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1.  

Introduction
At RAN1#86, a Way Forward on "Rich RSTD" reporting for OTDOA was discussed [1], with the conclusion [2]:

· RAN1 can further study the following for the OTDOA enhancement

· Richer RSTD reporting by UE to E-SMLC
Although, the "Rich RSTD" is assumed to include primarily "multipath reporting" [3, 4], the general goal of "Rich RSTD" is to enable "more complete reporting of information about the received PRS of the reference and neighboring cells" [1]. 
Additional information to make the RSTD measurement report "more complete" is also the UE inter-frequency bias when inter-frequency RSTD measurements are performed, as described in section 7.1.1.2.1 of the TR [5].
This contribution proposes to add support for UE inter-frequency RSTD calibration accuracy reporting for OTDOA positioning. 
2. 

Background
In case of PRS are configured on two (or more) LTE carrier frequencies, a UE may need to perform inter-frequency RSTD measurements. Inter-frequency RSTD measurements are measurements performed on a cell (reference or neighbour) whose carrier frequency is different from the UE’s serving cell frequency [6].  Since the TOA measurements may be performed on two different carrier frequencies, the RSTD measurements are affected by an "inter-frequency bias" due to different hardware delays of the two receiver paths. 
The "inter-frequency bias" in RSTD measurements is illustrated in Figure 1 below. The Time-of-Arrival (TOA) values measured by the mobile station are related to the geometric distance between the mobile and the base station. The N TOA values measured at the mobile station can be written as: 
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where
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	is the TOA measured at the mobile for base station i;
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	is the transmit time at which the base station i transmits a downlink subframe;
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	is the distance between the mobile station and base station i;
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	is the speed of the radio waves (speed of light);
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	is the group delay of the front-end for signals on carrier frequency fi;
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	is the measurement error due to noise, interference, etc.


In the above equations (1) it is assumed that the TOA measurements 1 to i are performed on base station signals transmitted on carrier frequency f1; and the TOA measurements (i+1) to N are performed on base station signals transmitted on carrier frequency f2.
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Figure 1: Illustration of "inter-frequency bias" in RSTD measurements.
In OTDOA location, the TOA’s measured from neighbor base stations are subtracted from the TOA measured from a reference base station. These TOA differences are defined as OTDOA.

Defining the TOA measurement from the reference base station as [image: image18.png]


, the OTDOA’s are then given by:
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The equations (2) contain the inter-frequency bias [image: image28.png](Ar2 — Bpy)



 in case the neighbor cell carrier frequency is different from the carrier frequency of the reference cell (equations (2c)-(2d)). For intra-frequency measurements (equations (2a)-(2b)) any group delay bias cancels when performing the time differences.

The equations (2) contain the time differences of the base station transmission [image: image30.png](T; — Ty)



. These base station synchronization differences are referred to as "Real Time Differences (RTD)" in OTDOA location. Re-arranging equations (2) gives:
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For simplicity, and without loss of generality, we adopt a two dimensional Cartesian coordinate system in the x-y plane,  and denote the mobile location coordinates as (x,y) and the base station i coordinates as (xi,yi). The distances di can then be written as:
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and equations (3) can be expanded into:
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For OTDOA location, the network needs to be synchronized, i.e., the RTD’s are zero (or any other known value). Assuming[image: image54.png]


, equations (5) simplify to:
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Currently, the inter-frequency bias [image: image67.png](Ar2 — Bpy)



 is considered to be known/calibrated (similar to the RTDi,1 in the network), i.e.:
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The equations above can then be solved for the unknown mobile location (x,y), given the measured and compensated OTDOA values and the base station locations (xi,yi).

