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1 Introduction
[bookmark: _Hlk101973456][bookmark: _Hlk101171169]The Rel-18 Positioning Study Item RP-213588 [1] includes the following:  
	Regarding higher accuracy, two promising techniques identified in earlier studies will be considered in Rel-18: one is to take the advantage of the rich 5G spectrum to increase the bandwidth for the transmission and reception of the positioning reference signals based on PRS/SRS bandwidth aggregation for intra-band carriers, and the other is to use the NR carrier phase measurements. GNSS carrier phase positioning has been used very successfully for centimetre-level positioning but is limited to outdoor applications. NR carrier phase positioning has the potential for significant performance improvements for indoor and outdoor deployments in comparison with the existing NR positioning methods, as well as shorter latency and lower UE power consumption in comparison with RTK-GNSS outdoors.
· Study solutions for accuracy improvement based on NR carrier phase measurements [RAN1, RAN4]
· Reference signals, physical layer measurements, physical layer procedures to enable positioning based on NR carrier phase measurements for both UE-based and UE-assisted positioning [RAN1]
· Focus on reuse of existing PRS and SRS, with new reference signals only considered if found necessary




At the last RAN1 meeting #109-e, the following agreements were made regarding carrier phase: 
	
Agreement
· Reuse the simulation assumptions of NR Rel-16/17 for carrier phase positioning
· Note: Optional modification of the simulation assumptions defined in NR Rel-16/17 are allowed only if needed. 
· The evaluation scenarios:
· Baseline: InF-SH, InF-DH
· Optional: IOO, Umi, Highway
· Note 1: Other evaluation scenarios are not precluded.
· Note 2: Existing Rel-17 DL/UL reference signals in Uu interface is to be used for the Highway scenario.
· Frequency range: 
· Baseline: FR1
· Optional: FR2

Agreement
· In addition to the evaluation assumptions of NR Rel-16/17, the following error sources may also be considered during the evaluation:
· Phase noise (FR2)
· CFO/Doppler
· Oscillator-drift
· Transmitter/receiver antenna reference point location errors
· Transmitter/receiver initial phase error
· Phase center offset
· Note: Other error sources are not precluded
· Note: UE mobility can be considered in the evaluations
· Note: one or more error sources can be evaluated jointly
· Note: companies should provide the error sources model with their evaluations

Agreement
· For the purposes of discussion, for NR downlink and/or uplink carrier phase positioning, the carrier phase (CP) at a RF frequency at a receiver is a phase that is a function of the signal propagation time from an Tx antenna reference point of a transmitter (e.g., a TRP or a UE) to a Rx antenna reference point of the receiver (e.g., a UE or a TRP).
· The propagation time can be expressed in a fractional part of a cycle of the RF frequency and a number of integer cycles, but the CP may be independent of the number of integer cycles. 

Agreement
The use of PRUs to facilitate NR carrier phase positioning can be evaluated in the SI by RAN1.





