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Introduction
The study item on expanded and improved NR positioning was approved in [1]. One of the study objectives is the analysis of solutions based on NR carrier phase measurements. During RAN1 #109-e meeting, the following were agreed [2]:
	Agreement
NR carrier phase positioning performance will be evaluated at least with the carrier phase measurements of a single measurement instance.

Agreement
The impact of integer ambiguity on NR carrier phase positioning and potential solutions to resolve the integer ambiguity will be studied in the SI.

Agreement
The study of the accuracy improvement based on NR carrier phase measurements in Rel-18 SI may include:
· UE-based and UE-assisted carrier phase positioning,
· UL carrier phase positioning and DL carrier phase positioning.
· NR carrier phase positioning with the carrier phase measurements of one carrier frequency or multiple frequencies
· Combination of NR carrier phase positioning with another standardized Rel. 17 positioning method, e.g., DL-TDOA, UL-TDOA, Multi-RTT, etc.
· Note: The use of “carrier phase positioning” does not necessarily mean it is a standalone positioning method
· FFS: whether SL carrier phase positioning is to be discussed in Rel-18 SI 

Agreement
· The impact of multipath for the carrier phase positioning will be evaluated during the SI 
· The methods of mitigating the impact of multipath for the carrier phase positioning will be studied during the SI, if it is considered to be necessary after the evaluation.

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.


In this contribution, we express our views on solutions based on carrier phase measurements for NR positioning, focusing on the key practical challenges.
Design Aspects of Carrier Phase Measurements for NR Positioning
DL Carrier Phase Measurements
In this section we consider the design aspects for the DL carrier phase measurements including the cases of a single and multi-element TX and RX antenna arrays.

Single Element TX/RX Antennas
Signal Model
The transmit passband DL Positioning Reference Signal (DL PRS) modulated using carrier frequency ωc for the lth TRP at the kth subcarrier frequency as a function of time xl,kTX(t) can be written in the form:
	
,
	(1)


where Al,k is the complex amplitude of the modulated signal, φl,kTX(t) is the signal phase which is a linear function of the frequency (ωc + ωk), ωc is the carrier frequency, ωk is the subcarrier frequency, and φlTX(0) is the initial signal phase of the lth TRP TX generator at the time moment t = 0. 
The signal travelled through the mth propagation path and experienced the path delay Tl,m is given by:
	
,
	(2)


where (ωc + ωk)Tl,m is the phase associated with the propagation time delay Tl,m. 
The received signal xl,kRX(t) is represented as a convolution of xl,kTX(t) with the channel impulse response:
	
,
	(3)


where hl,m is the complex channel coefficient corresponding to the time delay Tl,m. 
At the receiver side, xl,kRX(t) is multiplied by the complex conjugate mixer signal xmix,l,k(t) to down convert the passband signal xl,kRX(t) to the baseband signal yl,k(t): 
	
,
	(4)


where division by Al,k implements the DL PRS signal demodulation in place and φl,kRX(0) is the initial phase of the UE RX generator at the time moment t = 0. 
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Figure 1: Performance comparison for various high-accuracy positioning methods

Finally, the demodulated baseband signal for the lth TRP at the kth subcarrier frequency yl,k can be written as:
	
.
	[bookmark: _Ref99015830](5)


It represents a superposition of the signals travelled through the Line of Sight (LOS) and Non-Line of Sight (NLOS) propagation paths yl,k,m defined as follows:
	
,
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where (φlTX(0) - φRX(0)) is the difference between the initial phases of TX and RX generators which is common over different propagation paths and (ωc + ωk)Tl,m is the path specific phase offset associated with a given propagation time delay Tl,m. 
Mathematically, the channel coefficient hl,m can be represented as a real valued coefficient for the LOS link and the resulting signal phase depends on the propagation time delay only in that case. In contrast, hl,m for the NLOS link can be a complex valued coefficient, where its phase may change due to reflection. 
The carrier phase measurements should rely on the LOS links only, which provide a valid information on the propagation time delay and the NLOS links should be excluded based on the LOS/NLOS classification for accurate estimation of the carrier phase. The LOS/NLOS indicator reporting framework introduced in Rel-17 can be considered towards this as the starting point. Certainly, implementation-based methods like outlier rejection that were studied during Rel-17 remain applicable as well.


· Usage of NLOS links for the carrier phase measurements may lead to positioning error due to an extra time delay associated with the propagation through the reflected path as well as the additional phase shift caused by the reflection from the obstacle.


· Study LOS/NLOS links classification for the carrier phase measurements to improve the accuracy of the carrier phase positioning methods.
· As a starting point, consider use of Rel-17 LOS/NLOS indicator reporting for NR carrier phase positioning methods.

Phase-based RSTD Measurement
For ease of exposition, it is assumed here that the LOS links are identified for carrier phase measurements.  Once the LOS links from the lth and the qth TRPs are identified, then the Reference Signal Time Difference (RSTD) measurements can be obtained. In presence of additive noise and assuming that the mth path corresponds to the LOS link, yl,k,m and yq,k,m can be written as:
	
,
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where φlTX(0) is the initial phase of the TX generator for the lth TRP, φqTX(0) is the initial phase of the TX generator for the qth TRP, φRX(0) is the initial phase of the RX generator for the UE, and nl,k,m and nq,k,m are the complex additive noise components. 
Multiplying complex conjugate of yl,k,m by the yq,k,m, we can compensate the unknown RX phase φRX(0): 
	,
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where (φlTX(0) - φqTX(0)) is the difference between the unknown initial phases of TX generators for the lth and qth TRPs, wlq,k,m is the additive complex noise component and ΔTlq,m is the RSTD value, introduced as a difference between the Tl,m and Tq,m:
	
.
	(9)



· Differential processing between a receiving node and multiple transmitters can be used to eliminate the unknown initial phase offset at receiver.

