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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction

In this contribution, we discuss on the issue of effectiveness of the double difference method in indoor, highway and macro environments. We also discuss on the issue of standalone use of carrier phase positioning in comparison between subcarrier method and the virtual carrier method. In addition, we will explain in detail how to determine the initial UE position using the subcarrier method alone and finally resolve the integer number ambiguity without the help of legacy positioning method. Finally we discuss on the need for a new PRS design of a continuous form. We present the results of our field experiments and simulation analysis in the annex.

On the effectiveness of the double-difference method using PRU

Discussion on the text in Section 6.3.2 in the draft TR 38.859 v0.12.0

In the last RAN1 e-meeting #110bis, the following text was included in section 6.3.2 of draft TR 38.859[1].

===========================================================
The effectiveness of using double differential technique with PRU to eliminate the impact of the initial phases of the transmitter and the receiver on NR carrier phase positioning are evaluated in the study item. The evaluation results from the sources ([73], [75], [76], [77]) show that the initial phases of the transmitter and the receiver can be removed effectively by the double differential technique with the use of PRU:
· Source [73] shows the positioning accuracy of <1cm (80%) for Inf-SH and < 1cm (50%) for Inf-DH can be reached when the PRU is located within a distance of 5m from the target UE.
· Source [75] shows the positioning accuracy of <1cm (80%) for Inf-SH and <1cm (50%) for Inf-DH can be reached under the condition that the PRU is located at a fixed location in LOS of the TRP.
· Source [77] shows that the accuracy of <1cm (50%) when the PRU is located within 1m of the target UE. However, the effectiveness reduces when the PRU is located away from the target UE because the channel conditions of the PRU is different from the target UE.
· Note: in the above results, all other error sources (except initial phase error) were not modelled.
================================================================

Locaila shows concern about the text because it may give the impression that the proposed double-difference method is the only effective method, hence it may force unnecessary normative work for defining the double-difference method. We argue that this is not true in all cases, and at least in the indoor environment, there is a simple way for achieving TRP/gNB synchronization using RF cables. 

Figure 1 below shows an example of device synchronization using an external oscillator. The three devices acting as gNBs are connected to the master clock oscillator via RF cables. Many commercially available RF devices provide such external clock source input. When the distributed system is connected by the clock cable, the devices function as if a single system. Therefore the carrier signals of the distributed gNB/TRP are perfectly synchronized and it eliminates the initial phase offset.

[image: ]

Figure 1  External clock signal sharing using a master oscillator and RF cables 

According to our experience, even if the RF clock cable is extended hundreds of meters, the clock signals could still be distributed to remote devices with a little loss. Therefore, in a large indoor environment such as a factory or warehouse with a size of several hundred square meters, TRPs/gNBs can easily be synchronized using the clock cables. The area for synchronization can be enlarged further to the campus scale if fiber-optic solutions such as PON (Passive Optic Network) is applied for the clock signal distribution. 

In conclusion, based on the following (Observation 1), we propose to include the following text in section 6.3.2 of draft TR 38.859.

(Observation 1) In the indoor environment, the initial phase offset of the transmitters can be removed to the ideal zero if the distributed TRPs or gNBs are connected with synchronization cables.

(Proposal 1) In order to prevent misconception and convey the true fact faithfully, we propose to include the following text in section 6.3.2 
· Note : In some indoor environments, TRPs/gNBs can be synchronized using a synchronization cable without a double-difference method and PRU.

The issue of LMF overhead incurred by the double-difference method

As we discussed above, we do not need to consider the initial phase offset in the indoor environment if the TRPs are synchronized using clock cables. In highway and macro areas, the proposed double difference method may not be helpful, but it only causes an excessive traffic burden to LMF. We discuss this issue in the highway scenario illustrated in figure 2.

Figure 2 (a) describes the role of PRU in the proposed double-difference method.  In order to apply the double difference method, a PRU is required to receive signals from TRPs at a known location. The PRU calculates the initial phase offset, and delivers it to the LMF. The physical location of PRU can be independent or it can be co-located with an existing gNB or RSU. Under this assumption, figure 2 (b) is an illustration of the combined RSU and RPU unit deployed in a highway environment. The combined (RSU+PRU) stations transmit and receive PRS signals with neighboring nodes. The nodes calculate the initial phase offset when they receive the PRS, and deliver the information to the LMF.
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Figure 2  (a) conceptual diagram of the double-	       (b) Co-located form of RSU and PRU in a highway 
                       -difference method and PRU                      environment

In the above scenario, most commercial oscillators used by the 5G NR systems may not be accurate enough. TR 38.859 assumes an oscillator precision of 0.02 ppm for TRPs. This level of precision actually makes a stable carrier phase measurement almost impossible. Figure 3 below is the lab test result showing the variance of carrier phase differences. Each graph shows the case of frequencies 1GHz, 2GHz, 3GHz, and 4GHz respectively. The gNBs are synchronized using relatively accurate oscillators of 0.04 ppb. As shown below, the carrier phase difference is drifting rapidly for the duration of 5 minutes, and the variation becomes severe as the carrier frequency increases.  

