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In the last #98  RAN plenary meeting following text was agreed upon as WID in carrier phase positioning [5].

===========================================================
· Specify physical layer measurements and signaling to support NR DL and UL carrier phase positioning for UE-based, UE-assisted, and NG-RAN node assisted positioning [RAN1, RAN2, RAN3, RAN4].
· Existing DL PRS and UL SRS for positioning are used for NR carrier phase measurements.
· Specify measurements that are limited to a single carrier/PFL. 
· Specify corresponding new core requirements, as well as identifying and specifying the impact on the existing RAN4 specification, including RRM measurements without measurement gaps in connected and inactive mode (including PRS measurement period/reporting) and procedures [RAN4].
==========================================================

According to the above agreement, the integer ambiguity solution that can support NR  DL/UL carrier phase positioning should be based on a single carrier. In this contribution, we propose a method of using a subcarrier solution within a single carrier to resolve the integer ambiguity, synchronize gNB/TRPs and achieve accurate Downlink/Uplink carrier phase positioning.


Proposed solution for TRP-to-TRP synchronization 

All gNBs continuously generate timing errors due to internal oscillator instability. This causes initial phase inconsistency between TRPs and phase measurement errors. Fortunately, in small areas such as indoors, TRP synchronization can be easily achieved by sharing one external clock source between gNBs/TRPs.

( Observation 1) In areas with limited size, such as the indoor, gNBs/TRPs may share one external clock source and synchronize the carrier phase. 

However, in the urban/highway area, a separate signaling method is necessary to compensate for the carrier phase difference between gNBs/TRPs. In this chapter, we propose a method of monitoring the phase of the PRS signal and adjusting the phase in order to synchronize the carrier phase with a master gNB. This method doesn’t require internal adjustment of clocking hardware, therefore it minimized the system impact and simplifies the procedure for UE-based positioning. 

Figure 1 below shows a conceptual diagram of the TRP synchronization using PRS reference signal between gNB/RSUs A, B, and C. 
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Figure 1  TRP synchronization using phase-turned PRS signal 

In Figure 1 above, the TRP A, B, and C each have a local timing error of (t-ψA), ( t-ψB), (t-ψC) compared to the absolutely correct time t.  The PRSA reference signal periodically transmitted by gNB/RSU-A can be expressed as (1). This PRS signal is the same reference signal used in TDoA or AoA.

(1)


In Equation (1), w1 , w2 , . . . wm  means the angular frequencies of subcarriers arranged at equal distances in the frequency domain.  The comb-N structure of Rel-17 PRS can also be seen as a form of such an equidistant subcarrier arrangement. However, in this contribution, the PRS waveform structure proposed in [6] (i.e. continuous, unstaggered comb) is preferred over the staggered comb-N configuration. The gap frequency between the subcarriers is wg, as calculated by Equation (2).

(2) 


A1, A2, … Am means the initial phase sequence of each subcarrier constituting the PRS signal. This initial phase sequence is applied for purposes such as reducing PAPR, and it can be removed if the receiver knows this sequence. 

The PRSB and PRSC reference signals transmitted by the gNB/RSU-B and C respectively can be expressed as follows.

(3)



From the above (1) and (3), we can see that the phases of the PRSA, PRSB, and PRSC reference signals are all different because the local clock is not synchronized.

For simplicity of description, it is assumed that TRP-A, B, and C all transmit PRSs using the same m subcarrier set in a time division method. However, they may be multiplexed and transmitted over different subcarriers within the same time slot.  

The baseband PRS signal in Equation (1) above is modulated (i.e. multiplied) to the carrier frequency wc at the RF frontend of the transmitter A as in Equation (4) below. 


(4)


Note that ψA is the local clock error of gNB/RSU-A. The signal reaches neighboring gNB/RSU-B after propagation delay tAB. This can be expressed as Equation (5) below. For simplicity, we do not describe the multipath channel equation in (5) but only show the signal propagation delay tAB over an LoS path. 