To estimate ΔTlq,m, we apply Maximum Likelihood (ML) approach by maximizing the conditional probability density function p(zlq,k,m | ΔTlq,m). If wlq,k,m has a complex Gaussian distribution ~CN(0, 2σw2), then p(zlq,k,m | ΔTlq,m) can be written in the form:
	.
	[bookmark: _Ref98848669](10)


Taking a log function of the p(zlq,k,m | ΔTlq,m), the maximization problem with respect to ΔTlq,m can be simplified as follows:
	
.
	(11)


Opening the brackets in (10), it gives us:
	.
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The maximization of (12) is equivalent to maximization of (13):
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The maximum of the real part of the complex number in (13) is achieved when its imaginary part is equal to zero, which is equivalent to the following phase equation:
	
.
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Using (14), an estimate of ΔTlq,m is given by:
	
.
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Note, that the arg(yl,k,m*yq,k,m) can be measured for the received DL PRS signal, however, phase difference (φlTX(0) - φqTX(0)) between the lth and qth TRPs needs to be calibrated. 
Utilization of multiple subcarriers (equal to N) can reduce the impact of the additive noise component and (15) can be generalized to the form:
	
.
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If TX generators of the lth and qth TRPs are perfectly synchronized, i.e. (φlTX(0) - φqTX(0)) = 0, then (16) can be reduced to:
	
.
	(17)


It can be seen from the above that a metric like RSTD that is based on carrier phase estimates can provide sufficient statistics of the measurements for NR carrier phase-based positioning. As observed above, the inherent differential nature of the metric allows for compensation for any unknown phase reference at the receiver. Whether there is a need and benefit to introduce direct reporting of carrier phase measurements needs further considerations. 

· For NR CPP in the DL, RSTD measurement based on carrier phase estimates of the DL PRS signal at the kth subcarrier frequency for the target and reference TRPs normalized by the carrier frequency (ωc + ωk) can be introduced.


· The accuracy of RSTD measurement based on carrier phase differences can be improved by averaging over N subcarriers comprising the DL PRS signal spectrum.


· The initial phase difference between the TX generators of the reference and target TRPs needs to be calibrated to perform accurate RSTD measurements based on carrier phase differences.


· Study introduction of RSTD measurement based on carrier phase estimates of the DL PRS signal at the kth subcarrier frequency for the target and reference TRPs normalized by the carrier frequency (ωc + ωk).
· FFS: If/how to introduce reporting of carrier phase measurements directly.

Phase Difference Calibration using PRU
The calibration of the TX phase difference between the lth and qth TRPs can be performed using Positioning Reference Unit (PRU) with known coordinates. Assuming that the PRU coordinate is known, the estimate of the phase difference normalized to the carrier frequency can be found as:
	
,
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where ΔTPRU,lq,m is the known PRU time difference found using known coordinates of the lth and qth TRPs and the PRU and arg(yPRU,l,k,m*yPRU,q,k,m) is the phase measurement obtained with the PRU. 
Substituting (18) into (15), the RSTD estimate for the target UE can be found as follows:
	
.
	[bookmark: _Ref98859453](19)


Similar to (16), the equation (19) can be generalized to the case of N subcarriers in the form:
	
.
	(20)




· The initial phase calibration of the TX generators for the reference and target TRPs can be performed by using RSTD measurements obtained with the Positioning Reference Unit (PRU) with known coordinates.


· The initial phase calibration of the TX generators for the reference and target TRPs allows to improve the accuracy of the carrier phase based RSTD positioning.


· Study initial phase calibration of the TX generators for the reference and target TRPs by using the RSTD measurements obtained with the Positioning Reference Unit (PRU) with known coordinates.

Accuracy Considerations
The accuracy of the carrier phase based RSTD measurement can be analyzed by using the Cramer-Rao Lower Bound (CRLB) derived for the ΔTlq,m parameter. 
[bookmark: _Hlk102133298]The variance of the ΔTlq,m estimation error is greater than or equal to the inverse value of the Fisher information matrix, which is reduced to a scalar in a single parameter case:
	
.
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To find a CRLB, we take a second derivative of (12) with respect to ΔTlq,m to obtain:
	,
	(22)


and then applying the expectation operator E[ ] with respect to the probability density function in (10) and sign inversion we can get the following:
	.
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Substituting (23) into (21) gives us a CRLB with respect to the ΔTlq,m parameter:
	,
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where Signal to Noise Ratio (SNR) is introduced as a ratio of the signal power (hl,mhq,m)2 to the noise variance 2σw2. Note that, here, the “signal” and “noise” powers correspond to the observations  as they relate to the estimation of the RSTD value ΔTlq,m as in (8). 
From (24) it follows that the variance of RSTD estimation error is inversely proportional to the SNR and the square of carrier frequency (ωc + ωk)2. The larger the carrier frequency, the more accurate estimate can be achieved for parameter ΔTlq,m.
However, the advantage of improved accuracy for the high carrier frequency comes at the expense of the integer ambiguity issue when the time interval corresponding to the wavelength (or cycle) where signal phase can be unambiguously measured is substantially reduced.


· The larger the carrier frequency, the more accurate estimate can be achieved for RSTD carrier phase-based measurement.


· The advantage of accuracy for the high carrier frequency comes at the expense of the integer ambiguity issue for RSTD carrier phase-based measurement.

