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[bookmark: _Ref349588338]1. 	Introduction
A new work item on "UE Positioning Accuracy Enhancements for LTE" was approved at RAN#75 [1] and updated at RAN#76 [2]. The objectives of this work item include support for Inertial Measurement Unit (IMU) positioning:
· Specify support for IMU positioning:
· Specify the signalling and procedure to support IMU positioning over LPP and hybrid positioning including IMU related estimates. [RAN2, RAN1]
At RAN2#98 IMU positioning was briefly discussed with the following agreement [3]:
· Only support hybrid positioning for IMU as mentioned in WID scope. 
· FFS on the details of IMU raw data.
At RAN2#99 use cases for IMU positioning were discussed in [4] and [5]. Currently, in LPP there is no support for a UE to inform an E-SMLC that the UE is moving during a location session. However, if a UE was able to provide information on its movement during a location session using IMUs, an E-SMLC would potentially be able to [4]: 
1. Extrapolate a UE position for a previous time to a position for a current time;
2. Make allowance for UE measurements obtained for different UE locations;
3. Adjust an estimate of the uncertainty of a location estimate to take account of movement of the UE during a location session.
Item 1 and 3 above are rather straight forward if the E-SMLC can obtain information on the UE trajectory (e.g. sequence of relative locations with timestamps). 
This contribution evaluates item 2 to improve the accuracy of OTDOA positioning. 

2. 	Mitigating Movement of a UE during Positioning
Movement of a UE while being positioned can lead to significant errors in the positioning result. Currently, in LPP there is no support for a UE to inform an E-SMLC that the UE is moving during a location session. However, if a UE was able to provide information on its movement during a location session using IMUs, an E‑SMLC would be able to make allowance for UE measurements obtained for different UE locations, as shown in the following.
To investigate the impacts of a moving UE during a positioning session, we derive the OTDOA equations for the general case of a moving UE. For deriving the equations, we introduce a common reference time t which may be for example GPS time or any other continuous "absolute" time base. The time base of each Transmission Point (TP) is assumed to be synchronized to this common time base. That is, the 10-ms LTE frame boundaries are perfectly aligned to the common time t (a general requirement for OTDOA location). The Time-of-Arrival (TOA) values measured by the mobile station are related to the geometric distance between the mobile and the TP. The N TOA values measured at the mobile station can be written as: 
	
	
	(1a)
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where
	
	is the TOA measured at the mobile for TP i at time ti;

	
	is the transmit time at which the TP i transmits a downlink subframe i which is measured at the mobile at time ti;

	
	is the distance between the mobile station and TP i at time ti;

	
	is the speed of the radio waves (speed of light);

	
	is the measurement error due to noise, interference, etc.

	
	is the clock offset between UE local time and the common time base at ti.



