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Carrier phase positioning is one of important objectives in the 5G NR Positioning WID [1]. When the carrier phase measurement method is applied in 5G NR positioning, great service improvements can be achieved. Examples of the use case are 1) urban macro LBS services, 2) vertical positioning for public safety, and 3) sidelink positioning for vehicles. In this contribution, we present some experiment result and an application method in the areas of 1) ~ 3)

Use Cases

Improved accuracy in urban macro area

When the phase measurement technology is applied in the urban macro area, the UE location can be determined within tens of centimeter error.  The figures 1~3  below show the result of our field experiment of phase based positioning conducted in May 2021. The test site is a normal soccer field of 150m wide. We used both carrier wavelength and subcarrier wavelengths for measurement. Subcarriers are usually 100 ~ 100,000 times longer than carrier wavelength in FR1. 
In the test field, we setup four 5G emulating gNodeBs and transmitted continuous PRS signals using 1.2 GHz carrier frequency and 30 MHz sample rate. The continuous PRS is a sequence of signals that allows the sinusoidal waveform to run smoothly across multiple symbols. Unlike current staggered PRS pattern, the continuous PRS requires block type reference symbol arrangement, similar to PTRS (Phase Tracking Reference Signal). Such sinusoidal waveform enables precise phase measurement. For more information, refer to R1-2104880 [2][6]. For the proof of the effect of continuous PRS, we show the measurement result of the carrier/subcarrier phase positioning compared to RSTD measurement based TDoA method. 
Figure 1 (a) below shows the result of location estimation when we measure the phase difference of the subcarriers of wavelength 41.23m. The emulated gNBs are synchronized using external GPSDO oscillators and additional phase tracking functions we developed proprietary. Four gNodeB stations (marked in red stars in the figure) transmit continuous PRSs periodically. The gNB to gNB distances (i.e. ISD) are 100m ~ 170m. The location of the UE was evaluated at every 10cm while moving the UE following the straight lines of 40m shown in the figure. Each colored dot represents the estimated positions. The CDF analysis in figure 2 (b) shows about 6m accuracy in 80% of probability when we use 41.23m length subcarriers. Since the size of test area is relatively small, no wrapping of phase measurement was observed when we use the long wavelength subcarriers. In other words, integer ambiguity didn't occur in this case.
Figure 1 (b) shows the result of location estimation when subcarriers of 6.87m wavelength was used. The figure shows about 4m accuracy in 80% of probability. The accuracy was improved with the shorter subcarrier length (=6.87m), however the integer ambiguity problem occurred in this case. 

	(a) Subcarrier phase (41.23m wave)
	(b) Subcarrier phase (6.87m wave)
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Figure 1.   Location estimation result when subcarriers of length 41.23m and 6.87m were used

The wavelength of the subcarriers in the OFDM signal is 1/n times the symbol length. That is, the subcarriers near the center DC have a long wavelength, while the subcarriers near the outer guard band have a shorter wavelength. In the phase measurement method we used here, the shorter the wavelength signal, the better the positioning accuracy could be. However, the side-effect is that the position error due to integer ambiguity becomes significant. 
When we use a subcarrier signal with a length of hundreds of meters or more, the approximate location of the UE can be determined without the ambiguity of the number of phase wrappings, i.e. the integer ambiguity. Although the positioning accuracy measured using long subcarriers may not be so satisfactory, it provides the initial information for position fix. Once the approximate position is known, it is possible to calculate the distance difference between the signal paths of neighboring gNBs. Then the distance difference can be converted to phase difference in radian scale, and it can be used for estimation of the integer number. This is expressed by the equation (1).



(1)                

new_df :  estimated distance difference 
old_df  : measured distance difference
      : measured phase difference
        : length of the wave

In the above equation, old_df represents an approximate position or distance difference of a UE measured using long wavelength signals. It can also be measured using other means such as the Rel-17 TDoA method or GPS.  new_df represents a new distance or distance difference calculated by combining an integer number estimated using the old_df. If the estimated integer number is correct, the error of the new_df can be improved than the old_df. However, if the deviation of old_df is greater than the wavelength , the effect of error reduction is limited.

If a carrier signal with a wavelength of only tens of centimeters is used, the distance error can be improved up to centimeter level only if the integer number estimation is correct. Figure 2 (a) below shows the estimated position of the UE when the carrier wavelength (= 24.98cm) of 1.2 GHz frequency is used. Looking at the CDF analysis in the figure 2 (b), the carrier phase measurement method achieved 1.2m error in the probability 80%. This is slightly worse than what we expected because we later found there was some calibration mismatch occurred in the experiment. We believe the result can be improved further in future experiment.

	(a) Carrier phase (24.98cm wave)
	(b) CDF  (Phased v.s. TDoA)
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Figure 2. The result of carrier phase estimation with CDF graph
The CDF graph in figure 2 (b) above also shows a comparative analysis of the case where the TDoA method as defined in Rel-17 is applied. The TDoA curve is a simulation result by implementing the same environment. As shown in the figure 2 (b), the carrier phase method far outperforms than TDoA and even the subcarrier method is better than TDoA in some condition. 
The phase measurement method introduced here is effective only in FR1 bands. It is considered difficult to apply it to FR2 band signals because carrier wavelength is only a few millimeters. More detailed descriptions and simulation results of the phase measurement method will be presented in next RAN1 meeting.