(5)


The gNB-B down-converts the passband PRSA signal by mixing the reverse carrier frequency -wc. This is expressed in Equation (6) below. The local clock error of gNB/RSU-B is ψB. 

(6)


[bookmark: _Hlk126843028]gNB/RSU-B collects the baseband signal samples of Equation (6) above, applies FFT, and extracts the PRS subcarrier w1, w2, … wm in the frequency domain. This can be expressed in the vector form of Equation (7).

(7)


The subcarrier vector YBA in Equation (7) above contains both local clock error (ψB-ψA) and path delay tAB information. σBA represents the residual error component that occurs during the FFT process. The initial phase sequences of the PRSA signal are A1, A2, … Am. If this is known by gNB-B, it can be removed from the YBA vector in Equation (7). 

Summing up the YBA vector elements of complex numbers, and applying the arc-tangent (i.e. angle) function, we may obtain the carrier phase equation as (8) below. 

(8) 



In Equation (8), wc is the carrier frequency, and wΔ is the median of the subcarrier array w1, w2, … wm.  Note that (wc + wΔ) in equation (8) is a very large number, but the arg(...)  function only returns values between the range  -π ~ +π. Therefore,  it is necessary to estimate and compensate for the unknown integer number NcB to recover the lost phase cycles. This is a well-known Integer Ambiguity problem.

If the positions of the TRPs are fixed and the signal delay tAB between them is known, we can calculate the unknown integer number by applying Equation (9) below. The round (..) is an integer-conversion function.

(9)



Applying the number NcB to Equation (8) above, gNB-B can calculate εBA, which is the difference between the local clock errors of A and B.

(10)





The gNB/RSU-B rotates the subcarrier phases of its PRSB symbol by the amount of the clock error εBA as shown in (11) below. This gives the effect of synchronizing the phase of two PRSA and PRSB signals.

(11) 


The baseband samples of PRSB in Equation (11) above are mixed with the carrier frequency wc at the RF frontend and transmitted on the air as shown in Equation (12) below. Note that the local timing error of B is (t-ψB). However, when the carrier frequency is multiplied, the clock error ψB is replaced by ψA which is the clock error of A. As a result, the passband signal phase of PRSB becomes identical to PRSA.

(12)




Similar to the above procedure described using the equations (5)~(12), the neighboring gNB/RSU-C in Figure 1 receives the PRSA reference signal from A, calculates the clock error εCA, and rotates the phase of its own PRSC signal as in (13).

(13) 






Note again, the local clock error of C is ψC. However, the ψC  component is replaced by ψA  in the RF frontend when the carrier frequency is multiplied. As a result, the passband phase of the PRSC signal also becomes identical to PRSA.

Therefore, when comparing the passband signal phases of the PRSB and PRSC rotated by the amount of εBA and εCA respectively, we may notice that carrier phase values of the PRS signals are all identical to (wc+wq)(t-ψA) of PRSApass, as shown in Equation (14 ) below.

(14)





(Observation 2) By monitoring the PRS signal between neighboring gNBs/RSUs and rotating the PRS signal phases by the amount of clock error, multiple TRPs can be synchronized as if they are connected by one external clock.

(Proposal 1) RAN1 should study the benefit and efficiency of the proposed TRP synchronization method using PRS signal.


Downlink Carrier Phase Positioning Method  

Assuming that we applied the TRP synchronization method described in chapter 2 above, the phase-matched PRS reference signals of A, B, and C in Figure 1 pass through each radio channel to reach UE-R. Equation (15) represents each PRS signal that has reached UE-R. 

(15) 




In the above (15), tAR represents the signal propagation delay from TRP-A to UE-R. tBR represents the delay from TRP-B to UE-R, and tCR is the delay from TRP-C to UE-R. To simplify the description, the multipath channel expression is not described in Equation (15).

