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In this contribution, we propose a canonical form of the carrier phase equations that can be used in later discussion. A solution for integer ambiguity using pseudo subcarrier is proposed. The issue of TRP synchronization is discussed and a gNB structure efficient for carrier phase synchronization is proposed. Finally, the advantage of employing continuous PRS is revisited. We suggest to capture the equations and solutions presented in this contribution into the TR 38.859.

Solutions for Carrier Phase Positioning

Proposed equations for Carrier Phase positioning

In the last 109th RAN1 meeting, several companies [7][8][9] presented a mathematical model of carrier phase signals.  Although the mathematical expressions presented by each company were slightly different, most of the equation models were consistent. If we unify the mathematical notations used for describing the carrier phase positioning, it will improve the understanding of the proposed formulas in the future and avoid unnecessary confusion. Therefore, after collecting each company's proposed equations and analyzing common points, we present a simple and unified model as a basis for the later development of carrier phase equations. We encourage companies to discuss the proposed mathematical model and capture the model in the TR 38.859.


	2.1.1  Passband representation of transmission signal

A gNBA modulates the positioning reference signal using a carrier frequency wc and transmits it periodically. The passband representation of the signal is (1). This signal is a carrier frequency signal that does not go through the multipath channel yet. wc denotes the carrier frequency, and wk is the NR subcarrier number. If one prefers a frequency notation, it can be expressed in 2πfc  form instead of wc. Ak denotes the PRS symbol sequence of NR subcarrier k , i.e. the complex number representing the amplitude and phase. φA denotes the initial clock error of the TRPA.

(1)            


	2.1.2  Channel and path delay 

CA(k) below represents the channel response to subcarrier k. Suppose the latency of the first path h0 of a multipath channel is τA. Since we are interested in this path delay, we modify the channel representation by subtracting the first path delay τA  from the rest of the channel impulse response. HA(k) is the relative impulse response that the first path delay of h0 is always starting from 0 times. 










When applying the above HA(k) representation, the TRPA signal arriving at the UE antenna via a time delay τA can be shown as follows.


 

	2.1.3  Down converted baseband signal

The UE converts the passband signal into a baseband signal by multiplying the inverse carrier frequency (-wc) , as in equation (3). φϵ denotes a local clock error, which has to be removed later.





In equation (3) above, it is assumed that φϵ  includes the combined error of tx and rx clocks. However, if it is necessary to represent each initial clock error separately, it can be represented as (φA - φR).
As a result of downconversion on the receiver, the timing variables t is removed in the carrier frequency component, and only the product of the path delay τA  and the carrier frequency wc remains as . This becomes the carrier phase, however, the exact value is not known until φϵ is removed.


2.1.4  Decomposition to subcarrier vector 

In the above formula (3), there is a timing component t remains in the complex expression of the subcarrier frequency wk. Applying the FFT or DFT transformation to the downconverted baseband sample stream gives a subcarrier vector as in (4) with removing the timing component t in the subcarriers.




In (4) above, IA represents the intercarrier interference remaining after the FFT conversion. The φϵk is the combined error of the carrier phase and subcarrier phase. The phase error is usually caused by the tx-rx clock mismatch. A1, A2 .. Ak can be removed if the receiving UE knows the PRS sequence of the transmitting TRP.  Therefore, the above (4) can be simplified as in (5) below.



2.1.5  Cross conjugate of subcarrier vectors

Suppose that the TRPB signal also arrives at the UE at the same time. For convenience, it is assumed that the two signals are received through different subcarriers or time-slot and separated perfectly. The UE then cross-conjugates TRPA and TRPB's signal vectors as shown below (6). If TRPA and TRPB are fully synchronized, the tx and rx clock errors in Equation (5) are removed by the cross conjugate. Otherwise, the tx phase difference between TRPA and TRPB has to be calibrated. 



2.1.6 Angle of the sum of phase vector

Since we have defined that HA(k) is the relative impulse response, if the LoS path component (i.e. the first path) of TRPA and TRPB channels is very strong, we may assume that the phase rotation value accumulated by the remaining paths can be ignored. Therefore, the imaginary part in the conjugate product of the TRPA and TRPB channels (i.e. imag(HA(k)H*B(k) ) ) will become close to zero. Applying the angle function to the conjugate product in (6) gives the simplified phase difference vector as in Equation (7).