[image: ]

Figure 3  Phase difference in different carrier frequencies (5min, GPSDO=0.04ppb)


From the above experiment, we can see that the PRU should report the phase offset information frequently. Supposing the carrier frequency of 2 GHz and the oscillator precision of 0.02 ppm, approximately 40 cycles of carrier waves deviate at every second. (i.e. the CFO is about 40 Hz) If the PRU reports every  1/5 π amount of phase offset, at least 400 times of offset error must be reported to the LMF per second. Otherwise, the RSU (i.e. co-located PRU) should report the phase offset whenever it receives the PRS. Figure 4 below is the timing diagram illustrating this message overhead between the (RSU+PRU) and LMF.

Below diagram 4 manifests clearly the traffic overhead concentrated at LMF. Since all RSUs (i.e co-located PRU) send the phase offset information every time they receive PRS, LMF becomes the saturation point. This will be a huge burden to 5G system.

Another burden is on the RSU side. According to the double-difference method, the information on phase correction should be broadcast to UE via the RSUs. Currently, no system broadcast specification has been defined at such frequent intervals. It will also bring a significant spec impact. Note also that in such a system, vehicle safety will be affected a lot because the vehicles can not resolve the location information unless they receive the correct phase offset information. 

[image: ]

Figure 4 Timing diagram when the double-difference method is applied in RSU+PRU

Therefore, we can conclude that in a highway environment, the proposed double difference method is not an effective method and other effective methods for TRP synchronization should be investigated further.

[bookmark: _Hlk118298765](Observation 2) Considering the accuracy of commercially available oscillators and the size of phase offset information necessary to broadcast, the proposed double difference method may cause a heavy traffic burden to the 5G NR system. 
(Proposal 2) Include the following text in TR 38.859
· Considering the accuracy of commercially available oscillators and the size of phase offset information necessary to broadcast, the proposed double difference method may cause a heavy traffic burden to LMF and 5G NR system.

Another issue to consider is the massive deployment of PRU required for the double difference method. In order for accurate measurement of carrier phase offset between all TRPs/gNBs pairs, it will require the dense deployment of PRUs in the macro area as well.


Candidate solution for TRP synchronization in highway and macro area

In this section, we present a master-slave gNB/TRP synchronization structure as a candidate solution for initial phase offset. The core idea is that gNBs listen and track the PRS signals of neighbors and use the information for synchronizing its own carrier phase.

In figure 5 below, the slave gNB receives the PRS signal from the mater gNB/TRP and calculates the phase difference with the local PRS signal generated using its own oscillator. The phase offset calculated by the slave gNB is applied for rotating the whole passband samples in transmission queue including the PRS signal. The slave gNB transmits the phase-rotated carrier signal in the next PRS transmission period. As a result, the carrier phase difference between the master and the slave signal received by the target UE always maintains a constant offset as if they were synchronized. 


[image: ]
Figure 5  Master-slave gNB synchronization structure

The proposed method above ensures that the carrier phase of the slave gNB/RSU always follows the carrier phase of the master gNB/RSU. As a result, the offset of the carrier phase received by the UE always remains zero. Figure 6 below shows the carrier phase difference observed in a UE when applying the master-slave synchronization structure. 

[image: ]
Figure 6 Synchronized carrier phases observed for 5 minutes in a fixed UE

As shown in above figure 6, the master-slave structure is simpler than the double-difference method, and it can synchronize the carrier phase quickly and effectively, without adding burden to LMF and 5G NR system. Figure 7 below shows the simplified timing diagram compared to the case of the double-difference method in figure 4. 
In conclusion, we argue that the proposed double-difference method using PRU is not a very effective means in the indoor/highway/macro environment. In particular, it is not necessary for the indoor application of the carrier phase positioning. 
[image: ]
Figure 7 Timing diagram of PRS exchange when the master-slave structure is applied

(Proposal 3) RAN1 should study the proposed master-slave gNB synchronization structure and capture the solution in TR 38.859 as an alternative for the proposed double-difference method.


