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1 Introduction
During the recent two meetings, RAN1 has discussed positioning for LTE, focusing on DL OTDOA. At RAN1#56, the following was agreed for DL OTDOA:

UE OTDOA DL Measurement

· based on RS

· FFS whether modified RS (or sync signals) for positioning are needed

· in designated subframes with low interference (e.g. MBSFN subframes)

· FFS density in time and frequency

Email discussion to next meeting on simulation assumptions. 

Evaluations should also consider synchronized and non synchronized cells.

This contribution presents results on the cross-correlation properties of the current DL RS signals. New reference signals that may be used in low interference subframes for positioning are described and cross-correlation properties of these signals are presented. Cross-correlation properties are important in synchronous networks. However, the properties of the sequences are also investigated in asynchronous networks where the low interference subframes may be unaligned.
2 Discussion

An important factor that determines positioning performance is the hearability of distant base stations. The use of low interference subframes improves this in general by suppressing interference from data transmissions in the system. However, the correlation properties of sequences then determine performance. Auto-correlation properties have an impact on time of arrival (TOA) estimation performance in the presence of delay spread. A better auto-correlation function enhances the resolvability of multipath. Cross-correlation properties determine the level of interference from neighboring sites transmitting different reference signals when the low interference subframes from different cells are partially or fully aligned. Thus, in order to characterize system performance of positioning, it is necessary to investigate the correlation properties of the reference signals being used. In the following, it is assumed that the low interference subframes are fully aligned unless stated otherwise.
2.1 Correlation properties of DL RS signals
This section presents the correlation properties of the cell-specific reference signals used in a normal subframe. It is assumed that no other data is transmitted in the subframe. Figure 1 shows the auto-correlation of a DL RS and cross-correlation with two other sequences, one which is transmitted in a different frequency shift from the desired sequence and the other which is transmitted in the same locations as the desired signal. A power boost of 6 dB is used on the reference signals. The correlation functions are shown without the effect of any channel. The correlation properties are shown over a +/- 50 microsecond window and +/-5 microsecond window. The TOA estimator can typically be restricted to search within an uncertainty window that depends on the cell size and other factors. These figures give a glimpse of the levels of interference from other sites that may be seen with different uncertainty windows for TOA estimation.
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Figure 1: Correlation properties of a sample set of DL RS signals. 
Figures 2 and 3 show the corresponding figures when an ETU channel at a vehicle speed of 30 kmph and an EPA channel at a speed of 3 kmph, respectively, is applied to the signals from all three sites.
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Figure 2: Correlation properties of a sample set of DL RS signals in a ETU channel with a vehicle speed of 30 kmph
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Figure 3: Correlation properties of a sample set of DL RS signals in a EPA channel with a speed of 3 kmph
The figures show that the cross-correlation properties are quite good when the RS occupy different resource elements (red curve). However, when the RS occupy the same resource elements, the cross-correlation is not as good especially in the presence of mobility and delay spread. 
In the next sub-section we present an alternate set of sequences that may be used within low interference subframes for positioning and presented the correlation properties exhibited by these sequences.
2.2 RS sequences for positioning

In addition to desirable auto-correlation and cross-correlation properties, it is also useful if the number of sequences available with good cross-correlation properties can be made large so that more cell sites can transmit simultaneously. This effectively reduces the number of resources that needs to be allocated to low interference subframes thus reducing data capacity loss. It is also apparent from the results on the current cell-specific DL RS signals that the presence of delay spread and mobility has an impact on the cross-correlation of sequences that use the same resource elements. On the other hand, sequences that use different resource elements and are positionally orthogonal have very good cross-correlation properties. In this section we present a set of sequences based on Costas arrays that are well suited for application in low interference subframes. The resource elements used by sequences in this set intersect minimally with the resource elements used by other sequences in the set while allowing a large set of sequences to be defined.
2.2.1 Costas Arrays - Background