If the N TOA measurements are made at the same time, then t1=ti=tN=t. However, usually not all TOA measurements can be made at the same time due to different muting pattern and receiver measurement capacity constraints. If the UE is stationary during the N TOA measurements and neglecting any UE receiver clock drifts, the individual measurement times ti have no impact on the position calculation. However, if the UE is moving during the N TOA measurements the calculated UE position will be in error.
In OTDOA location, the TOA measured from a reference TP is subtracted from the TOA’s measured from neighbour TPs. These TOA differences are defined as OTDOA, or Reference Signal Time Difference (RSTD), since the TOA’s are measured from reference signals.
Defining the TOA measurement from the reference TP as , the OTDOA’s are then given by:
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where RTDi,1 = Ti  T1 are the time differences of the TP transmissions (aka, Real Time Difference).
The UE has its own local clock which may have an offset from the cell/TP time t by an amount of  which depends on the individual measurement times ti. The UE synchronizes its clock to the e.g., serving TP and continuously maintains the synchronization via some time and frequency tracking loops. Assuming the UE is synchronized to the reference TP 1, ti equals d1ti/c. That is, the serving or reference TP time observed by the UE equals the TP time less the propagation time from the TP antenna to the UE (less any internal RF chain delays in the UE). 
If UE local clock is locked to the time and frequency from the serving or reference TP, the UE time offset δ(ti) will change with UE location due to an apparent change in serving or reference TP timing observed by the UE at different locations. Assuming the UE time is locked to the apparent time observed by the UE from the reference TP 1, the equations (2) yield the following.
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Which gives:
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If UE time is not locked to the serving or reference TP timing (e.g. if UE time is free running or locked to another external time source such as GNSS), the δ(ti) terms in equations (2) are approximately constant[footnoteRef:1]. In this case, equations (2) can be written as: [1:  Any local clock inaccuracies such as phase noise and drift etc. are included in the measurement errors εi.  ] 
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By comparing equations (4) and (5) the following can be observed:
If the UE is using a local free-running clock as time base for TOA measurements (i.e., not locked to the e.g., serving TP), the distances di forming the geometric time differences (GTDs)  in equations (5) are determined at the individual TOA measurement time ti. In the example of equation (5), the reference TP 1 measurement is made at time t1, the neighbour TP 2 measurement is made at time t2, and so on. 
On the other hand, if the UE local clock is locked to the serving/reference TP, the GTDs appear as if the TOA measurements (determining the GTDs) would have been performed at the same measurement time (equations (4)), even though the individual TOA measurements have actually been performed at different times at the UE. But due to the adjustment/tracking of the UE local time base to the observed reference TP time while moving (i.e., changing distance), the OTDOAs/RSTDs appear as if the TOAs forming the OTDOAs/RSTDs would have been measured at the same time forming the GTDs   (equations (4)). The UE time base changes with motion (when compared to an absolute time base) resulting in an additional RSTD/OTDOA measurement error component that is proportional to the time delta between two measurements (equation (3)). 
The way of solving equations (4) and (5) is the same. However, the location server/position calculation function need to know which set of equations to solve. I.e., the location server need to know whether the UE time base is locked to the serving TP (or any other TP), or is free-running, as discussed further down below in this section. 
If the UE is stationary, the distances di (GTDs) do not depend on time and the equations (4) and (5) are the same and the usual OTDOA equations.  
In the following, we consider the solution of equations (5).  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 TP k coordinates as (xk,yk). The distances dk can then be written as:
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and equations (5) can be expanded into (assuming RTDi,1 = 0, i.e., synchronized network):
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In case of a moving UE, the unknown mobile location (x,y) in equation (7) is measurement time ti dependent. I.e., there are as many unknowns as available equations.
The location at a time t1 (reference TP measurement in this example) and a time ti are related to each other by the UE trajectory. The UE movement could be modelled using basic kinematic equations; for example:
	  
	(8)

	
	


where s is the displacement of the UE, t is the time for which the UE moved, v is the initial UE velocity, and a is the UE acceleration. Therefore, we can write for the unknown mobile coordinates:
	                                          
	(9a)
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where ,  are the (x,y) coordinates of the UE velocity at receiver time ti, and ,  are the (x,y) coordinates of the UE acceleration at receiver time ti.
The OTDOA equation (7) can then be written as (with  : 
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In equations (9, 10) the UE trajectory is approximated as a linear track starting at the UE location at time t1 to the measurement time location at time ti. This approximation gets worse the further the measurement time ti is away from the reference TP measurement time t1.  A more accurate model of the UE track would be to consider the sum of all previous (ti-ti-1) segments:
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which results in the OTDOA equations as follows:
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with
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In equations (12) the unknown mobile location (x,y) depends only on a single (same) time t1 where the reference TP TOA measurement has been made (in this example; any desired time ti could be selected). Therefore, equations (12) can now be solved for the mobile location at time t1. If the UE is stationary, then (vx,vy) and (ax,ay) would be zero, and equations (12) define the usual OTDOA equations. 
Equations (12) can be solved, if the following UE measurement quantities are known:
 : 	This is the UE RSTD measurement, defined as a difference of TOAs between a neighbour TP i and reference TP 1.
	This is the time when the UE made the TOA measurement for the neighbour TP i, and reference TP 1.
	This is the UE velocity in x and y direction at measurement time ti when the UE made the TOA measurement for the TP i.
	This is the UE acceleration in x and y direction at measurement time ti when the UE made the TOA measurement for the TP i.

The set of equations (12) can be compact written using matrix notation:
	  
	 (14)


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

	f
	is a N-1 dimensional column vector containing the range differences:

                                        (15)


	x(t1)
	is the (unknown) mobile location [x,y]T at time t1.

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



If x(t1) is 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(t1) is:
	  
	(16)



N is the covariance matrix of the measurement error:
	
	(17)



The maximum likelihood estimator is therefore the value x(t1) which minimize the following cost function:
	
	(18)




Therefore

	.
	(19)


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  in equation (14) is a non-linear vector function. A common approach to minimize the cost function (18) is to linearize .  can be expanded in a Taylor series about a reference point x0 and the second and higher terms can be neglected.
The function  can be represented as:
	
	(20)


where
	
	(21)


Henceforth, it is assumed that x0 is close enough to x that the linearization in (20) is an accurate approximation.
The solution of (19) is then given by (e.g., [6], [7]):
	
	(22)


Equation (22) gives the desired estimate of the mobile location at time t1. 
The matrix G is given by equation (21), and with (15) the partial derivatives are
	 

	(23)


where
	 
	(24)



and ,  according to equation (13) and
	
	(25)



The equation (22) describes an iterative procedure to estimate the mobile location at time t1 (reference TP measurement time in this example) even though the neighbour TP measurements are made at different times. The starting point x0=(x0, y0) can be chosen with the help of the Cell-ID location of the mobile station. With this initial guess, the mobile location is calculated according to (22). At the next step, this estimated position is used as a new initial guess. The iterations will have converged when the change in the estimated position is essentially zero. 

