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1. 
Introduction

A new work item on "UE Positioning Accuracy Enhancements for LTE" was approved at RAN#75 [1] and updated at RAN#78 [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.

An email discussion was held after RAN2#99bis, to identify the needed measurements to support IMU positioning. It appears that most companies in general agree that the UE should be able to report acceleration, velocity, displacement and timestamp to the location server [10]. However, this information alone is not sufficient to fully support the above use cases (as also discussed in [6]). 

This contribution proposes to enhance LPP to enable a UE to provide information to an E-SMLC concerning movement of a UE during an OTDOA location session.

2. 
Mitigating Movement of a UE during Positioning

Items 1 and 3 in section 1 above would be possible if an E-SMLC was aware of the trajectory of the UE during positioning and the time for which a computed location was applicable and/or information on UE movement such as UE velocity or change in velocity.
Item 2 is evaluated in detail in a related RAN1 contribution [6]. The impacts of movement of a UE while being positioned is studied for OTDOA, where neighbour cell measurements are usually not made at the same time (e.g., due to different muting pattern and receiver capacity constraints). Simulation results show that movement of a UE while being positioned can lead to significant errors in the positioning result. The observations from this evaluation are repeated below [6]:
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.
3. 
IMU Measurement Data
For the mitigation of the impacts of movement of a UE during positioning, the UE velocity and acceleration are exploited [6]. 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
 as illustrated in Figure 7 (see [7]), 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.
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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 e.g., OTDOA/TOA measurements 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.
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 for OTDOA (or any other positioning system measurements), the different coordinate systems must be related to each other. Assuming the INS signal processing 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). 
Navigation is usually 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/location change measurements in inertial frame into the navigation frame requires the INS to be aligned to North. 
Velocity can already be reported in LPP [8], 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 [9] (speed and bearing). An acceleration GAD shape could be added to TS 23.032 [9]. However, for the use case of mitigating movement of a UE during positioning, the velocity, acceleration and location change readings are needed at the TOA measurement times during an OTDOA location session [6]. Therefore, the velocity/acceleration/location changes should be reported together with the RSTD (OTDOA) measurements. 
4. 
LPP Impacts

The LPP impacts for implementing above Observations (as also evaluated in [6]) are quite moderate. 
The IE OTDOA‑SignalMeasurementInformation in LPP [8] contains already a time stamp in form of the System Frame Number (SFN) of the RSTD reference TP during which the most recent RSTD measurement was performed. This field can be reused and could provide the SFN of the TOA measurement of the RSTD reference TP. A SFN in the neighbour TP measurement list would provide the time when the neighbour TP TOA measurement used to calculate the RSTD has been made. For example:
-- 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


]],


[[ tpIdRef-r14


INTEGER (0..4095)

OPTIONAL,

-- Cond ProvidedByServer0



prsIdRef-r14

INTEGER (0..4095)

OPTIONAL,

-- Cond ProvidedByServer1



additionalPathsRef-r14









AdditionalPathList-r14
OPTIONAL,



nprsIdRef-r14

INTEGER (0..4095)

OPTIONAL,

-- Cond ProvidedByServer2



carrierFreqOffsetNB-Ref-r14







CarrierFreqOffsetNB-r14
OPTIONAL,

-- Cond NB-IoT



hyperSFN-r14

BIT STRING (SIZE (10))
OPTIONAL

-- Cond H-SFN

]],

[[



motionInfoRef-r15
MotionInfoRef-r15

OPTIONAL


]]
}

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


]],


[[ tpIdNeighbour-r14
INTEGER (0..4095)

OPTIONAL,

-- Cond ProvidedByServer0



prsIdNeighbour-r14
INTEGER (0..4095)

OPTIONAL,

-- Cond ProvidedByServer1



delta-rstd-r14

INTEGER (0..5)


OPTIONAL,



additionalPathsNeighbour-r14









AdditionalPathList-r14
OPTIONAL,



nprsIdNeighbour-r14
INTEGER (0..4095)