Because of this inter-frequency bias compensation, the UE minimum performance requirements for inter-frequency RSTD measurements are relaxed compared to intra-frequency requirements.  For example, for 10 MHz PRS bandwidth, the minimum performance requirements for intra-frequency RSTD measurements are ±5 Ts; the corresponding requirements for inter-frequency RSTD measurements are ±9 Ts [7]. These requirements can be interpreted such that ±4 Ts is required for UE calibration accuracy; i.e., [image: image79.png](Ar2 — Bpy)



 < 4 Ts. 4 Ts corresponds to about 130 nano-seconds, or about 40 m. 
In practice, this may mean that the UE would need to maintain a calibration table for different carrier frequency pairs to compensate the RSTD (OTDOA) measurements for the different hardware delays. Today, with UEs supporting multiple frequency bands, such tables may be quite large, since the hardware delays are usually different for each supported carrier frequency, and may also depend upon how the UE measured the neighbour, e.g., through carrier aggregation or measurement gaps. 

In addition, such calibration tables may never be "perfect", since hardware delays may vary with e.g., temperature, bandwidth and various implementation restrictions (e.g., variation of characteristics in high volume filter parts).
In [5], the impact of UE calibration bias on OTDOA baseline performance was studied. It was shown that for scenarios which require inter-frequency RSTD measurements, the UE calibration error has an impact on OTDOA performance ([5] section 7.1.1.2.1). 
As an example, Figure 2 below shows the horizontal positioning error CDFs for Case#1 (outdoor macro and outdoor small cell deployment scenario) with 4 small cells per cluster. The impact of UE calibration error on OTDOA baseline performance is shown for various values of UE calibration error T1 [5]. The Table next to each Figure summarizes the 40, 50-, 70-, 80- and 90-percentile error values for the different levels of UE calibration error. The Table also shows the performance degradation in percent (compared to the baseline [5]).
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	T1 [ns] :
	0 ns
	100 ns
	150 ns
	200 ns
	500ns

	
	40-% error [m]
	14
	16
	17
	19
	27

	
	50-% error [m]
	17
	18
	20
	22
	33

	
	70-% error [m]
	23
	25
	27
	30
	52

	
	80-% error [m]
	27
	30
	33
	36
	68

	
	90-% error [m]
	34
	38
	42
	48
	91

	
	% < 50 m [%]
	97
	96
	95
	91
	68

	
	
	

	
	Performance Degradation in Percent (compared to baseline)

	
	T1 [ns] :
	0 ns
	100 ns
	150 ns
	200 ns
	500ns

	
	40-% error [m]
	0
	14%
	21%
	36%
	93%

	
	50-% error [m]
	0
	6%
	18%
	29%
	94%

	
	70-% error [m]
	0
	9%
	17%
	30%
	126%

	
	80-% error [m]
	0
	11%
	22%
	33%
	152%

	
	90-% error [m]
	0
	12%
	24%
	41%
	168%

	
	% < 50 m [%]
	0
	-1%
	-2%
	-6%
	-30%

	
	
	


Figure 2: OTDOA horizontal positioning error with various UE calibration error values T1 for Case #1 with 4 small cells per cluster. 

Instead of trying to adjust the measured RSTD (OTDOA) values with an estimated calibration value (equations (7)), the inter-frequency bias [image: image82.png]


 can be considered as an additional unknown variable (i.e., kept on the right-hand side of the equations). Equations (6) above include then three (or four) unknowns: the desired mobile location (x,y) (plus z in the general case) and the inter‑frequency bias [image: image84.png]


. This is essentially the same problem as e.g., standard GPS, where the navigation solution solves for the desired location of the device (x,y) and the time bias t [8]. 
The set of equations (6) can be solved in various ways. The standard solution is usually a weighted-least-squares approach [8][9]. The set of equations (6) can be compact written using matrix notation:

	                              [image: image86.png]r= f(xb)+ n
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where

	r
	is a N-1 dimensional column vector of OTDOA measurements

	f
	is a N-1 dimensional column vector containing the range differences and inter-frequency biases:
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	x
	is the (unknown) mobile location [x,y]T

	b
	is a N-1 dimensional column vector containing the inter-frequency measurement bias bi=[image: image90.png](Ar2 —Bpy)



(f1,f2). 