Integer Ambiguity Resolution
To resolve the integer ambiguity issue, one needs to estimate the integer number of cycles applying coarse ΔTl,m estimation and using the subcarrier phase measurement. 
Various methods are reported in the literature, especially on GNSS, for the resolution of integer ambiguity and different variations can be considered in particular implementations. One such exemplary method that utilizes the inherent multi-carrier framework offered by an OFDM-based system is described next. 
In presence of additive noise and assuming that the mth path corresponds to the LOS link, zlq,k,m and zlq,k+Δk,m can be written as:


	,
	(25)


where φlTX(0) is the initial phase of the TX generator for the lth TRP, φqTX(0) is the initial phase of the TX generator for the qth TRP, ωk and ωk+Δk are the kth and (k+Δk)th subcarrier frequencies, respectively, ωc is the carrier frequency, hl,m is the LOS channel amplitude for the lth TRP link, hq,m is the LOS channel amplitude for the qth TRP link, and wlq,k,m and wlq,k+Δk,m are the complex additive noise components. 
Multiplying complex conjugate of zlq,k,m by the zlq,k+Δk,m, we can compensate the unknown phase difference (φlTX(0) - φqTX(0)) and carrier frequency ωc to obtain: 
	
,
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where (ωk+Δk - ωk) is the difference between subcarrier frequencies spaced by the Δk subcarriers, wlq,Δk,m is the additive complex noise component, and ΔTlq,m is the RSTD for the lth and qth TRP links. 
To estimate ΔTlq,m, we apply ML approach by maximizing the conditional probability density function p(zlq,Δk,m | ΔTlq,m). Reusing the result obtained in (14), the solution for the ML problem can be found by the following phase equation:
	
.
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Using (27), an estimate of ΔTlq,m is given by:
	.
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[bookmark: _Hlk98868850]It may be noted that the difference of subcarrier frequencies (ωk+Δk - ωk) is low compared to the high carrier frequency (ωc + ωk). According to (24), the variance of the timing error estimate is inversely proportional to the square of the frequency used in the measurement. Therefore, ΔTlq,m in (28) will have a less accurate estimate using (ωk+Δk - ωk) compared to the ΔTlq,m in (15) using (ωc + ωk).
Therefore, the measured ΔTlq,m in (28) provides a coarse timing estimate in terms of integer number of cycles and with resolution equal to the cycle duration interval. The measured ΔTlq,m in (15) provides a fine timing estimate within the cycle duration interval. 
The choice of parameter Δk provides a trade-off between the accuracy and ambiguity of the measurement. The larger the Δk the greater the accuracy can be achieved at the expense of the ambiguity interval duration reduction. 
Utilization of multiple subcarriers (equal to K) can reduce the impact of the additive noise component and (28) can be generalized to the form:
	
.
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The parameter K can be found using parameters N and Δk as follows:
	
.
	(30)


It follows that larger the parameter Δk (for fixed N) smaller number of observations K is used for the averaging in (29).
Finally note, that the estimate in (28) is independent on the phase difference of TX generators (due to differential nature of estimate with respect to subcarriers for a given Tx-Rx link) and calibration of the phase is not required in that case. 
In Table 1 we provide the examples of unambiguous time duration T and distance D for the different values of subcarrier spacing (fk+Δk - fk) and carrier frequency fc, where f = ω/2π.

[bookmark: _Ref98924622]Table 1: Unambiguous time and distance examples for different subcarrier spacing and carrier frequencies
	Frequency: (fk+Δk - fk) or fc
	Unambiguous duration: T
	Unambiguous distance: D

	(fk+Δk - fk) = 30 kHz
	33.3 μs
	10 km

	(fk+Δk - fk) = 120 kHz
	8.3 μs
	2.5 km

	(fk+Δk - fk) = 100 MHz
	10 ns
	3 m

	fc = 5 GHz
	0.2 ns
	6 cm

	fc = 60 GHz
	0.0167 ns
	0.5 cm




· The carrier phase ambiguity issue can be resolved by using the subcarrier measurements within the DL PRS signal bandwidth.


· The phase estimate and corresponding time measurement obtained using subcarrier measurements is not sensitive to the phase difference of the TX generators and calibration using PRU is not required in that case.


· The accuracy of the phase estimate and corresponding time measurement is higher for the lager subcarrier spacing.

Instead of performing differential processing on measures across different subcarriers, other methods towards iterative refining of coarse estimates of TOA values (e.g., RSTD/RTOA) to obtain the phase estimates, e.g., widelaning approaches used in GNSS systems or exhaustive search for the integer number of carrier wavelengths for a given coarse estimate of the TOA, etc., can be employed as well. 


· Study carrier phase integer ambiguity resolution using subcarrier measurements within the DL PRS signal bandwidth.

Considering the variety of methods that could be used to address the integer ambiguity, it may be reasonable for RAN1 to assume a general approach towards carrier phase integer ambiguity resolution. Towards this, the following is recommended, wherein integer ambiguity is resolved by first determining coarse TOA estimates and carrier phase positioning methods are used to estimate the fractional part of the carrier wavelength. 

· For carrier phase integer ambiguity resolution, a multi-step process to identify coarse timing based on TOA estimate from processing multiple subcarriers and then using CPP for resolution of the fractional part of the carrier wavelength can be considered as a baseline approach.

Carrier Frequency Offset Impairment
The carrier frequency offset which is present at the gNB/TRP, and UE side may have an impact on the accuracy of the distance measurement using carrier phase positioning method considered earlier. 
In presence of the carrier frequency offset, the equation (7) can be modified as follows:
	
,
	(31)


where Δωl is the total (including both TX and RX) carrier frequency offset for the lth TRP link and Δωq is the total carrier offset for the qth TRP link. 
Applying steps (8) - (13), we obtain a modified ML phase equation in the form:
	
,
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where Tl,m and Tq,m is the propagation time from the lth and qth TRPs to the UE, respectively.
For simplicity of further consideration, let’s assume that the TX generators of the lth and qth TRPs are perfectly synchronized and difference between the initial phases of TX generators is equal to zero:
	
.
	[bookmark: _Ref99124432](33)


Using (33), equation (32) is simplified to:
	
.
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Let’s assume that the maximum carrier frequency offset is equal to Δωmax and both Δωl and Δωq are equal to the maximum offset:
	
,
	(35)


Then (34) can be modified as following:
	
.
	(36)