OPTIONAL,

-- Cond ProvidedByServer2



carrierFreqOffsetNB-Neighbour-r14








CarrierFreqOffsetNB-r14
OPTIONAL

-- Cond NB-IoT

]],

[[



motionInfoNeighbour-r15
MotionInfoNeighbour-r15

OPTIONAL

]]
}
AdditionalPathList-r14 ::= SEQUENCE (SIZE(1..maxPaths-r14)) OF AdditionalPath-r14

maxPaths-r14    INTEGER ::= 2
MotionInfoRef-r15 ::= SEQUENCE {


timeSource-r15



ENUMERATED {servingCell, referenceCell, gnss, mixed, 












other, none, ...},


northingVelocity-r15

INTEGER (-131072..131071),

eastingVelocity-r15


INTEGER (-131072..131071),

downwardVelocity-r15

INTEGER (-131072..131071),

northAcceleration-r15

INTEGER (-2048..2047),


eastAcceleration-r15

INTEGER (-2048..2047),


downwardAcceleration-r15
INTEGER (-2048..2047),

...

}

MotionInfoNeighbour-r15 ::= SEQUENCE {


delta-SFN





INTEGER (-8192..8191),

delta-northingVelocity


INTEGER (-16384..16383)



OPTIONAL,

delta-eastingVelocity-r15

INTEGER (-16384..16383)



OPTIONAL,

delta-downwardVelocity-r15

INTEGER (-16384..16383)



OPTIONAL,

delta-northAcceleration-r15

INTEGER (-512..511)




OPTIONAL,


delta-eastAcceleration-r15

INTEGER (-512..511)




OPTIONAL,


delta-downwardAcceleration-r15
INTEGER (-512..511)




OPTIONAL,

delta-northingLocation-r15

INTEGER (-65536..65535)



OPTIONAL,


delta-eastingLocation-r15

INTEGER (-65536..65535)



OPTIONAL,


delta-downwardLocation-r15

INTEGER (-65536..65535)



OPTIONAL,


...

}
-- ASN1STOP

	OTDOA-SignalMeasurementInformation field descriptions

	systemFrameNumber

If the motionInfoRef and motionInfoNeighbour fields are not present, this field specifies the SFN of the RSTD reference cell containing the starting subframe of the PRS or NPRS positioning occasion if PRS or NPRS are available on the RSTD reference cell, or subframe of the CRS for RSTD measurements if PRS and NPRS are not available on the RSTD reference cell during which the most recent neighbour cell RSTD measurement was performed. 
In case of more than a single PRS configuration on the RSTD reference cell, the first PRS configuration is referenced.
If the motionInfoRef and motionInfoNeighbour fields are present, this field specifies the SFN of the RSTD reference cell when the TOA measurement for the RSTD reference cell has been made.

	physCellIdRef 

This field specifies the physical cell identity of the RSTD reference cell.

	cellGlobalIdRef

This field specifies the ECGI, the globally unique identity of a cell in E-UTRA, of the RSTD reference cell. The target shall provide this IE if it knows the ECGI of the RSTD reference cell.

	earfcnRef

This field specifies the EARFCN of the RSTD reference cell.

	referenceQuality

This field specifies the target device’s best estimate of the quality of the TOA measurement from the RSTD reference cell, TSubframeRxRef , where TSubframeRxRef is the time of arrival of the signal from the RSTD reference cell.
When motionInfoRef and motionInfoNeighbour are both included, the target device shall not include measurement errors caused by motion of the target device in referenceQuality (e.g. the target device may assume the target device was stationary during OTDOA measurements).

	neighbourMeasurementList

This list contains the measured RSTD values for neighbour cells together with the RSTD reference cell, along with quality for each measurement.

	tpIdRef

This field specifies the transmission point ID of the RSTD reference cell.

	prsIdRef

This field specifies the PRS-ID of the first PRS configuration of the RSTD reference cell.

	additionalPathsRef 

This field specifies one or more additional detected path timing values for the RSTD reference cell, relative to the path timing used for determining the rstd value. If this field was requested but is not included, it means the UE did not detect any additional path timing values.

