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1 Introduction

For the completion of the UL DMRS specifications in Rel.10, the only outstanding issue is whether to introduce sub-frame level Sequence Group Hopping (SGH) in case cell-specific, slot-based, SGH is disabled by UE-specific higher layer signaling. The reason for disabling the cell-specific SGH in a UE-specific manner is to support UL MU-MIMO among UEs with unequal PUSCH transmission bandwidths (BWs). This has been shown to provide UL throughput gains and was the main justification for introducing the application of OCC to the UL DMRS in Rel.10. 
This contribution provides an overview for the motivation behind the introduction of slot-based SGH in Rel.8 and for the theoretically maximum benefits of (UE-specific) sub-frame based SGH compared to completely disabling SGH as in Rel.8.
2 Sequence Group Hopping

It is well known that slot-based SGH is critical for avoiding large cross-correlations among the CAZAC sequences used for the UL DMRS transmission and is preferable to CSH. Figure 1 presents the cross-correlation between a length-12 CAZAC sequence (1 PRB, source) and a length-36 CAZAC sequence (3 PRBs, interference) with slot-based SGH but without CSH (blue – the dependence on the actual CS is minimal and omitted for clarity) and without slot-based SGH but with CSH (red lines capturing the combinations for the different sequences indexes) [1]. It is easily observed that without tight sequence planning (which is typically not used in practice), CSH alone is not enough to avoid the occurrence of large cross-correlation values which can cause error floors. In fact, with slot-based SGH enabled, CSH has only a minor complementary role.
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Figure 1: Cross-correlation values with SGH and without CSH (blue) and with CSH and without SGH (red).
The only reason for considering disabling slot-based SGH in Rel-10 is for enabling MU-MIMO with unequal PUSCH BWs. This represents a different operating condition than those for the PUCCH or for the PUSCH with small PRB allocations. This is because MU-MIMO in general and MU-MIMO with unequal PUSCH BWs in particular, does not provide any meaningful throughput gains when applied to PUSCH transmissions with 1-2 PRB allocations. For larger CAZAC sequence lengths, even the maximum cross-correlations (without slot-based SGH) are comparable to the median/mean cross-correlations (with slot-based SGH) for the smallest CAZAC sequence lengths (Table 1). Additionally, with CSH, these maximum cross-correlation values will not be observed within a sub-frame. Therefore, with CSH but without slot-based SGH, the average cross-correlation experienced within a sub-frame for sequences with lengths above 24 (PUSCH allocations above 2 PRBs) will be noticeably smaller than the mean/median cross-correlation experienced with slot-based SGH and CSH for sequences of length 12 (used for the PUCCH transmissions which require the highest reliability). 
Table 1: Mean/Median and Maximum Cross-Correlations for the Smaller CAZAC Sequence Lengths.
	
	Mean x-corr (all CS)
	Median x-corr (all CS)
	Maximum x-corr (all CS)

	Length-12 CG 
	0.26
	0.24
	0.67

	Length-24 CG 
	0.18
	0.17
	0.52

	Length-36 EZC
	0.17
	0.16
	0.27

	Length-48 EZC
	0.14
	0.14
	0.29

	Length-60 EZC
	0.13
	0.13
	0.25

	Length-72 EZC
	0.12
	0.12
	0.23


Although Table 1 is not exhaustive and somewhat larger cross-correlations will exist among CAZAC sequences of different lengths, the average cross-correlation of sequences with lengths above 24 with CSH enabled and without slot-based SGH is always smaller than the mean/median cross-correlation of sequences with length 12 and SGH/CSH. Therefore, slot-based SGH is needed for length-12 and length-24 sequences but it is not necessary for sequence lengths of 36 and above, especially considering the existence of CSH. 
Sub-frame level SGH is theoretically meaningful for non-adaptive PUSCH retransmissions of MU-MIMO UEs with unequal BW only for the extremely unlikely/unrealistic scenario that the channel medium remains practically unchanged and that the dominant inter-cell interference is also from MU-MIMO UEs with unequal BWs (otherwise, slot-based SGH can be assumed to apply). This additionally implies that MU-MIMO with unequal PUSCH BWs is used for cell-edge UEs which is also not a typical case. 
In [2], the potential gains from sub-frame based SGH were evaluated in terms of the MSE for the channel estimate, UEs with low velocity (3 Kmph), and for a PUSCH transmission BW of 4 PRBs (which is small for MU-MIMO). The difference in the MSE of the channel estimates without SGH and with sub-frame based SGH is shown to be minimal, it will not have any noticeable impact on the difference of the corresponding BLERs, and will not have any impact in the system throughput even if the extremely unlikely scenario described above is universally assumed for all UEs.
3 Conclusions

This contribution reviewed the need for introducing sub-frame based SGH for UEs having slot-based SGH disabled by higher layer signaling (in order to support MU-MIMO with unequal PUSCH transmission BWs). Based on the analysis, there is no need to introduce sub-frame level SGH and, as in Rel.8, the UE may simply not perform any SGH when slot-based SGH is disabled.
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