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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
The objective of the work item [1] is to specify solutions to enable RAT dependent (for both FR1 and FR2) and RAT independent NR positioning techniques while considering E911 and commercial requirements for horizontal and vertical (e.g. floor level) positioning accuracy according to TR38.855 [2].
The objectives of the WI [1] concerning measurement taken at gNB or UE are: 
1. Define UE measurements based on DL reference signals applicable for NR positioning. The following UE measurements are specified for serving, reference, and neighboring cells [RAN1]
0. DL RSTD (reference signal time difference) measurements for NR positioning
0. DL RSRP (reference signal received power) measurements for NR positioning
0. UE RX-TX time difference measurements for NR positioning
1. Define gNB measurements based on UL reference signals applicable for NR positioning. The following gNB measurements are specified [RAN1]:
1. UL RTOA (relative time of arrival) measurements for NR positioning
1. UL Angle of Arrival (AoA) measurements (including Azimuth and Zenith Angles) for NR positioning
1. UL RSRP (reference signal received power) measurements for NR positioning
1. gNB RX-TX time difference measurements for NR positioning
1. If necessary, define physical-layer procedures to support UE/gNB measurements for NR positioning [RAN1]

The outcome of the SI NR positioning support [2] captured the possibility of the use of carrier phase for positioning. This contribution intends to demonstrate one method how to easily obtain carrier phase measurement readings from RS cross-correlation curves. It re-iterates simulation results from our previous contributions [3] proving the evident gain for the positioning results. Finally, it proposes to consider associating timing measurements either in UL and DL (RTOA, RSTD) together with carrier phase readings and to open the opportunity to jointly signal them to the LMF.

Reading carrier phase from complex correlation curves
Obtaining the carrier phase can potentially be achieved on every complex-valued reference signal transmitted over the channel and received by means of cross-correlation. This applies to both UL and DL directions (based on measurements in the gNB or in the UE, respectively)
The carrier phase measurements are taken from the phase of complex correlation curve at the same point in time at which the TOA is detected [4]. Based on measured data, Figure 1 shows one example correlation curve depicted as absolute value vs the time (left) and plotted in the complex I-Q plane (right). Note that in the example, together with the LOS peak in the middle of the left plot, there is a quite strong multipath component trailing the LOS peak. The LOS peak is marked in both plots allowing to read the TOA from the left plot (absolute value over time in samples) and the carrier phase from the representation in the right plot. In the example, the carrier phase is roughly -72 degree. (The phase of the trailing strong multipath component can be found at an angle of +45 degree.)
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[bookmark: _Ref5115386]Figure 1: Measured complex correlation result. The absolute values of the complex correlation is shown left and I-Q-representation of it on the right side. The same point where TOA (left) and carrier phase (right) are taken are depicted as red circles.

By using this technique of analyzing the complex correlation output, carrier phase measurements can be extracted from all kinds of transmitted reference signals involving real and complex valued modulation. Thus, there is no in-principle difference in the measurement process between RS used in UL and DL direction. Reference signals with small and wide bandwidth can be employed for obtaining phase measurements. Due to SINR considerations, carrier phase measurements derived from the complex correlation are preferable compared to other phase determination methods without processing gain.

Observation 1: Carrier phase measurements can be easily derived from all transmitted reference signals involving real and complex valued modulation after reception and cross correlation.
Observation 2: For enabling carrier phase measurements, there is no additional requirement during reference signal design and no additional complexity during reception using cross correlation.


