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1. Introduction
In this contribution, we discuss corrections to Low PAPR Reference Signals that have been introduced in Rel-16 as part of MIMO enhancement WID [1]. We specifically address Low PAPR Reference Signals for the Physical Uplink Control Channel (PUCCH). 
2. Discussion 
As part of normative work on low PAPR reference signals in Rel-16 NR, enhancements to PUCCH DM-RS for PUCCH formats 3 and 4 were introduced for the case when transform precoding is used with /2-BPSK modulation. It was agreed that for sequences of length 30 and larger, Gold sequences generated in pre-DFT time domain will be used, whereas for sequences less than length 30, computer generated sequences (CGS) were designed. Both the designs yield non-constant modulus sequences when mapped to the frequency domain after transform precoding. 
In RAN1#100bis-E meeting, there was extensive technical discussion on the need for introduction of cyclic shifts like current specification for Low PAPR sequence generation type 1, even for the case of type 2 sequence generation which uses new pre-DFT time domain sequences. It was agreed that cyclic shift will not be captured as part of current specification. It should be noted that unlike ZC sequences of Rel-15 type 1 low PAPR sequences, time domain cyclic shifts of Rel-16 low PAPR sequences yield non-orthogonal sequences. 
Some concerns were however raised that without cyclic shift hopping as in Rel-15 NR, sufficient inter-cell interference randomization of PUCCH DM-RS sequences, especially for cell-edge users, is not achieved. As a result BLER targets for PUCCH will be difficult to meet when using new Rel-16 DM-RS sequences. To this end, we should note that this concern is based on the fact that the current sequence group hopping for PUCCH only contains a slot index and not a DM-RS symbol index i.e., according to [1], if pucch-GroupHopping equals 'enable' 





where the pseudo-random sequence  is defined by clause 5.2.1 and shall be initialized at the beginning of each radio frame with where  is given by the higher-layer parameter hoppingId if configured, otherwise . Therefore, when such group hopping is used for cell-edge UEs who typically transmit multiple PUCCH DM-RS symbols within a slot, if a DM-RS sequence collision (UEs in adjacent cells using the same DM-RS sequence) happens, it propagates through all DM-RS symbols within the slot. 
However, based on the sequence design for Rel-16 low PAPR DM-RS, it is noted that for sequences of length 30 and larger, the pre-DFT time domain sequence is a binary Gold sequence initialized with 
.
In this case, the initialization seed contains the OFDM symbol index  and therefore, the probability of sequence collision in multiple DM-RS symbols within the slot is minimized. However, the problem might persist for the case of CGS sequences of length 12 and 24 corresponding to 1 and 2 PRB allocations. Since there are only 30 sequences, it is still possible that DM-RS collision for multiple symbols within a slot can occur if group-hopping above is used. Therefore, for the remainder of this paper, we address only the relevant use-case of interference randomization for CGS sequences based PUCCH DM-RS.
2.1. Inter-cell Interference Randomization for PUCCH DM-RS CGS
For the case of DM-RS CGS sequences, cyclic shift hopping was proposed as a candidate solution for interference randomization. Cyclic shift hopping as specified in [1] is also based on a Gold sequence initialized with a seed which is a function of the OFDM symbol index . This approach of using a symbol specific cyclic shift worked well for Rel-15 ZC and constant modulus CGS sequences, since ZC sequences yield orthogonal sequences under cyclic shift and the CGS design was optimized for such operation. Furthermore, in Rel-15 cyclic shift was also used to generate orthogonal sequences for DM-RS port multiplexing for multi-user operation in PUCCH format 4. 
In Rel-16 low PAPR sequence design such optimization was not considered since only single port support was agreed for both PUCCH formats 3/4. Therefore, when all cyclic shifts are considered, the probability of sequence collisions within a single DM-RS symbol is, in fact, increased for Rel-16 length 12 and 24 CGS sequences. This is shown in Figure 1, where the CDF of the maximum pair cross-correlation is plotted for (i) the case in which cyclic shift is not used and only the 30 base sequences are considered (ii) the case for which all possible cyclic shifts of each sequence are considered in addition to the 30 base sequences. Note that the cross-correlation is evaluated across all integer and non-integer lags in the oversampled domain.
[image: ] [image: ]
Figure 1: Maximum Pairwise Cross-correlation for Rel-16 low PAPR DM-RS CGS sequences.
It can be seen from the figures that introducing cyclic shift for the case of CGS sequences introduces the probability of sequence collisions within a single DM-RS symbol since the cross-correlation with cyclic shift goes to 1. This is an artefact of the design criteria of the Rel-16 DM-RS CGS sequences which were not optimized for this use case.
However, with slot-based sequence hopping, the issue of DM-RS collisions especially across multiple DM-RS symbols within a slot remains. In order to address this issue without impacting the single symbol use-case, a simple solution would be to alter the current sequence group hopping formula to include the OFDM symbol index and this can be easily achieved by using the PUSCH group hopping formula only for the case of PUCCH with 1 or 2 PRB allocation with /2-BPSK modulation i.e., the following can be used in [1] Section 6.3.2.2.1:
If pucch-GroupHopping equals 'enable' and if the higher-layer parameter dmrsUplinkTransformPrecodingPUCCH-r16 is configured and pi/2-BPSK modulation is used
[image: ]