Discussion on the use of subcarriers for standalone positioning 

Some disadvantages of the virtual-carrier method 

The following text is included in section 6.3.1.3 of draft TR 38.859. 

=======================================
[bookmark: _Hlk118454454]It should be noted that the use of “carrier phase positioning” does not necessarily imply that it may be defined as a standalone positioning method.
========================================

We believe the proposed text is only applicable to the virtual-carrier method. Other solutions such as the subcarrier-based method are sufficient to use standalone without the aid of the legacy positioning method. Therefore, it should be clearly indicated as in (proposal 4) below. Further, the virtual-carrier method proposed by some companies has a number of drawbacks that need to be addressed. 

The virtual carrier method (i.e wide lane method) was originally used in GNSS to obtain a longer wavelength carrier by combining L1 and L2 frequency signals. However, in order to apply this method to the 5G NR system, the UE must have a dual receiver. If the 5G UE cannot receive a multi-band signal at the same time, an alternative is receiving a signal more than once while switching the carrier band over a different symbol time. The signaling overhead, additional resource consumption, UE complexity for switching the frequency band, and the phase bias affected by CFO are only a few lists of the disadvantages. 

The major problem with the virtual-carrier method is that the method can not be used standalone without the help of legacy positioning methods such as TDoA or GPS. Since the wavelength of the virtual carrier is still too short to fully resolve the integer ambiguity, it requires the initial coordinate information of a UE close to the true position, hence it can narrow down the range of integer number search. Further, it will require a complex number search algorithm such as lambda[5]. Therefore, the integer number estimation performance of the proposed virtual-carrier method is significantly affected by the initial UE positioning accuracy of the legacy positioning method. 

Based on this observation and discussion above, we propose the following text modification.

(Proposal 4) Change the test in section 6.3.1.3 of draft TR 38.859 as below
It should be noted that the use of “carrier phase positioning” does not necessarily imply that it may proposed virtual-carrier method may not be defined as a standalone positioning method and it will necessarily require the help of legacy positioning methods, such as TDoA or GNSS. 


Discussion on the subcarrier method and the experiment result 

In the last RAN1 #110bis-e meeting, several companies proposed and supported the integer number estimation method based on subcarrier phases. In contrast to the virtual-carrier method, the subcarrier based method does not need the help of the legacy positioning method for initial UE positioning.

The subcarrier length of OFDM can vary from several meters to kilometers. Assigning different subcarrier numbers to TRPs and transmitting these subcarriers simultaneously allows the UE to obtain a number of subcarrier phase differences that varies with distance and location. This multiple-phase difference information allows UE to determine the initial position as well as resolve integer number ambiguity.

For example, figure 8 below shows two gNB-A and gNB-B transmitting PRS signals in different subcarrier numbers, avoiding frequency collision. gNB-A and gNB-B each allocate m number of subcarriers for the PRS. Note that the subcarrier frequency gap between the m subcarriers is set to Δg equally. 

The receiving UE may separate the m subcarriers of gNB-A and gNB-B through the FFT process. The UE may obtain (m-1) number of subcarriers by conjugate calculation of lower [1..(m-1)] subcarriers and upper [2..m] subcarriers from each set of subcarriers of gNB-A and gNB-B. Since the assigned gap between the subcarriers is Δg, the frequency of the (m-1) subcarriers is all identical Δg. The subcarrier phase difference can be obtained from conjugate calculation between the (m-1) subcarriers of the gNB-A and gNB-B. 

[image: ]

Figure 8 An example of equal spacing subcarrier allocation for PRS


Below (1) is a detailed description of the above process using a vector equation. In (1) below, YA denotes the FFT decomposed subcarrier vector of gNB-A, and YB is the subcarrier vector of gNB-B.  is a carrier frequency,  is a subcarrier frequency,  ϵ denotes a local clock error and,  is the sum of error components that remained from the previous FFT or DFT process.  is the gap frequency of the subcarrier set. 
(1)                       

The UE may obtain m number of carrier phase difference by calculating a conjugate product (i.e phase difference) between the two subcarrier vectors YA and YB, as in (2).

(2)


In (2) above,  denotes the arrival time difference between the two paths of gNB-A and gNB-B. 

The UE may calculate a subcarrier phase difference by applying conjugate multiplication of the vector (2) by having the lower [1..(m-1)] components of    , and the the upper [2..m] components of , according to (3) below. 