[bookmark: _Ref5117618]Improved position accuracy by using carrier phase measurements (Simulation)
In our UL-TDOA simulation [3], we derive carrier phase information from SRS signal transmissions. Core parameters of the simulation are:
· Deployment: improved indoor environment with adequate DOP (see Figure 2) [5].
gNBs are attached alternately in two heights, namely 0.25m and 4.75m.
· Transmitted signal: SRS; bandwidth = 100 MHz; 
carrier frequency = 4 GHz (wavelength = 0.075m).
· Channel model: 3GPP 38.901 Indoor LOS; no interference.
· UE trajectory: 10m straight walk within tracking area at a height of 1.5m. UEs velocity was set to 1 m/s. Trajectory sampling points are taken every 2 cm, what results in simulation length of 501 position points in total.
· Position calculation methods: 
· Single-shot positioning results serve as baseline.
· Kalman-filter position calculation only using TOA measurements.
· Kalman-filter position calculation using TOA plus carrier phase measurements. Carrier phase is used for trajectory smoothing (not for calculating absolute position).
Note: No detection of outliers on TOA or carrier phase measurements are used. Measurement error detection can increase the robustness and accuracy of position results even under challenging channel conditions, e.g. increased share of NLOS channels or stronger multipath in LOS channels.
· Synchronization: Perfect time and frequency synchronization.

Simulation results
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[bookmark: _Ref532462059][bookmark: _Ref532462054]Figure 2: TRP station deployment and true UE trajectory.
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[bookmark: _Ref5105135]Figure 3: Calculated UE positions together with the true trajectory.
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[bookmark: _Ref5118378]Figure 4: CDF of 3D (left) and 2D (right) position errors taken from the single trajectory simulation.

Observation 3: Time based filtering of position trajectories can drastically increase the position accuracy. Substantial improvement of position results can be additionally obtained by using carrier phase measurements for position calculation.
Observation 4: A carrier phase measurement derived from the cross-correlation can still provide performance improvements even within low SNR situations.
Proposal 1: Consider carrier phase measurements and signaling of their results for positioning as supplement to TOA measurements (RTOA in UL and RSTD in DL).
Design considerations for carrier phase assisted positioning methods
Ambiguity resolution
The major question to be solved before using carrier phase measurements for positioning is the unknown integer multiple of waves between transmitter and receiver. Two general types of ambiguity resolution methods are distinguished here:
1. For using the carrier phases like in RTK or PPP (as known from GNSS) as distance measurements, absolute ambiguity resolution (over thousands of wavelengths) has to be applied. Afterwards, a "carrier phase only positioning" can be applied for calculation of positions.
Note: carrier phase only positioning needs at least one good initial position result derived from TOA measurements and a non-static setup.
2. Resolving only relative ambiguities between two consecutive measurements (few milliseconds), indicates the speed of a moving object. With that kind of measurements "carrier phase smoothing" can be done.
[bookmark: _GoBack]The second method is less complex and was used to obtain the simulation results shown above (Figure 3, Figure 4). Given a sufficient update rate (periodicity of measurements), carrier phase smoothing is also less sensitive to cycle slips on carrier phase measurements, which complicate the ambiguity resolution process. According to Figure 3, it is an efficient way it to greatly reduce the effect of multipath echos visible on calculated final positions of trajectories from stationary and moving objects. The effect, which is proven in real-life implementations involving LOS/NLOS-channels [4], is such substantial that its use has become natural and shall never be missed again. Note that [4] implements an UL-TDOA system (non-3GPP, positioning only). It involves complex modulated reference signals and antenna deployments as seen characteristic also for 5G NR dense deployments.

Maximum velocity limitation
A close relation to ambiguity resolution has the maximum velocity limitation. This applies to localization systems with burst-like transmissions e.g. communication systems (note: GNSS have continuous signal transmission). With the carrier phase method only the fraction of one wavelength can be measured without executing ambiguity resolution for each measurement step in time. Therefore, only plus or minus half a wavelength can be distinguished successfully before a cycle slip occurs. From that, the maximum speed of an object (worst case consideration) can be calculated by  in m/s, where  is the wavelength and  the time difference between two consecutive measurements. The higher the carrier frequency, the lower is the maximum velocity supported. For that reason, carrier phase estimation may not be successfully applicable in FR2 due to the very short wavelengths. For a carrier frequency of  = 4 GHz, the according RS repetition rates  can be found in Table 1.