The design of reference signals for OFDM systems based on a Costas Arrays [1] has been proposed in [2]. Such reference signals based on Costas may be used to satisfy the above criteria. A Costas array can be viewed as a set of N points in an NxN array so that each row or column contains only one point and so that all the 
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displacement vectors between each set of points are distinct. This property allows all time/frequency shifts of the pattern to have minimal overlaps between them. Figure 4 shows a simple Costas array of length 6 for the purpose of illustration.
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Figure 4: A 6x6 Costas array pattern

For the problem of interest, the horizontal direction represents OFDM symbols in time and the vertical direction represents frequency subcarriers. The Costas array in figure 4 has the property that all cyclic shifts in time and frequency have at most 2 coincidences with the original pattern. Thus, the pattern has a uniqueness property that is not present with regular patterns. Figure 5 illustrates the coincidences between shifts of the Costas array [2]. The 6x6 base pattern is repeated once in time and frequency to form a 12x12 overall pattern. This base pattern is represented by the squares shaded in black in the figure. A time-frequency shifted version of the pattern is super-imposed on the original pattern and is represented in red with the shift being one subcarrier in frequency and two symbols in time. 

[image: image9.emf]
Figure 5: Periodic sidelobes distribution array (SDA) of a Costas array

Inspection of the 6x6 array within the black border in the figure shows that there are two collisions between the shifted pattern represented in red and the base pattern represented in black. The number of collisions for various time and frequency shifts, referred to as the sidelobe distribution array (SDA), is shown in the right hand side of the figure. The number of collisions for the particular shift shown in the left hand side of the figure is circled in the SDA. In the SDA shown on the right, blank squares indicate zero collisions. 
With certain construction methods, it is possible to design sequence sets that intersect with other sequences in at most one position.
2.2.2 RS for low interference subframes based on Costas arrays

The exact Costas Array pattern used will depend on some design choices for the low interference subframe, for example, on the choice between normal and MBSFN subframes. However, in order to illustrate the use of Costas Arrays, we use the example of an MBSFN frame. A candidate Costas Array of length N=10 that may be used is shown in Figure 6.
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Figure 6: Costas Array of length N=10 for use in a low interference subframe as a modified MBSFN subframe
The array in Figure 6 populates one resource block. With multiple resource blocks, each block would have one array. Alternately, the 10x10 array may be replicated across all resource blocks without coordination with resource block boundaries. In this case, there are no empty subcarriers. This option is used in the evaluations presented in the remainder of the document. Different cells would have different versions of the array shown in Figure 14 obtained by cyclically shifting the 10x10 pattern in time and frequency. The shifts occur modulo 10 rows and modulo 10 columns. The pattern shown in Figure 6 has the property that all cyclic time/frequency shifts of the sequence overlap in at most two symbols with a majority of the sequences overlapping in less than two symbols [2]. In addition, if only time shifts or frequency shifts are used, there is no overlap between patterns. Some pairs of patterns that are both time and frequency shifted are also orthogonal. Thus, there are a total of 10x10=100 total possible time/frequency shifts of the array in Figure 6, leading to a total of 100 distinct sequences that overlap with each other in at most two symbols. For the array shown in Figure 6, each sequence is orthogonal to 30 other sequences, overlaps with 48 other sequences in only one location and overlaps with 21 other sequences in two locations. By shifting only in time or frequency, a set of 10 mutually orthogonal patterns may be obtained. 
As mentioned earlier if time and frequency shifts are used, frequency shifting is done modulo 10 rows. Since any set of 10 sequences that are just cyclic frequency shifts of each other are completely orthogonal, the total number of 100 sequences may be split up into 10 groups of 10 mutually orthogonal sequences each that may then be used for reuse planning of the sequences between cell sites for maximum isolation between cells. While each sequence is orthogonal to every other sequence in its group, it is also orthogonal with 20 other sequences from the other groups. Power boosting akin to that used on the cell specific reference signals may be used to improve performance.

