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1. Introduction
Serving cell or site muting is very likely to be required to enable OTDOA measurements, 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 common reference symbols and/or 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.

In the event that the extended cyclic prefix is used, the sum of the time difference of arrival and the delay spread should not exceed the cyclic prefix.  However, if the normal cyclic prefix is used, the second limitation can be overcome only if the signal from the serving cell and be estimated and subtracted from the received signal with high precision.  
In the absence of serving cell or site muting, the number of cells for which the time difference of arrival can be measured may be quite limited.  Results such as those in [2] and elsewhere indicate that the accuracy and reliability of the OTDOA-based position estimate is significantly improved as the number of cells measured is increased.  The reason for this improvement is that with more cell measurements, bad measurements can be identified so that they do not contaminate the position estimate.  A second benefit increasing the number of cells measured is that it provides protection from situations in which the measured cells have poor geometry in that they are collinear or nearly collinear.
In this contribution, we consider the available methods for muting the serving cell or site in a manner that is consistent both with the Release-8 specification and the way forward as identified in [3].  Additionally, some methods for serving cell or site muting are proposed which would require modification of the proposed way forward.
2. Serving cell muting and the way forward
In the way forward document [3], there are several limitations on the PRS patterns, including the following:

i) “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”

ii) “in case of time reuse is supported FFS.”

Thus, the current assumptions require that all symbols in the positioning subframe without common reference symbols (CRS) should contain positioning reference symbols unless further study indicates that there is significant benefit to doing otherwise.  The following limitations on the PRS are also included in the way forward:
iii) “PRS pattern (shall be) generated from a function based on PCI”

iv) “PRS pattern time varying between different subframes or not (FFS)”

From (iii) (excluding the “for further study” (FFS) exception in (iv)), it follows that for a given PCID, the PRS pattern should be the same in all of the positioning subframes.  This same restriction would seem to indicate that that the PRS pattern must be transmitted in all positioning subframes, and thus the PRS transmission cannot be muted.  Such a restriction is not entirely unreasonable as it is important for the UE to know whether or not the PRS for a particular PCID is present before it attempts to measure and report the corresponding time difference of arrival.
Within the way forward document, it seems that there is no way to implement serving cell/site muting other than to use MBSFN subframes which are muted with the exception of the control region as in [2,4-6].  In the following sections, we first review the system overhead and performance associated with the method in which MBSFN subframes are used for muting.  Following this, two other methods are described for implementing serving cell muting.  In the first of these, only a portion of the OFDM symbols in the positioning subframe are used to transmit positioning reference symbols, using a method similar to that proposed in [7].  This method is in conflict with the limitation (i) from [3].  In the second method, the PRS pattern is always the same for a given PCID, but the positioning subframe can periodically be muted.  This second method is in conflict with condition (iii) from [3].
3. MBSFN subframes in combination with normal subframes without PDSCH 

As noted in [2,4-6], MBSFN subframes which are muted with the exception of the control region can be combined with normal subframes without PDSCH to enable TDOA measurements of the existing Release-8 CRS.  For the method proposed in [4] and considered further in [2,5,6], MBSFN subframes with control only are aligned with normal subframes with CRS only (no PDSCH) as indicated in Figure 1.  In this method, only Release-8 physical signals are required.  An alternative implementation would be to designate the normal subframes as positioning subframes and include positioning reference symbols (it may be noted, however, that in an unsynchronized system, only the CRS are available for measurement, and thus the CRS already determine the performance for OTDOA-based location of the unsynchronized system).
The method using MBSFN subframes in combination with normal subframes is illustrated in Figure 1.  For this method, the eNBs are first partitioned into three sets.  MBSFN subframes are synchronized for all eNBs in the same set, and are transmitted once every 320 subframes.  The MBSFN subframes for cells in the second and third set are offset by 110 and 220 subframes, respectively, relative to the MBSFN subframes in the first set.  Additionally, for eNBs in the first set, normal subframes without PDSCH (thus, with CRS only) are transmitted at offsets of 110 and 220 subframes relative to their MBSFN subframes so as to align with the MBSFN subframes of the other two sets.  In the second set, normal subframes without PDSCH are offset by 0 and 220 subframes relative the MBSFN subframes in the first set.  Finally, in the third set, normal subframes without PDSCH are offset by 0 and 110 subframes relative to the MBSFN subframes in the first set. 
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Figure 1:  MBSFN subframes in combination with normal subframes without PDSCH
Figure 2 shows the cumulative distribution of the positioning error for Case 3 of [8] using measurements taken during 1, 2 and 3 MBSFN subframes, which have associated delays of 320, 640, and 960 msec, respectively.  Measurements for 8 cells (7 cells other than the serving cell) were made available to the position estimator. The 95%-tile errors are 34, 23 and 22 meters, for the three cases respectively.  In these simulations, measurements were taken only when the UE’s serving cell was muted.  Further results can be found in [2].  The simulation parameters used for Figure 2 reflect the simulation assumptions from [9].
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Figure 2:  Positioning error for N = 1, 2 and 3 measurements