 (3)



In (3),  ω1 denotes an angular frequency corresponding to a subcarrier gap Δg assigned by TRP-A and TRP-B. Applying an angle(…) function to (3) extracts the phase information, and multiplying the wavelength of Δg, we may obtain the distance difference between the gNB-A and gNB-B. Since this is the longest wavelength subcarrier, UE may estimate initial coarse location using the phase information of (3) without the ambiguity of integer number. 

Subsequently, the next shorter subcarrier corresponding to frequency of 2*ω1 is obtained by taking the conjugate product between the lower [1..(m-2)] elements and the upper [2.. m] elements in the vector of (2) above. Since the subcarrier frequency is doubled, the wavelength is halved and the accuracy of position estimation is improved. However in this case, integer ambiguity may occur because the wavelength is reduced. Since we have a coarse UE location obtained in (3), we may resolve the integer number of the 2*ω1 frequency subcarrier.

By repeating this method, if we calculate the conjugate product between the lowest  frequency subcarrier and the highest  frequency subcarrier in the vector of (2), we may obtain the shortest subcarrier of frequency (m-1)*ω1 . This is the closest length subcarrier to the carrier wavelength of (1). If we can estimate the fine UE location using the subcarrier of frequency (m-1)*ω1, we may finally resolve the integer number of the carrier phase in (1). 

Figure 9 below shows the result of our field experiment applying the iterative subcarrier method explained above. In the test field, we set up four 5G emulating gNodeBs and transmitted a 1.2 GHz carrier frequency with a 30 MHz sample rate. Four gNodeB stations are marked in red stars in the figure. Figure 9 (a) is the result of location estimation when using the subcarriers of wavelength 259m. The gNB to gNB distances (i.e. ISD) are about 80m ~ 120m. Measurement data was collected 400 times along the each 50m line.


	(a) Subcarrier phase (259m length)
	(b) Subcarrier phase (41.23m length)
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Figure 9.   Location estimation result when a subcarrier of lengths 259m and 41.23m was used

Figure 10 below shows the subcarrier phase graph measured between the antenna 1 and 5 using the wavelength of 259m, 41.23m,  13.74m, 6.87m,  respectively. The y-axis of the phase graph shows the radian scale phase difference between -π ~ +π range. The x-axis is the ordered number of measurement points. The green line of the phase graph is the measurement result using the subcarrier of length 259m. There was no phase wrapping (i.e sudden +π to -π change) occurred while moving the UE from left to right. Multiplying the wavelength of 259m to the phase difference, we may obtain the distance difference between two gNBs without ambiguity of integer number. Therefore, we may estimate coarse UE location, if sufficiently long subcarriers are used.

[image: ]
Figure 10  Phase graph of subcarrier length 259m, 41.23m,  13.74m and 6.87m (TRP 1 and 5)

The second sky blue line is the phase difference measured using a subcarrier with a wavelength of 41.23m.
Because the wavelength is a little short, phase wrapping occurred twice at the 100th and 350th measurement points. In other words, integer ambiguity occurs twice. However, since we have the initial coarse position information measured at a wavelength of 259m, we can solve how many times the phase wrapping occurred.

Figure 11 (a) below shows the estimated integer number (i.e. the number of phase wrappings) of subcarrier wavelength 41.23m. (b) is the converted distance difference calculated using the result of integer number estimation and the phase information of 41.23m subcarriers. As we can see in (b), some distance estimation may fail due to wrong integer number estimation. The amount of error due to the number estimation failure is at least the length of the subcarrier. Therefore, the error rate of the integer number estimation is more important than the phase estimation error. It is noted CRLB analysis and simulation results proposed by companies should consider this aspect. 

The third red line in figure 10 is the phase difference measured using a subcarrier with a wavelength of 13.74m. This time, phase wrapping occurred at 60 points, 210 points, and 350 points on the x-axis. However, we can still estimate the integer number using the location information calculated in the previous process. By repeating this method, we may determine the integer number of the carrier wave of tens of centimeters.

[image: ] [image: ]
Figure 11 (a) estimated integer number (41.23m length)    (b) ambiguity resolved distance difference

In conclusion, we demonstrated with this experiment result that the proposed subcarrier method can sufficiently determine the initial UE location as well as the integer number of carrier waves without the help of other legacy positioning methods.

(Proposal 5) Capture the following text in TR 38.859
· Integer ambiguity of 5G carrier phase positioning can be resolved using subcarrier based method without the aid of any legacy positioning method.