where,  is the OFDM symbol number within the slot,  is the slot index within the radio frame, the pseudo-random sequence  is initialized at the beginning of each radio frame with  where  is given by the higher-layer parameter hoppingId  if configured, otherwise .

When the proposed sequence group hopping is used, we show collision in multiple DM-RS symbols can be avoided. In this first evaluation, in order to highlight the benefits, a pair of were selected where DM-RS collision happens within a radio-frame using the current specification. Figure 2 and 3 illustrate the merits of the proposed solution. 
[image: ][image: ]
Figure 2: Max pairwise cross-correlation of Length-12 CGS with current and proposed sequence group hopping for two fixed values of hoppingIDs.
[bookmark: _Hlk40360744][image: ][image: ]Figure 3: Max pairwise cross-correlation of Length-24 CGS with current and proposed sequence group hopping for two fixed values of hoppingIDs.


In order to provide a complete evaluation of the proposed hopping pattern, a larger simulation over 10,000 random pairs of , each over a radio frame of 10 slots is also shown in Figure 4. 
[bookmark: _Hlk40360961][image: ][image: ]Figure 4: Max pairwise cross-correlation of Length-12 CGS with current and proposed sequence group hopping
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Figure 5: Max pairwise cross-correlation of Length-24 CGS with current and proposed sequence group hopping
[bookmark: _GoBack]From Figures 4 and 5 we note that there is still a non-zero probability of sequence collision over multiple DM-RS symbols for the proposed hopping due to the finite set of 30 CGS sequences but the probability of the maximum cross-correlation going to 1 is extremely low when the per-symbol sequence group hopping is used. Finally, the overall cross-correlation profile is significantly improved for multiple DM-RS symbols.
Based on the evaluations and related discussions, we have the following text proposal for TS 38.211 to improve interference randomization for the case of length 12 and 24 CGS sequences. 
2.2. Text Proposal for 38.211 Section 6.3.2.2.1
	[bookmark: _Toc36026561][bookmark: _Toc29230302][bookmark: _Toc26459653][bookmark: _Toc19796427]6.3.2.2.1	Group and sequence hopping
The sequence group  and the sequence number  within the group depends on the higher-layer parameter pucch-GroupHopping:
-	if pucch-GroupHopping equals 'neither'



	where  is given by the higher-layer parameter hoppingId if configured, otherwise .
-	if pucch-GroupHopping equals 'enable’ and the higher-layer parameter dmrsUplinkTransformPrecodingPUCCH-r16 is not configured





	where the pseudo-random sequence  is defined by clause 5.2.1 and shall be initialized at the beginning of each radio frame with  where  is given by the higher-layer parameter hoppingId if configured, otherwise .
-	if pucch-GroupHopping equals 'enable’ and the higher-layer parameter dmrsUplinkTransformPrecodingPUCCH-r16 is configured and /2-BPSK modulation is used






	where the pseudo-random sequence  is defined by clause 5.2.1 and shall be initialized at the beginning of each radio frame with  where  is given by the higher-layer parameter hoppingId if configured, otherwise ,  is the OFDM symbol number within the slot and is the slot number within the radio frame.
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