In NLoS path, the conjugate product of HA(k)H*B(k) may not be zero, hence the equation (7) needs further elaboration. 

Since the arc-tangent function composing the angle function in (7) is defined only in the range of -π to +π, the lost number of cycles represented as 2πNc needs to be compensated, where Nc is the unknown integer number. The exact value of delay difference (τB - τA) is determined only when the Nc is correctly estimated.

The carrier frequency wc is a very large value compared to the subcarrier frequency wk.  Since the effect of the wk value on the result of Equation (7) is small, we may remove wk in the equation (7). Indeed, observation results from our field experiment also show that the effect of wk part is insignificant because other noise contribution such as multi-path error or phase noise is far greater. Therefore, we propose to use a further simplified angle of the sum model as below (8). 



By converting the radian frequency wc into a product of the speed of light c and inverse of the carrier wavelength λc, we can obtain the distance difference dAB that can be applied to the trilateration positioning algorithm, as below (9)






(Proposal 1) We suggest capturing the simplified carrier phase equations in (1) through (9) in the TR 38.859 and using them as a basis for the mathematical discussion of the carrier phase method in the following meetings.

Solution for integer ambiguity using pseudo subcarriers 

At the last 109th RAN1 meeting, we presented a method for resolving integer ambiguity by using OFDM subcarriers and showed the result of field experiments as proof [4]. This section describes the details of the method for integer number estimation using the Equations (1) ~ (9) presented in section 2.1. 

Figure 1 below shows an example of the PRS configuration used for the integer ambiguity resolution. The subcarriers of TRPs are allocated at equal frequency spacing of wm kHz. A continuous PRS symbol as described in R1-2203635 [5] is assumed, however, a similar effect of equal spacing subcarrier arrangement can also be achieved using the NR PRS configuration. For example, the comb {12,12} configuration in NR PRS can be regarded as 180 (=12*15) kHz equal spacing allocation in the frequency domain. 


[image: ]

Figure 1.  Equal spacing PRS subcarrier allocation for each TRP

Such equal spacing subcarrier signal can be modeled as Equation (10) below. It is, in effect, the same representation of the passband signal of (1), except that the subcarrier spacing is explicitly specified as wm kHz. Note that wc denotes the carrier frequency and wk is the NR subcarrier number. 

(10)            

Where  w2 = w1+wm  ,  w3 = w1+2wm , w4 = w1+3wm … ,  wk = w1+(k-1)wm

The PRS signal of (10) is transmitted via a channel HA(k), and received by a UE. The UE down-converts the signal and extracts the size k subcarrier vector via the FFT or DFT process. The subcarrier vector is divided into an upper k-1 size subvector and a lower k-1 size subvector as below.




A k-1 size pseudo-subcarrier vector is obtained by auto (self) conjugate calculation as below (11). 



Note in Equation (11) above, the carrier frequency, wc, is removed by the auto conjugate calculation, and only the information of subcarrier frequency, wm, and the path delay, τA , remains. φϵ1 is the phase error caused by the tx-rx clock mismatch.
When the subcarrier gab wm is not big, the conjugate of self channels between neighboring subcarriers (i.e. HA(k-1)H*A(k)) is almost zero in most cases. Therefore, the channel factor can be removed when the angle() function is applied in later equations.

The neighboring gNB/TRPB also transmits PRS signal of the same subcarrier spacing
wm kHz. To avoid collision with TRPA's PRS signals, The PRS set of TRPB is allocated in different subcarrier offsets. The receiving UE applies the same auto conjugate calculation and obtains k-1 size pseudo-subcarriers as shown in (12) below.



We now calculate the cross conjugate of the pseudo-subcarrier vectors (11) and (12), and obtain a pseudo-subcarrier vector, as (13) below.




The pseudo-subcarrier vector in Equation (13) contains information on the path delay difference (τA - τB) multiplied by the frequency gab wm. This information can be extracted by applying it to the angle of the sum equation as below (14). 




In Equation (14) above, the conjugate multiplications of channels are removed because the phase values of self conjugate are almost zero. Nwm is an unknown integer number.
By converting the radian value of pseudo-subcarrier wm into the product of the speed of light and the pseudo-subcarrier wavelength λwm, one can obtain a distance difference that can apply to the trilateration positioning algorithm, as shown in Equation (15) below.






