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1. Introduction
Serving cell or site muting is likely to be required to enable OTDOA measurements with high reliability as the signals to be measured can be very weak relative to the serving cell. In particular, muting of the serving cell and site may be required for at least two reasons:

· the dynamic range limitations of the receiver limits detection of signals much weaker than the serving cell/site (as noted in reference [1]);
· frequency-domain orthogonality of the positioning reference symbols is lost in the partially aligned case identified in [2].  Even in a synchronous deployment, frequency-domain orthogonality of the positioning reference symbols is lost when the sum of time difference of arrival and the channel delay spread exceeds the length of the cyclic prefix.

Very limited simulation results (only Figure 2 of [3]) have been provided to address the AGC issue identified in [1], and these address only the number of detectable cells (with coherent accumulation over 10 subframes) and not the accuracy of the resulting position estimate.  To date, no simulation results have been provided for the partially aligned case identified in [2], and thus it is unknown whether or not the E911 phase 2 requirements [4] for 67% and 95% accuracies of 50 and 150 meters can be met for this case without some type of serving cell muting.

Several methods for serving cell muting were considered previously in [5].  This contribution reviews some of the methods considered in [5], and also considers some further enhancements of these methods.  Simulation results are provided for these methods which show the significant improvement in location accuracy which can be achieved by muting some of the positioning subframes.
2. Status of PRS patterns and positioning subframes
In the current draft 36.211 CR [7], the positioning reference symbols are mapped to resource elements (k,l) given by
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for normal cyclic prefix subframes, and by
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for extended cyclic prefix subframes, where  
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 is the slot number within a radio frame, 
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 is the OFDM symbol number within the slot and 
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 is the bandwidth for positioning reference signals configured by higher layers.  In [3], it was proposed that the PRS pattern be time-varying in accordance with 
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(1).
In the way forward document [6] from the RAN1#57 meeting and the draft CR [7] from the RAN1#57bis meeting, there is no provision which would allow for the muting of positioning subframes.  Currently, muting in support of OTDOA measurements can be implemented only through the use of MBSFN subframes in combination with normal subframes with CRS only as suggested in [8] and considered in [9,10].  In [5], two methods were considered for muting positioning subframes.  In the first of these, the entire positioning subframe can be muted with the exception of the control region and the CRS.  In the second of these, the positioning reference symbols are both time and frequency division multiplexed.  This second implementation can also be viewed as muting a portion of the positioning subframe.
3. Location accuracy with the partially aligned case
Simulation results are presented in Figure 1 for the cumulative distribution of location accuracy for a system using the PRS patterns and sequences defined in the draft CR [7].  In these simulations, TDOA measurements were taken over three consecutive positioning subframes using slots 0 to 5 (subframes 0, 1, and 2).  Neither the SCH nor the BCH were included in these simulations.  Simulation results are presented for an implementation of the partially aligned Case 3 [11] in which the frame timing for the different cells sites are randomly selected from a uniform distribution on the interval [0, 150 us] (this interval corresponds to approximately 2 normal cyclic prefix OFDM symbols).  

The system bandwidth used for these simulations was 10 MHz.  In the simulations, it was assumed that the three cells associated with each site have the same frame timing.  Simulations were performed in accordance with the agreed simulation assumptions in [12], both with and without the time varying frequency shift defined in (1).  In the simulations without the time variation, the fixed frequency shift was generated by setting 
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in equation (1) for all three positioning subframes. 
A few observations can be made regarding the simulation results in Figure 1.  In particular, for the scenario in Figure 1 in which three consecutive subframes are configured as positioning subframes for Case 3 of [11]:

