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Introduction
The WI on “UE Positioning Accuracy Enhancements for LTE” approved in RAN #75 includes support for IMU positioning. The objective of this work item as defined in [1] includes:
· 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]
This contribution provides our view on the considerations needed to be taken in account to support IMU positioning following the discussions in RAN2#99.
Background & Motivation
With inertial measurement units (IMUs) a body’s specific force, angular rate and the local magnetic field are measured. As the object is mounted on the body itself, the quantities are obtained in the so called body frame. For the proposed localization tasks, however, the position and orientation of the tracked object in a global frame, e.g. the Earth-Centered-Earth-Fixed (ECEF, e.g. used for GPS) coordinate system, are of interest. The transformation of the body frame quantities is dependent on the orientation of the object regarding the global frame. Thus, the availability of this orientation is required for transformation of the IMU measurements for positioning.
Observation 1:  For the use of inertial measurements in an inertial navigation system (INS), the orientation of the sensing device (UE) in a global frame is required
The relation of an acceleration of an object to the actual position can be expressed by double integration:

The measured acceleration, however is not the real physical state , but a measurement of the body-frame acceleration and gravity component, which have to be transformed into the navigation frame using the rotation matrix  , dependent on the object orientation . Typical errors are scaling , bias  and sensor noise . Every one of these components, if not estimated 100% correctly, will lead to an error that will be integrated over time, leading to massive localization errors even after short time intervals of a view seconds.

Observation 2: Double integration based positioning estimates will deteriorate heavily over time, especially with low-cost sensors typically available in mass-market devices. 

	Component
	Measured quantity
	Related physical state of interest
	Challenges

	Accelerometer
	3 – axis body frame acceleration
	Navigation frame acceleration, position and velocity through integration
	Double Integration error of error components, 
Use requires initial velocity and position
Transformation into navigation frame requires orientation

	Gyroscope
	3 – axis angular rate
	Angular rate, orientation through integration
	Integration of error components, use for orientation estimation requires initial orientation

	Magnetometer
	3 – axis magnetic force
	Orientation w.r.t. earth’s magnetic field
	Electromagnetic disturbance, especially indoors caused by metal in the building structures



Sensor Quality
There are two types of sensor errors when it comes to inertial sensors: Deterministic errors (e.g. scaling and bias) and non-deterministic errors (e.g. sensor noise, random walk).   As mentioned before, double integration is required to obtain a position estimate from an accelerometer measurement. While the deterministic error components can be compensated by calibration, the non-deterministic errors are integrated over time, leading to massive localization errors. Therefore inertial navigation systems, like the ones used in submarines, airplanes or strategic missiles, require high-grade sensors with low non-deterministic errors. The IMUs available in typical handheld devices, however, are of much lower quality.
[bookmark: _Ref494284762]Figure 1: Orientation error propagation for industrial grade (left side) and low-cost (right side) IMUs.
Figure 1 highlights this difference on data simulated using a simulation environment for inertial sensors and inertial navigation (Fraunhofer SimINS): Gyroscope measurement simulations on a resting object were used to determine the orientation of the objects orientated toward 0° pitch, roll, and yaw in Euler angles. While, after few minutes, the industrial grade sensor measurements only lead to an error of ~ 0.1° for all Euler angles, the measurements from the inferior low-cost IMU lead to an error of ~50°. This means that industrial grade sensors can still be used for INS, while low-cost sensors become unreliable too quickly.
Another example for error accumulation is given in Figure 2 which displays an estimated trajectory based on the same data as in Figure 3. In Figure 2, the measurements are used to obtain features for motion state classification. The true trajectory (a rectangular spiral) is evidently approached. IMU measurements were conducted with an IMU mounted on a pedestrian moving within a building on a trajectory marked as the dashed red line of Figure 2. 
[image: C:\Users\kramsn\AppData\Local\Microsoft\Windows\Temporary Internet Files\Content.Outlook\A2NXLQF7\pdr.png]
[bookmark: _Ref494268451]Figure 2: Exemplary step detection positioning result and reference trajectory.
[image: C:\Users\nickelcn\Desktop\ins.png]
[bookmark: _Ref494900133][bookmark: _Ref494900129]Figure 3: Exemplary positioning result using double integration based position estimation using same data set as in Figure 2.

In contrast, as can be seen in Figure 3 for the same data as in Figure 2,even after a short period of time, the integration error is of such magnitude that the estimated position is kilometers away, although the pedestrian has only moved a few meters. Nevertheless, sensor fusion techniques which integrate with inertial navigation (e. g. loose/tight/deep coupling with GNSS or other TDOA techniques) can still work with lower grade sensors as long as they only rely on INS for a short period of time, so that the sensor errors will not accumulate up to an unusable level. The time interval in which the measurement is valid depends on the quality grade of the sensor.
Observation 3: The usability of raw IMU data in sensor fusion algorithms and IMU depends on the grade of the sensor.
However, if one does not use classical inertial navigation, but instead plans to rely on using the inertial measurements as features for movement state classification, the requirements for the IMU sensors can be greatly relaxed. 
Inertial navigation vs. movement models
As mentioned above, inertial navigation does not constrain the movement of the user in any way, but requires a high sensor grade. If the user movement can be classified, e. g. the user is a pedestrian; a fitting movement model can be applied. For the pedestrian, this movement model relies on detecting the footsteps and estimates step lengths by using features extracted from the IMU measurements. The user’s velocity is then a result of the frequency of the steps. This introduces an error in the speed estimate (instead of the acceleration). Thus the order of the errors is reduced from quadratic to linear. Also, since the inertial measurements are used only for classifying features, the above sensor noise is not propagated and accumulated over time, which is the major issue with classic INS. 
Observation 4: For low cost sensors, step detection and similar motion classification algorithms based on physical models achieve far better positioning results, as they use the IMU data as classification features and therefore the order of propagation of positioning errors is linear and not quadratic over time.
[bookmark: _Ref415123869][bookmark: _Ref426028042]Observation 5: Step detection is event based and, unlike inertial navigation systems, does not require a continuous data stream for navigation processing.
Proposal 1: Study and compare alternative approaches for navigation based on IMU, especially approaches based on movement classification.
Proposal 2: Define exemplary parameter sets (e.g. measurement noise) for simulations of INS.


Conclusions
Based on the above discussion, we have the following observations and proposals:
Observation 1:  For the use of inertial measurements in an INS, the orientation of the sensing device (UE) in a global frame is required
Observation 2: Double integration based positioning estimates will deteriorate heavily over time, especially with low-cost sensors typically available in mass-market devices. 
Observation 3: IMU data can be used as auxiliary technology in sensor data fusion algorithms
Observation 4: For low cost sensors, step detection and similar motion classification algorithms achieve far better positioning results, as they use the IMU data as classification features and therefore positioning errors caused by sensor noise will not accumulate over time.
Observation 5: Step detection is event based and unlike IMU measurements does not require a continuous data stream for navigation processing.
Proposal 1: Study and compare alternative approaches for navigation based on IMU, especially approaches based on movement classification.
Proposal 2: Define exemplary parameter sets (e.g. measurement noise) for simulations of INS.
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