One of the RAN1 agreements above lists a number of error sources that may be considered. The modelling of some of these error sources may require RAN4 input. The purpose of this document is to describe the error sources in more detail, propose potential models for both the sources and for ways to correct them, and highlight how RAN4 may play a role in studying/refining these models further. The error modelling is described in detail for all the error sources just for completeness and full context – note that some of these may be handled entirely in RAN1 without any RAN4 input needed. 
2 Carrier phase in NR
2.1 Modeling impacts of phase errors
Carrier phase has potential for significant improvement in positioning accuracy, of the order of a fraction of the wavelength used. If we ignore aspects such as antenna phase response, doppler, frequency drift, etc, the measured carrier phase ϕ of the LoS path from transmitter to receiver is directly related to the LoS distance d (of interest for positioning) via 
ϕ = mod(2πd/λ, 2π) + ϕe.
Here, if ϕe =0, the phase measurement directly yields the fractional wavelength part of the distance d, subject to remaining ‘integer ambiguity’ (i.e., the number of whole integer wavelengths in d). This ambiguity can be resolved based on algorithms that search around an initial guess of d. For example, the initial guess may be based on non-carrier-phase positioning techniques, and the algorithm could be a brute force search on a hypergrid of possible integer solutions, as described in more detail in [2], or possibly a lower complexity search method such as the LAMBDA algorithm [3]. In [2], we presented simulation results in FR2 based on the brute force algorithm, but we had modeled the phase measurement simply by modeling the ϕe as a uniform random variable in range [-ϕmax, ϕmax], for different values of ϕmax. In reality ϕe represents the combined effect of various error sources on the measured phase. Thus, to study the achievable accuracy, we need to model not just the channel, its measurement, and the ambiguity resolver, but also the error sources resulting in the phase-error ϕe. One of the agreements from the RAN1#109-e lists some of the error sources that contribute to this phase error ϕe, which may be considered for the evaluation. In this contribution, we outline approaches to model the ϕe more carefully, addressing these error sources, in the following subsections. We will also present some approaches and algorithms to mitigate some of these errors, and approaches to model the performance of this mitigation, by assuming some error model in the inputs the algorithm needs.

2.1.1 Channel estimation errors
Channel estimation error is easily modeled by running link simulations of the channel scenario (e.g., InF) and modeling the detection of the earliest path and measurement of its phase. This captures the impact of both the incorrect detection of earliest path and the incorrect phase measurement due to channel estimation error.

2.1.2 Initial phase errors
Errors due to unknown initial phase at the Tx and Rx VCO do not need to be explicitly modelled, as they will cancel out after double-differencing, as elaborated more in [2]. However, note that when the measurements input to the differencing scheme are performed at different times, this involves an implicit assumption of Tx and Rx phase coherence in the interval between those times, so that the ‘initial phase’ is indeed the same across the two measurements and will thus be cancelled (or if the initial phase is different, the difference can somehow be tracked and is thus known, i.e., there are no ‘cycle slips’). This assumption is not true if there is CFO, oscillator drift, or Doppler during that time interval. Hence these aspects should be modeled in more detail, as described in the next sections.

2.1.3 Doppler
[bookmark: _Hlk110989493]The measured carrier phase of the first path is impacted by Doppler: specifically, by the component of the doppler velocity along the LoS direction, as represented by the last exponential (phase) term in the following equation (Eq. 7.5-29 in TR 38.901). 



Since that phase is a function of time ‘t’, it implies that different PRS resources occurring at different times will experience different phases due to doppler, and thus result in imperfect cancelling out of that impact during the double differencing. Note that this is modelled implicitly by following the TR 38.901 based fast-fading channel modelling. For a PRS occasion spanning a time duration of T, the maximum impact of this error is when the differencing is between two PRS at the beginning and at the end of this duration, and the velocity vector   is along the direction of the LOS direction vector , resulting in a phase error of 2π| |T/λ0. Thus the impact is more at higher carrier frequencies (smaller λ0), and more when the PRS are more spread out in time (larger T). Note that this doppler impact to phase is in general different for each (UE, TRP) pair/link, even if all the UEs have the same velocity (both direction and magnitude), because the direction vector  is in general different per link. 
Since the Doppler impact is more benign at lower carrier frequencies, corrections to the phase measurements based on a Doppler estimator may provide less gains in FR1. However, in FR2, it is also interesting to study the performance achievable if we assume a Doppler estimator for each of the LOS links. We can assume that the estimator estimates only the component of the Doppler along the LOS direction, i.e., the precise quantity needed to undo the effect of the last exponential factor in the above-mentioned Equation 7.5-29  of TR 38.901. Further we can assume that the estimate itself has an error that we model as a Truncated Gaussian, where we sweep the Truncated Gaussian parameter. Note that such an estimator could be realized either based on PRS measurements itself, or based on side information about the speed and heading of the target UE to be positioned. In a further step, we could also simulate the Doppler estimation itself, instead of simply modeling it as a genie estimator plus some additive estimation noise.