Discussion on the new design of PRU for the carrier phase positioning

Advantage of constant frequency PRS allocation 

In section 3.2, we briefly discussed the advantages of a constant frequency contiguous PRS arrangement. If the subcarrier frequency of the PRS signal does not change over multiple symbol times, similar to figure 8, we can improve the measurement accuracy by accumulating the phase values. It will also be helpful for fast moving UEs because it is relatively easy for for training PLLs quickly if the frequency of subcarriers are constant. For similar reasons, PTRS developed for phase synchronization uses a constant symbol pattern structure on the frequency axis. Therefore, even in carrier phase positioning, where increasing phase measurement performance is important, a new PRS design in the form of continuous arrangement will be beneficial. In the Highway environment, it is important to quickly measure Doppler frequencies and eliminate the CFO effect. However, the current design of the staggered pattern of PRS makes continuous phase tracking difficult because the frequency is hopping. 

(proposal 6) Study new PRS design efficient for phase measurement and synchronization, in particular for highway environments.

Advantage of continuous waveform PRS sequence 

When considering a PTRS like new PRS design, further improvement of phase and frequency measurement is possible if the waveform of the PRS symbol becomes a sinusoidal wave that smoothly extends even at the symbol boundary. Note that OFDM signal waveform is generally not smooth at the symbol boundary due to CP (cyclic prefix) attachment. However, when applying a special symbol sequence introduced in R1-2103635 [6], the subcarrier waveform of PRS becomes continuous, as shown in Figure 9 (b). Using the continuous waveform, very precise phase, frequency, velocity and other new types of measurements are possible. 


	(a) discontinued subcarrier wave
	(b) continuous sinusoidal waveform
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Figure 9. Example of making discontinued subcarrier waveform to a sinusoidal wave


In the macro environment, the PRS signal may arrive in great time difference because the distance difference between gNBs is large.  In this case, the received PRS symbols may not exactly fit in the boundary, resulting in performance degradation, as shown in Figure 10. Continuous PRS waveform can be helpful in such cases and improves the accuracy in those areas. 

[image: ]
Figure 10 Example of poor phase measurement performance due to mismatched symbol boundaries

The other advantage of the continuous PRS waveform is that multiple snapshot vectors of subcarriers can be extracted for the prolonged symbol period. In other words, the RF samples for FFT calculation can be captured in any portion of the contiguous PRS symbol duration because the passband signal waveform persists in a smooth sinusoidal form across the symbol boundary.  This aspect is useful when a statistical accumulation of lots of snapshots is necessary, such as when computing covariance matrix calculation or MUSIC or ESPRIT algorithm. 

The continuous PRS sequence is described in Equation (4) below.  Applying (4), 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.



In the formula (4) above,   denotesℓth symbol in the k th subcarrier. Tu denotes the length of the symbol duration except for the CP part.  is the accumulated length of the CP up to ℓ-1 symbol. 
The intention of the symbol sequence in equation (4) above is this: if the following symbols are pre-rotated as much as the phase rotated by the CP, the waveforms of the adjacent symbols will match exactly at the symbol boundary as in figure 9 (b).

(proposal 7) Study the benefit of continuous waveform PRS design 


Conclusion 

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

Observations 

(Observation 1) In the indoor environment, the initial phase offset of the transmitters can be removed to the ideal zero if the distributed TRPs or gNBs are connected with synchronization cables.

(Observation 2) Considering the accuracy of commercially available oscillators and the size of phase offset information necessary to broadcast, the proposed double difference method may cause a heavy traffic burden to the 5G NR system. 


Proposals  

(Proposal 1) In order to prevent misconception and convey the true fact faithfully, we propose to include the following text in section 6.3.2 
· Note : In some indoor environments, TRPs/gNBs can be synchronized using a synchronization cable without a double-difference method and PRU.

(Proposal 2) Include the following text in TR 38.859
· Considering the accuracy of commercially available oscillators and the size of phase offset information necessary to broadcast, the proposed double difference method may cause a heavy traffic burden to LMF and 5G NR systems.

(Proposal 3) RAN1 should study the proposed master-slave gNB synchronization structure and capture the solution in TR 38.859 as an alternative for the proposed double-difference method.

(Proposal 4) Change the test in section 6.3.1.3 of draft TR 38.859 as below
It should be noted that the use of “carrier phase positioning” does not necessarily imply that it may proposed virtual-carrier method may not be defined as a standalone positioning method and it will necessarily require the help of legacy positioning methods, such as TDoA or GNSS. 

(Proposal 5) Capture the following text in TR 38.859
· Integer ambiguity of 5G carrier phase positioning can be resolved using subcarrier based method without the aid of any legacy positioning method.