· the 95% reliability target of 150 meters accuracy is not met for the partially aligned case, either with or without the time variation defined in (1).
· at 150 meters of accuracy, the reliability is 89% and 87%, respectively, with and without time variation.
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Figure 1:  Positioning error for N=3 positioning subframes with and w/o time varying frequency shift
The difficulty with the partially aligned case is that there is a loss of orthogonality between the serving cell and the neighbor cell whenever the sum of the time difference of arrival and the channel delay spread exceeds the cyclic prefix.  Note that this interference occurs even if the PRS from the serving cell and the neighbor cell never occupy the same resource element at the same time.  Thus, in the absence of time alignment (or if the sum of the time-difference-of-arrival and the delay spread exceed the cyclic prefix), interference occurs even if the serving cell and the neighbor cell have different frequency shifts.
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Figure 2:  Serving cell interference in partial alignment scenario 

The problem is illustrated by the example in Figure 2 in which the serving cell and a neighbor cell are offset by one-quarter of a subframe as observed at the UE.  As the quarter symbol offset far exceeds the cyclic prefix, the cyclic prefix is not shown in this example.  The resource element in blue is from the neighboring cell on which a measurement is being taken.  The four resource elements in red are the four nearest serving cell resource elements to the neighbor resource element in blue.  While all of the resource elements in the two overlapping subframes interfere with the neighbor cell measurement, the four resource elements shown are the dominant sources of interference.  Note that five different frequency shifts are considered.  Only in one of these (frequency shift = 5) do the resource elements used by the serving cell and the neighbor cell actually collide.  However, the serving cell interferes with the neighbor cell measurement in all five of the cases.
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Figure 3:  Interference leakage from serving cell as a function of frequency shift and time offset

Figure 3 illustrates the normalized interference that results from the four serving cell resource elements at the output of a correlator matched to the time and frequency of the neighbor resource element.  Note that the normalized interference is a function of both the relative time offset and the relative frequency offset of the neighbor and serving cells.  If the relative frequency shift is 1 or 4, the normalized interference can be as large as -10 dB.  If the relative frequency shift is 5, the normalized interference can be greater than -5 dB.  As the serving cell can be 30 dB above the neighbor cell that is being measured, it is not possible for the UE to take a reliable measurement of the neighbor cell without serving cell muting in such an instance.  Note that this same interference can also be observed in the synchronous case when the sum of the time difference of arrival and the delay spread of the channel exceed the cyclic prefix.  This interference should be modeled in the simulations used to set the performance requirements for the UE.
4. Muting of the PRS
The results in Figure 1 above indicate that time variation of the frequency shift as described in (1) is not sufficient to meet the required accuracy of 150 meters with 95% reliability.  An alternative type of time variation is to allow occasional muting of the positioning subframes – either periodically, pseudo-randomly, or in some other fashion.  However, the UE must know when the positioning reference symbols are present, since

· the UE may choose not take TDOA measurements unless the serving cell is muted, or alternatively, the UE may give measurements taken when the serving cell is muted greater weight;

· the UE should not take a TDOA measurement for a particular PCI if the corresponding PRS are not transmitted in the positioning subframe.   
Thus, an option for the eNB to transmit positioning reference symbols with zero power is not sufficient unless the UE knows when these zero power transmissions will occur.  In general, it is not possible for the UE to reliably determine whether or not the PRS are present in a positioning subframe in an autonomous fashion due to the fact that these signals are often very weak.
As suggested in [5], one method for enabling the muting of positioning subframes would be to provide information pertaining to the muting schedule with the L2 assistance data that is already provided to the UE, and which includes the list of PCIs for which TDOA measurements may be taken.  As an example, consider a muting pattern of length 3 in which the PRS are transmitted only in every third positioning subframe.  Three periodic shifts of this pattern can be defined, as indicated in Figure 4.  In one possible implementation, each eNB is assigned a shift of the muting pattern which is a function of its PCI.
If the mapping between the PCIs and muting patterns is known, then only the position within the muting pattern is needed for the UE to determine whether or not the PRS are muted for a particular eNB in a particular positioning subframe.  In Figure 4, the position within the muting pattern is denoted as the muting pattern subframe index (MPSI), and for a pattern of length 3 (as in the example), this index is 0, 1, or 2.  Note that while the shift of the muting pattern is a function of the PCI assigned to the eNB, the muting pattern subframe index corresponding to a particular positioning subframe is the same for all eNBs.