2.1.4 Residual CFO and Frequency Drift
CFO is the offset between the RF frequency the device actually operates at, and the true intended carrier frequency. CFO may refer to the offset of the crystal oscillator within the device, or to the offset of the actual transmitter/receiver after all compensating logic/circuits/operations have been applied to correct the crystal oscillator offset. This latter CFO is termed as ‘residual’ CFO. The impact of this offset is to cause a phase ramp across time, thus impacting the phases of PRS transmitted/received at different times differently. 
For each UE, if each transmitter (TRP) only transmits one PRS resource per PRS occasion, the impact of transmit-side residual CFO impact is identical to ‘transmit-side initial phase error’ (Section 2.1.2) and will not cause any impact after the double-differencing of the phase, and thus does not need to be modeled. On the other hand, the UE receiver has to receive multiple PRS (one from each TRP) spread out at different points in time. The receiver residual CFO will thus effectively apply a phase ramp across these different points in time, with slope of the phase ramp given by the residual CFO in Hz. The impact is thus very similar to that of Doppler (Section 2.1.3), except that unlike Doppler, the phase ramp slope is the same for all (UE, TRP) links for a given UE. Also, unlike Doppler, it is not implicitly captured in TR 38.901 channel modeling, and needs to be explicitly added to the link simulations. For first order simplicity, this model can be applied on a per-OFDM symbol basis (so, the phase ramp during the OFDMsymbol duration is ignored). 
[bookmark: _Hlk110999797]Frequency drift refers to change of the residual CFO over time (e.g., between two PRS occasions, or between two TRS occasions). Again for simplicity, this change is assumed to be negligible during any given PRS occasion, but may accumulate across the occasions. Thus, it can be modeled by refreshing the CFO value simulated every time the channel/fader is refreshed in the link simulation. The CFO values can be drawn from a Truncated Gaussian distribution with range [-2F, 2F] at each channel refresh, where the parameter F is swept across simulations to see the impact.

2.1.5 Antenna element/array phase response, AoD/AoA errors, and PCV errors.
Consider first the simple case of a single antenna element with an ‘omni phase response’, i.e., for any sphere drawn with the antenna element as the center, the phase response is the same at all points on the sphere, and depends only on the radius of the sphere. For such an ideal antenna, the antenna pattern does not itself cause any unnecessary additional phase term in the estimated carrier phase, and thus needs no special treatment. Note that there were many non-omni antenna element patterns in TR 38.901 used in previous (Rel-16/17) positioning framework – they were ‘non-omni’ in that they had a non-constant amplitude response. However they are all omni-phase response (as defined above). 
The beam phase response of a beam formed by a practical antenna element array deviates from the above ideal ‘omni-phase’ beam shape, which lead to phase errors in carrier phase as detailed below:
1) The response is not omni-phase, implying that the measured carrier phase of the LoS path includes the beam phase response along the AoD/AoA of the  LoS path, and this response will be different for different AoD/AoA. This response as a function of AoA/AoD may also have sudden transitions (e.g., between 0 and 180 degrees, as we move across different lobes of the beam amplitude response). 
2) If the phase response and the AoA/AoD were known perfectly, then the impact of this response can be removed perfectly. But there is some uncertainty in perfectly knowing both of these, and even an uncertainty only in one of them can result in impact to the carrier phase accuracy. 
3) In the first case, if the phase response were known perfectly, but the AoA/AoD was imperfect, then instead of compensating out the phase response corresponding to the true AoA/AoD, we correct for the phase that corresponds to the estimated AoA/AoD. The sharper the variation of the phase response around the region of uncertainty of the AoA/AoD, the higher the resulting error due to imperfect AoA/AoD. Thus, this compensation error can be modelled by an additive phase noise which is the product of the AoA/AoD error and a uniform random variable in range [-a, a]. This random variable represents the ‘slope’ or ‘sharpness of variation’ of the phase response in an interval covering the true and the estimated AoD. Another way to model this would be to use the actual phase response when looking up the AoD/AoA-based compensation phase. The AoD/AoA estimate itself can be based on the location of the target UE as computed without carrier phase methods, in relation to the transmitting TRPs.
4) In the other case, even if the AoA/AoD are known perfectly, the phase response of the beam used at that AoA/AoD cannot be known perfectly, because there could be some errors in the process used to measure/characterize/calibrate the beam response itself. This may be referred to as PCV (phase center variation).  This error can be modeled as a simple additive phase error that is truncated Gaussian with distribution in [-2T, 2T], with sweeping of the parameter T.
5) Note that all the models suggested in both items (3) and (4) above are ad-hoc, in the sense that they are not derived/developed based on any practical antenna designs and the expected phase responses thereof. There are special geodetic antenna designs that try to achieve near-omni phase response, but it is quite unclear how close to these (if at all) the smartphone grade antennas can approach. This is a topic that RAN4 can explore in further detail, including possibly improved modeling of the antenna phase patterns and resulting impact to carrier phase positioning, or suggesting typical values for the parameters in the models proposed in items (3) and (4) above.