If the OTDOA measurement (i,1) is an intra-frequency measurement, then bi=0.

	n
	is a N-1 dimensional column vector containing the OTDOA measurement error. 


If x and b are regarded as an unknown but non-random vector and n is assumed to have zero-mean and a Gaussian distribution, then the conditional probability density function of r given x and b is:
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N is the covariance matrix of the measurement error:
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The maximum likelihood estimator is therefore the value x,b which minimize the following cost function:
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Therefore
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The minimization of Q is a reasonable criterion even when the additive error cannot be assumed to be Gaussian. In this case, the resulting estimator is called the least-squares estimator and N-1 is regarded as the matrix of weighting coefficients.

The function f(x,b) in equation (8) is a non-linear vector function. A common approach to minimize the cost function (12) is to linearize f(x,b). f(x,b) can be expanded in a Taylor series about a reference point (x0,b0) and the second and higher order terms can be neglected.

Defining the vector of unknowns z = [x, b] = (x, y, (f1,f2)) = (x, y, b), the function f(z) may be represented as:
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where
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The solution of (14) is then given by (e.g., [8],[9]):
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Equation (16) gives the desired estimate of the mobile location together with the inter-frequency bias.  The matrix G includes the partial derivatives according to equation (15), and with (9) the partial derivatives are: 
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The last column in G contains either a zero or a one value. It is 0, if the measurement OTDOAi1 is an intra-frequency measurement, and 1 if the measurement OTDOAi1 is an inter-frequency measurement.

The equation (16) describes an iterative procedure to estimate the mobile location together with the inter-frequency bias [8][9]. The starting point z0=(x0, y0, b0) can be chosen with the help of the Cell-ID location of the mobile station, and b0 can be set to the mobiles best estimate of the inter-frequency bias [image: image99.png]


. The starting point zo needs to be reasonably close to the true value z so that the linearization (14) is a valid approximation [8][9]. With this initial guess, the mobile location and inter-frequency bias [image: image101.png]N>



 is calculated according to (16). At the next step, this estimated position and frequency bias [image: image103.png]N>



 is used as a new initial guess. The iterations will have converged when the change in the estimated position and frequency bias is essentially zero. 

The Cell-ID location of the mobile station is known at the location server; the mobiles best estimate of the inter-frequency bias [image: image104.png]


 should be provided as additional information in the mobile measurement report, as described in section 3 below.  
Therefore, the location server/position calculation function can easily solve for any inter-frequency bias (UE calibration error) in addition to the UE location. There is no need for stringent UE calibration requirements. However, since the solution for the inter-frequency bias requires additional measurements (i.e., there is one additional unknown per frequency pair) as described above, the location server should solve for any inter-frequency bias only when needed (e.g., when the UE calibration error is expected to be significant). 
Figure 3 below shows the same example as in Figure 2 above, but with the location server taking the UE calibration uncertainty into account in the position calculation, as described above. The dashed line in Figures 3 corresponds to the baseline result (i.e., no UE calibration error ([image: image105.png]


=0) and standard position calculation for (x,y) (no "solve for frequency bias"); solution of equations (7)).  The blue line (T1=0 ns) corresponds to the case where no calibration error exists, but the position calculation function solves for the frequency bias in addition. As can be seen from Figure 3, there is a small performance degradation, since with one additional unknown there are less degrees of freedom (i.e., more measurements are needed). However, the performance is essentially independent of the value T1 of the UE calibration error. Even quite large UE calibration errors (500 ns) can be corrected in the position calculation function.
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Figure 3: OTDOA horizontal positioning error with various UE calibration error values T1 for Case #1 with 4 small cells per cluster and "Solve for Frequency-Bias".