The overhead associated with the above method is approximately 0.94% (3/320).  The overhead can be reduced significantly if the normal subframes that are aligned with the MBSFN subframes are sometimes allowed to carry the PDSCH.  For example, two-thirds of the normal subframes aligned with the MBSFN subframes might carry the PDSCH, while the remaining one-third would carry the CRS only.  For such an implementation, the system overhead would be reduced to 0.52%.  Measurements would be taken only when the normal subframes aligned with the MBSFN subframes carry the CRS only, and as a result, the time required to acquire the TDOA measurements would be increased by a factor of three.  Furthermore, the UE would need to know when the normal subframes contain only CRS, though this information could be signalled in the control region of the MBSFN subframes, if this is not semi-statically configured.
4. Positioning Subframes with Periodic or Pseudo-Random Muting of the PRS
As noted in a previous section, it seems that the only method for muting the serving cell consistent with the way forward document is to use MBSFN subframes, as the PRS patterns in the positioning subframes must be a function of the PCID and not vary with time.  A minimal type of time variation would allow the positioning subframes to be periodically or pseudo-randomly muted, and thus it would not be necessary to use MBSFN subframes to mute the serving cell.  The difficulty with allowing this periodic or pseudo-random muting is that the UE must know when the positioning reference symbols are present, since
· The UE should not take TDOA measurements unless the serving cell is muted;
· The UE should not take a TDOA measurement for a particular PCID if the corresponding PRS are not transmitted. 
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.
One method for enabling the muting of positioning subframes would be to allow the muting schedule to be a function of both the PCID and the system frame number.  However, such a method would require that the system frame numbering be aligned throughout the network, and this may not in general be possible.  A second alternative 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 PCID’s for which TDOA measurements should be taken.   As an example, consider a periodic muting pattern of length 3 in which the PRS are transmitted only in every third positioning subframe.  As the pattern has length 3, only 2 bits would be required to indicate the state of the muting pattern for this PCID to the UE.  Thus, in the L2 assistance data, an extra 2 bits would be allocated for each PCID and would be used to indicate the state of the muting schedule (e.g., number of positioning subframe until next transmission of PRS). More generally, if the period of the muting schedule were of length M, it would be necessary to provide an additional N = ceil(log2(M)) bits of state information for every PCID in the list provided by the L2 assistance data.  Two possible patterns are indicated in Figure 3. 
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Figure 3:  Muting Patterns of Length 3 and 5
It can be noted that with a muting pattern of length M, the eNBs would be partitioned into M sets, so that each eNB is assigned a different shift of the muting pattern.   It thus follows that the TDOA of a fraction 1/M of the eNBs will not be reliably measurable as the PRS transmissions for these eNBs will always be transmitted simultaneously with those of the serving eNB.  This observation, that M subframes are required to measure a fraction (M-1)/M of the PCIDs seems to hold regardless of the muting pattern [10].