(proposal 6) Study new PRS design efficient for phase measurement and synchronization, in particular for highway environment.

(proposal 7) Study the benefit of continuous waveform PRS design 
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Annex I – Experiment Result

A.1  Micro-cell Environment

We have conducted experiments on FR1 (1.2 GHz) carrier under the following parameter settings in the actual test field and summarizes the results as follows.

1) The gNBs stabilized the clock using external GPSDO oscillators of less than 0.2 ppb.
2) Emulated gNBs removed the initial phase offset by applying the master-slave sync structure proposed in Section 2.3. 
3) The UE movement speed is about 3km/h, and each 50m section was measured 400 times for each measurement line. The sample data was collected and post-processed.
4) Each gNBs transmit 20 symbols of continuous waveform PRSs periodically. 
5) The Integer number estimation is based on the iterative subcarrier method explained in section 3.2

The parameters used in this experiment are summarized as follows.

	Parameters
	Value
	Note

	Carrier Frequency
	FR1 (1.2 GHz)
	Wavelength = 25cm

	Bandwidth
	30Mhz
	

	# of gNBs
	4 + 1 (additional)
	

	Inter gNB distance
	80m ~ 120m
	

	gNB clock accuracy
	0.2 ppb external GPSDO
	

	gNB initial phase offset
	near zero (used master-slave synch)
	

	gNB Height
	10m ~ 30m
	

	# of used subcarrier
	80  (= 16 per gNB x 5)
	

	Used subcarrier length
	259m,  41.23m,  13.74m and 6.87m
	

	FFT size 
	2048
	

	Initial UE positioning
	Standalone (no legacy support)
	

	UE speed
	3km/h
	

	Sampling density
	400 times per 50m line (repeated in 3  lines)
	

	Channel Condition
	Rician (near LoS)
	

	TX amp power
	10W ~ 20W
	

	Antenna directivity
	60 degree
	

	Achieved CP Accuracy
	1m (in 80% area)
	





	(c) Subcarrier phase (259m length)
	(d) Subcarrier phase (41.23m length)
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Figure A.1.   Location estimation result when a subcarrier of lengths 259m and 41.23m was used

	(a) Carrier phase (24.98cm length)
	(b) CDF  (Phased v.s. TDoA)
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Figure A.2. The result of carrier phase estimation with CDF graph

[image: ]
Figure A.3 Synchronized carrier phases observed for 5 minutes at a fixed UE location (master-slave method)
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Figure A.4  Phase graph of subcarrier length 259m, 41.23m,  13.74m and 6.87m
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Figure A.5 (a) Estimated integer number (41.23m wave)    (b) Ambiguity resolved distance difference
                        (between antenna 1 and 4)
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Figure A.6 (a) Estimated integer number                (b) Ambiguity resolved distance differenc
(25cm carrier wave, bad case)                        (line 3 , bad case)
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Figure A.7 (a) Estimated integer number                (b) Ambiguity resolved distance differenc
(25cm carrier wave, good case)                   (line 2 , good case)



A.2  Vertical Positioning

We have conducted vertical positioning experiments on FR1 (1.2 GHz) carrier under the following parameter settings in the actual test field and summarizes the results as follows. Note that the angular integer number estimation method similar to the subcarrier method is used for improving the angular resolution of the DL-AoD method.

1) The gNBs stabilized the clock using external GPSDO oscillators of less than 0.2 ppb.
2) Vertically arranged three TRPs with TRP spacing of 1m and 5m respectively, were used. 
4) Each TRP transmit 20 symbols of continuous waveform PRSs in difference subcarrier allocation. 
3) The UE is lifted up from ground to 36m roof-top in speed about 1km/h. Vertical height was measured 300 times for each measurement. The sample data was collected and post-processed.
4) The angular integer number for TRP A and B (large spaced) is estimated using the angular difference between TRP A and C (short spaced)

The parameters used in this experiment are summarized as follows.

	Parameters
	Value
	Note

	Carrier Frequency
	FR1 (1.2 GHz)
	Wavelength = 25cm

	Bandwidth
	10Mhz
	

	# of vertical TRPs
	3
	

	TRP spacing 
	1m (TRP A-C) and 5m (TRP A-B)
	

	TRP clock accuracy
	0.2 ppb external GPSDO
	

	TRP Height
	10m
	

	# of used subcarrier
	48  (= 16 per TRP x 3)
	

	FFT size 
	2048
	

	Channel Condition
	Rician (good LoS)
	

	TX amp power
	10W ~ 20W
	

	Antenna directivity
	60 degree
	

	Achieved CP Accuracy
	less than 1m (in 80% area)
	





	(a) vertical antenna tower installation 
	(b) UE elevation test
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Figure A.8.  Vertical positioning experiment using carrier phase based DL-AoD method

	(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 A.9. Schematic view of the vertical positioning test installation
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 Figure A.10  (a) Integer number estimated height          (b) Vertical accuracy (multiple trial)


Annex II – Simulation Result

We have conducted a simulation on FR1 (1 GHz) carrier under the following assumptions. 

