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1 Introduction

At the previous RAN1#56bis meeting, Ericsson proposed Costas arrays for PRS patterns and showed an example using MBSFN subframes ‎[1]. This document provides further examples of the proposed Costas arrays for use in normal subframes as well as MBSFN subframes.
2 Proposal

The arrays in all figures populate one resource block unless otherwise specified. With multiple resource blocks, each block would have one array. In the following we outline different cases with normal and extended CP for normal and MBSFN subframes. For all cases, PRS patterns may be generated with cyclic time and frequency shifts. If only frequency shifts are used, various reuse factors up to 12 can be achieved for all the cases outlined below. Reuse may be boosted further at the expense of coverage by using fewer symbols in time.
Extended CP, 7 free symbols: A pattern based on Costas arrays is shown in Figure 1. A subframe with extended CP is assumed with 7 free symbols usable for reference signals specific to positioning. There are 12 positioning RS in the array formed by placing two 6x6 Costas arrays interspersed with each other in alternate subcarriers. That is, subcarriers in the set {1, 3, 5, …, 11} in a RB carry one 6x6 Costas array (shown in light green in the figure) and subcarriers in the set {2, 4, 6, …, 12} carry the second 6x6 Costas array (shown in dark green in the figure). The two 6x6 arrays may be time and/or frequency shifted versions of each other. In Figure 1, the second 6x6 array is obtained by cyclically shifting the first one in time by 3 symbols. The two arrays together form an array with 12 symbols. Different cells would have different versions of the array shown in the figure obtained by cyclically shifting both the 6x6 patterns in time and frequency in the subcarriers and symbols that are used for the positioning RS. The subcarriers and symbols that will not be used for positioning RS are shown with different shadings in the figure. A different set of 6 subcarriers and 7 symbols may be chosen for populating the RB with the 12 pilot symbol pattern if necessary. The cyclic shifts between different cells occur modulo 6 subcarriers and modulo 7 OFDM symbols for each of the component 6x6 Costas. The same shifts are applied to both arrays when assigning patterns to a cell. Power boosting of up to 6 dB may be used which maintains the same power as is used for the DL RS. Optionally, the two 6x6 Costas arrays, shown using the light green and dark green resource elements in Figure 1, can be transmitted from different antennas in the same cell. The patterns shown in Figure 1 may also be used in any other scenario where 7 or more symbols are available.


[image: image1]
Figure 1: Extended CP – 7 free symbols
The 12 symbol pattern formed from two 6x6 Costas arrays shown in Figure 1 has the property that all cyclic time/frequency shifts of the sequence overlap in at most two symbols, i.e., each component 6x6 array overlaps in only one symbol with any of its cyclic shifts ‎[3]. This is ensured by the use of a 6x6 array constructed using the extended Welch method in 7 symbols, which is a prime number.  This leads to a perfect periodic Costas array, which limits the maximum number of overlaps to 1 ‎[3]. In addition, if only time shifts or frequency shifts of less than 6 subcarriers 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 6x7=42 total possible time/frequency shifts of the 12 symbol array formed from two component 6x6 arrays in Figure 1, leading to a total of 42 distinct sequences that overlap with each other in at most two symbols.

The maximum number of sequences in a set where all sequences are mutually orthogonal (related to the reuse factor) may be increased from 7 to 14 by using only one of the component 6x6 arrays in a cell and increasing the maximum power boosting to 9 dB to account for the fewer pilots in each symbol. One set of cells could use patterns in the subcarrier sets inhabited by the light green shaded pattern in Figure 1 while another set could use patterns in the subcarrier sets inhabited by the dark green shaded pattern. Within each set of cells a set of 7 mutually orthogonal sequences can be assigned to cells by applying only time shifts. If frequency shifts are used, the corresponding number of mutually orthogonal sequences in a set can be increased from 6 to 12. The number of overlaps between cells that are not assigned fully orthogonal sequences is reduced to 1 when only one of the component 6x6 arrays is used. 
The sequence of the type shown in Figure 1, derived from the superposition of multiple Costas arrays, can be described more precisely as follows. Let, sj,p = {sj,p(1), sj,p(2), …, sj,p(N)} be the N symbols in the subframe and fj,p = {fj,p(1), fj,p(2), …, fj,p(M)} be the M subcarriers in the resource block that are used by the jth pattern and the pth antenna port. The patterns transmitted are RxR Costas arrays, represented by the vectors cj,p = {cj,p(1), cj,p(2), …, cj,p(R)}, where R ≤ M and R ≤ N. Let 
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 denote the cell ID for a particular cell. Define the functions x(
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,j,p), of the cell ID, the Costas array pattern number and the antenna port, denoting the cyclic time and frequency shifts of the basic Costas patterns defined by the vectors cj,p that are used for the multiple Costas array patterns in the cell. The resource elements used by the positioning RS transmitted for the jth Costas pattern in the cell on the pth antenna port are then given by