At the receiver side, to estimate ΔTlq,m we normalize arg(yl,k,m*yq,k,m) by the carrier frequency (ωc + ωk) which leads to an error in RSTD estimation:
	
,
	(37)


where timing error is equal to:
	
.
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Note, that the timing error is proportional to the true RSTD value ΔTlq,m and the larger the propagation time difference between the lth and qth TRPs, then the greater timing error can be for the fixed carrier offset Δωmax. 
The timing error is inversely proportional to the carrier frequency (ωc + ωk) and the larger the carrier frequency, the smaller the timing error can be for the fixed carrier offset Δωmax.
Multiplying (38) by the speed of light constant c, one can covert the timing error to the corresponding distance error as follows:
	
,
	(38)


where ΔD is the distance error and ΔDlq,m is the travelled distance difference between lth and qth TRPs to the UE. 
In Table 2, we provide an estimate of the distance errors for two carrier frequencies fc = 5 GHz and 60 GHz (f = ω/2π) in assumption that the maximum carrier frequency offset is equal to a half of subcarrier spacing:
	
,
	(39)


where Δω is the subcarrier spacing. 
The subcarrier spacing is applied equal to the Δf = 120 kHz.

[bookmark: _Ref99126509]Table 2: Distance errors estimate for carrier frequency offset equal to 60 kHz for different distance difference values
	Distance difference: Dlq,m
	Carrier frequency: fc = 5GHz
	Carrier frequency: fc = 60 GHz

	10 m
	0.12 mm
	0.01 mm

	100 m
	1.2 mm
	0.1 mm

	1 km
	12 mm
	1.0 mm



Finally note, that the carrier frequency offset does not impact the subcarrier measurements for the integer ambiguity resolution considered in (26) due to differential nature of the estimate. 

Multi Element TX Antenna
Signal Model
In case of the multi element TX antenna array and in presence of additive noise, the equation (6) can be generalized as follows:
	
,
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where αl,k,mTX is the amplitude gain and γl,k,mTX is the additional phase shift after application of TX beamforming. 
The complex beamforming coefficient can be found in the form:
	
,
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where Φl,k,mTX is the Nz,lTX × Ny,lTX transmit phase matrix, qz,lTX is the Nz,lTX × 1 transmit beamforming vector applied over z dimension, and qy,lTX is the Ny,lTX × 1 transmit beamforming vector applied over y dimension.
The transmit phase matrix Φl,k,mTX for the lth TRP link, kth subcarrier and mth time domain path is defined as a product of the eigenvectors sz,l,k,mTX and sy,l,k,mTX:
	
.
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The elements of eigenvectors sz,l,k,mTX and sy,l,k,mTX can be introduced in the form:
	
,
	(43)


where φl,mTX is the azimuth angle of departure, θl,mTX is the zenith angle of departure, nz is the antenna element index over z axis, ny is the antenna element index over y axis, dzTX is the antenna elements spacing over z axis, dyTX is the antenna elements spacing over y axis, and λk is the wavelength of the kth subcarrier. 
Figure 1 shows an example of 2 × 2 antenna array and the associated coordinate system for the lth TRP. 


[bookmark: _Ref98928068]Figure 1: Example of 2 × 2 phased antenna array configuration and associated coordinate system for lth TRP

The transmit phase matrix Φl,k,mTX defines an additional phase shift with respect to the reference antenna element with the coordinates (nz, ny) = (0, 0). The phase shift is dependent on the index number (nz, ny) and the azimuth and zenith angles of departure (φl,mTX, θl,mTX). 
The resulting phase γl,k,mTX depends on both transmit azimuth and zenith angles of departure (φl,mTX, θl,mTX) and the transmit beamforming vectors qz,lTX and qy,lTX.
The phase φlTX(0) can be considered as a common phase independent on the transmit beamforming and γl,k,mTX is the additional phase shift associated with the TX beamforming. The additional phase shift γl,k,mTX may have an impact on the carrier phase RSTD measurement and needs to be taken into consideration. 


· For the multi element transmit antenna array, the additional phase shift associated with the TX beamforming may have an impact on the carrier phase RSTD measurement and needs to be taken into consideration.
In addition to the above impact, as discussed during RAN1 #109-e meeting, there is also the impact of Antenna Reference Point (ARP) errors which effectively shift the reference antenna element with the coordinates (nz, ny) removed from the origin (0, 0). Such errors result in additional phase shifts that can impact the accuracy of the carrier phase measurements. As one distinction, ARP errors can be expected to be rather static while Tx beamforming related phase shifts may vary over time. In general, the impact from ARP errors and Tx beamforming can be seen in unison and addressed using similar methods described next. 


· Additional phase shifts caused due to TX beamforming and ARP errors have an additive effect – while ARP errors may be of static nature, phase shifts due to TX beamforming may be of more time-varying nature.

Phase-based RSTD Measurement
For the multi element TX antenna array, the ML phase equation obtained in (14), can be generalized as follows:
	
.
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In addition to the initial phase difference of the TX generators for the lth and qth TRPs, it includes the phase shift difference (γl,k,mTX - γq,k,mTX) caused by the different azimuth and zenith angles of departure and beamforming vectors for the lth and qth TRPs. 
Using (44), an estimate of ΔTlq,m is given by:
	

	[bookmark: _Ref98944447](45)



Phase Difference Calibration using PRU
For the multi element TX antenna the calibration of the TX phase difference between the lth and qth TRPs can be performed using PRU with known coordinate. 
If the PRU coordinate is known, the estimate of the phase difference normalized to the carrier frequency can be found as:
	
,
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where ΔTPRU,lq,m is the known PRU time difference found using known coordinates of the lth and qth TRPs and the PRU, (γPRU,l,k,mTX - γPRU,q,k,mTX) is the known phase difference found using known TRP antenna orientation, and arg(yPRU,l,k,m*yPRU,q,k,m) is the phase measurement obtained with the PRU. 
Substituting (46) into (45), the RSTD estimate for the target UE can be found as follows:
	
.
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The RSTD measurement for the multi element antenna array obtained in (47) requires beamforming phase difference estimation (γUE,l,k,mTX - γUE,q,k,mTX) for the target UE.