If the inter-TRP distance between TRPA and TRPB is less than 1/2 of the wavelength λwm , the phase difference θwm should always be within -π~+π , and the integer value Nwm in Equation (15) is always zero. Therefore, the initial position of the UE can be determined without the ambiguity of the integer number Nwm. 


(Observation 1) If a pseudo-subcarrier with a sufficiently large wavelength is used, one may determine the initial UE position without an integer number estimation process. Therefore, we can use the carrier phase method alone to estimate UE position.


When the subcarrier allocation space wm of the PRS signal in (10) is large, the pseudo subcarrier's wavelength λwm may be shorter than the inter-TRP distance. In this case, the Nwm value in Equation (15) may no longer be zero, and an estimation method for integer numbers is necessary. Therefore, the subcarrier allocation space wm needs to be chosen carefully by considering the average gNB/TRP deployment distance in the network. 

According to CR bound analysis submitted by different companies at the 109th RAN1 meeting, it has been addressed that the accuracy of the UE position can be improved as we use the carrier phase method with a shorter carrier wave [7][8][9]. This is also true for subcarriers. In other words, as we use shorter subcarriers, we may gradually improve the positioning accuracy. However, the search range of the integer number Nwm is also increased and the number estimation is getting difficult. 

The pseudo-subcarriers of shorter wavelengths can be obtained by reducing the size of subvectors used in the calculation of the auto (self) conjugate in (11) and (12). For example, if we collect upper k-2 size subvector and the lower k-2 size subvector in equations (11) and (12) above, we may obtain a pseudo-subcarrier with a frequency of 2wm and the wavelength λwm /2, as below.







The pseudo-subcarrier vector of wavelength λwm /2 is obtained by the auto conjugate of the two k-2 size subvectors. Similarly, the pseudo-subcarrier vector of TRPB is obtained using k-2 size subvectors. Calculating the cross conjugate product of TRPA and TRPB subvectors yields a phase difference vector of wavelengthλwm /2. Applying the angle of sum approximation equation as below (17), we may extract the phase information of the pseudo-subcarrier of wavelengthλwm /2.



In Equation (17) above, the integer value N2wm needs to be estimated. Since we already have the record of distance difference dAB estimated in the previous equation (15), we use this information for evaluating the integer number N2wm.

Suppose the distance difference calculated using pseudo-subcarrier of wavelengthλwm /2 is d'AB. This value is, in effect, the same as dAB in Equation (15). Therefore:



Combining the above equations (17) and (18), we may obtain the equation (19) for solving unknown integer number N2wm. 





In above, θwm and Nwm are the phase difference and integer number of the pseudo-subcarrier wm respectively. The round() is an integer function, and θ2wm and Nwm is the phase difference and the integer number of wavelength λwm /2.  
Applying the above equations (19) to (17) and (18) again, we may obtain the repetitive equations for d'AB.



If we have a series set of phase difference {θwm, θ2wm, θ3wm, …} of the pseudo-subcarrier wavelengths { λwm , λwm /2 , λwm /3  …}, we can obtain the corresponding set of integer numbers { Nwm, N2wm , N3wm … } by applying the equation (19) in sequence. The series of phase differences and the estimated integer numbers can be applied in equation (20) in turn. We may gradually improve the accuracy of d'AB .
A mathematical analysis of this proposition is not presented in this contribution. Instead, we show the field experiment result below.

Figure 2 below shows the result of outdoor experiment. The test site is a normal soccer field 150m wide. We used both carrier wavelength and subcarrier wavelengths for measurement. In the test field, we set up four 5G emulating gNodeBs and transmitted continuous PRS signals as described in Figure 1 and equation (10). For more information on continuous PRS signals, refer to R1-2203635 [5][2]. 

In Figure 2 (a), a pseudo-subcarrier of wavelength 41.23m is used for the initial estimation of the UE location. 1.2 GHz carrier frequency with a 30 MHz sample rate is used in the experiment. The emulated gNB/TRPs are synchronized using external GPSDO oscillators and additional phase tracking functions explained in section 2.3. Four gNodeB stations (marked in red stars in the figure) transmit continuous PRSs periodically. The TRP to TRP distances (i.e. ISD) is 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. 