{kj,p(i), lj,p(i)} = {sj,p(i+x(
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where {kj,p(i), lj,p(i)} are the time-frequency co-ordinates in the resource block of the R resource elements used for transmitting the positioning RS for the jth pattern on the pth antenna port in the cell with cell ID, 
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For the example in Figure 1, j ϵ {0, 1}, p = 0, s0,0 = {2, 4, 5, 7, 8, 10, 11}, s1,0 = {7, 8, 10, 11, 2, 4, 5}, f0,0 = {0, 2, 4, 6, 8, 10}, f1,0 = {1, 3, 5, 7, 9, 11}, c0,0 = c1,0 = {0, 2, 1, 4, 5, 3}, N=7, M=6, x(
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,0,0) ϵ {0, 1, …, 5}with the specific values depending on the time-frequency shift used by a cell. 
The patterns shown in Figure 1 in light green and dark green shading correspond to the patterns for j=0 and j=1 respectively. Alternately, the two patterns may be transmitted from two separate antennas. For this case, j = 0, p ϵ {0, 1}, s0,0 = {2, 4, 5, 7, 8, 10, 11}, s0,1 = {7, 8, 10, 11, 2, 4, 5}, f0,0 = {0, 2, 4, 6, 8, 10}, f0,1 = {1, 3, 5, 7, 9, 11}, c0,0 = c0,1 = {0, 2, 1, 4, 5, 3}, N=7, M=6, x(
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,0,0) ϵ {0, 1, …, 5}  with the specific values depending on the time-frequency shift used by a cell. 
Normal CP, 9 free symbols: Figure 2 assumes a normal subframe with 9 free symbols usable for reference signals specific to positioning. Different cells would have different versions of the array shown in Figure 2 obtained by cyclically shifting the 9x9 pattern in time and frequency in the subcarriers and symbols that are used for the positioning RS. The subcarriers and symbols that will not be used for positioning RS are shown with different shadings in the figure. It should be noted that a different set of 9 subcarriers and 9 symbols may be chosen for populating the RB with the 9x9 Costas array if necessary. The cyclic shifts occur modulo 9 rows and modulo 9 columns. The pattern shown in Figure 2 has the property that all cyclic time/frequency shifts of the sequence overlap in at most three symbols with a majority of the sequences overlapping in 2 symbols or less ‎[3]. 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. 
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Figure 2: Normal CP – 9 free symbols

Since any set of  sequences that are just cyclic frequency shifts of each other are completely orthogonal, the total number of 81 sequences may be split up into 9 groups of 9 mutually orthogonal sequences each that may then be used for reuse planning of the sequences between cell sites for maximum isolation between cells. Power boosting akin to that used on the cell specific reference signals may be used to improve performance. Power boosting of up to 9 dB can be used to maintain the same power as is used on the DL RS. Thus, there are a total of 9x9=81 total possible time/frequency shifts of the array in Figure 1, leading to a total of 81 distinct sequences that overlap with each other in at most three symbols. 

The pattern in Figure 2 can be described more precisely using the notation defined by setting parameters as follows. The number of arrays used is 1, i.e., j = 0 and the pattern is transmitted from one antenna, i.e., p = 0. Then, s0,0 = {2, 3, 5, 6, 8, 9, 10, 12, 13}, f0,0 = {0, 1, 3, 4, 5, 6, 7, 10, 11}, c0,0 = {0, 1, 5, 3, 8, 7, 4, 6, 2}, N=M=9, x(
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,0,0) ϵ {0, 1, …, 8} with the specific values depending on the time-frequency shift used by a cell.

An alternate 9x9 Costas array pattern constructed using the Welch method is shown in Figure 3. Here, cyclic shifts are performed modulo 11 subcarriers instead of 9 subcarriers. This leads to a greater number of patterns (11x9 = 99 instead of 81) with fewer overlaps on the average. The maximum number of overlaps is reduced to 2 with a majority of the sequence pairs having 0 or 1 overlap. 