· For high accuracy, RSTD measurements based on carrier phase estimates for the multi element TX antenna array requires TX beamforming phase difference estimation for the reference and target TRPs.


· Study RSTD measurement for the multi element TX antenna array, which requires TX beamforming phase difference estimation for the reference and target TRPs.

DL-AOD Estimation
To estimate the additional phase shift γl,k,mTX associated with the TX beamforming, we need to estimate the azimuth and zenith angles of departure φl,mTX and θl,mTX, respectively.
We first estimate the spatial channel matrix by extending the beamforming vectors qz,lTX and qy,lTX to the matrix form and modifying the equations (40) and (41) as follows:
	
,
	(48)


where Qz,lTX is the Nz,lTX × Nz,lTX transmit antenna weight matrix applied over row dimension, Qy,lTX is the Ny,lTX × Ny,lTX transmit antenna weight matrix applied over column dimension, and nl,k,m is the Nz,lTX × Ny,lTX error matrix term.
Each element of the Nz,lTX × Ny,lTX matrix yl,k,m is measured for the specific choice of transmit Antenna Weight Vectors (AWVs) defined by the columns of matrices Qz,lTX and Qy,lTX. The columns of matrices Qz,lTX and Qy,lTX represent an orthogonal basis (for example, Fourier basis) in a multidimensional space used for the spatial channel sounding.
The estimate of the spatial channel matrix can be found by multiplication on inverse matrices (Qz,lTXH)-1 and Qy,lTX-1 as follows:
	
,
	(49)


where wl,k,m is the Nz,lTX × Ny,lTX noise matrix. 
The spatial matrix Hl,k,mest is used to find the estimate of the azimuth and zenith angles of departure φl,mTX and θl,mTX by maximizing the receive power with respect to the spatial filter coefficients. The following quadratic form is maximized, subject to constraint that all vectors have a unit power:
	
,
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where ul,k,m is the Nz,lTX × 1 spatial vector applied over row dimension and vl,k,m is the Ny,lTX × 1 spatial vector applied over column dimension.
To solve (50), we use a Lagrange dual function approach by augmenting the objective function J with the two constraint functions weighted by the Lagrange scalar multipliers (λu,l,k,m, λv,l,k,m):
	
.
	(51)


Taking derivatives with respect to the vectors ul,k,m and vl,k,m and the scalar multipliers λu,l,k,m and λv,l,k,m and forcing them to zero results in the following system of four equations:
	
.
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Using (52), the optimal solution for the ul,k,m and vl,k,m can be found as:
	
,
	(53)


where su,l,k,m is the Nz,lTX × 1 first spatial eigenvector of matrix (Hl,mest)(Hl,mest)H, sv,l,k,m is the Ny,lTX × 1 first spatial eigenvector of matrix (Hl,mest)H(Hl,mest).
The estimate of the azimuth and zenith angles can be found as:
	
.
	(54)


Finally, φl,mTX and θl,mTX are used to reconstruct the phase matrix Φl,k,mTX using (42) and then multiply it by the known transmit beamforming vectors qz,lTX and qy,lTX:
	

	(55)


The estimated γl,k,mTX,est and γq,k,mTX,est for the lth and qth TRP links can be substituted into (47) to compensate the additional phase shift associated with the transmit beamforming. 
The obtained estimates of φl,mTX and θl,mTX can be used not only for the beamforming phase shift compensation in RSTD measurement, but also for the DL-AOD positioning. 


· Study carrier phase-based azimuth and zenith angles of departure measurement for the multi element transmit antenna array for the DL-AOD positioning method.

Multi Element RX Antenna
Signal Model
The case of the multi element receive antenna array is similar to one considered in the previous section. The equation (6) is generalized to the form:
	

	(56)


where αl,k,mRX is the amplitude gain and γl,k,mRX is the additional phase shift after application of RX beamforming. 
The complex beamforming coefficient can be found in the form:
	

	(57)


where Φl,k,mRX is the Nz,lRX × Ny,lRX receive phase matrix, qz,lRX is the Nz,lRX × 1 receive beamforming vector applied over z dimension, and qy,lRX is the Ny,lRX × 1 receive beamforming vector applied over y dimension.
The receive phase matrix Φl,k,mRX for the lth TRP link, kth subcarrier and mth time domain path is defined as a product of the eigenvectors sz,l,k,mRX and sy,l,k,mRX:
	

	(58)


The elements of eigenvectors sz,l,k,mRX and sy,l,k,mRX can be introduced in the form:
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where φl,mRX is the azimuth angle of arrival, θl,mRX is the zenith angle of arrival, nz is the antenna element index over z axis, ny is the antenna element index over y axis, dzRX is the antenna elements spacing over z axis, dyRX is the antenna elements spacing over y axis, and λk is the wavelength of the kth subcarrier. 
The structure is similar to one considered for the multi element TX antenna array in the previous section. The difference is in the sign of the phase in (59) describing the projection of the wavevector to the y and z axes. 


· For the multi element RX antenna array, the additional phase shift associated with the RX beamforming may have an impact on the carrier phase RSTD measurement and needs to be taken into consideration.