2.2 Application to vertical positioning

When two adjacent antennas transmit carrier signals, the two signal generates regular pattern of interference and very precise angle of departure can be measured using the pattern even at a long distance. The phase difference of the two carrier signals transmitted from adjacent antennas can be mathematically modeled as hyperbolic and asymptotes. According to the definition of the hyperbolic curve, the following mathematical relationship is established.

(2)                            

In the above equation (2),  is the phase difference value of the two antenna signals measured by a UE.  is the wavelength of the carrier. |r1-r2| denotes the distance difference from the UE to the dual antennas of remote gNB, and a denotes the major axis value of the hyperbolic curve. This major axis value a also becomes the slope value of the asymptote approaching to the hyperbolic curve. Then the angle of departure, i.e., AoD, can be calculated by the formula (3)

(3)                           

In the above equation, Φ denotes the AoD value and 2F is the distance between the two antennas. 
This method of measuring AoD using the information of carrier phase difference is already accepted in Bluetooth [5] and 802.11 standard [4]. It is very accurate angular measurement with consuming much less resources than the repeated beamforming method used in Rel-17.
This precise AoD measurement method can be applied to a variety of services. In particular, it can be applied to vertical positioning for public safety such as the E911 service. According to E911 regulation, it is required to identify the altitude of the UE within several meters of error.

Figure 3 below shows the results of the vertical positioning experiment conducted in November 2020. In this experiment, vertically arranged three antennas with antenna spacing 1m and 5m respectively, were used. Three sets of continuous PRS signals as described in R1-2104844 [3] are transmitted via the three vertical antennas. 1.2 GHz carrier frequency and 10 MHz sample rate were used for transmission of the signals.

	(a) vertical antenna tower installation 
	(b) UE elevation test
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Figure 3.  Vertical positioning experiment using carrier phase based DL-AoD method
 

In order to measure the vertical altitude, a UE box was lifted from ground to top of the a seven-story building using a mini-crane. The vertical antenna tower was placed 150m to 500m away from the building. The UE measures the phase difference and AoD, and converts the angular information to height. The altitude was displayed in the LED of the UE box and compared with the banner printed the vertical length. 
As a result, we confirmed that the altitude of the UE can be accurately determined at a resolution of 1m or less even at a distance of 500m. This was sufficient performance to distinguish the number of floors of the building, that is the requirement by US E911 regulation. The whole experimental process can be viewed through YouTube link (https://youtu.be/F0GrAait8Vo) [7].
In the experiment above, we used three vertically placed antennas of different spaces. Such arrangement was devised to improve angular resolution and to solve the angular ambiguity problem. The angular ambiguity is in principle similar to the integer ambiguity problem, and even the cause and solution are similar. 
That is, in general, as the distance from the UE to antennas increases, the distance difference of |r1-r2| of the equation (2) becomes smaller. This means the angular resolution of  is degraded and the AoD estimation becomes poor. One way to improve the angular resolution is increasing the gap between the vertical antennas, as a result, |r1-r2| value becomes larger. This gives an effect of increasing the dynamic range of angular variation, higher than the noise floor. However, this in turn brings angular ambiguity problem explained below. The solution we present in this paper is using the three vertically spaced antennas as shown in figure 4. 

	(a) Three vertical antenna arrangement
	(b) Phase variation in antennas A and C 
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	(c) Phase variation in antennas A and B
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Figure 4. Schematic view of the vertical positioning test installation

In the figure 4 (a) above, the gap between the antennas A and C is relatively narrow. As a result, the phase variation between the two antennas, shown in the figure 4 (b), is small. On the other hand, figure 4 (c) shows rapid phase change when it is measured using the wide-spaced antennas A and B. The graphs shows frequent wrapping of phases from +π to -π. Because of this phenomenon, the UE cannot determine the exact AoD unless the accumulated number of phase wrappings from the ground is known. 
One solution is using the approximate value of AoD measured using the narrow antennas A and C. Applying a method similar to equation (1), the UE may estimate the angular ambiguity number and recovers correct AoD and altitude information. 
We confirmed through experiments that the degree of error improvement is almost proportional to the difference in antenna spacing. This method of AoD and altitude estimation using the carrier phase measurement can be applied in both the FR1 band carrier and the FR2 band carrier. More detailed mathematical analysis, field experiments, and simulation results will be covered in the contribution of next RAN1 meeting.



2.3  Application to sidelink positioning 

Combining the high precision distance and angle measurement capability of the phase-based method, precise information of relative position, direction and velocity between vehicles can be obtained. Figure 5 below describes the concept of sidelink positioning using the 5G V2X carrier signal transmitted by other vehicles. 