It should be noted that Costas arrays similar to that shown in Figure 5 can be readily designed for use in a normal subframe that is used as a low interference subframe as well. The use of Costas arrays of the type shown in Figure 5 can provide a very large number of cell specific patterns with minimal overlap between them thus allowing operation at higher loads, i.e., with fewer subframes allocated to low interference subframes.

Figures 7-9 show the correlation properties of the proposed Costas array patterns in the same conditions as used for Figures 1-3 with the cell-specific DL RS. A higher power boost of 8.22 dB is used to keep the power transmitted in a symbol the same as for the DL RS. 
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Figure 7: Correlation properties of a sample set of the positioning RS signals based on Costas Arrays
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Figure 8: Correlation properties of a sample set of the positioning RS signals based on Costas Arrays in an ETU channel with a vehicle speed of 30 kmph. The channel realization is the same one used in Figure 2.
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Figure 9: Correlation properties of a sample set of the positioning RS signals based on Costas Arrays in an EPA channel with a speed of 3 kmph. The channel realization is the same one used in Figure 3.
To characterize the improvements obtained in cross-correlation values with the proposed sequences, the cumulative distribution function (CDF) of the maximum cross-correlation value within the uncertainty window is plotted. Figure 10 shows the CDF of the correlation values for a sample non-orthogonal DL RS sequence pair and for a sample non-orthogonal Costas sequence with overlaps of one and two resource elements in an EPA channel with a speed of 3 km/hr.  The figure on the left measures the maximum correlation value over an uncertainty window of +/-5 microseconds while the figure on the right measures the value over a window of +/-50 microseconds. Figure 11 shows the corresponding figures for the ETU channel with a speed of 30 km/hr. The figures show two curves for the Costas sequence pairs. One curve represents the correlation between two sequences that only have one overlap. The second curve represents the correlation when the pair of sequences have two overlaps. As expected, the sequence pairs with fewer overlaps exhibits better cross-correlation properties.  It should be noted that correlations for the completely orthogonal sequence pairs are not plotted both for the Costas and the DL RS sequences since the correlation values are extremely low. However, the proposed Costas sequences have a much higher incidence of orthogonal sequence pairs than the DL RS. 
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Figure 10: CDF of maximum cross-correlation value within an uncertainty window of 10 and 100 microseconds for the EPA channel with speed of 3 km/hr.
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Figure 11: CDF of maximum cross-correlation value within an uncertainty window of 10 and 100 microseconds for the ETU channel with speed of 30 km/hr.
The figures show that the cross-correlation properties are better than those for the DL RS sequences. The improvements vary anywhere between 4-6 dB depending on the sequence pairs and the channel realization.
The above gains are realized when the low-interference subframes are time-aligned between cells. When such time alignment is not used, the gains with the Costas sequences will naturally be lower since the interfering signal is a data signal that does not necessarily have as good cross-correlation properties with the reference signal. However, some gains may still be expected with the Costas sequence since it is transmitted in more OFDM symbols within the subframe, thus allowing it to aggregate more energy. This could help against non-boosted data interference and noise. In order to measure the potential gains, cross-correlations of the Costas sequence and the DL RS with random data transmitted in interfering subframes were evaluated. Figure 12 shows the results for the EPA and ETU channels at speeds of 3 km/hr and 30 km/hr respectively. The figures show that a gain is still realized when low-interference subframes are not aligned across cells, although the gains are smaller than those possible for networks where interference subframes are aligned.
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Figure 12: CDF of maximum cross-correlation value within an uncertainty window of 10 and 100 microseconds for the EPA and ETU channels with speeds of 3 km/hr and 30 km/hr respectively. Low interference subframes are not aligned between cells.
3 Conclusion

This contribution presented some results on the correlation properties of DL RS sequences. A new set of sequences for use in the low interference subframes based on Costas arrays was proposed. The proposed sequence set is large with 100 possible sequences with robust correlation properties. The cross-correlation properties of the sequences improve upon those of the DL RS sequences. The proposed set may be used for positioning if new RS are required. 
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