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1 Introduction
During the recent two meetings, a number of different PRS patterns were proposed in [1]-[7]. And a way forward on PRS pattern [8] has been agreed during the last meeting. Some conclusions have been reached as following:
· High frequency/time reuse, at least 6
· PRS transmitted from 1 antenna port

· At least one PRS RE per OFDM symbol that is not occupied by CRS in a PRB for normal subframes if only frequency reuse is supported.

· In case of time reuse is supported FFS

· MBSFN subframes have the same PRS pattern as normal subframes

· Same pattern used in all PRBs used for positioning in frequency dimension in one subframe

· Practical receiver dynamic range limitations should be considered

· PRS pattern generated from a function based on PCI 

· PRS pattern time varying between different subframes or not (FFS)
From the way forward, some restrictions on PRS pattern can be drawn as the guideline for pattern design. In this contribution, we discuss the factors that would impact the correlation property of the pattern and propose some principles on the PRS pattern design. An example of patterns that follow these principles is also provided.
2 Discussion
Many methods have been proposed for PRS pattern designing, including regular patterns, random patterns and Modular sonar or Costas sequences based patterns. The properties of these patterns have been summarized in [9]. However, some issues need to be considered when specifying the PRS pattern design. In this section, the following aspects are addressed:
1. The distribution of PRSs in frequency dimension
2. The influence of frequency reuse factor

3. The number of PRS REs in each OFDM symbol

2.1 The distribution of PRSs in frequency dimension
While considering the distribution of PRSs in frequency dimension, all the proposed PRS patterns can be divided into two categories, namely equidistant frequency spacing and non-equidistant frequency spacing. The equidistant frequency spacing means that in each OFDM symbol the distance in frequency between neighboring REs is the same. Such patterns can be found in [1] and [3]. For non-equidistant frequency spacing, different distance in frequency may exist between neighboring REs. Such patterns can be found in [7] and [5] for extended CP.
To compare the performance of these two kinds of distribution, the aperiodic auto-correlation properties are investigated. It is well known that for accurate time of arrival (TOA) estimation, the PRSs should exhibit good auto-correlation properties. For the simulation results given here, we assume 10MHz bandwidth and normal CP. Without lose of generality, the PRS sequences we used is the same as that for CRS. 2 out of every 12 REs are defined as the positioning REs. That is, for evenly spaced pattern, the distance in frequency between neighboring REs is 6 (reuse factor of 6). While for un-evenly spaced pattern, the distance between neighboring REs is not 6.
Figure 1 shows the auto-correlation of the even spaced PRS for one OFDM symbol. Figure 2 shows the corresponding results when two PRSs are concatenated within a PRB. Other plots reflecting the correlation property of un-evenly spaced patterns are given in Appendix. In the appendix, the distance between neighboring REs for PRS within one RB are from 1 to 4 REs. It can be seen that the auto-correlation of un-evenly spaced PRS has many sidelobes, which will largely influence the accuracy of ToA estimation. And the auto-correlation is improved if the PRSs are placed with equidistant frequency spacing.
[image: image1.jpg]it i i
0 0 20 30 40 S0 e 700 eo @0 1000

chip



   [image: image2.jpg]0 a0 s e 700 eno @0 1000
chip




Figure 1: Autocorrelation for even spaced PRS (1 symbol)      Figure 2: Autocorrelation for un-even spaced PRS (1 symbol)
For further investigation, we also consider the PRSs distributed in concatenated 9 OFDM symbols. The PRSs are staggered in frequency in different OFDM symbols. Each OFDM symbol has the same PRSs distribution shape. The auto-correlation property of the even spaced pattern and un-even spaced pattern with two PRSs are concatenated within a PRB is shown in Figure 3 and Figure 4 correspondingly. As expected, while the PRSs are extended to multiple OFDM symbols, the pattern with evenly spaced PRS exhibits better auto-correlation properties. 
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Figure 3: Autocorrelation for even spaced PRS (9 symbol)      Figure 4: Autocorrelation for un-even spaced PRS (9 symbol)
Furthermore, the equidistant frequency spacing of PRS REs within each OFDM symbol makes possible to exactly predict PAPR properties of OFDM symbols in time domain.
Proposal: It is preferable from an auto-correlation property perspective that the REs for PRS be distributed with equal spacing in the frequency dimension.
2.2 Frequency reuse factor
According to the agreed way forward, frequency reuse factor of at least 6 is required. At the same time, considering the restriction 
 “At least one PRS RE per OFDM symbol that is not occupied by CRS in a PRB for normal subframes if only frequency reuse is supported”
The frequency reuse factor should not be lager than 12. Therefore, the range of frequency reuse factor is between 6 and 12. In addition, to satisfy the agreement
“Same pattern used in all PRBs used for positioning in frequency dimension in one subframe”
The pattern should be repeated in frequency dimension every 12 subcarriers. Then only reuse 6 and 12 are possible for the PRS pattern. 