	(a) Subcarrier phase (41.23m wave)
	(b) Subcarrier phase (6.87m wave)
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Figure 2.   Measurement result when a subcarrier of lengths 41.23m and 6.87m was used

Figure 2 (b) shows the result of location estimation when a subcarrier of 6.87m wavelength was used. The figure shows about 4m errors in 80% of probability. The accuracy was improved with the shorter subcarrier length (=6.87m), however, the integer ambiguity occurred in this case. In other words, the phase was wrapped 2~3 times during the measurement. The integer number was estimated using the previous estimation result of (a).

Figure 3 (a) below shows the estimated position of the UE when the carrier wavelength (= 24.98cm) of 1.2 GHz frequency is used. Observing the CDF analysis in figure 2 (b), the carrier phase measurement method (blue curve on top) achieved a 1.2m error in the probability of 80%. 

The CDF analysis in figure 3 (b) also shows the case of pseudo-subcarrier of wavelength 41.23m (orange curve in the middle) that 6m error in 80% of probability is achieved. Since the length of the test area was relatively small, no integer ambiguity was observed in this case.

	(a) Carrier phase (24.98cm wave)
	(b) CDF  (Phased v.s. TDoA)
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Figure 3. The measurement result of carrier phase estimation with CDF graph

The CDF graph in Figure 3 (b) above also shows the comparison with the TDoA method (purple curve at the bottom) tested on simulation. The result shows that the carrier phase method far outperforms TDoA, and even the subcarrier method is better than TDoA in some conditions. 

(Proposal 2) Capture the results of the field experiment in Figures 2~3 above in TR 38.859 and use them for comparison with other simulation results.

(Proposal 3) RAN1 studies pseudo-subcarrier-based solutions for resolving integer ambiguity as proposed in equations (19) and (20)

Phase Tracking and Synchronization between remote TRPs

Strict phase synchronization between TRPs is required to ensure the accuracy of carrier phase positioning. At the 109th RAN1 meeting, some companies proposed ways to compensate for synchronization errors between TRPs using a double-differential method. However, in 5G NR, the use of PRU(Positioning Reference Unit) for the double differential method can be inefficient because carrier phase variation between TRPs is too fast.

For example, Figure 4 shows the variation of carrier phase difference traced between two neighboring TRPA and TRPB.  In this experiment, two TRPs are synchronized using GPSDO of 4 ppb precision. 1 GHz carrier frequency is used for transmitting a sinusoidal waveform allocated in 8 OFDM subcarriers. The carrier phase differences as calculated by Equation (8) are observed for approximately 5 minutes at a fixed UE location. 

[image: ]

Figure 4  Variation of the carrier phase difference between GPSDO synchronized TRPs

As shown in Figure 4 above, the carrier phase difference between two TRPs are fluctuating rapidly during the observation period. The variation can be more severe in bad weather and temperature condition and higher (>1GHz) carrier frequency. If TRPs and PRU, LMF, and UEs are physically separated, it will cause huge traffic for phase calibration between the nodes. Therefore, we argue that the use of PRU and the double-differential method for carrier phase synchronization may not be effective.

(Observation 2) Unlike GNSS, the use of PRU and the double-differential method may not be effective, and it can potentially cause huge traffic overhead in the 3GPP NR system. 

As an alternative, we propose a master-slave gNB synchronization structure that incorporates some PRU function into a gNB, called the slave. The following Figure 5 is a conceptual diagram illustrating how the slave gNB works with master gNB for rapid calibration of the carrier phase.

[image: ]

 Figure 5  Master-slave phase synchronization structure

In the above diagram, the slave gNB receives the PRS signal from the mater gNB/TRP and tracks the phase difference with the local PRS signal generated using its local oscillator. PLL functions are incorporated in the slave gNB, such as phase comparator, low-pass filter, etc. The calculated phase difference value is immediately reflected in the PRS signal sample to be transmitted via the slave gNB/TRP, as a result, the receiving UE always sees phase synchronized PRS signals. The following Figure 6 shows the actual experimental results of the carrier phase synchronization between the mater TRP and slave TRP by applying this method.


[image: ]

       Figure 6  Phase synchronized master-slave PRS signal 
To apply the master-slave fast synchronization structure, a new gNB function for listening to the downlink signal of the master gNB is necessary. This may require a change in the gNB structure to incorporate some functions considered for PRU, such as receiving TRP, RX-RF, etc. Note that the PRS signal transmitted by the master and slave is the same downlink resource of the same frequency. Because of this, the receiving TRP may experience a strong self-interference introduced by its own TX signal. To eliminate this self signal, slave TRP may require a well-designed antenna shield separating rx from tx and a kind of self-interference cancellation technology.