If the UE local clock is locked to the serving/reference TP 1, equations (4) would be applicable, which can be expanded into:
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	(26c)



Using the velocity and acceleration at times ti, the locations [x(ti),y(ti)] can be propagated forward from the location at time t1 using equations (11). However, compared to equations (12) also the reference TP 1 distance needs to be propagated due to the changing/adjustment of the UE local clock to the TP 1 clock:
	 
	(27a)
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The solution of equations (27) is according to equation (22) but with  instead of G:
	 

	(28)



with  according to equation (24) and
	
	(29)



where k=2 corresponds to the first row in equation (28), k=3 to the second, and so on (see also equation (21)). 
Therefore, as mentioned at the beginning of this section, the location server/position calculation function need to know whether the UE local clock is independent/free-running (in which case the motion measurements are used as in equations (12)) or if the UE clock is locked to the reference (or any other) TP clock (in which case the motion measurements are used as in equations (27)).

3. 	Example
As an example-trajectory, we use a "figure-8" track model, with the position on the track completely specified by the down-track distance from a reference point. The trajectory of the UE on the track is specified in terms of a formula,

	
	(30)

	
	(31)



where S is a track scaling parameter, h is half the vertical separation where the track crosses over itself, [average speed (m/s)]/[track length (m)], and  is an arbitrary phase angle (rad). The resulting trajectory is illustrated in Figure 1.  

We consider five TPs as an example with the UE trajectory in the center. The dots on the "figure-8" trajectory in Figure 1 show the UE location sampled every 640 ms with an average UE speed of 25 m/s. The non-uniform spacing of the UE positions (dots) is due the UE acceleration/deacceleration. 

[image: ]
Figure 1: Simulation Scenario.


Figure 2 shows the UE velocity and acceleration along the track for this example. One figure-8 track length is 1500m and takes one minute to travel. 

 [image: ][image: ]
Figure 2: Velocity and acceleration for the example.


The moving UE makes a TOA measurement for one TP at a time, every 640 ms. This would correspond to a PRS periodicity of 640 ms together with a muting pattern which includes a single "1" for example. Only the positioning error due to the UE movement during the location session is investigated; any noise, interference etc. are neglected (i.e.,  = 0 in equations (1)). 

Figure 3 shows the calculated UE locations. The crosses ("+") show the calculated UE location by assuming the UE is stationary (which would be the case in OTDOA location today). A location is calculated every time after the 6 TPs have been measured (with every measurement 640 ms apart). If the location server assumes the UE is stationary during the location session, a significant error is introduced (the rms error due to movement alone is 45.4 meters in this example). 


Observation 1:	Positioning of a UE that is moving during the positioning session can introduce significant error into both the location result and any estimate of the uncertainty of the location result. 

The circles ("o") in Figure 3 show the calculated UE location taking the IMU measurements into account, as described in section 2 above. At the time when each TOA measurement has been performed, the velocity and acceleration (in Northing/Easting/Downwards) obtained from the IMU is used together with the corresponding time stamps as described in section 2. As can be seen from Figure 3, the errors due to movement during the location session can be completely removed by taking the UE velocity/acceleration and measurement time for each TOA into account (the rms error is 0.05 meters in this example (compared to 45.4 meters when the location server assumes the UE is stationary)).

Figure 4 shows the CDF of the location error with moving around the "figure-8" track 100 times. The curves show the results when no IMU measurements are used (i.e., UE is assumed to be stationary), when IMU velocity measurements are used, and when IMU velocity and acceleration measurements are used. As can be seen from Figure 4, already if velocity only measurements are considered for position calculation (no acceleration measurements available), the error due to the UE movement can be considerably reduced. 



[image: ]
Figure 3: UE location estimates assuming the UE is stationary ("+") and by taking IMU measurements into 
account ("o") (UE clock is free-running).


[image: ]

Figure 4: CDF of positioning error for the "figure-8" track example.