The inter-frequency biases are usually measured or otherwise determined during or after production and stored in the UE for various frequency pairs. The usual GPS-GLONASS inter-frequency bias calibration methods may also apply to the inter-frequency-bias RSTD problem; e.g., [10]. This estimated calibration accuracy can then be provided to the location server, which may then determine whether solving for the inter-frequency bias is needed or not, and may use the calibration report as a starting point for the iterations, for weighting and restricting the search range in the solution process. 
Note, this is also similar to e.g., UE-assisted GPS, where the location server may or may not need to solve for time in addition to location (i.e., the accuracy of the time stamp is provided in addition to the measurements, and provides the same purpose: determine whether there is a need to solve for time, and if so, determine the starting point and the search range). 
3.
Introduction of UE inter-frequency RSTD calibration accuracy reporting in LPP
It is proposed to add the UE inter-frequency RSTD calibration reporting as a best-effort (this is currently also the case for the UE-assisted GPS time solution, mentioned at the end of section 2 above). UEs which support UE inter-frequency RSTD calibration accuracy reporting may include this in the measurement report, and the E-SMLC may make use of this information, if supported:
-- ASN1START

OTDOA-SignalMeasurementInformation ::= SEQUENCE {


systemFrameNumber

BIT STRING (SIZE (10)),


physCellIdRef


INTEGER (0..503),


cellGlobalIdRef


ECGI




OPTIONAL,


earfcnRef



ARFCN-ValueEUTRA

OPTIONAL,

-- Cond NotSameAsRef0


referenceQuality

OTDOA-MeasQuality

OPTIONAL,


neighbourMeasurementList
NeighbourMeasurementList,


...,


[[ earfcnRef-v9a0

ARFCN-ValueEUTRA-v9a0
OPTIONAL

-- Cond NotSameAsRef1


]]

}

NeighbourMeasurementList ::= SEQUENCE (SIZE(1..24)) OF NeighbourMeasurementElement

NeighbourMeasurementElement ::= SEQUENCE {


physCellIdNeighbour

INTEGER (0..503),


cellGlobalIdNeighbour
ECGI




OPTIONAL,


earfcnNeighbour


ARFCN-ValueEUTRA

OPTIONAL,

-- Cond NotSameAsRef2


rstd




INTEGER (0..12711),


rstd-Quality


OTDOA-MeasQuality,


...,


[[ earfcnNeighbour-v9a0
ARFCN-ValueEUTRA-v9a0
OPTIONAL

-- Cond NotSameAsRef3


]],


[[ if-rstd-calibration-r14
IF-RSTD-Calibration-r14

OPTIONAL
-- Cond IF-RSTD


]]
}
IF-RSTD-Calibration-r14 ::= SEQUENCE {


calibration-value-r14

INTEGER (0..63),


calibration-quality-r14

OTDOA-MeasQuality,


...

}
-- ASN1STOP

	calibration-value
This field specifies the target device’s best estimate of the inter-frequency bias (calibration value) in units of 0.5 Ts (with Ts=1/(15000*2048) seconds) as applied to the RSTD measurement performed between the carrier frequencies defined by earfcnRef and earfcnNeighbour. The UE may include this field only once per (earfcnRef,, earfcnNeighbour)-pair in OTDOA-SignalMeasurementInformation. 

	calibration-quality 
This field specifies the target device’s best estimate of the quality of the applied calibration-value.


This OTDOA enhancement affects only RAN2 specifications. 

4.

Summary

In this contribution, we propose to add support for UE inter-frequency RSTD calibration accuracy reporting for OTDOA positioning enhancements. This enhancement does not impact RAN1 specifications. 
Proposal 1:
Support UE inter-frequency RSTD calibration accuracy reporting for OTDOA positioning. The reporting includes:
- Calibration value: The target device’s best estimate of the inter-frequency bias in units of 0.5 Ts (with Ts=1/(15000*2048) seconds) as applied to the RSTD measurement performed between EARFCN of Reference- and Neighbour TP, in the range between 0 and 32 Ts.
- Calibration quality (e.g., using existing OTDOA-MeasQuality element in LPP).
Proposal 2:
Inform RAN2 about the RAN1 agreement.
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