Phase-based RSTD Measurement
For the multi element RX antenna array, the ML phase equation obtained in (14), can be generalized as follows:
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In addition to the initial phase difference of the TX generators for the lth and qth TRPs, it includes the phase shift difference (γl,k,mRX - γq,k,mRX) caused by the different azimuth and zenith angles of arrival and beamforming vectors for the lth and qth TRPs. 
Using (60), an estimate of ΔTlq,m is given by:
	

	[bookmark: _Ref98952692](61)



Phase Difference Calibration using PRU
For the multi element RX antenna the calibration of the TX phase difference between the lth and qth TRPs still can be performed using PRU with known coordinate and known antenna orientation in space. 
If the PRU coordinate and antenna orientation in space is known, the estimate of the phase difference normalized to the carrier frequency can be found as:
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where ΔTPRU,lq,m is the known PRU time difference found using known coordinates of the lth and qth TRPs and the PRU, (γPRU,l,k,mRX - γPRU,q,k,mRX) is the known phase difference found using known PRU antenna orientation, and arg(yPRU,l,k,m*yPRU,q,k,m) is the phase measurement obtained with the PRU. 
Substituting (62) into (61), the RSTD estimate for the target UE can be found as follows:
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The RSTD measurement for the multi element antenna array obtained in (63) requires RX beamforming phase difference estimation (γUE,l,k,mRX - γUE,q,k,mRX) for the target UE.


· The RSTD measurement for the multi element RX antenna array requires RX beamforming phase difference estimation for the reference and target TRPs.


· Study RSTD measurement for the multi element RX antenna array, which requires RX beamforming phase difference estimation for the reference and target TRPs.

DL-AOA Estimation
To estimate the additional phase shift γl,k,mRX associated with the RX beamforming, we need to estimate the azimuth and zenith angles of arrival φl,mRX and θl,mRX, respectively.
The estimate of φl,mRX and θl,mRX can be found using similar approach as it was described in the previous section for the DL-AOD estimation:
	
,
	(64)


where Φl,k,mRX,est is the Nz,lRX × Ny,lRX estimate of receive phase matrix, qz,lRX is the known Nz,lRX × 1 receive beamforming vector applied over z dimension, and qy,lRX is the known Ny,lRX × 1 receive beamforming vector applied over y dimension.
Finally, the beamforming phase difference estimate for the lth and qth TRP links can be found as:
	
.
	(65)


Note, that even if the orientation of the coordinate system associated with the RX antenna array at the UE side is not known, the phase difference (γl,k,mRX - γq,k,mRX) still can be measured. 
The estimated phase difference (γl,k,mRX - γq,k,mRX) can be substituted into (63) to compensate the additional phase shift associated with the receive beamforming. 

UL Carrier Phase Measurements
In this section we consider the design aspects for the UL carrier phase measurements including the cases of a single and multi-element TX and RX antenna arrays.

Single Element TX/RX Antennas
Signal Model
Similar to equation (5), the demodulated UL Sounding Reference Signal (UL SRS) baseband signal for the lth TRP at the kth subcarrier frequency yl,k can be written in the form:
	
,
	(66)


where φTX(0) is the initial signal phase of the UE TX generator at the time moment t = 0, φlRX(0) is the initial signal phase of the lth TRP generator at the time moment t = 0, hl,m is the complex channel coefficient corresponding to the time delay Tl,m, ωc is the carrier frequency, and ωk is the subcarrier frequency. 
It represents a superposition of the signals travelled through the LOS and NLOS propagation paths yl,k,m defined as follows:
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Note, that the difference from the DL case, is that TX phase φTX(0) is now common (identical) across all links and the RX phase φlRX(0) may be different for each of the links. 

Phase-based RTOA Measurement
Following similar Maximum Likelihood (ML) derivation as obtained in the previous section for the equation (14), the following phase equation can be written:
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Using (68), an estimate of Tl,m is given by:
	

	(69)


Note, that the arg(yl,k,m) can be measured for the received UL SRS signal, however, phase difference (φTX(0) – φlRX(0)) between TX and RX phases needs to be compensated. 
Similar equation can be written with respect to the Tq,m for the qth TRP link:
	
,
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where (φlRX(0) – φqRX(0)) is the initial RX phase difference between the lth and qth TRPs, that needs to be calibrated. If RX generators are perfectly synchronized, i.e. (φlRX(0) – φqRX(0)) = 0, then (70) can be reduced to:
	
,
	(71)


In this case, the Relative Time of Arrival (RTOA) refers to a reference time common across all TRPs. 


· For NR CPP in the UL, RTOA measurement based on carrier phase estimates of the UL SRS signal at the kth subcarrier frequency normalized by the carrier frequency (ωc + ωk) can be introduced.


· Study introduction of RTOA measurement based on the carrier phase estimates of the UL SRS signal at the kth subcarrier frequency normalized by the carrier frequency (ωc + ωk).
· FFS: If/how to introduce reporting of carrier phase measurements directly.

Phase Difference Calibration using PRU
The calibration of the RX phase difference between the lth and qth TRPs can be performed using Positioning Reference Unit (PRU) with known coordinate. Assuming that the PRU coordinate is known, the estimate of the phase difference normalized to the carrier frequency can be found as:
	
,
	(72)


where (TPRU,l,m – TPRU,q,l,m) is the known PRU time difference found using known coordinates of the lth and qth TRPs and the PRU and arg(yPRU,l,k,m*yPRU,q,k,m) is the phase measurement obtained with the PRU. 
Finally, the RTOA measurement Tl,mest for the lth TRP link can be found as:
	
,
	(73)


and the RTOA measurement Tq,mest for the qth TRP link is written as:
	
.
	(74)


At the Location Management Function (LMF) entity, the RTOA difference can be found to compensate the common reference as follows:
	
.
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Note, that equation (75) is similar to one that was obtained for the RSTD measurement in (19).


· The initial phase calibration of the RX generators for the reference and target TRPs can be performed by using measurements obtained with the Positioning Reference Unit (PRU) with known coordinates.


· The initial phase calibration of the RX generators for the reference and target TRPs allows to have a common reference time for RTOA measurements across all TRPs.


· Study initial phase calibration of the RX generators for the reference and target TRPs by using the measurements obtained with the Positioning Reference Unit (PRU) with known coordinates.