Another aspect required is that the waveform and transmission period of the PRS signal should be well designed for efficient training of the PLLs. Suppose the case of moving TRPs such as V2X vehicles or low-cost gNBs with poor performance oscillators. In such cases, it is recommended to use a simple sine wave signal that lasts for several symbol duration. This makes the receiving system design simple and easy to track the carrier phase, as well as resilient to phase noise or Doppler distortion. A continuous PRS as described in [5] is one candidate to consider for this purpose.


(Proposal 4) RAN1 should study the efficient NR system architecture for TRP synchronization and efficient PRS design for PLL training.

(Proposal 5) We propose to capture the master-slave TRP structure in the TR 38.859 and continue to study the efficient carrier phase synchronization method based on the architecture.




Uplink/downlink carrier phase measurement for vertical positioning 

In an emergency such as E911 calling, it is critical to identify the vertical altitude of the cell phone in a highrise building. In the last RAN1 e-meeting, we presented a phase-based DL-AoD method for vertical positioning and showed the field experiment results [4][3]. 

There have been some questions raised about why the phase-based DL-AoD method is included in the scope of the carrier phase study. To clear this misconception, we would like to explain the solution of vertical positioning purely from the perspective of carrier phase and integer ambiguity.

[image: ]

Figure 7  Vertical positioning using two vertically spaced TRPs 

Figure 7 above illustrates the vertical positioning application to measure the altitude of the UE using the two vertically placed TRPA and TRPB. It is assumed the two TRPs transmit PRS signals as described in Equation (1). The UE receives the PRS signals via the paths r1 and r2 respectively. The received signal can be modeled as Equations (2) and (3). The UE decomposes the subcarriers via the FFT process as Equations (4)~(7), and finally obtains carrier phase information as (9).


In the vertical xz-plane described in Figure 7, the horizontal and vertical location of UE can be modeled using the hyperbolic equation (21) or asymptotic equation (22) as below.





From above, h1 is the elevation of the midpoint between the two TRPs, and the height of the UE is z. It is assumed that the horizontal distance x from the TRPs to the UE is known using other means such as a trilateration positioning between neighboring TRPs.
According to the definition of hyperbola, major axis a1 and b1 in equations (21) and (22) have the following relationship:



In the above equation (23), p is the inter-TRP distance between the two TRPs.
Since |r1-r2| is the distance difference equivalent to dAB in equation (9), combining the two equations gives the major axis constant a1 of the hyperbolic curve.





Therefore, the vertical height z of the UE can be estimated by applying equations (24) to (21) and (22).





Equation (25) is a nonlinear formula modified from the hyperbolic equation (21), and Equation (26) is a linear equation modified from the asymptotic equation (22). If the distance x between the UE and TRPs is sufficiently large, the equations (25) and (26) are almost identical, therefore the use of the linear expression (26) is preferred.

In Equation (24) above, Nc1 is an integer number of carrier waves to resolve. The number is related to inter-TRP distance p. If p is less than half of the carrier wavelength, Nc1  becomes 0 and we may determine the UE elevation without integer ambiguity. However, the angular resolution is generally poor, as shown in figure 8 (b). Whereas, if we increase the inter-TRP distance to mλ/2 times the carrier wavelength, we may improve the angular resolution, but the trade-off is that the search space of Nc1 is enlarged to -m ~ +m. 

Unfortunately, the pseudo-subcarrier method introduced in above section 2.2 may not be helpful in this case since the phase differences is too small to resolve the integer number. Instead, one may use three vertically placed TRPs with different inter-TRP spacings, as in Figure 8 (a).

	(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 8. Schematic view of the vertical positioning test installation

In figure 8 (a), the gap between the TRPA and TRPC is slightly larger than λc / 2 , however it is sufficiently narrow that the phase variation between the two TRPA and TRPC is confined within -π~ +π, no matter where the potential UE elevation is. As a result, the UE elevation is determined without integer ambiguity.

Given the phase difference θc2 calculated by the conjugate of the TRPA and TRPC , the major axis value a2 of the asymptotic line is calculated using Equation (27). Note that the integer number Nc2 in (27) is always 0 because we deliberately set the inter-TRP distance narrow. As a result, a2 is uniquely determined.