	nprsIdRef

This field specifies the NPRS-ID of the RSTD reference cell.

	carrierFreqOffsetNB-Ref
This field specifies the offset of the NB-IoT channel number to EARFCN given by earfcnRef as defined in TS 36.101 [21]. 

	hyperSFN
This field specifies the hyper SFN as defined in [12] of the RSTD reference cell for the systemFrameNumber. 

	motionInfoRef
This field provides reference information concerning the movement of the target device and comprises the following subfields:
-
timeSource specifies the external time source to which UE time was locked during the OTDOA measurements. Enumerated value "mixed" indicates that UE time was locked to more than one external time source during OTDOA measurements (e.g. is applicable to a change in serving cell when the serving cell was used as a time source). The value "other" indicates some other external time source. The value "none" indicates that UE time was not locked to an external time source.
-
northingVelocity, eastingVelocity, downwardVelocity specify the target device velocity in a local North-East-Down (NED) coordinate system at the time indicated by systemFrameNumber. Scale factor 1 mm/s (millimeter per second) (range ~ ±131 m/s).
- 
northAcceleration, eastAcceleration, downwardAcceleration specify the target device acceleration (excluding gravity) in a local North-East-Down (NED) coordinate system at the time indicated by systemFrameNumber. Scale factor 0.00980665 m/s/s (1 mg) (range ~ ±2 g).

	physCellIdNeighbour

This field specifies the physical cell identity of the neighbour cell for which the RSTDs are provided.

	cellGlobalIdNeighbour

This field specifies the ECGI, the globally unique identity of a cell in E-UTRA, of the neighbour cell for which the RSTDs are provided. The target device shall provide this IE if it was able to determine the ECGI of the neighbour cell at the time of measurement.

	earfcnNeighbour

This field specifies the EARFCN of the neighbour cell used for the RSTD measurements.

	rstd

This field specifies the relative timing difference between this neighbour cell and the RSTD reference cell, as defined in [17]. Mapping of the measured quantity is defined as in [18] subclause 9.1.10.3.

	rstd-Quality

This field specifies the target device’s best estimate of the quality of the measured rstd.
When motionInfoRef and motionInfoNeighbour are both included, the target device shall not include measurement errors caused by motion of the target device in rstd-Quality (e.g. the target device may assume the target device was stationary during OTDOA measurements).

	tpIdNeighbour

This field specifies the transmission point ID for the neighbour cell for which the RSTDs are provided.

	prsIdNeighbour

This field specifies the PRS-ID of the first PRS configuration of the neighbour cell for which the RSTDs are provided.

	delta-rstd

This field specifies the higher-resolution RSTD RSTD as defined in [18] subclause 9.1.10.4. Mapping of the measured quantity is defined as in [18] subclause 9.1.10.4.

	additionalPathsNeighbour

This field specifies one or more additional detected path timing values for the neighbour cell, relative to the path timing used for determining the rstd value. If this field was requested but is not included, it means the UE did not detect any additional path timing values.

	nprsIdNeighbour
This field specifies the NPRS-ID of the neighbour cell for which the RSTDs are provided.

	carrierFreqOffsetNB-Neighbour
This field specifies the offset of the NB-IoT channel number to EARFCN given by earfcnNeighbour as defined in TS 36.101 [21].