In the example in Figure 4, if the muting pattern subframe index is 1 for a particular positioning subframe, then the PRS are transmitted for eNBs with a shift of 1 and are muted for eNBs with a shift of 0 or 2.  As the muting patterns in the example in Figure 4 have length 3, only 2 bits would be required to indicate the MPSI of the muting pattern to the UE.  Thus, in the L2 assistance data, 2 bits would be allocated to indicate the phase of the muting pattern (which is common to all eNBs).  More generally, if the period of the muting pattern were of length N, then 
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 bits of phase information would be required to signal the phase of the muting pattern in the L2 assistance data.
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Figure 4:  Shifts of a Muting Pattern of Length N = 3
For the example in Figure 4 with 3 muting patterns, 1/3 of the PCIs would be assigned to each of the muting patterns.  As a consequence, 1/3 of the eNBs will be assigned the same muting pattern as the serving eNB, so that the PRS transmitted by these eNBs cannot be observed or measured without potentially experiencing interference from the serving cell.  More generally, if there are M muting patterns, then a fraction 1/M of the eNBs will be assigned to the same muting pattern as the serving cell so that the PRS transmitted by these eNBs cannot be measured by the UE without potentially experiencing interference from the serving cell.  
5. Optimization of the muting patterns

In order to maximize the opportunity for the UE to take PRS measurements without any interference from the serving cell and/or site, it is desirable to maximize the number of muting patterns M for given pattern length N.  It is also desirable that each of the muting masks are enabled to transmit PRS for an equal number of subframes K, where K is less than N, as otherwise some eNBs may be disadvantaged relative to others with respect to the number of OTDOA measurements that can be made using PRS.  If the muting masks are defined to be the set of all masks for which K of the N subframes are enabled to transmit PRS, then the number of such masks is
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Let 
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and further, let
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 ordered from smallest to largest.  Note that that the binary representation of each of the numbers in the set can be put into one-to-one correspondence with the set of all muting patterns of length N and weight K, where the most significant bit of the N-bit binary representation denotes the mask value for the first of the N positioning subframes, and the least significant bit denotes the mask value for the last of the N positioning subframes.  If the mask has value 1, the PRS are transmitted in the corresponding positioning subframe, while if the mask has value 0, the PRS are not transmitted.  With the above correspondence, the set 
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 is equivalent to the set of muting masks of length N and weight K.
The assignment between the muting masks and the PCIs should also reflect the following two objectives:

· PCIs allocated to the same site should, as much as possible, be assigned the same muting pattern;
· PCIs allocated to the same frequency shift of the PRS should, as much as possible, be assigned different muting patterns.

These objectives can be accomplished if the frequency shift assigned to each PCI is given by
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and the index 
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 of the muting mask into the set 
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(5)
where the set of muting masks 
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are indexed from 1 to M.  Note that this definition ensures that the 83 PCIs assigned the same frequency shift in (2) will be partitioned equally over the M muting masks.  As a result, the number of PCIs mapped to both the same frequency shift and the same muting pattern as the serving cell is minimized.  For the example in the previous section with M=3 muting patterns, only 27 or 28 (5.5%) of the 504 PCIs map to both the same frequency shift and the same muting pattern as the serving cell.  In Table 1, the number of muting patterns M is given as a function of the muting pattern length N.  The fraction of the PCIs that map to both the same frequency shift and the same muting pattern as the serving cell is also included in Table 1.
	Muting pattern length N
	Number of PRS transmissions K (K=floor(N/2))
	Number of muting patterns M (=comb(N,K))
	Fraction PCIs w/ same muting pattern as serving cell
	Fraction PCIs  w/ same frequency shift and muting pattern as serving cell