By reporting the UE velocity/acceleration and measurement time for each TOA measurement, the location server would also be able to extrapolate the (correctly) calculated UE location to a later time before sending the UE location estimate to an LCS client (e.g., emergency centre). Alternatively, or in addition, the location server may adjust the reported uncertainty estimate by scaling the uncertainty ellipsoid in the direction of movement accordingly. As an alternative, a UE that is able to determine location change itself from velocity and acceleration data (see also section 4 below) could report the location change to the E-SMLC instead of (or in addition to) velocity and acceleration.


Observation 2:	Providing an E-SMLC with the timestamp for each TOA measurement together with the velocity, acceleration and/or location change at that time enables the E-SMLC to significantly reduce the UE positioning error due to the UE movement. 

As evaluated in section 2 above, a derivation by the E-SMLC of UE location will depend on whether UE time is locked to a serving or reference cell or is free running (or locked to some other external time source like GNSS time).  Figure 5 below shows the result in case the UE time is locked to the reference TP, but the location server assumes that the UE clock is free-running (i.e., the location server still solves equations (12)).  
[image: ]
Figure 5: UE location estimates assuming the UE is stationary ("+") and by taking IMU measurements into
account ("o") for UE clock being time/frequency locked to reference TP.

The crosses ("+") in Figure 5 show the calculated UE location by assuming the UE is stationary (which would be the case in OTDOA location today). Although, compared to Figure 3, the crosses appear to be closer to the UE track, the rmse in this example is 54 m (i.e., greater as in Figure 3). As discussed in section 2 and shown in equations (4), the GTDs in this case appear as if they have been obtained at the same time (i.e., the measured RSTDs/OTDOAs provide better GTD estimates than in case of a free-running clock (equations (5)), but the applicable time for the OTDOAs/GTDs is blurred, resulting in wrong UE locations). 
The circles in Figure 5 show the calculated UE location taking the IMU measurements into account, as described in section 2 above. However, in the example of Figure 5 the UE clock is locked to the reference TP, but the location server assumes that the UE clock is free running (i.e., solves equation (12)). In this case, the location error cannot be removed. The rmse for moving around the "figure-8" track 100 times is still 26 m in this example (compared to 53 m by assuming the UE is stationary).  
Figure 6 below shows the same example, but taking into account that the UE clock is locked to the reference TP and the location server solves the applicable equations (27). In this case, the errors due to movement can be removed completely (same as in Figure 3). The rmse is now 0.09 m. This leads to a further observation.

Observation 3:	Providing an E-SMLC with information about any external time source used by the UE is needed to allow the E-SMLC to correctly compensate for UE motion.

[image: ]
Figure 6: UE location estimates assuming the UE is stationary ("+") and by taking IMU measurements into
account ("o") for UE clock being time/frequency locked to reference TP and location server knows the UE clock source.


4. 	IMU Measurement Data
For the mitigation of the impacts of movement of a UE during positioning, the UE velocity and acceleration are exploited as described in section 2 and 3 above. These kinematic quantities may be obtained using IMUs, but it should be noted that these are not IMU or sensor "measurements". 
An IMU is usually part of an Inertial Navigation System (INS) and typically composed of three mutually orthogonal accelerometers and three gyroscopes aligned with the accelerometers. The gyros measure angular rate, which is used by the navigation processor to maintain the INS’s attitude solution. The accelerometers typically measure specific force, which is the acceleration due to all forces except for gravity. In a strapdown INS[footnoteRef:2] as illustrated in Figure 7 (see [8]), the accelerometers are aligned with the navigating body, so the attitude solution is used to transform the specific force measurement into the resolving coordinate frame used by the navigation processor. A gravity model is then used to obtain the acceleration from the specific force using the position solution. Integrating the acceleration produces the velocity solution, and integrating the velocity gives the position solution. The position and velocity for all INS and the heading must be initialized before the INS can compute a navigation solution. [2:  In strapdown systems the inertial sensors are mounted rigidly onto the device where output quantities are measured in the device/body frame.] 



Figure 7: Basic schematic of an inertial navigation system.
Signals from the IMU are processed through signal processing (navigation processor) at a very high rate. For example, in a 200Hz IMU, the sample period represents the total motion of the IMU over 5 milli-seconds. The IMU measurements are processed (summed/integrated) to produce acceleration and rotation for the IMU sample period. If the timestamps for the TOA measurements discussed in section 2 and 3 above are based on the System Frame Number (SFN; 10 ms counter), the IMU should provide measurements at a rate of at least 100 Hz to represent the total motion of the IMU over 10 milli-seconds. For a positioning session of 20 seconds, a 100 Hz IMU would generate about 2000 samples, each having at least 6 (float or double) values. Typical output rates of IMUs are between 100 and 1,000 Hz.