Multi Element TX Antenna
Signal Model
In case of the multi element TX antenna array, the equation (67) can be generalized as follows:
	
,
	(76)


where αl,k,mTX is the amplitude gain and γl,k,mTX is the additional phase shift after application of TX beamforming. 


· For the multi element transmit antenna array, the additional phase shift associated with the TX beamforming may have an impact on the carrier phase RTOA measurement and needs to be taken into consideration.

Phase-based RTOA Measurement
For the multi element TX antenna array, the ML phase equation can be generalized as follows:
	
.
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[bookmark: _Hlk99030378]In addition to the initial phase difference (φTX(0) - φlRX(0)), it includes the phase shift γl,k,mTX caused by the TX beamforming for the lth TRP link. 
Using (77), an estimate of Tl,m is given by:
	
.
	(78)


Note, that the arg(yl,k,m) can be measured for the received UL SRS signal, however, phase difference (φTX(0) – φlRX(0)) between TX and RX phases and beamforming phase shift γl,k,mTX need to be compensated. 
Similar equation can be written with respect to the Tq,m for the qth TRP link:
	

	(79)


where (φlRX(0) – φqRX(0)) is the initial RX phase difference between the lth and qth TRPs and (γl,k,mTX – γq,k,mTX) is the TX beamforming phase difference that need to be calibrated. 

Phase Difference Calibration using PRU
For the multi element TX antenna the calibration of the RX phase difference between the lth and qth TRPs can be performed using PRU with known coordinate and antenna orientation in space. 
If the PRU coordinate and antenna orientation is known, the estimate of the phase difference normalized to the carrier frequency can be found as:
	
,
	(80)


where (TPRU,l,m – TPRU,q,m) is the known PRU time difference found using known coordinates of the lth and qth TRPs and the PRU, (γPRU,l,k,mTX - γPRU,q,k,mTX) is the known phase difference found using known PRU antenna orientation, and arg(yPRU,l,k,m*yPRU,q,k,m) is phase measurement obtained with PRU.
Finally, the RTOA measurement Tl,mest for the lth TRP link can be found as:
	
,
	(81)


and the RTOA measurement Tq,mest for the qth TRP link is written as:
	
.
	(82)


At the LMF entity, the RTOA difference can be found to compensate the common reference as follows:
	
.
	(83)


The TX beamforming phase difference (γUE,l,k,mTX,est - γUE,q,k,mTX,est) can be measured using similar approach as it was discussed for the DL-AOD in the previous section.
Note, that even if the orientation of the coordinate system associated with the TX antenna array at the UE side is not known, the phase difference (γUE,l,k,mTX – γUE,q,k,mTX) still can be measured. 


· The RTOA measurement for the multi element TX antenna array requires TX beamforming phase difference estimation for the reference and target TRPs.


· Study RTOA measurement for the multi element TX antenna array, which requires TX beamforming phase difference estimation for the reference and target TRPs.

Multi Element RX Antenna
Signal Model
In case of the multi element RX antenna array, the equation (67) can be generalized as follows:
	

	(84)


where αl,k,mRX is the amplitude gain and γl,k,mRX is the additional phase shift after application of RX beamforming. 


· For the multi element RX antenna array, the additional phase shift associated with the RX beamforming may have an impact on the carrier phase RTOA measurement and needs to be taken into consideration.

Phase-based RTOA Measurement
For the multi element TX antenna array, the ML phase equation can be generalized as follows:
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In addition to the initial phase difference (φTX(0) - φlRX(0)), it includes the phase shift γl,k,mRX caused by the RX beamforming for the lth TRP link. 
Using (85), an estimate Tl,m is given by:
	
.
	(86)


Note, that the arg(yl,k,m) can be measured for the received UL SRS signal, however, phase difference (φTX(0) – φlRX(0)) between TX and RX phases and beamforming phase shift γl,k,mRX need to be compensated. 
Similar equation can be written with respect to the Tq,m for the qth TRP link:
	

	(87)


where (φlRX(0) – φqRX(0)) is the initial RX phase difference between the lth and qth TRPs and (γl,k,mRX – γq,k,mRX) is the RX beamforming phase difference that need to be calibrated. 

Phase Difference Calibration using PRU
For the multi element RX antenna the calibration of the RX phase difference between the lth and qth TRPs can be performed using PRU with known coordinate. 
If the PRU coordinate is known, the estimate of the phase difference normalized to the carrier frequency can be found as:
	

	(88)


where (TPRU,l,m – TPRU,q,m) is the known PRU time difference found using known coordinates of the lth and qth TRPs and the PRU, (γPRU,l,k,mRX - γPRU,q,k,mRX) is the known phase difference found using known TRP antenna orientation, and arg(yPRU,l,k,m*yPRU,q,k,m) is phase measurement obtained with PRU.
Finally, the RTOA measurement Tl,mest for the lth TRP link can be found as:
	
,
	(89)


and the RTOA measurement Tq,mest for the qth TRP link is written as:
	
.
	(90)


At the LMF entity, the RTOA difference can be found to compensate the common reference as follows:
	
.
	(91)


The RX beamforming phase difference (γUE,l,k,mRX,est - γUE,q,k,mRX,est) can be measured using similar approach as it was discussed for the DL-AOA in the previous section.


· The RTOA measurement for the multi element RX antenna array requires RX beamforming phase difference estimation for the reference and target TRPs.


· Study RTOA measurement for the multi element RX antenna array, which requires RX beamforming phase difference estimation for the reference and target TRPs.