Using the major axis value a2 , the initial UE height z' can be determined by Equation (28). h2 represents the elevation of the midpoint between TRPA and TRPC.



The UE height z' obtained by Equation (28) is only an approximate value. Accurate UE height z can be estimated using TRPA and TRPB if the integer number Nc1 in (24) is known. Since z'  is the approximate value of z, we may set up Equation (29) and solve the major axis a1 as Equation (30) below. 





In Equation (30), p is the inter-TRP distance between TRPA and TRPB, and h1 is the altitude of the middle point between them. Note that a1 obtained by (30) is still an approximate value, however, it is sufficient to estimate the integer number Nc1 in Equation (24). Solving the equation (24) for integer number Nc1 and substituting the approximate major axis a1 produces the equation (31).



Applying the integer number Nc1 into Equation (24) again, we may obtain the correct value of major axis a1. Finally, accurate UE height z is obtained by applying the correct major axis a1 into Equation (29).

Figure 9 below shows the field test results of the carrier phase-based vertical positioning. 
In this experiment, vertically placed three antennas with inter-TRP gab 1m and 5m respectively, were installed. 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 9.  Vertical positioning experiment using carrier phase-based method

The distance from the vertical antenna tower to the UE was 150m to 500m. To measure the vertical elevation of UE, an equipment box was lifted from the ground to top of the a seven-story building (up to 50m in height) using a mini-crane. The estimated height was displayed in the LED of the UE box and compared with the banner printing the vertical height in the meter scale. 

As a result of the experiment, we confirmed that less than 1m resolution of vertical altitude can be achieved from the 500m away vertical TRPs. This was sufficient performance satisfying the public safety requirement of US E911. The whole experimental process can be viewed through a YouTube link (https://youtu.be/F0GrAait8Vo) [6].

(Proposal 6) Capture the Equations (21) ~ (31) into TR38.859 and continue to study the carrier phase-based vertical positioning based on the discussion presented in this section.


Re-design of NR PRS for efficient uplink/downlink carrier phase solutions

[bookmark: _Hlk110850689]The carrier phase solutions and equations proposed in this contribution can be achieved using the 5G NR PRS configurations with limited performance and applications.  Rather, the continuous PRS structure proposed in [5] is more efficient and flexible to apply different carrier phase use cases. 
The continuous PRS can be produced by rotating the phase values of the consecutive symbols by the amount of CP length. This sequence is described in Equation (32) below.  As a result, the waveforms between two consecutive symbols are smoothly connected after attaching CP. This allows the passband signal waveform to persist in a smooth sinusoidal form across multiple symbols.



When using the above simple sine wave signals, signal processing computation, such as phase tracking, synchronization, and Doppler compensation, becomes relatively simple and it helps improve performance.  This is particularly suitable for V2X communications, where multiple vehicles travel at different speeds and transmit PRS signals at relaxed timing. It may also be helpful for a low-cost device such as Redcap. 

(Proposal 7) We propose re-design of the current NR PRS is necessary for the efficient application of the carrier phase method.

(Proposal 8) At least consider introducing continuous PRS signals with subcarrier waveforms for uplink PRS, especially for V2X applications.




Conclusion

In conclusion, we propose RAN1 to consider followings:  

(Proposal 1) We suggest capturing the simplified carrier phase equations in (1) through (9) above in the TR38.859 and using them as a basic form for the mathematical discussion of the carrier phase method in the following meetings.

(Proposal 2) Capture the results of the field experiment in Figures 2~3 above in TR38.859 and use them for comparison with other simulation results.

(Proposal 3) RAN1 studies pseudo-subcarrier-based solutions for resolving integer ambiguity as proposed in equations (19) and (20)

(Proposal 4) RAN1 should study the efficient NR system architecture for TRP synchronization and efficient PRS design for PLL training.

(Proposal 5) We propose to capture the master-slave TRP structure in the TR38.859 and continue to study the efficient carrier phase synchronization method based on the architecture.

(Proposal 6) Capture the Equations (21) ~ (31) into TR38.859 and continue to study the carrier phase-based vertical positioning based on the discussion presented in this section.

(Proposal 7) We propose re-design of the current NR PRS is necessary for the efficient application of the carrier phase method.

(Proposal 8) At least consider introducing continuous PRS signals with subcarrier waveforms for uplink PRS, especially for V2X applications.
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