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Carrier phase positioning was discussed in the past meetings as a candidate solution for enhancing accuracy of 5G NR positioning [4-9]. However, detail of feasible solutions and performance gain was not fully investigated. We believe current Release-17 performance of 5G NR positioning can be greatly improved if carrier-phase based measurement method is adopted in current system.

DanKook University and Locaila, Inc.[10] have jointly researched Carrier Phase Positioning technology. Some major findings from years of past research are that centimeters of accuracy can be achievable when clear measurement for carrier wave phases can be provided. Further, it can also improve the efficiency and accuracy of AoD/ZoD angular measurement [1][2][4][11]. 

However, obtaining clear phase information of carrier waves or subcarrier waves is not easy due to various factors, such as oscillator instability, multipath & doppler effect, neighbor cell interference, etc. We have found some useful tips and techniques in carrier phase measurements, and we would like to share some of our experience and knowledge in this contribution.

Block type continuous PRS for efficient phase measurement

One major finding from our past research is that, in terms of carrier phase measurement, a block type reference symbol arrangement, i.e. time consecutive, constant frequency subcarriers, is more efficient than current staggered pattern of PRS configuration. Figure 1 below shows one example of such downlink block type PRS arrangement in the view of the received UE. 

In figure 1 below, a PRS signal of a gNB-A was allocated in a resource grid for every Δg subcarrier spacing. The symbol is repeated eight times in time axis, hence the block type configuration. Neighboring gNB-B also transmitted a PRS signal of similar Δg subcarrier spacing, spanning 8 consecutive symbols. Since the PRS set of gNB-A and the PRS set of gNB-B were placed in several subcarriers apart in frequency axis, the receiving UE is able to separate them and estimate phases. Assuming that gNB-A and gNB-B are perfectly synchronized, the PRS signals reach the UE with a slight time difference, because the distances from the UE to gNB-A and the UE to gNB-B are different. This results in a phase difference between the two PRS signal sets. This information of phase difference can be calculated through some complex conjugate multiplication of the PRS signals A and B

There are several reasons why the block-type PRS structure is advantageous for such phase measurement compared to the current staggered pattern of PRS. First, it is easy to collect the phase information of multiple symbols if the subcarrier index number is constant. It only requires simple sum of complex numbers in the same line of block symbols. However in staggered pattern of PRS, phase estimation may involve some complex calculation to compensate for frequency bias or timing error. It is noted that PTRS (Phase Tracking Reference Symbol) devised for correcting clock phase noise also adopts a similar pattern of block type symbol configuration. 

[image: ]

<Figure 1.  Example view of block type downlink PRS configuration received by UE>

Secondly, orthogonality problems due to sampling window mismatch can be avoided. That is, when PRS signals from several neighboring gNBs arrive with different latency, some signals from far gNBs may arrive behind the other signals and only a fraction of the signal can be included in the FFT window. As a result, subcarrier interference is occurred and the phase information is corrupted. However, by repeating the PRS symbol several times in time domain, the receiving UE may discard the first and last symbols that may include error prone part, and gather only the intermediate symbols containing full length of subcarrier waves. This can be analogous to removing the CP part when calculating FFT of a symbol. This way, one may obtain cleaner phase information. 

However, one premise is needed to apply this method. The waveform of the PRS symbols must be in the shape of a simple sinusoidal tone spanning the whole transmission of the consecutive symbols. Note that in the CP-OFDM structure of 5G NR, it is not easy to obtain such pure tone signal that leads smoothly to the end of the block symbols. Due to the CP operation, tail portion of a symbol samples is copied and placed in the prefix region. As a result, most subcarrier waveforms are discontinuous in the symbol boundary, as shown in Figure-2(a) below. This makes it difficult to create a continuous waveform spanning multiple symbols. 