Observation 4:	Providing IMU measurements to an E-SMLC appears non-feasible, since a very high reporting rate would be required.

The IMU measurements have usually device dependent scale factors. For example, accelerometers may have scale factors that are the ratios of input acceleration unit to output signal magnitude units (e.g., meters per second squared per volt). The signals must be rescaled in the navigation processor. 
The IMU measurements have output errors, including unknown biases, unknown sensor axis misalignment, noise, quantization, etc. Appropriate signal processing or calibration tables etc. are required to use the IMU measurements to derive acceleration, velocity, and position, as illustrated in Figure 7. 
Before an INS can be used to provide a navigation solution, that navigation solution must be initialized. INS position initialization relies on external sources such as GNSS. INS velocity initialization may be accomplished by starting when it is zero (maintaining the INS stationary). Heading may be initialized using a magnetic compass or GNSS.

[bookmark: _Hlk493654755]Observation 5:	Providing IMU measurements to an E-SMLC appears useless, unless converted (by the UE) into meaningful motion measurements (e.g., device velocity, acceleration, location change). 

When combining data from an INS with RSTD measurements (or any other positioning system measurements), the different coordinate systems must be related to each other. Assuming the INS signal processing described above yields velocity and acceleration in inertial frame, they must be converted into the "navigation frame". The navigation frame is typically an Earth-centred, Earth-fixed frame (ECEF). 
In the OTDOA equations described in section 2 above, navigation is done in a local x-y-z coordinate system, typically referred to as North-East-Down (NED), or East-North-Up (ENU) frame. In the local Earth-fixed NED coordinate system, the positive x-axis points towards North, the positive y-axis towards East, and the positive z-axis points down towards the Earth to complete the right-handed coordinate system. The origin of the NED frame is fixed in ECEF coordinates; it is usually chosen in the vicinity of the target device location.
Therefore, the conversion of inertial frame measurements to Earth-fixed coordinates requires knowledge of the local North direction. This information is usually obtained by aligning the INS-derived velocity to GNSS velocity, or by using a magnetometer when GNSS is not available. 

Observation 6:	Converting device velocity/acceleration measurements in inertial frame into the navigation frame requires the INS to be aligned to North. 

Velocity can already be reported in LPP [9], usually together with a location estimate. The velocity is provided in the WGS-84 ECEF frame and may be used by the E-SMLC to adjust the UE reported location before providing the location estimate to an LCS client, or to adjust the uncertainty of the location estimate. The velocity encoding in LPP is based on the GAD shapes defined in TS 23.032 [10] (speed and bearing). An acceleration GAD shape could be added to TS 23.032 [10] and/or LPP [9].

Observation 7:	"IMU positioning" has no RAN1 impacts. 

[bookmark: _GoBack]However, for the use case discussed in section 2 and 3 above, the velocity and acceleration readings are needed at the TOA measurement times during a OTDOA location session. Therefore, the velocity/acceleration/location changes should be reported together with the RSTD (OTDOA) measurements. 


5. 	Summary
This contribution discussed the use of IMU measurements during an OTDOA location session. The observations were as follows: 
Observation 1:	Positioning of a UE that is moving during the positioning session can introduce significant error into both the location result and any estimate of the uncertainty of the location result. 
Observation 2:	Providing an E-SMLC with the timestamp for each TOA measurement together with the velocity, acceleration and/or location change at that time enables the E-SMLC to significantly reduce the UE positioning error due to the UE movement. 
Observation 3:	Providing an E-SMLC with information about any external time source used by the UE is needed to allow the E-SMLC to correctly compensate for UE motion.
Observation 4:	Providing IMU measurements to an E-SMLC appears non-feasible, since a very high reporting rate would be required.
Observation 5:	Providing IMU measurements to an E-SMLC appears useless, unless converted (by the UE) into meaningful motion measurements (e.g., device velocity, acceleration, location change).
Observation 6:	Converting device velocity/acceleration measurements in inertial frame into the navigation frame requires the INS to be aligned to North.
Observation 7:	"IMU positioning" has no RAN1 impacts. 

This leads to the following proposal:
Proposal 1:	Enhance LPP to enable a UE to provide information to an E-SMLC concerning movement of a UE during a OTDOA location session. Include the following information in the IE OTDOA‑SignalMeasurementInformation in LPP [9]:
		timestamp for each TOA measurement used by the UE to determine RSTD;
		time source used by a UE for TOA measurements;
		IMU motion measurements (in form of device velocity, acceleration and location
 		change) for each timestamp.
The details are left to RAN2 to specify.
Proposal 2:	Send an LS to RAN2 according to Proposal 1.
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