It is well known that the distance of REs belonging to PRS in frequency determines the PRS period in time, which then contributes to the autocorrelation sidelobes. This conclusion is also true while the PRS is designed on several contiguous OFDM symbols with different staggering. 
In the following simulation, we compare the autocorrelation of the PRS with reuse factor of 6 and 12 respectively.  Figures 5-6 show the correlation properties of the patterns in the same conditions as used for Figures 3-4 with different reuse factor. It can be seen that the auto-correlation is improved if the reuse factor changed from 12 to 6. The result is less side-lobes, which will translate into better TDOA estimation. The reason is that within each OFDM symbol the signal is repetitive due to the even spacing of REs. And this kind of repetition might contribute to increased out-of-phase autocorrelation peaks when a repetitive segment of the correlator reference signal matches one of the same segments in the corresponding OFDM symbol of the received signal.
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Figure 5: Autocorrelation for pattern with reuse 6                       Figure 6: Autocorrelation for pattern with reuse 12
Proposal: Reuse 6 and 12 are reasonable for the PRS pattern. It is desirable that RE distance in frequency of PRSs is as small as possible. Thus reuse 6 is recommended.
2.3 The number of PRSs in each OFDM symbol

In PRS pattern design, an important issue is that the pattern should facilitate the sequence designed. A basic demand is that in each OFDM symbol occupied by PRS, the number of REs allocated for PRS should be the same. This property can reduce the complexity of sequence generation. At the same time, it makes possible to exactly predict the values of correlation functions of PRS. 

Proposal: It is preferable from PRS generation point of view that the PRS pattern has the same frequency reuse factor for OFDM symbols that are occupied by PRS.
3 Baseline PRS pattern design
Based on the previous analysis, in this section we discuss how to design PRS pattern of different sizes. It has been agreed in the way forward that “MBSFN subframes have the same PRS pattern as normal subframes”. A straightforward way is to design a “baseline pattern” with certain size. Then all the other sizes can be derived from it to fit into different subframes. For example, through truncating or puncturing we can obtain the pattern for MBSFN subframe, normal CP and extended CP.
The baseline pattern can be derived from Costas array or Modular Sonar since they can generate more low interference patterns than regular patterns. 
Following are two examples about pattern design based on Costas sequence. 
Example 1: pattern with frequency reuse of 6
Taking a subframe with two control symbols for instance, when 2Tx antennas are assumed, the numbers of OFDM symbols available for PRS transmission are 10,9 and 7 corresponding to the MBSFN subframe, normal CP and extended CP.
We first consider a time-frequency resource of 6x10. An example for the proposed structure is illustrated in Figure 7. 

[image: image7.emf]
Figure 7: Illustration of PRS 
The proposed PRS patterns are based on the structure of Costas arrays. It is well known that Costas array can only construct square reference patterns. In order to generate a 6x10 PRS pattern, in our design, two different Costas arrays of length 6 are used. For example, {5,2,4,3,1,0} and {0,1,5,3,2,4}. The elements in the sequence set denote the position of the PRS in frequency. By getting rid of the last columns of the first Costas array, we obtain the final PRS pattern as show in Figure 7. 
By cyclic shifting the pattern in time and frequency, there are a total of 6x10=60 possible different patterns. Different cells can be assigned with different versions. To show the collisions property between various time and frequency shift patterns, we studied the SDA (sidelobe distribution array) of the proposed array, as show in Figure 8.
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Figure 8: Sidelobes distribution array (SDA) of the proposed array