[bookmark: _Ref532475914]Table 1: Signal repetition rate for a given maximum velocity. Carrier frequency is assumed to be 4 GHz.
	Maximum velocity (km/h)
	Signal repetition rate (Hz)

	3
	22.222

	10
	74.074

	30
	222.222

	60
	444.444

	100
	740.741

	250
	1851.852



For example, when SRS is transmitted every 2 ms, the therefrom derived repetition rate of 500 Hz is sufficient for supporting maximum velocities of up to 67.5 km/h.
As mentioned above, there are some ways of relaxing the maximum velocity limitation. 
· The first option is to execute an ambiguity resolution step for every single set of carrier phase measurements to calculate one position result of. This, however, consumes much computing power. 
· The second option can be used when at least a rough estimate of UEs velocity vector exist e.g. from IMU measurements or from the tracking history. From that predicted carrier phase measurements can be calculated and compared to the measured ones. The maximum velocity limit reduces then to an "unmodeled movement error limitation", which has to be smaller than half a wavelength.
The second option can be modeled easily within the Kalman-filter for positioning, but due to slow speed was not necessary to be applied for the above shown results (section 3).
Synchronization
The simulation results are derived under perfect time and frequency (and therefore carrier phase) synchronization of the gNBs. Similar to TDOA, the phase difference between pairs of phase of arrival readings is the relevant measurement value. For implementing this technology, there are some options for deriving appropriate synchronization within the gNB network:
1. The gNB/TRPs have to be synchronized with a PLL.
· This can be achieved in an optical fiber connected network (e.g. campus environments).
· A PLL like synchronization between gNBs can be established via radio-interface based synchronization (RIBS). Previous versions of over-the-air-synchronizaton [6, pp. 10-11] can be enhanced to provide sufficient performance.
· The same kind of synchronization can be established when gNBs listen to RS from at least one "Reference-UE" via their radio-interface. "Reference-UEs" are characterized by having a known position at all times which allows an implementation of phase processing even for not fully synchronized gNBs, but may require an additional processing overhead. 
2. Measuring and reporting the frequency offset between free running oscillators of gNBs can also be an option in the "carrier phase smoothing" case, if option 1 is not applicable. The estimate of the frequency offset must be very precise. Let's assume an estimation error of  1 Hz, then the velocity derived from carrier phase measurements show an error of . 
Synchronization concepts of the gNBs are FFS in RAN4 [1]. Frequency offsets of the UE are not critical. Further evaluations have to be carried out on synchronization to confirm the feasibility of applying carrier phase measurements in cellular networks.

Observation 5: Carrier phase smoothing is of low complexity compared to absolute ambiguity resolution methods. Supporting carrier phase measurements for UL/ DL-TDOA impacts only the RS repetition rate and the necessary LPP or NRPPa reporting.
Proposal 2: The performance of different synchronization techniques and the impact on considered positioning methods including carrier phase assisted methods shall be further studied.


Conclusion
Following observations have been made on the use of carrier phase measurement for NR positioning:
Observation 1: Carrier phase measurements can be easily derived from all transmitted reference signals involving real and complex valued modulation after reception and cross correlation.
Observation 2: For enabling carrier phase measurements, there is no additional requirement during reference signal design and no additional complexity during reception using cross correlation.
Observation 3: Time based filtering of position trajectories can drastically increase the position accuracy. Substantial improvement of position results can be additionally obtained by using carrier phase measurements for position calculation.
Observation 4: A carrier phase measurement derived from the cross-correlation can still provide performance improvements even within low SNR situations.
Observation 5: Carrier phase smoothing is of low complexity compared to absolute ambiguity resolution methods. Supporting carrier phase measurements for UL/ DL-TDOA impacts only the RS repetition rate and the necessary LPP or NRPPa reporting. 

Based on the observations we propose the following:
Proposal 1: Consider carrier phase measurements and signaling of their results for positioning as supplement to TOA measurements (RTOA in UL and RSTD in DL).
Proposal 2: The performance of different synchronization techniques and the impact on considered positioning methods including carrier phase assisted methods shall be further studied.
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