	(a) c-PRS reception using v-shape antenna
	(b) Lidar or Radar coverage limit
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Figure 5. Use case of phase based positioning for V2V detection & ranging 

In the figure 5 (a) above, it is assumed all V2X vehicles periodically generate a continuous PRS signal indicating its identity. In order to avoid collisions with other vehicle signals, the continuous PRS signal may be transmitted in a time-division manner or by allocating different subcarriers. Each of the two methods, i.e. time domain orthogonal v.s. frequency domain orthogonal method, has different characteristics and implementation. Detailed discussions on this issue will be presented in next contribution.
The vehicle receives the continuous PRS signal through the v-shape antenna installed on rooftop. The v-shape antenna is designed to maximize the detection of angular direction, distance as well as velocity of the signal source. Multiple antennas are embedded in the v-shape antenna to resolve angular ambiguity and to enhance resolution. Carrier phase based method introduced in the above sections are utilized. This can be seen as an application of well-known AoA direction finding with extension to distance and velocity detection. 
The concept of sidelink positioning method presented here is particularly useful in the medium to long-range detection of other vehicles. For example, as shown in figure 5 (b), Lidar or Radar works only in the range of good line-of-sight. In a heavy traffic highway, the detection range is severely limited by surrounding vehicles. However, the sidelink positioning concept provides a way to extend vehicle detection range in heavy traffic highway, tunnel or basement. Note that the vehicle to vehicle detection method also works in remote area where 5G gNodeB service is not available. 


Continuous PRS for carrier phase & sub-carrier phase measurements

This section briefly introduces some mathematical formula of calculating carrier phase difference using a continuous sinusoidal subcarrier waveform. 

In CP-OFDM, tail portion of a symbol samples is copied and placed in the Cyclic Prefix region. This makes it difficult to create a continuous waveform. However, when applying a special symbol sequence introduced in R1-2104880 [2], the subcarrier waveform becomes a continuous sinusoidal waveform form, as shown in Figure 6 (b). Using the continuous waveform, very precise phase measurement can be possible. 

	(a) discontinued subcarrier wave
	(b) continuous sinusoidal waveform
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Figure 6. Example of making discontinued subcarrier waveform to sinusoidal wave


A positioning reference signal can be composed of a set of subcarriers spaced in equal distance in the frequency domain. The waveform can be represented as (4) below. In (4),   denotes a subcarrier frequency.

 (4)             

A gNodeB-a modulates the positioning reference signal using a carrier frequency   and transmits it periodically. The passband representation of the signal is (5)

(5)            

Likewise, the reference signal transmitted from a neighboring gNB-b can be represented as (6) below. Note that gNB-b allocates the same subcarrier sets as used in gNB-a. This makes conjugate operation of the reference signals simple in a receiving UE.

 (6)        

The reference signal   travels for a time a1 and arrives at a UE, and the signal   travels for a time b1 and arrives at a UE. It can be represented as (7) below. For simplicity, we consider only the case of line-of-sight path in this document.   We assume the signals are transmitted in different moment in order to avoid collision.

(7)    


The UE converts the passband signal into baseband signal by multiplying the inverse carrier frequency (-) as in (8). In Equation (8),  ϵ denotes a local clock error, which has to be removed later.

 (8)    


The sinusoidal waveforms included in (8) can be extracted using FFT / DFT or filtering process. Detail of this process is out of the scope. The decomposed subcarrier waveforms can be expressed in vector form as in (9). Again,  denotes a carrier frequency,  is a subcarrier frequency,  ϵ denotes a local clock error and ,  is the sum of error components remained from previous FFT or DFT process. 

(9)                       


The UE calculates a conjugate product between the two phase vectors and obtains a carrier phase difference as in (10).

(10)


In the equation (10) above, ωc denotes an angular frequency of a carrier.  ωc is significantly greater value than ωm .  Therefore, (10) can be simplified as (11).

(11)


The UE can calculate carrier phase difference by applying an angle function as below. 

(12)                

[bookmark: _Hlk83306605]In (12),  denotes phase difference between the two paths of gNB-a and gNB-b, and  denotes the distance difference. Since the angle function is defined only in the range between -π ~ + π , the resulting angle value of (12) rapidly changes as UE moves a few centimeters, as shown in the figure 2 (a). 
The UE may also calculate a subcarrier phase difference by applying conjugate multiplication of the vector having the lower m-1 components of    , and the vector having the upper m-1 components of , according to (13) below. 

 (13)





In (13),  ω1 denotes an angular frequency corresponding to a subcarrier number 1, which is the longest wavelength subcarrier in NR. The phase value of (13) usually changes slowly in area of hundreds of meters. Therefore (13) can be used for initial position estimation of UE, and for resolving integer ambiguity hidden in (12).


Conclusion

In conclusion, we propose following new aspects must be considered in priority during the ongoing study phase of 5G NR positioning WID [1].

Proposal 1: Study new reference signaling for supporting phase-based measurement method

Proposal 2: Investigate ambiguity resolution methods and necessary impact to 5G NR system

Proposal 3: Study phase based DL-AoD measurement method and necessary impact to 5G NR system

Proposal 4: Study use case, solution and impact to sidelink positioning when applying the phase based measurement method

Proposal 5: Consider using the carrier phase method for gNB synchronization and necessary impact to gNodeB structure.
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