From the SDA we can draw the following conclusion: 
· There are a total of 6x10=60 total possible time-frequency shifts of the array, leading to a total of 60 distinct sequences that overlap with each other in a few locations. Each sequence overlaps with 2 other sequences in three locations.
· If we restrict the time shift to 5, and the frequency shift to 4, then we can get 30 total distinct sequences that overlap with each other in at most two symbols.
Correspondingly, the PRS in a MBSFN RB pair is illustrated in Figure 9. The frequency reuse of the proposed pattern is 6. And it can provide more low interference patterns compare with the regular patterns. 
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Figure 9: PRS in MBSFN subframe

Figure 10 assumes a normal subframe with 9 free symbols available for PRS. The proposed 6X10 cyclic time-frequency shifting patterns by truncating of last 1 column can be allocated to different cells. Similar truncating method can be deduced to subframe with extended CP. As shown in Figure 11, the last 2column of the time-frequency shifting patterns were truncated. It is obvious that the performance in term of low collision is preserved after puncturing. 

[image: image9.emf]Cell specific RS

PCFICH/PHICH/PDCCH

PRS

                        
[image: image10.emf]Cell specific RS

PCFICH/PHICH/PDCCH

PRS


Figure 10: PRS for normal CP                                       Figure 11: PRS for extended CP
Proposal 2: pattern with frequency reuse of 12
We can also generate a 12x12 baseline pattern formed from a Costas array of length 12 shown in Figure 12. In this example the reuse factor is 12. (Baseline pattern can also be defined for reuse of 6.) Thus, there are a total of 12x12=144 total possible cyclic time-frequency shifts of the array. As an example shown in Figure 13-15, the last 2 columns of the cyclic time-frequency shift patterns can be truncated to fit MBSFN subframe. While for normal CP, the columns corresponding to the CRS OFDM symbols are punctured. For extended CP, we first truncate the last 2 columns of the baseline pattern and then do the same thing as the normal CP.
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Figure 12: A 12x12 Costas array pattern                         Figure 13: PRS in MBSFN subframe (reuse of 12)
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Figure 14: PRS for normal CP (reuse of 12)                 Figure 15: PRS for extended CP (reuse of 12)
Note that for each type of subframe, all the patterns are pruned at the same columns. So the new patterns have the same collision property as Costas array that all patterns overlap in at most two symbols with a majority of the sequences overlapping in less than two symbols.
4 Conclusions
Based on the discussion in this contribution, it is proposed to discuss and agree on the following principles for PRS pattern designing:
· The RE for PRS be distributed with equal spacing in the frequency dimension.
· Frequency reuse factor of 6 and 12 are reasonable for the PRS pattern (Considering that RE distance in frequency of PRSs should be as small as possible, reuse 6 is recommended).
· The PRS pattern has the same frequency reuse factor per OFDM symbol that is occupied by PRS.
It is also proposed to derive the PRS patterns of various sizes from a baseline pattern.
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Figure 16: Autocorrelation for un-even spaced PRS (1 symbol), with 1RE distance of neighboring RE in one RB
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    Figure 17: Autocorrelation for un-even spaced PRS (1 symbol), with 2RE distance of neighboring RE in one RB
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Figure 18: Autocorrelation for un-even spaced PRS (1 symbol), with 3RE distance of neighboring RE in one RB
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Figure 19: Autocorrelation for un-even spaced PRS (1 symbol), with 4RE distance of neighboring RE in one RB
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Figure 20: Autocorrelation for un-even spaced PRS (9 symbol), with 1RE distance of neighboring RE in one RB
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Figure 21: Autocorrelation for un-even spaced PRS (9 symbol), with 2RE distance of neighboring RE in one RB
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Figure 22: Autocorrelation for un-even spaced PRS (9 symbol), with 3RE distance of neighboring RE in one RB
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Figure 23: Autocorrelation for un-even spaced PRS (9 symbol), with 4RE distance of neighboring RE in one RB
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