1) We do not present the simulation result on FR2 because we believe the carrier wavelength is too short to be used for range measurement.
2) It is assumed the gNBs/TRPs can eliminate the initial phase offset by using clock synchronization cable or the master-slave sync method proposed in Section 2.3. 
3) The UE movement speed is about 3km/h. It is assumed most of the UE side local CFO/Doppler error, etc. can be removed by single difference calculation, and completely wiped out in subcarrier calculation.
4) Each gNB/TRP transmit 4 symbols of continuous waveform PRSs periodically. 
5) The Integer number estimation is based on the iterative subcarrier method explained in section 3.2

The parameters used in this experiment are summarized as follows.

	Parameters
	Value
	Note

	Carrier Frequency
	FR1 (1 GHz)
	Wavelength = 25cm

	Bandwidth
	5Mhz, 20Mhz, and 100Mhz
	

	# of TRPs
	18 (InF), 7 (Uma)
	

	Inter gNB distance
	20m ~ 120m
	

	gNB clock accuracy
	0.2 ppb external GPSDO
	

	gNB initial phase offset
	near zero (used master-slave synch)
	

	gNB Height
	10m ~ 30m
	

	# of used subcarrier
	80  (= 16 per gNB x 5)
	

	Used subcarrier length
	259m,  41.23m,  13.74m and 6.87m
	

	FFT size 
	2048
	

	Initial UE positioning
	Standalone (no legacy support)
	

	UE speed
	3km/h
	

	Sampling density
	400 times per 50m line (repeated in 3  lines)
	

	Channel Condition
	Rician (near LoS)
	

	TX amp power
	10W ~ 20W
	

	Antenna directivity
	60 degree
	

	Achieved CP Accuracy
	1m (in 80% area)
	



[Brief description of the content, without observations]
Table xxx  provides horizontal positioning accuracy results using NR carrier phase positioning.

	Parameter
	Case 1
UMa, FR1 
	Case 2
UMa, FR1 
	Case 3
UMa, FR1 
	Case 4
UMa, FR1 
	Case 5
UMa, FR1 
	Case 6
UMa, FR1 

	Scenario
	UMa in 38.855 
	UMa in 38.855 
	UMa in 38.855 
	UMa in 38.855 
	UMa in 38.855 
	UMa in 38.855 

	Channel model 
	38.901
	38.901
	38.901
	38.901
	38.901
	38.901

	Carrier frequency
	Single carrier
1 GHz
	Single carrier
1 GHz
	Single carrier
1 GHz
	Single carrier
6 GHz
	Single carrier
6 GHz
	Single carrier
6 GHz

	Bandwidth, MHz
	5 MHz
	20 MHz
	100 MHz
	5 MHz
	20 MHz
	100 MHz

	Subcarrier spacing, kHz
	30 kHz
	30 kHz
	30 kHz
	30 kHz
	30 kHz
	30 kHz

	Number of sites
	7
	7
	7
	7
	7
	7

	RS signal descriptions
	Continuous PRS,
4 Symbols
	Continuous PRS,
4 Symbols
	Continuous PRS,
4 Symbols
	Continuous PRS,
4 Symbols
	Continuous PRS,
4 Symbols
	Continuous PRS,
4 Symbols

	NR Carrier phase method 
	DL
	DL
	DL
	DL
	DL
	DL

	R16/R17 positioning method 
	N/A
(standalone)
	N/A
(standalone)
	N/A
(standalone)
	N/A
(standalone)
	N/A
(standalone)
	N/A
(standalone)

	Carrier phase estimation techniques 
	freq. domain FFT/DFT 
	freq. domain FFT/DFT
	freq. domain FFT/DFT
	freq. domain FFT/DFT
	freq. domain FFT/DFT
	freq. domain FFT/DFT

	Differential positioning techniques
	single diff
	single diff
	single diff
	single diff
	single diff
	single diff

	Integer ambiguity resolution techniques 
	iterative
subcarrier method
	iterative
subcarrier method
	iterative
subcarrier method
	iterative
subcarrier method
	iterative
subcarrier method
	iterative
subcarrier method

