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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. Carrier phase positioning was proposed as a candidate solution in several contributions [5-9]. However, detail of feasible solutions and performance gain was not fully investigated. We believe current Release-17 performance of 5G NR positioning can be further enhanced if carrier phase based measurement method is adopted.
[bookmark: _GoBack]DanKook University and Locaila, Inc.[10] jointly developed Carrier Phase Positioning technology that provides precision ranging from meters to centimeters. We also found that the technology has versatile usage, from downlink AoD (Angle of Departure) measurement, vertical positioning, gNB synchronization and others. In this contribution, we would like to share some of our experience and discovery, and propose further study is necessary to explore potential application of the carrier phase method to improve 5G NR system.

Continuous PRS for carrier phase & sub-carrier phase measurements

Using carrier phase measurements for positioning was mentioned as a topic for study item [3]. Measuring the carrier phase can potentially be done on subcarrier signal transmitted. 
In RSTD (Reference Symbol Time Difference) measurement, UE correlates time domain samples with known PRS pattern. However, in carrier phase measurement the UE measures the phase difference of subcarriers. Multiple gNBs transmit subcarrier signals in disjoint set of resource grids. The gNB signals arrive at the UE with a slight time difference. This creates phase difference of the subcarriers. With some complex conjugate calculation, the UE can measure the phase difference. Converting the angular phase difference produces information of distance difference. However, the phase measurement is often corrupted and incorrect due to timing misalignment. 

Since UE timing is aligned only to the serving gNB, some gNB signals may arrive well beyond the FFT window time interval of the UE. Due to this misalignment, some phase information is distorted. In order to avoid phase estimation error, relatively long period of sinusoid wave transmission is necessary. The longer the wave transmission period, the more distinct phase information can be obtained. For this reason, some contributions [5,6,7] suggested to use guard-bands or center frequency region for transmitting continuous wave signals spanning several symbols. However, the guard-band or center region is very scarce resource to utilize. In this contribution, we propose in-band method utilizing NR resource grid. 

In CP-OFDM, tail portion of a symbol samples is copied and placed in CP region. This makes it difficult to create a continuous waveform spanning multiple symbols. However, when generating a signal in a sequence that rotates subsequent data by the length of the CP interval, the subcarrier waveform is smoothly connected at the border of symbols. Figure 1 below shows a subcarrier waveform generated across multiple symbols or slot segments using such sequence. Note that the amount of spin for each consecutive symbol depends on the subcarrier number, i.e. the subcarrier frequency. 

[image: ]
< Example of making discrete waveform continuous >

This method of generating continuous waveform in NR resource grid allows gNBs to transmit continuous PRS signals efficient for phase comparison. The gNBs transmit continuous PRS signal in disjoint subcarrier sets. The gNB signal may arrive in various latency. The receiving UE extracts signal samples in a time period where all gNB signals are sufficiently included. An FFT operation can be performed on the collected samples, and the set of subcarriers corresponding to each gNB is recovered. The subcarrier phase difference or the carrier phase difference can be calculated through the complex conjugate calculation using the subcarrier sets. High precision distance information can be obtained by converting the measured phase difference of subcarriers. 

Proposal 1: Consider carrier phase measurements and signaling of their results for positioning for both UL and DL as supplement to TOA measurements.


Ambiguity resolution

In carrier phase positioning, the measured angular value of phase difference is only represented in the range of -pi to +pi radian.  Therefore, the hidden number of waves (= wavelength x n) must be resolved in order to estimate the true distance difference. In the GPS Carrier Phase method, there is no deterministic solution for resolving this unknown integer number. Hence, most solutions suggest iterative method to find the least error-prone integer number. 

In contribution [6,7] a simple way to estimate the integer number was proposed. In the proposal, an initial method for positioning, such as OTDoA, is assumed. Once the approximate UE coordinate is obtained, the distance between gNB and UE can be calculated, and the phase and integer number of waves can be calculated inversely. This method of initial number estimation may potentially reduce the number of iterations. However, the performance still relies on the accuracy of the initial position estimation. 