Conclusion
In this contribution, we provided our views on carrier phase measurements for application in NR positioning. In summary, we have following observations and proposals:
Proposal 1: 
· Study LOS/NLOS links classification for the carrier phase measurements to improve the accuracy of the carrier phase positioning methods.
· As a starting point, consider use of Rel-17 LOS/NLOS indicator reporting for NR carrier phase positioning methods.
Proposal 2: 
· Study introduction of RSTD measurement based on carrier phase estimates of the DL PRS signal at the kth subcarrier frequency for the target and reference TRPs normalized by the carrier frequency (ωc + ωk).
· FFS: If/how to introduce reporting of carrier phase measurements directly.
Proposal 3: 
· Study initial phase calibration of the TX generators for the reference and target TRPs by using the RSTD measurements obtained with the Positioning Reference Unit (PRU) with known coordinates.
Proposal 4: 
· Study carrier phase integer ambiguity resolution using subcarrier measurements within the DL PRS signal bandwidth.
Proposal 5: 
· For carrier phase integer ambiguity resolution, a multi-step process to identify coarse timing based on TOA estimate from processing multiple subcarriers and then using CPP for resolution of the fractional part of the carrier wavelength can be considered as a baseline approach.
Proposal 6: 
· Study RSTD measurement for the multi element TX antenna array, which requires TX beamforming phase difference estimation for the reference and target TRPs.
Proposal 7: 
· Study carrier phase-based azimuth and zenith angles of departure measurement for the multi element transmit antenna array for the DL-AOD positioning method.
Proposal 8: 
· Study RSTD measurement for the multi element RX antenna array, which requires RX beamforming phase difference estimation for the reference and target TRPs.
Proposal 9: 
· Study introduction of RTOA measurement based on the carrier phase estimates of the UL SRS signal at the kth subcarrier frequency normalized by the carrier frequency (ωc + ωk).
· FFS: If/how to introduce reporting of carrier phase measurements directly.
Proposal 10: 
· Study initial phase calibration of the RX generators for the reference and target TRPs by using the measurements obtained with the Positioning Reference Unit (PRU) with known coordinates.
Proposal 11: 
· Study RTOA measurement for the multi element TX antenna array, which requires TX beamforming phase difference estimation for the reference and target TRPs.
Proposal 12: 
· Study RTOA measurement for the multi element RX antenna array, which requires RX beamforming phase difference estimation for the reference and target TRPs.
Observation 1: 
· Usage of NLOS links for the carrier phase measurements may lead to positioning error due to an extra time delay associated with the propagation through the reflected path as well as the additional phase shift caused by the reflection from the obstacle.
Observation 2: 
· Differential processing between a receiving node and multiple transmitters can be used to eliminate the unknown initial phase offset at receiver.
Observation 3: 
· For NR CPP in the DL, RSTD measurement based on carrier phase estimates of the DL PRS signal at the kth subcarrier frequency for the target and reference TRPs normalized by the carrier frequency (ωc + ωk) can be introduced.
Observation 4: 
· The accuracy of RSTD measurement based on carrier phase differences can be improved by averaging over N subcarriers comprising the DL PRS signal spectrum.
Observation 5: 
· The initial phase difference between the TX generators of the reference and target TRPs needs to be calibrated to perform accurate RSTD measurements based on carrier phase differences.
Observation 6: 
· The initial phase calibration of the TX generators for the reference and target TRPs can be performed by using RSTD measurements obtained with the Positioning Reference Unit (PRU) with known coordinates.
Observation 7: 
· The initial phase calibration of the TX generators for the reference and target TRPs allows to improve the accuracy of the carrier phase based RSTD positioning.
Observation 8: 
· The larger the carrier frequency, the more accurate estimate can be achieved for RSTD carrier phase-based measurement.
Observation 9: 
· The advantage of accuracy for the high carrier frequency comes at the expense of the integer ambiguity issue for RSTD carrier phase-based measurement.
Observation 10: 
· The carrier phase ambiguity issue can be resolved by using the subcarrier measurements within the DL PRS signal bandwidth.
Observation 11: 
· The phase estimate and corresponding time measurement obtained using subcarrier measurements is not sensitive to the phase difference of the TX generators and calibration using PRU is not required in that case.
Observation 12: 
· The accuracy of the phase estimate and corresponding time measurement is higher for the lager subcarrier spacing.
Observation 13: 
· For the multi element transmit antenna array, the additional phase shift associated with the TX beamforming may have an impact on the carrier phase RSTD measurement and needs to be taken into consideration.
Observation 14: 
· Additional phase shifts caused due to TX beamforming and ARP errors have an additive effect – while ARP errors may be of static nature, phase shifts due to TX beamforming may be of more time-varying nature.
Observation 15: 
· For high accuracy, RSTD measurements based on carrier phase estimates for the multi element TX antenna array requires TX beamforming phase difference estimation for the reference and target TRPs.
Observation 16: 
· For the multi element RX antenna array, the additional phase shift associated with the RX beamforming may have an impact on the carrier phase RSTD measurement and needs to be taken into consideration.
Observation 17: 
· The RSTD measurement for the multi element RX antenna array requires RX beamforming phase difference estimation for the reference and target TRPs.
Observation 18: 
· For NR CPP in the UL, RTOA measurement based on carrier phase estimates of the UL SRS signal at the kth subcarrier frequency normalized by the carrier frequency (ωc + ωk) can be introduced.
Observation 19: 
· The initial phase calibration of the RX generators for the reference and target TRPs can be performed by using measurements obtained with the Positioning Reference Unit (PRU) with known coordinates.
Observation 20: 
· The initial phase calibration of the RX generators for the reference and target TRPs allows to have a common reference time for RTOA measurements across all TRPs.
Observation 21: 
· For the multi element transmit antenna array, the additional phase shift associated with the TX beamforming may have an impact on the carrier phase RTOA measurement and needs to be taken into consideration.
Observation 22: 
· The RTOA measurement for the multi element TX antenna array requires TX beamforming phase difference estimation for the reference and target TRPs.
Observation 23: 
· For the multi element RX antenna array, the additional phase shift associated with the RX beamforming may have an impact on the carrier phase RTOA measurement and needs to be taken into consideration.
Observation 24: 
· The RTOA measurement for the multi element RX antenna array requires RX beamforming phase difference estimation for the reference and target TRPs.
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