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1. Introduction

Current working assumption on UL reference symbol is to place one OFDM RS per slot for the SC-FDM traffic band. Additionally, the frequency diversity can be supported with frequency hopping of allocated resource block per slot. However, the number of reference sequence available for 1 RB size is very small because maximum sequence length is just 12. Moreover, with Zadoff-chu sequence, root sequence index a1 of length N1 shows high correlation with root sequence index a2 of length N2 if the ratio a1/N1 becomes close to a2/N2. It means that the usage of N RB length RS sequence may cause severe error if no coordination is applied on the RS sequence usage per cell.
2. Effects of un-coordinated RS sequences

In this section, we investigate effects of un-coordinated RS sequences. We show the link performance results according to the cross-correlation values and compare the FER performance between sequence grouping and no sequence grouping according to the SIR. And also we present the sequence collision probability when UL RS random hopping is used.
The simulation parameters are seen in Table 1. 
Table 1. Simulation parameters

	Parameters
	Value

	Number of simulation
	20,000 TTIs

	Bandwidth
	5MHz

	Modulation & Channel coding
	QPSK R=1/3, QPSK R=1/2

	Desired RS
	1-RB (12 sub-carriers), Cyclic extension

	Interference RS
	3-RBs (36 sub-carriers), Cyclic extension

	Channel model
	TU 6

	UE speed (km/h)
	30 km/h

	Channel estimation
	DFT based interpolation

	Number of antennas
	Tx 1, Rx 2 (MMSE receiver)

	RS sequence index combination

according to the correlation value

(1RB,3RB)
	Correlation value=0.9 : (5,14)

Correlation value=0.7 : (1,3)

Correlation value=0.57 : (2,16)

Correlation value=0.5 : (3,29)

Correlation value=0.4 : (2,9)

Correlation value=0.3 : (4,4)


We assumed that both 1-RB for desired RS and 3-RBs of interferer are generated by cyclic extension as RS sequence generation method.
Figure 1, 2 and 3 show the FER performance according to the cross-correlation level (1RB and 3RB). From the simulation results shown in figure 1-3, large cross-correlation value above 0.7 have a significant FER performance degradation, which are unacceptable for normal operation. Comparing with the graph of cross-correlation 0.3, FER degradation becomes larger than 6dB at FER 10-1 point. Note that SIR of -3dB and 0dB is purposed to illustrate the cell edge environment. 
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(a) QPSK R=1/3



         (b) QPSK R=1/2

Figure 1. The FER performance according to the cross-correlation values for SIR=-3[dB]
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(a) QPSK R=1/3



          (b) QPSK R=1/2

Figure 2. The FER performance according to the cross-correlation values for SIR=0[dB]
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(a) QPSK R=1/3



          (b) QPSK R=1/2
Figure 3. The FER performance according to the cross-correlation values for SIR=3[dB]
In figure 4-5, we depict the FER performance with sequence grouping and without sequence grouping according to the SIR values. Slot based random sequence hopping is assumed for this simulation and the similar improvement still can be found with subframe based random hopping. We assume that high cross-correlation occurs one time per sequence hopping period.
From the simulation results shown in figure 4-5, the sequence grouping has brought performance improvement of approximately 3dB at FER 10-1 level as compared without sequence grouping.
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Figure 4. The FER performance between w/ sequence grouping and w/o grouping (SNR=10[dB])
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Figure 5. The FER performance between w/ sequence grouping and w/o grouping (SNR=20[dB])
Although we assumed somehow conservative value for high cross-correlation probability (10%), the actual probability can be much higher than 10%. Assuming single cell per Node-B and hexagonal cell scenario, we high correlation probability becomes
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,  where N is the number of available root indices for 1-RB.         (1)
Here, 
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. The probability can be about 94% for 10 root sequences. On the other hand, assuming 3-cell per Node-B and hexagonal cell scenario, the high correlation probability is
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Then this probability becomes about 70% for 10 root sequences. Therefore, simple randomization does not help to solve the high cross-correlation problem.
3. Approaches on UL RS sequence

Since the cross-correlation between different length RS sequences can be very large, E-UTRA air interface should provide way(s) to mitigate inter-cell interference below acceptable level. Otherwise decoding failure will frequently occur even under very good channel condition as shown in Section 2. Followings are possible candidates to RS interference mitigation: 

1) Full cell planning: Because there is small number of sequences (but enough to cell planning), cell planning will be required to reduce inter-cell interference due to RS sequences. However, cell planning with RS sequence becomes prohibitive if we consider all the combinations of RS sequence lengths and root sequence indices to place low correlation RS sequences to neighbouring cells. In addition, although the cell planning can be done exhaustively to lower the inter-cell interference, the correlation levels among different cells will not be same because cross-correlation is not constant and depends on the sequence combination (root index/ shift index).
2) Usage of different sequence type: If other sequences for UL RS are available, then they should show low cross-correlation between sequences of different length and low PAPR/CM property. Moreover, LTE system bandwidth is not fixed, all the RS sequences should be prepared for all possible RB length, where the sequence generation should not cause significant hardware/software complexity. 
3) Random sequence hopping: The simplest approach can be just hopping UL RS sequence (root index/shift index) so that the resultant cross-correlation level can be averaged over different cells. However, random hopping does not guarantee proper interference mitigation for all deployment scenarios. Particularly high cross-correlation can occur easily if neighbouring cells allocates different RB-size to each UEs.
4) Coordinated sequence hopping (sequence grouping): Random sequence hopping provides interference randomization, but does not prevent high-correlation at all. To prevent such high cross-correlation situation, the high cross-correlation pair shall not be used at neighbouring cells simultaneously. This can be easily obtained with sequence grouping [1][2][3], where high cross-correlation sequences are grouped first and the sequence hopping is performed based on the grouped sequence set. Therefore, if neighbour cell uses different group index, high correlation will not occur. However, even with sequence grouping, we should note that the cross-correlation between RS sequences with different length can be still significant. Therefore, we need to group index hopping to randomize the inter-cell interference.
Considering cell planning effort and effectiveness of inter-cell interference mitigation, we prefer to use coordinated(group) sequence hopping in any implementation form so that the resultant hopping does not cause very high inter-cell interference and guarantees packet decoding under good channel condition.
4. Conclusions

In this contribution, we investigated the effects of un-coordinated RS sequences and presented the necessity and effectiveness for sequence grouping through the link level performance results. And also we compared the several candidates to mitigate RS inter-cell interference for E-UTRA air interface due to high cross-correlation between RS sequences with different length. Since high cross-correlation between RS sequences of different length can cause decoding failure, we have to provide mitigation method of RS inter-cell interference for E-UTRA air interface. Based on cell planning effort and effectiveness on worst case reduction (very high interference), we prefer coordinated sequence hopping.
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