There can be other ambiguity resolution methods using an OFDM structure of 5G NR. For example, the initial position estimation can be achieved without guessing the integer wave number if subcarrier of very long wavelength is used. Note that in 5G NR, the wavelength of OFDM subcarrier can be several meters to 10 kilometers depending on the symbol length and subcarrier spacing. For example, for FR1 band and 30KHz SCS, the length of one symbol is 10 km (=speed of light x 33.3 μsec).  Assuming 4096 FFT, the wavelength of OFDM subcarriers is from 3 meters to 9 km subject to the subcarrier number. When the subcarrier of long wavelength, such as 9 km, is used, the UE position can be determined just using the phase difference, if the gNB to gNB distance is closer than 9 km. However the accuracy may not be satisfactory because the angular resolution is poor. Then subcarrier of shorter wavelength is used again to enhance the angular resolution, hence improves the positioning precision. The integer ambiguity can be solved by simple formula of ( int[theta / 2pi * subc#1/subc#2] ) where theta and subc#1 are the angular phase difference and wavelength measured using the longer subcarrier. Applying this procedure repeatedly until finally using carrier wave achieves centimeter grade accuracy. 

Proposal 2: Further investigation is necessary to find ambiguity resolution methods using an OFDM structure of 5G NR.


gNB synchronization

In order to provide centimeter grade positioning accuracy, gNBs must be precisely synchronized in sub-nano second variance or less than 1 carrier wavelength. In TR38.857 [3], it was reported in multiple sources that even if gNBs are synchronized using GPSDO, it is sometimes not feasible to guarantee less than 1 meter accuracy, due to atmospheric fluctuations, temperature, and inherent device error, etc. While the GPS carrier phase technique (i.e. GPSDO) and 5G NR carrier phase method both are in principle the same, gNBs can be more accurately synchronized when using the continuous PRS signal proposed above. 

The following illustration shows our experiment setting where the gNB acting as the master periodically transmits continuous PRS signals, and the neighboring slave gNB receives these signals. The slave gNBs continuously align their carrier phase to the master gNB signal using internal PLL. Except when the slave gNB listens to master signal and train PLL, the slave gNB also transmits continuous PRS signal periodically, hence the UE can measure phase difference of master and slave signal. 

[image: ]

Figure 2.  Illustration of master gNB and slave gNB synchronization using carrier phase method

Figure 3 below shows the phase graph comparing a GPSDO synchronization and the master-slave method. In figure 3 (a) two gNBs are synchronized using external GPSDOs respectively. The graph shows phase comparison of carrier waves of the two gNBs monitored for 20 minutes at a UE position. 1 GHz carrier frequency was used. 
In figure 3 (a) it is observed that the phase difference is constantly fluctuating between -pi to +pi radian. We confirmed from product brochure that this is the inherent limitation of the GPSDO we used. 
Whereas in figure 3 (b), the phase graph shows that the carrier phase difference is stable for 20 minutes, when the master-slave configuration illustrated in the figure 2 was used. 
Therefore, this method of master-slave synchronization using carrier phase method can minimize the effect of oscillator errors. Note that this may require some structural change of slave gNB because gNBs now need to listen downlink signal of master gNBs. Since TRP function is already defined in 5G NG, we may utilize the function to define slave gNB structure. Further study for this issue of gNB synchronization is necessary.

[image: ][image: ]
Figure 3 (a) GPSDO synchronization	               (b) Master-Slave synchronized using continuous PRS

Proposal 3: Consider using the carrier phase method for gNB synchronization and necessary impact in gNB structure.


Conclusion

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: Investigate ambiguity resolution methods using an OFDM structure of 5G NR.
Proposal 3: The performance of different synchronization techniques and the impact on considered positioning methods including carrier phase processing shall be further studied.
---------------------------
We propose that the application of Carrier Phase Positioning technology should be studied, including issues raised above as part of the Study Item for Release-18, for the 5G NR Positioning Enhancement.
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