5. Positioning Subframes with TDM of the PRS
In the previous section, muting of the serving cell was achieved by allowing the PRS within the positioning subframe to be sometimes muted.  An alternative method for muting the serving cell would be to allow time-division multiplexing of the positioning reference symbols within the subframe in a manner similar to that considered previously in [7].  As the PRS for the serving cell will be transmitted on only a subset of the symbols within the positioning subframe, the serving cell is essentially muted during the remaining symbols within the positioning subframe.  In order to avoid the interference from the serving cell, the UE would take TDOA measurements only for the PCID’s for which the corresponding PRS patterns use different subsets of symbols than that of the serving cell.

The details of the method are given in [10]. Figure 3 shows the PRS transmission pattern on a normal subframe with two control symbols. The available nine non-CRS bearing symbols are partitioned into three sets of three symbols each.   Each of the PRS patterns uses only one of these three sets of three symbols.  As indicated in Figure 3, each of the PRS patterns occupies every third resource element within a symbol.  Thus, three PRS patterns are defined within each set of three symbols, so that nine PRS patterns are defined overall.  Note that as every third resource element is used, the existing two-antenna CRS sequences can be used for the PRS sequences, though the PRS are transmitted from a single antenna.  In the simulations, the PRS are sent at full power.
For the positioning subframes, the receiver would set the AGC at the same level as if the serving cell were muted in order to avoid dynamic range limitations on the measurement of weak cells.  Such a setting may lead to saturation of the ADC output for any samples corresponding to the interval over which the serving cell is transmitting either PRS or CRS.  However, as the UE will not take any TDOA measurements during the interval in which the serving cell is transmitting PRS, this should not be an issue.
Figure 5 shows the cumulative distribution of the positioning error for Case 3 of [7] with N positioning subframes, where N is equal to 1, 2, or 3.  In this example, a positioning subframe is transmitted once every 330 msec.  Thus, the delays associated with the use of TDOA measurements from N = 1, 2, and 3 positioning subframes are 330, 660, and 990 msec, respectively. Measurements for 8 cells (7 cells other than the serving cell) were made available to the position estimation algorithm. The 95%-tile errors for N = 1, 2, and 3 measurements are 63, 32 and 26 meters, respectively. The performance of this method is slightly inferior to that of the method in Section 3 in which normal subframes are used in combination with MBSFN subframes and for which the corresponding 95%-tile errors are 34, 23 and 22 meters.
The reason for loss of performance is that the TDOA measurements are contaminated by interference from the serving cell when the sum of the time difference of arrival and the channel delay spread exceeds the cyclic prefix length.  This contamination occurs at the boundary between the three symbols used for the serving cell PRS and the other blocks of three symbols allocated for the PRS.  Contamination from the serving cell also occurs due to the CRS-bearing symbols that fall within each block of three symbols allocated for PRS.  While the performance of this method is somewhat inferior to that of the method in Section 3 which uses MBSFN subframes in combination with normal subframes with CRS only, it should be noted that the system overhead of this TDM/FDM is only 0.33% (1/330), and this is two-thirds less than the method in Section 3.
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Figure 4:  PRS transmission on normal subframe with normal CP
6. Conclusions

Serving cell or site muting is very likely to be required to enable OTDOA measurements, as the neighboring cells are very weak relative to the serving cell and may be difficult to measure due to dynamic range limitations in the receiver. Furthermore, for normal cyclic prefix subframes, it is likely that interference from the serving cell will corrupt TDOA measurements of neighboring cells.  In this contribution, three different methods are described for muting the serving cell in order to allow TDOA measurements of neighboring cells.  The first of these [2,4-6] uses MBSFN subframes in combination with normal subframes without PDSCH and is compatible with the existing Release-8 physical layer.  With the second method, positioning subframes are periodically muted and the state of the muting schedule corresponding to each PCID is provided to the UE in the previously assumed L2 assistance data.  With the third method, the PRS are both time- and frequency-division multiplexed within the positioning subframe.  Both the second and third methods fall within the “for further study” status of the way forward document [3], but seem otherwise to be reasonable alternatives.
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Figure 5:  Positioning error for N = 1, 2 and 3 measurements
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Appendix

Table 1 Simulation Assumptions [8]

	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[2]

	Network synchronization
	Asynchronous, Synchronous

	Cyclic prefix
	Extended

	Number of transmit antennas
	2

	Number of receive antennas
	2