UE-R down-converts the received signal by multiplying the inverse carrier frequency -wc. ψR represents the local clock error of UE-R. Yar is the time domain baseband sample of PRSA, Ybr is the sample of PRSB, and Ycr is the sample of PRSC. It is assumed that these signals reach UE-R at different slot times for convenience. However, the PRS signal can be multiplexed in the frequency domain and arrive simultaneously in one slot. 

(16)




The UE-R collects baseband signal samples, performs FFT decomposition, and then extracts the PRS subcarriers w1, w2, … wm. In (17 ) below YAR represents the subcarrier vector of PRSA, YBR represents the PRSB, and YCR represents the subcarrier vector of the PRSC.

(17)




If UE-R knows the initial phase sequence of the PRS signals transmitted by TRP-A, B, and C, the values in the subcarrier vectors above (17) can be removed. Various signal processing operations to eliminate noise and errors, extract carrier and subcarrier phases, and precise position calculations can be performed using the subcarrier vectors. The carrier phase values for each subcarrier vector can be obtained by applying the complex sum of the elements for each subcarrier vector in (17) above, and applying the arc-tangent (i.e.angle) function,

(18) 




(19) 




(20) 




In Equations (18) to (20), wc is the carrier frequency, and wΔ is the median of the subcarrier array w1, w2, … wm.  NcAR,  NcBR   NcCR are unknown integer numbers.

The integer number must be accurately estimated first, to solve Equations (18) to (20) above. [7][8] proposed a solution for integer ambiguity using a subcarrier wavelength that is much longer than the carrier wavelength. This can be achieved by applying the conjugate (i.e. difference) calculation to each subcarrier vector YAR, YBR, and YCR as shown in (17). Detailed mathematical processes are shown in [7][8] and it is not reiterated in this contribution. We only show the resulting formulas for obtaining the integer cycle numbers in (21) to (23). 


(21) 


(22) 


(23) 


In Equations (21) to (23) above, the round(..) is an integer-number conversion function. wg is the gap frequency of the subcarriers constituting the PRS reference signal, obtained by Equation (2). 

By applying integer numbers in (21)~(23) to equations (18)~(20), δAR, δBR  and δCR values including signal delay and local clock error for each path can be obtained. The distance difference of the signal path can be calculated by applying the difference between the values. 

For example, Equation (24) gives the distance difference dAB of the path from TRP-A and TRP-B to UE-R using δAR and δBR .  c is a constant representing the speed of light.

(24)


Similarly, the distance difference dAC of the path from TRP-A and TRP-C to UE-R can be obtained by Equation (25). 

(25)



UE-R can calculate the exact location by applying the distance difference information obtained from the above equations (24) and (25).

In addition to the methods described in Equations (18) ~ (25), various calculation methods can be applied to reduce errors and losses in the carrier/subcarrier phase calculation process. However, the details are implementation-specific matters and are beyond the scope of standardization.

(Proposal 2) For the downlink carrier phase method, it is proposed to apply equally spaced PRS subcarrier arrangement, carrier/subcarrier phase calculation, unknown integer estimation method, and TRP synchronization method described in this contribution.




Uplink Carrier Phase Positioning Method  

Figure 2 below is a conceptual diagram illustrating a carrier phase uplink positioning method. In Figure 2, the LMF receives the information on the uplink positioning reference signal transmitted by the UE-R via the gNBs or RSUs and calculates the position of the UE-R.
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Figure 2.  Uplink carrier phase positioning using PRS-like reference signal

In this contribution, we propose to use the PRS reference signal consisting of m equal-spaced subcarriers as described in Equation (1) for uplink signaling. Subcarriers of SRS reference signals may be used for carrier phase uplink positioning, but we argue that PRS reference signals that are arranged at equal frequency gaps are efficient and effectively facilitate carrier phase operations such as phase error/noise removal, multipath decomposition, etc. In particular, the continuous sinusoidal form of signal (i.e. unstaggered comb) proposed in [6] is preferred for precise carrier phase measurement and signal processing rather than com-N type staggered symbol arrangement.

