different DMRS sequence based on the occ-index. One way to define a the occ-index to DMRS sequence (i.e., CGS) index mapping is to configure two or four ’s depending on the multiplexing capacity, and then map each occ-index to an .

From implementation point of view, the proposed change w.r.t Rel-15 only impact software and should be have any hardware impact at both UE and eNB. 

With this option, the tone/RE usage from system perspective is illustrated in Figure 2. 



[bookmark: _Ref4777501]Figure 2 : PUCCH format 4 RE mapping structure with 4 UE MUX with Pi/2 BPSK modulation

Option 2: Adopt Rel-15 approach, i.e., use cyclic shifts {0,3,6,9}
In Rel-15, different cyclic shifts of the same DMRS base sequence are used by different UEs to achieve DMRS orthogonality on the same RB. For multiplexing capacity 2, cyclic shift 0 and 6 are used, and for multiplexing capacity 4, cyclic shifts 0,3,6,9 are used.  The UE determines the cyclic shift index of the DMRS based on the occ-index associated with the PUCCH resource. This approach could also work for PUCCH format 4 in Rel-16. However, since the new Rel-16 DMRS is not flat in the frequency domain, the cyclically-shifted versions of the same DMRS sequence may not be orthogonal to each other. 

Option 3: Use other set of cyclic shifts
One problem with Option 2 is that, the Rel-16 length-12 DMRS sequence (i.e., CGS) has relatively bigger auto correlation on cyclic shifts 3,6, and 9. To see this, the auto correlation profile of the 30 Rel-16 length-12 CGS is given in Table 1 below. From the table, it can be observed that the average auto-correlation on cyclic shifts 3,6,9 is equal to 0.14, 0.28, and 0.14, respectively. These are higher than the rest of the cyclic shifts. In order to reduce the multi-user interference caused by DMRS, it is beneficial to select cyclic shifts with lower auto-correlation. For example, the cyclic shifts {0,5} can be used for multiplexing capacity 2, and cyclic shifts {0,2,5,10} can be used for multiplexing capacity 4, which results in reduced auto-correlation, and hence less multi-user interference than the cyclic shifts {0,3,6,9}. 