2.1.6 ARP location errors for PRUs and reference nodes (gNBs/TRPs)
The PRU and TRP location errors were not considered in previous studies, because they were expected to be small relative to the targeted positioning accuracy. Now that the positioning accuracy can be significantly better, we should study how much of those accuracy gains gets degraded by imperfect PRU/TRP location information. This can be modeled by using for the purpose of positioning computation, not the true location of the PRU/TRP, but a perturbed location. For example, the perturbed location could be randomly chosen with uniform probability on a circle centered at the true location.

2.1.7 Phase noise
The effect of phase noise, similar to that of CFO, is to apply a phase pattern on the time-domain waveform, except that unlike CFO the pattern is not a ramp, but a random process. The effect is more at higher carrier frequencies. Phase noise modeling has been carried out in the past for data demodulation performance requirements, using an agreed model for the power spectral density of the phase noise. Similar approach can be used to model its impact on carrier phase measurement as well.  


2.2 Summary of phase errors and key areas for RAN4 study

As seen in Section 2.1, many of the phase errors - channel estimation error, initial phase error, Doppler, ARP location errors, and phase-noise, can be modeled and studied in positioning accuracy evaluations in RAN1 without any further RAN4 input.  
RAN4 may consider studying/recommending residual CFO modeling parameters (e.g., distribution or maximum limits to assume on this CFO). For example, the residual CFO in current UEs is implicitly limited by the data demodulation performance requirements; this can be translated to an explicit upper bound on the CFO to assume when simulating impact of CFO on carrier phase performance
RAN4 may consider accurate modeling of the antenna element and/or beam phase response over azimuth and elevation. This can include both the inaccuracies in the calibration of this phase response, and the modeling of carrer phase measurement inaccuracies resulting from inaccuracies in the AoA/AoD estimator. This estimator is needed to be able to compensate for the variations in the beam phase response as a function of AoA/AoD [It would be unnecessary if the beam was “omni-phase”, i.e., had the same phase response for all AoA/AoD]
Proposal 1: RAN4 should study how to model impacts of antenna/beam phase response, residual carrier-frequency offset, and frequency drift on carrier phase positioning 


3 Conclusions 
In this paper, we have discussed the modeling of sources of error in the phase measurements used for carrier-phase positioning. We have shown that some error sources can be modeled by RAN1 without RAN4 input, whereas some of them, most notably the antenna phase responses, can benefit from some study in RAN4. We proposed the following:  
Proposal 1: RAN4 should study how to model impacts of antenna/beam phase response, residual carrier-frequency offset, and frequency drift on carrier phase positioning 
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