(Proposal 3) For efficient uplink carrier phase positioning, it is suggested to use an unstaggered continuous PRS reference signal arranged in an equal frequency gap. 

Suppose that the gNBs or RSUs A, B, and C in Figure 2 above have a local timing error of (t-ψA), (t-ψB), and (t-ψC) respectively. 
Applying the TRP synchronization method introduced in Chapter 2 above, neighboring nodes around gNB/RSU-A can calculate the relative time differences εBA, εCA, …

For example, Equation (26) below calculates the local clock error εBA between A and B using the PRS signal of A. tAB is the signal delay known in advance.

(26)




Similarly, Equation (27) is the local clock error εCA between A and C calculated by gNB/RSU-C.

(27)




gNB/RSU-B, C reports the calculated local clock error εBA, εCA to LMF so that LMF can use it for correcting the initial phase errors.  

The uplink PRS symbol of UE-R is modulated to carrier frequency as shown below (28).  ψR is the local clock error of UE-R.

(28)


Passband signals reaching gNB/RSU-A, B, and C are described as below (29). For convenience, only signal delay components on the LoS path are shown. tAR represents the delay from UE-R to TRP-A, tBR represents the delay from UE-R to TRP-B, and tCR represents the delay from UE-R to TRP-C.

(29)  






The demodulated time-domain samples of each receiving gNB/RSUs are represented by (30).

(30)




The FFT decomposed subcarrier vectors at each gNB/RSU are shown in Equation (31).

(31)





These subcarrier vectors can be passed to the LMF to perform complex signal-processing processes that eliminate errors, noise, residual paths, etc. If the LMF knows the PRS initial phase sequence Rq of UE-R, LMF removes the R1, R2 .. Rm in the vectors. LMF then calculates the carrier phase values by summing up the vector elements and applying the arc-tangent (i.e.angle) function as shown in (32) to (34). 

(32) 




(33) 




(34) 




Equations (32) to (34) above include unknown integer numbers NcAR,  NcBR, and NcCR. To resolve the integer number, the subcarrier phase calculation method described in [7][8] is applied. The equation for the integer number estimation is shown in (35) to (37) below.

(35) 



(36) 


(37) 


Finally, the distance difference information necessary to apply for the trilateral algorithm is obtained by combining the values of δAR, δBR,  δCR and the clock error εBA and εCA. 

For example, the distance difference dAB between the path length A-R and B-R is shown in (38). 

(38) 






Similarly, the distance difference dAC between the path length A-R and A-C is shown in (39).

(39) 





The LMF can calculate the location of the UE by applying the distance difference information obtained from Equations (38) and  (39) above, such as trilateral positioning. 
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(Proposal 4) The uplink carrier phase positioning method presented in this contribution, the phase calculation method using equally spaced PRS subcarriers, the unknown integer estimation method, and the TRP synchronization method should be considered.

Conclusion 

We propose the following proposals based on the observations and discussion in this contribution.

Observations 

( Observation 1) In areas with limited size, such as the indoor, gNBs/TRPs may share one external clock source and synchronize the carrier phase. 

(Observation 2) By monitoring the PRS signal between neighboring gNBs/RSUs and rotating the PRS signal phases by the amount of clock error, multiple TRPs can be synchronized as if they are connected by one external clock.


Proposals  

(Proposal 1) RAN1 should study the benefit and efficiency of the proposed TRP synchronization method using PRS signal.

(Proposal 2) For the downlink carrier phase method, it is proposed to apply equally spaced PRS subcarrier arrangement, carrier/subcarrier phase calculation, unknown integer estimation method, and TRP synchronization method described in this contribution.

(Proposal 3) For efficient uplink carrier phase positioning, it is suggested to use an unstaggered continuous PRS reference signal arranged in an equal frequency gap. 

(Proposal 4) The uplink carrier phase positioning method presented in this contribution, the phase calculation method using equally spaced PRS subcarriers, the unknown integer estimation method, and the TRP synchronization method should be considered.
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