[bookmark: _Ref7770972]Table 1: Auto-correlation for length-12 CGS

	Cyclic shift
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11

	0
	1
	0
	0
	0
	0
	0
	0.33
	0
	0
	0
	0
	0

	1
	1
	0
	0
	0
	0
	0.33
	0.33
	0.33
	0
	0
	0
	0

	2
	1
	0
	0
	0
	0
	0
	0.33
	0
	0
	0
	0
	0

	3
	1
	0
	0
	0.33
	0
	0.33
	0.33
	0.33
	0
	0.33
	0
	0

	4
	1
	0
	0
	0
	0
	0
	0.33
	0
	0
	0
	0
	0

	5
	1
	0.33
	0
	0.33
	0.33
	0
	0
	0
	0.33
	0.33
	0
	0.33

	6
	1
	0
	0
	0.33
	0.33
	0.33
	0
	0.33
	0.33
	0.33
	0
	0

	7
	1
	0
	0
	0.33
	0.33
	0.33
	0
	0.33
	0.33
	0.33
	0
	0

	8
	1
	0
	0
	0.33
	0.33
	0.33
	0
	0.33
	0.33
	0.33
	0
	0

	9
	1
	0
	0
	0
	0.33
	0
	0
	0
	0.33
	0
	0
	0

	10
	1
	0
	0
	0.33
	0.33
	0
	0.33
	0
	0.33
	0.33
	0
	0

	11
	1
	0
	0.33
	0
	0
	0
	0
	0
	0
	0
	0.33
	0

	12
	1
	0
	0
	0.33
	0.33
	0
	0.33
	0
	0.33
	0.33
	0
	0

	13
	1
	0
	0
	0.33
	0.33
	0
	0.33
	0
	0.33
	0.33
	0
	0

	14
	1
	0
	0
	0.33
	0
	0
	0.33
	0
	0
	0
	0.33
	0

	15
	1
	0
	0
	0
	0
	0
	0.67
	0
	0
	0
	0
	0

	16
	1
	0
	0
	0
	0
	0
	0.67
	0
	0
	0
	0
	0

	17
	1
	0.33
	0
	0
	0
	0.33
	0.67
	0.33
	0
	0
	0
	0.33

	18
	1
	0
	0
	0
	0
	0
	0.33
	0
	0
	0
	0
	0

	19
	1
	0
	0
	0
	0
	0.33
	0.33
	0.33
	0
	0
	0
	0

	20
	1
	0
	0.33
	0
	0
	0
	0
	0
	0
	0
	0.33
	0

	21
	1
	0.33
	0
	0
	0
	0.33
	0.67
	0.33
	0
	0
	0
	0.33

	22
	1
	0
	0
	0.33
	0.33
	0
	0.33
	0
	0.33
	0.33
	0
	0

	23
	1
	0
	0
	0
	0
	0.33
	0.33
	0.33
	0
	0
	0
	0

	24
	1
	0.33
	0.33
	0.33
	0.33
	0
	0.33
	0
	0.33
	0.33
	0.33
	0.33

	25
	1
	0.33
	0.33
	0
	0
	0.33
	0.33
	0.33
	0
	0
	0.33
	0.33

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

	27
	1
	0
	0
	0.33
	0
	0.33
	0.33
	0.33
	0
	0.33
	0
	0

	28
	1
	0
	0
	0.33
	0.33
	0
	0.33
	0
	0.33
	0.33
	0
	0

	29
	1
	0
	0
	0.33
	0.33
	0.33
	0
	0.33
	0.33
	0.33
	0
	0

	Average
	1
	0.056
	0.056
	0.144
	0.167
	0.133
	0.2778
	0.133
	0.167
	0.144
	0.056
	0.056




Option 4: PreDFT TD-OCC
The options 1-3 discussed above all use non-orthogonal DMRS sequences for the users supported on the same RB. In in our previous contribution [4], an orthogonal DMRS multiplexing scheme is proposed, which is based on time-domain OCC. In particular, the occ code used by each UE is provided in Table 2 below. As explained in [4], this solution results in orthogonal DMRS multiplexing between multiple UEs, and hence should experience the least inter-UE interference compared with Option 1-3.

[bookmark: _Ref7791832]Table 2  Orthogonal sequences for PUCCH Format 4
	Orthogonal sequence index 
	

	0
	

	1
	

	2
	

	3
	




In order to assess the performance of each options, we perform link level simulations on a PUCCH format 4 channel with multiplexing capability 4. The simulation parameters are shown in the Appendix. The simulation results are shown in Figure 3 below. To isolate the loss due to DMRS non-orthogonality, in all the results shown in the figure, only 3 tones in each data OFDM symbol are used regardless of the number of UEs. The number of UEs indicated in the figure represents the number of users that sends DMRS signal. 
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[bookmark: _Ref7792276][bookmark: _Ref7792261]Figure 3 : LLS results for PUCCH format 4

We make the following observations from the figure:
1. For the same multiplexing capacity, TD-OCC achieves the best performance among all options studied, and has very small loss compared to the single-user case even at 10^-3 BLER. 
2. All non-orthogonal schemes, namely Option 1-3 listed in the figure result in big performance loss at low BLER (e.g., ) regime.  For example, even with 2 UE multiplexing, there can be about 5 dB performance loss of Option 1 and 3 compared to the TD-OCC solution.
3. The performance of Option 2 (i.e., the Rel-15 approach) has the worst performance among all options, which is expected due to the big auto correlation of the length-12 DMRS sequences at cyclic shifts 6. 

Based on the above observations, we make the following proposal:
Proposal 1: For PUCCH format 4 with Pi/2 BPSK modulation, if using preDFT TD-OCC on DMRS to support up to 4 PUCCH multiplexing capability is not agreeable in Rel-16, RAN1 considers revisiting this issue in the next release. 
[bookmark: _Ref463027406][bookmark: _Ref465963195][bookmark: _Ref466040522][bookmark: _Ref378529477][bookmark: _Toc424303267][bookmark: _Toc425248865][bookmark: _Toc425344835][bookmark: _Toc425350726][bookmark: _Toc425501584][bookmark: _Toc425504168][bookmark: _Ref525738606][bookmark: _Ref7626308]  Conclusions
We make the following proposal for the remaining issue for low PAPR RS in Rel-16.
[bookmark: _GoBack]Proposal 1: For PUCCH format 4 with Pi/2 BPSK modulation, if using preDFT TD-OCC on DMRS to support up to 4 PUCCH multiplexing capability is not agreeable in Rel-16, RAN1 considers revisiting this issue in the next release.  
· Appendix 1: Simulation Assumptions
Table 3  Link-level simulation assumptions
	System bandwidth
	20 Mhz

	Numerology
	30 KHz SCS

	Channel
	TDL-C 300ns

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

	PUSCH duration
	14 OFDM symbols, with two DMRS symbols and 12 data symbols

	Number of UEs
	1,2,4 UE

	Multiplexing capacity for PUCCH 4
	4

	Carrier Frequency
	4 GHz

	UCI payload
	11 bits with Reed-Muller coding

	UE Speed
	12 Kmh 

	Channel Estimation 
	Time-domain Channel Estimation and Ideal Noise Estimation
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