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1 Introduction
The UE measurements for OTDOA should be based on reference signals transmitted in designated subframes with low interference [1]. The LTE CRSs could be reused for this purpose but it is also considered to define a new set of reference signals for positioning. Such positioning reference signals (PRSs) are defined by a time-frequency pattern describing the resource element positions utilized for its transmission, and a sequence modulating these resource elements. 
In this contribution, we discuss the design and objectives of the PRS and the modulation sequence.   
2 Properties for Positioning Reference Signals
2.1 Number of PRSs

According to [1], the UE may receive information from the serving cell of a candidate set of PRSs to search for and the relative transmit timing of the corresponding cells. The PRSs in any candidate set should be unique for accurate and unambiguous time-of-arrival estimation. If the number of PRSs is the same as the number of cell IDs, obviously the PRSs in a candidate set can be made unique by a one-to-one mapping between the cell ID and PRS. On the other hand, if the number of PRSs is smaller than the number of cell IDs, some additional network planning of assigning PRSs to cells may be needed to assure that a sufficient number of unique candidate sets can be formed in the system. Hence, it is essential to agree on the number of PRSs in order to proceed onto a PRS design. 
The PRS is given by a time-frequency pattern and a modulation sequence. Both these degrees of freedom can be used for defining the sufficient number of PRSs. 
2.2 Peak-to-average power ratio of PRSs

A large PAPR will reduce the possibility of power boosting the PRS, hence directly impacting the hearability of the cells. If no PDSCH is scheduled in the PRS subframe, the subcarriers may at some instants co-phase and create very large PAPRs. This particularly becomes a problem if there is no modulation sequence, i.e., if all REs in the time-frequency pattern are modulated with a same value. The peak power may then reach the sum power of all active subcarriers. 
As an example, we consider the time-frequency pattern obtained from the 10x10 Costas array of [2] repeated 120 times over a 20 MHz bandwidth. The PAPR became 20.9 dB if no modulation sequence was used. For a set of pseudo-random QPSK sequences, the average PAPR became 8.1 dB. Further improvement could be achieved by Zadoff-Chu sequences. Fig. 1 contains the PAPRs for different ZC sequences of length 120, mapped to the resulting time-frequency pattern. The sequence modulates the 120 REs used in an OFDM symbol.
As a further example, we consider the time-frequency pattern obtained from the 12x10 MBSFN subframe E-IPDL RS of [3], repeated 100 times over a 20 MHz bandwidth. The PAPR became 23.2 dB if no modulation sequence was used. For a set of pseudo-random QPSK sequences, the average PAPR became 8.9 dB. Fig. 1 also contains the PAPRs for different ZC sequences of length 200, mapped to the resulting time-frequency pattern. The sequence modulates the 200 REs used in an OFDM symbol.
Hence, some form of modulation sequence should be used to reduce the PAPRs. It is also desirable that the sequence has constant magnitude.
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Figure 1. PAPR for PRSs obtained from Zadoff-Chu sequences mapped to the time-frequency patterns of [2] and [3], respectively.  
2.3 Correlation properties for PRSs 
For accurate time-of-arrival estimation, the PRSs should exhibit good auto-correlation properties. In addition, to mitigate inter-cell interference between PRSs, it is also important that low cross-correlation is achieved. Thus, in addition to the PAPR reduction objective, the modulation sequence should generate signals with good correlation properties. For this, different modulation sequences could be used in the different OFDM symbols of the PRS subframe. For example, considering the ZC sequences, different sequence indices u, could be used in the different OFDM symbols. Alternatively, one single ZC sequence could be used in all OFDM symbols but with additional manipulations such as linear phase modulations
 or cyclic shifts. In the following we consider the latter method, i.e., applying different cyclic shifts of the ZC sequence in the frequency domain. 