	3
	1
	3
	0.33
	0.056

	4
	2
	6
	0.17
	0.028

	5
	2
	10
	0.10
	0.017

	6
	3
	20
	0.05
	0.008

	7
	3
	35
	0.03
	0.005

	8
	4
	70
	0.01
	0.002


Table 1:  Number of muting patterns M as a function of the pattern length N
Simulation results are presented in Figure 5 for the cumulative distribution of the OTDOA error using the muting patterns shown in Figure 4, for which the muting pattern length N is equal to 3 and the number of PRS transmissions K is equal to 1.  The assignments of frequency shift and muting pattern as a function of PCID were in accordance with equations (4) and (5).  As previously for the results in Figure 1, the system bandwidth was 10 MHz, and neither the SCH nor the BCH were included in the simulations.  The results presented are for the partially-aligned Case 3 [11] in accordance with the agreed simulation assumptions in [12].  As previously in Figure 1, the frame timing for the different cells sites are randomly selected from a uniform distribution on the interval [0, 150 us], while the three cells associated with each site have the same frame timing.  For comparison, the simulation results presented previously in Figure 1 for a system using the positioning reference symbols and sequences defined in the draft CR [7] are provided again in Figure 5.  Only the results with the time-varying frequency shift as defined in equation (1) are included.
From Figure 5, it can be observed that the with muting of the PRS enabled, the E911 phase 2 requirements for accuracy of 150 meters with a reliability of 95% can be for the partially aligned case.  Specifically, the 95th percentile accuracy is approximately 100 meters for the partially aligned case.  Simulation results are also provided for muting with the synchronous case, for which it can be noted that the 95th percentile accuracy is approximately 85 meters.
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Figure 5:  Positioning error for N=3 positioning subframes with and without PRS muting
6. Summary and Recommendations
Serving cell or site muting is likely to be necessary both due to dynamic range limitations on the receiver and due to the fact that the frequency domain orthogonality of the PRS signals is lost both for the partially synchronous scenario defined in [2] and in channels with large delay spread.  Results presented in Figure 1 above indicate that it will likely not be possible meet the E911 phase 2 requirements for accuracy of 150 meters with a reliability of 95% unless the PRS in the positioning subframes can sometimes be muted.  Furthermore, the occasions on which the PRS are to be muted must be known to the UE in order to avoid the inclusion of invalid measurements in the position estimate.  As a result, the following recommendations are made:

Recommendation 1:  
Muting of the PRS be supported in a manner such that the UE knows whether or not the PRS are transmitted within a particular subframe.

Recommendation 2: 
A set of M muting patterns 
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 of length N and weight K be defined as the ordering of the set
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where M is equal to comb(N, K) and K is equal to  
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 so that at most one-half of the PRS transmissions are muted.
Recommendation 3:
The frequency shift assigned to each PCI be given by
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 of the muting mask into the set 
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 assigned to each PCI be given as
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Recommendation 4:
In instances in which the positioning subframes are not consecutive subframes, the inclusion of the muting pattern subframe index for the next positioning subframe with the L2 assistance data that is to provide the UE with a list of neighbor cells for which TDOA measurements may be taken.
It is asked that RAN1 consider these recommendations during its discussions of OTDOA based location.
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Appendix

Table 1 Simulation Assumptions [11]
	Parameter
	Assumption

	Cell layout
	Hexagonal Grid, wrap around

	Inter-Site distance
	500 m, 1732 m

	Antenna gain
	15 dBi (3-sector antenna as defined in TR 36.942)

	Distance-dependent pathloss
	L=128.1+37.6log10(R) (R in km)

	Carrier frequency
	2 GHz

	Penetration loss and UE speed
	Indoor: 20 dB, 3 km/h for 500m and 1732m (Case 1 and 3) Outdoor: 10 dB, 30 km/h for 500m (Case 2) 



	Carrier bandwidth
	10 MHz

	eNB power
	46 dBm

	UE noise figure
	9 dB

	Lognormal shadowing standard deviation
	8 dB

	Shadowing correlation 
	Between sites
	0.5

	
	Between sectors
	1

	Correlation distance of shadowing
	50 m

	Channel model
	ETU , EPA 
Optional: Urban A, Urban B and Bad Urban profiles of T1P1.5

	Network synchronization
	Asynchronous, Synchronous

	Cyclic prefix
	Extended

	Number of transmit antennas
	2

	Number of receive antennas
	2
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