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One of the objectives of the SI described in [1, 2] is to propose potential solutions for positioning based on the identified requirements and evaluation scenarios. The solutions should include at least NR-based RAT dependent positioning to operate in both FR1 and FR2 whereas other positioning technologies are not precluded.
This contribution delivers early results showing a way of measuring the carrier phase from a received RS and use them to calculate a smoothed position trajectory by incorporating a Kalman-filter. For that reason a UE trajectory and a DOP optimized deployment were used in the simulation.

Improved position accuracy by using carrier phase measurements
Using carrier phase measurements for positioning was mentioned as a topic for the ongoing study item [3]. Measuring the carrier phase can potentially be done on every signal transmitted. In our UTDOA simulation, we derive carrier phase information from SRS signal transmissions. Core parameters of the simulation are:
· Deployment: improved indoor environment with adequate DOP (see Figure 1) [3]. 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
[image: X-Y-Plot_03]
[bookmark: _Ref532462059][bookmark: _Ref532462054]Figure 1: TRP station deployment and true UE trajectory.
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Figure 2: Calculated UE positions together with the true trajectory.
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Figure 3: CDF of 3D (left) and 2D (right) position errors taken from the single trajectory simulation.

Observation 1: Time based filtering of position trajectories can improve the position result.
Observation 2: Further substantial improvement of position results can be additionally obtained by using carrier phase measurements for position calculation.
Proposal 1: Consider carrier phase measurements and signaling of their results for positioning for both UL and DL as supplement to TOA measurements.

Feasibility discussions
Carrier phase measurement process and quality
The carrier phase measurements are taken from the phase of complex correlation at the same point, at which TOA measurements are taken [5]. Therefore, carrier phase measurements can be taken from all transmitted reference signals. There is no difference in the measurement process between UL and DL. Reference signals with small and wide bandwidth can be employed for phase measurements. Due to SINR considerations, RS providing longer sequences are preferred because of their larger correlation gain.
The quality of the measured carrier phase (i.e. the quality of range measurement information) strongly depends on the applied (or under real conditions predominant) channel configuration (LOS/NLOS). Like for TOA measurements, meaningful distance information can only be derived from the LOS component of the transmission channel. The used 3GPP indoor LOS channel provides very good conditions for the simulation at hand. Under real life conditions, reflectors closely located near the UE produce short relative delays and will distort the carrier phase measurements. The problem of the necessity to model early clusters was discussed in [4]. Under NLOS conditions, no range information can be derived from the carrier phase – those measurements have to be detected and eliminated before position calculation process.
In spite of these aspects that need to be taken notice of, the potential improvement of the positioning result is substantial as shown above in Figures 2 and 3 and put forward in Observation 2. 

Ambiguity resolution
The major problem 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 (with thousands of waves) 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.
The second method is less complex and was used to obtain the simulation results shown above. 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.

Maximum velocity limitation
A close relation to ambiguity resolution has the maximum velocity limitation. This applies for 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 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 positioning Kalman-filter, but was not applied for the above shown results.

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 the POA (phase of arrival) 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 [7, 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 1. is not applicable. But 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 . 
Other synchronization concepts of the gNBs are FFS in RAN3.  Frequency offsets of the UE are not critical. Further evaluations have to be carried out on that topic to confirm the feasibility of applying carrier phase measurements in cellular networks.

Proposal 2: The performance of different synchronization techniques and the impact on considered positioning methods including carrier phase processing shall be further studied.

Conclusion
Observation 1: Time based filtering of position trajectories can improve the position result.
Observation 2: Further substantial improvement of position results can be additionally obtained by using carrier phase measurements for position calculation.
Proposal 1: Consider carrier phase measurements and signaling of their results for positioning for both UL and DL as supplement to TOA measurements.
Proposal 2: The performance of different synchronization techniques and the impact on considered positioning methods including carrier phase processing shall be further studied.
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