For this reason, some contributions in [5][6][7] proposed using guard bands or center frequency regions to transmit continuous tone signals for carrier phase estimation. However, the suggested region is very scares resource area, that makes it difficult to allocate enough room for multiple gNBs. Rather, it is advantageous to transmit continuous tone signals using the RE (Resource Element) structure of 5G NR.
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< Figure 2 (a) discontinuous wave in the symbol boundary, (b) continuous waveform by formula (1) >

This contribution proposes an in-band method to create a constant tone signal that extends over multiple symbols. Such tone signal can easily be generated in a sequence that rotates subsequent symbol phases by the length of the CP interval. This enables the subcarrier waveform smoothly connected at the border of symbols. Figure 2 (b) above shows such subcarrier waveform generated using the sequence (1) below. Note that the amount of spin for each consecutive symbol depends on the subcarrier number, i.e. the subcarrier frequency. Below (1) is a formula generating such sequence.



In the formula (1) above,   denotes  ℓ th symbol in the k th  subcarrier. Tu denotes the length of the symbol duration except the CP part. TCP,l-1 indicates the accumulated length of the CP up to ℓ-1 symbol. 

Using the formula (1) above, sufficient number of constant tone signal can be generated in any portion of NR resource grid. This is system friendly approach than using guard bands or center frequency. This also ensures no matter where the FFT sampling window starts in the signal duration, PRS signals maintain orthogonality and the phase comparison is less noisy.

Another advantage of using such extended tone signal is that it enables iterative sampling of FFT windows and improving processing gain. Note in the PRS configuration of Figure 1, the relative phase difference between the PRS signals of gNB A and gNB B is identical regardless of sampling window position. Since the phase difference between subcarriers is constant, multiple redundant sampling by sliding the FFT window over the entire signal interval yields identical result. Therefore, the result of iterative sampling can be added up and increase gain and angular resolution. This technique is similar to the iterative method used for the spectral smoothing to increase signal processing resolution. 

By applying the above method, one can also calculate the subcarrier phase difference or carrier phase difference and estimate downlink AoD/ZoD. See [1][2][4] for more details. 

Proposal 1 : The advantage of block type PRS signal configuration and application to carrier phase based method need to be studied further.

Carrier Phase based 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, it was reported in multiple sources that even if gNBs are synchronized using GPSDO, it is sometimes not enough to guarantee less than 1 meter accuracy, due to atmospheric fluctuations, temperature variation, and inherent device error, etc. Therefore, in order to achieve centimeter grade positioning accuracy in 5G NR system, gNBs may need cesium class atomic oscillators. 

While it is difficult to synchronize gNBs to an ideal clock in sub-nano seconds accuracy, it is relatively simple for gNBs to follow an external master clock in sub-nano seconds variance, if we use the continuous PRS signal of block type configuration for tracing the master clock phase. In this section, we briefly introduce a carrier phase based gNB synchronization method. It is in principle not different than the concept of PTRS.

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 an 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. 
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Figure 3.  Illustration of master gNB and slave gNB synchronization using carrier phase method

Figure 4 below shows the phase graph comparing a GPSDO synchronization and the master-slave method. In figure 4 (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. 1.2 GHz carrier frequency was used. 

In figure 4 (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 4 (b), the phase graph shows that the carrier phase difference becomes stable for 20 minutes, when the slave gNB constantly follows master clock using the continuous PRS signal.

Therefore, this method of master-slave synchronization using the C-PRS signal and carrier phase method can minimize the effect of oscillator errors. Note that this may require some sysmtem change of slave gNB because gNBs now need capability to listen downlink signal of master gNBs. Since TRP function is already defined in 5G NG, we may utilize the function to define new slave gNB structure. Further study for this issue of gNB synchronization is necessary.
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Figure 4 (a) GPSDO synchronization	               (b) Master-Slave synchronized using continuous PRS

Proposal 2: Consider using the carrier phase method for gNB synchronization and necessary impact in gNB structure.


Conclusion

In summary , we propose followings to include carrier phase based method in current work item. If it is not appropriate to handle this issue in release-17 scope, we suggest to investigate the carrier phase based method as part of the new study item in release-18.

Proposal 1 : The advantage of block type PRS signal configuration and application to carrier phase based method need to be studied further.

Proposal 2: Consider using the carrier phase method for gNB synchronization and necessary impact in gNB structure.
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