	motionInfoNeighbour
This field provides information concerning the movement of the target device and comprises the following subfields:
-
delta-SFN together with systemFrameNumber specifies the measurement-SFN of the RSTD reference cell when the TOA measurement for this neighbour cell has been made for determining the rstd. The measurement‑SFN is given by systemFrameNumber + delta-SFN. (The actual SFN is the measurement-SFN modulo 1024.)
-
delta-northingVelocity, delta-eastingVelocity, delta-downwardVelocity: 
If delta-SFN >0, these fields specify the target device change in velocity in a local North-East-Down (NED) coordinate system at the time indicated by delta-SFN relative to the velocity for the most recent previous reported measurement since systemFrameNumber (i.e., measurement corresponding to the largest previous reported delta-SFN > 0, or to systemFrameNumber if this is the first motionInfoNeighbour report with delta-SFN > 0). 
If delta-SFN <0, these fields specify the target device change in velocity in a local North-East-Down (NED) coordinate system at the time indicated by delta-SFN relative to the velocity for the latest previous reported measurement before systemFrameNumber (i.e., measurement corresponding to the largest previous reported delta-SFN < 0, or to systemFrameNumber if this is the first motionInfoNeighbour report with delta-SFN < 0).
Scale factor 1 mm/s (millimeter per second) (range ~ ±16 m/s). 
-
delta-northAcceleration, delta-eastAcceleration, delta-downwardAcceleration:
If delta-SFN >0, these fields specify the target device change in acceleration (excluding gravity) in a local North-East-Down (NED) coordinate system at the time indicated by delta-SFN relative to the acceleration for the most recent previous reported measurement since systemFrameNumber (i.e., measurement corresponding to the largest previous reported delta-SFN > 0, or to systemFrameNumber if this is the first motionInfoNeighbour report with delta-SFN > 0).
If delta-SFN <0, these fields specify the target device change in acceleration (excluding gravity) in a local North-East-Down (NED) coordinate system at the time indicated by delta-SFN relative to the acceleration for the latest previous reported measurement before systemFrameNumber (i.e., measurement corresponding to the largest previous reported delta-SFN < 0, or to systemFrameNumber if this is the first motionInfoNeighbour report with delta-SFN <0).
Scale factor 0.00980665 m/s/s (1 mg) (range ~ ±0.5 g).
-
delta-northingLocation, delta-eastingLocation, delta-downwardLocation:
If delta-SFN >0, these fields specify the target device change in location in a local North-East-Down (NED) coordinate system at the time indicated by delta-SFN relative to the location for the most recent previous reported measurement since systemFrameNumber (i.e., measurement corresponding to the largest previous reported delta-SFN > 0, or to the location at systemFrameNumber if this is the first motionInfoNeighbour report with delta-SFN > 0). 
If delta-SFN <0, these fields specify the target device change in location in a local North-East-Down (NED) coordinate system at the time indicated by delta-SFN relative to the location for the latest previous reported measurement before systemFrameNumber (i.e., measurement corresponding to the largest previous reported delta-SFN < 0, or to the location at systemFrameNumber if this is the first motionInfoNeighbour report with delta-SFN < 0).
Scale factor 1 cm (range ~ ±655 meters). 
If multiple neighbour cell measurements are made at the same time (i.e., multiple neighbour cell measurements for the same delta-SFN), or if delta-SFN=0, the motionInfoNeighbour field needs to include the delta velocity/acceleration/location fields only for one of the reported neighbour cell measurements with the same delta‑SFN. 


Other LPP impacts may include updates of the IE OTDOA-ProvideCapabilities to indicate the UE support for INS motion measurements. Also the IE OTDOA-RequestLocationInformation may be updated to include a specific request for INS motion measurements (e.g., to avoid a UE sending motion measurements to an E‑SMLC which is not capable of using the motion measurements).
Observation 7:
Providing information to an E-SMLC concerning the movement of a UE during a location session will be possible via small additions to LPP.
5. 
Summary
This contribution (together with [6]) 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/location change measurements in inertial frame into the navigation frame requires the INS to be aligned to North.
Observation 7:
Providing information to an E-SMLC concerning the movement of a UE during a location session will be possible via small additions to LPP.
This leads to the following proposal:
Proposal:
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 [8]:


timestamp for each TOA measurement used by the UE to determine RSTD;


time source used by a UE for TOA measurements;


motion measurements (in form of device velocity, acceleration and location
 

change) for each timestamp.
A draft CR to LPP is provided in [11].
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� In strapdown systems the inertial sensors are mounted rigidly onto the device where output quantities are measured in the device/body frame.
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