The following figures contain examples of the aperiodic auto- and cross-correlation functions of the 10 OFDM symbols defining the PRS signal, assuming extended cyclic prefix. Two PRSs are considered (sequence indices 
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), both occupying the same set of REs. For the Costas array based time-frequency pattern of [2], the sequence length is
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, and correspondingly for the E-IPDL RS of [3], the sequence length is
[image: image5.wmf]200

=

ZC

N

. The sequence shifts could be chosen in different ways. In these examples, the sequence shifts are determined from RE indices of the time-frequency pattern and the OFDM symbol number. The sequence shift in OFDM symbol
[image: image6.wmf]{

}

9

,

,

1

,

0

K

Î

n

 is selected as 
[image: image7.wmf])

(

*

)

(

)

(

d

n

n

F

n

v

+

=

, where 
[image: image8.wmf])

(

n

F

denotes a RE frequency position in OFDM symbol n. For the time-frequency pattern of [2],
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and for the time-frequency pattern of [3] we use
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. The first PRS (
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From Fig. 2 and Fig. 3, it can be seen that the auto-correlation is improved if different sequences (i.e., cyclic shifts of the same sequence in this case) are used in the different OFDM symbols. The result is lower side-lobes, which will translate into better TDOA estimation. Thus, regardless if modulation sequences will be needed for generating several PRSs from the same time-frequency pattern, a PRS should utilize different modulation sequences in the OFDM symbols of the PRS subframe to improve the auto-correlation.
Fig. 4 and Fig. 5 contain the cross-correlations, which also are improved from the use of different modulation sequences in the PRS subframe. The main-lobe is suppressed several dBs from the usage of multiple modulation sequences within a PRS. Hence, multiple PRSs with low cross-correlation can be generated from a same time-frequency pattern using different modulation sequences. 
The dominant false peaks in these plots are to a main extent originating from the presence of the cyclic prefix and the periodicity resulting from transmitting only on every 10:th or 6:th subcarrier. 
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Figure 2. Aperiodic autocorrelation for E-IPDL RS [3], without and with cyclic shifts of one ZC sequence.
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Figure 3. Aperiodic autocorrelation for Costas array [2], without and with cyclic shifts on one ZC sequence.
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Figure 4. Aperiodic crosscorrelation E-IPDL RS [3], without and with cyclic shifts of one ZC sequence.

[image: image16.emf]-200 -100 0 100 200

-40

-35

-30

-25

-20

-15

-10

-5

0

Timing offset [micro sec.]

Aperiodic crosscorrelation

ZC w. cyclic shifts

-200 -100 0 100 200

-40

-35

-30

-25

-20

-15

-10

-5

0

Timing offset [micro sec.]

Aperiodic crosscorrelation

ZC w/o cyclic shifts


Figure 5. Aperiodic crosscorrelation for Costas array [2], without and with cyclic shifts on one ZC sequence.

The same plots are also contained in Appendix, zoomed in to a narrower time window. These figures also corroborate the above conclusions.

3 Conclusions
This contribution shows that the time-frequency pattern of the PRS should be modulated by a sequence for the purpose of improving the PAPR and correlation properties.

Usage of different modulation sequences in the different OFDM symbols in the PRS subframe improves the auto-correlation as well as cross-correlation properties and makes it possible to generate multiple PRSs from a same time-frequency pattern.  

Multiple modulation sequences could for example be obtained from Zadoff-Chu sequences, which additionally might be cyclically shifted or phase modulated. 
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Figure 6. Aperiodic autocorrelation E-IPDL RS [3], without and with cyclic shifts of one ZC sequence.
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Figure 7. Aperiodic autocorrelation for Costas array [2], without and with cyclic shifts of one ZC sequence.
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Figure 8. Aperiodic crosscorrelation of E-IPDL RS [3], without and with cyclic shifts of one ZC sequence.
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Figure 9. Aperiodic crosscorrelation for Costas array [2], without and with cyclic shifts of one ZC sequence.

























































� This would generate orthogonal sequences in the frequency domain. The same principle is used for the UL DMRS in LTE to create orthogonal sets of reference signals.
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