This pattern may be described for transmission with one antenna by setting the parameters as follows. The number of arrays and antennas used is 1, i.e., j = 0, p = 0. Then, s0,0 = {2, 3, 5, 6, 8, 9, 10, 12, 13}, f0,0 = {0, 1, …, 11}, c0,0 = {0, 2, 6, 3, 8, 7, 5, 2, 4}, N=9, M=11, and x(
[image: image23.wmf]cell

ID

N

,0,0) ϵ {0, 1, …, 8}, y(
[image: image24.wmf]cell

ID

N

,0,0) ϵ {0, 1, …, 10} with the specific values depending on the time-frequency shift used by a cell.
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Figure 3: Normal CP – 9 free symbols
The pattern in Figure 3 may also be used with multiple antenna transmission with each antenna transmitting a shifted version of the pattern as shown in Figure 4.  The shift is chosen so that there are no overlapping symbols between patterns transmitted by antennas from the same cell. For example, for the pattern shown in Figure 4 with two antennas, the second antenna transmits the pattern transmitted by the first antenna shifted cyclically by 5 subcarriers. When the number of available cyclic shifts of the basic pattern are shared between two antennas, the number of distinct patterns with minimal overlap available for assignment to cells is proportionally reduced. In the figure, the frequency shifts are shared between the two antennas. Thus, with the two antenna patterns shown in Figure 4, distinct minimally overlapping two-antenna patterns can be assigned to 5x9=45 different cells. 
Using the notation defined, the pattern in Figure 4 may be precisely described as follows. The number of arrays used is 1, i.e., j = 0 and the number of antennas is 2, i.e., p ϵ {0, 1} . Then, s0,0 = s0,1 = {2, 3, 5, 6, 8, 9, 10, 12, 13}, f0,0 = f0,1 = {0, 1, …, 11}, c0,0 = c0,1 = {0, 2, 6, 3, 8, 7, 5, 2, 4}, N=9, M=11, x(
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,0,p) ϵ {0, 1, …, 10} with the specific values depending on the time-frequency shift used by a cell.
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Figure 4: Normal CP – 9 free symbols – 2 antenna Tx
It should be noted that the pattern shown in Figure 1 may also be used in 7 of the 9 free symbols in Figure 2. Here, there are no unused subcarriers and there are two additional unused symbols. Transmission with two antennas may be achieved by transmitting the different arrays in Figure 1 with different antennas.

Normal CP, 7 free symbols: The array in Figure 1 and its variations discussed above can be used in the 7 free symbols.

Normal CP, 6 free symbols: The array in Figure 1 and its variations can be used in the six free symbols. Cyclic rotations are now done modulo 12 subcarriers and 6 symbols. The maximum number of overlaps for the 12-symbol sequences that are both time and frequency shifted relative to each other increases to 4 symbols although a majority of the cases will be 2 symbols or less.

MBSFN Subframe: A Costas array for PRS patterns in MBSFN frames was proposed in ‎[1]. An alternate pattern based on a different Costas array is shown in Figure 5. A Costas Array of length N=10 is used. The array in Figure 5 populates one resource block. With multiple resource blocks, each block would have one array. Cyclic rotations are done modulo 11 subcarriers and modulo 10 symbols yielding 110 different sequences with a maximum of one overlapping symbol between any pair of sequences. This is due to the use of a 10x10 array constructed using the extended Welch method in 11 subcarriers and 10 OFDM symbols which results in a perfect periodic Costas array ‎[3]. Ten sets of 11 mutually orthogonal sequences can be formed. 

[image: image33] 
Figure 5: modified MBSFN subframe
The pattern in Figure 5 is used with one antenna. It may be extended to multiple antennas with each antenna transmitting a cyclic shift of the pattern shown in Figure 5 in the same manner as the pattern in Figure 3 was extended to two antennas as shown in Figure 4. 

The pattern in Figure 5 can be described more precisely using the notation defined above by setting parameters as follows. The number of Costas arrays and antennas used is 1, i.e., j = 0 and p = 0. Then, s0,0 = {2, 3, …, 11}, f0,0 = {0, 1, …, 10}, c0,0 = {0, 1, 3, 7, 4, 9, 8, 6, 2, 5}, N=10, M=11, x(
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,0,0) ϵ {0, 1, …, 10} with the specific values depending on the time-frequency shift used by a cell.
In an alternate design, the 10x10 array may be replicated across all resource blocks without coordination with resource block boundaries. In this case cyclic rotations are done modulo 10 subcarriers and 10 symbols yielding 100 different sequences with any pair of sequences overlapping in a maximum of two symbols.
3 Conclusion

The use of Costas arrays of the type shown in the figures can provide a very large number of cell specific patterns with minimal overlap between them. The patterns are generated using cyclic time and frequency shifts. When only frequency shifts are used, various reuse factors up to 12 may be achieved to improve SINR. Reuse may be boosted further by using fewer symbols in time. Due to their design, Costas patterns generated using only frequency shifts have very few adjoining symbols in time which is desirable with larger cell sizes. Costas arrays exist for all the sizes of interest and pilot sequences based on Costas arrays can be readily designed when the number of free symbols in a low interference subframe differs from the cases presented above.
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