	Multipath mitigation techniques
	simple sum of subcarriers
	simple sum of subcarriers
	simple sum of subcarriers
	simple sum of subcarriers
	simple sum of subcarriers
	simple sum of subcarriers

	Single/multipmeasurement instance CPP
	Single (M=1)
	Single (M=1)
	Single (M=1)
	Single (M=1)
	Single (M=1)
	Single (M=1)

	UE type
	Outdoor
	Outdoor
	Outdoor
	Outdoor
	Outdoor
	Outdoor

	UE position calculation algorithm 
	Chan’s algorithm
	Chan’s algorithm
	Chan’s algorithm
	Chan’s algorithm
	Chan’s algorithm
	Chan’s algorithm

	Network synchronization assumption
	master-slave synch
	Master-slave synch
	Master-slave synch
	Master-slave synch
	Master-slave synch
	Master-slave synch

	UE/TRP Initial phase offset 
	near 0 ns
	near 0 ns
	near 0 ns
	near 0 ns
	near 0 ns
	near 0 ns

	CFO/Doppler
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	Oscillator-drifts
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	ARP errors
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	Phase Center Offsets
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	Additional notes, if any
	
	
	
	
	
	



	 Parameter
	Case 7
InF, FR1 
	Case 8 
InF, FR1 
	Case 9
InF, FR1 
	Case 10
InF, FR1 
	Case 11 
InF, FR1 
	Case 12
InF, FR1 

	Scenario 
	InF-SH in 38.857 
	InF-SH in 38.857 
	InF-SH in 38.857 
	InF-SH in 38.857 
	InF-SH in 38.857 
	InF-SH in 38.857 

	Channel model 
	38.901
	38.901
	38.901
	38.901
	38.901
	38.901

	Carrier frequency
	Single carrier
1 GHz
	Single carrier
1 GHz
	Single carrier
1 GHz
	Single carrier
6 GHz
	Single carrier
6 GHz
	Single carrier
6 GHz

	Bandwidth, MHz
	5 MHz
	20 MHz
	100 MHz
	5 MHz
	20 MHz
	100 MHz

	Subcarrier spacing, kHz
	30 kHz
	30 kHz
	30 kHz
	30 kHz
	30 kHz
	30 kHz

	RS signal descriptions
	Continuous PRS,
4 Symbols
	Continuous PRS,
4 Symbols
	Continuous PRS,
4 Symbols
	Continuous PRS,
4 Symbols
	Continuous PRS,
4 Symbols
	Continuous PRS,
4 Symbols

	NR Carrier phase method 
	DL
	DL
	DL
	DL
	DL
	DL

	R16/R17 positioning method 
	N/A
(standalone)
	N/A
(standalone)
	N/A
(standalone)
	N/A
(standalone)
	N/A
(standalone)
	N/A
(standalone)

	Carrier phase estimation techniques 
	freq. domain FFT/DFT 
	freq. domain FFT/DFT
	freq. domain FFT/DFT
	freq. domain FFT/DFT
	freq. domain FFT/DFT
	freq. domain FFT/DFT

	Differential positioning techniques
	single diff
	single diff
	single diff
	single diff
	single diff
	single diff

	Integer ambiguity resolution techniques 
	iterative
subcarrier method
	iterative
subcarrier method
	iterative
subcarrier method
	iterative
subcarrier method
	iterative
subcarrier method
	iterative
subcarrier method

	Multipath mitigation techniques
	simple sum of subcarriers
	simple sum of subcarriers
	simple sum of subcarriers
	simple sum of subcarriers
	simple sum of subcarriers
	simple sum of subcarriers

	Single/multipmeasurement instance CPP
	Single (M=1)
	Single (M=1)
	Single (M=1)
	Single (M=1)
	Single (M=1)
	Single (M=1)

	UE position calculation algorithm
	Chan’s algorithm
	Chan’s algorithm
	Chan’s algorithm
	Chan’s algorithm
	Chan’s algorithm
	Chan’s algorithm

	Network synchronization assumption
	master-slave synch
	Master-slave synch
	Master-slave synch
	Master-slave synch
	Master-slave synch
	Master-slave synch

	UE/TRP Initial phase offset 
	near 0 ns
	near 0 ns
	near 0 ns
	near 0 ns
	near 0 ns
	near 0 ns

	CFO/Doppler
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	Oscillator-drifts
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	ARP errors
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	Phase Center Offsets
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	Additional notes, if any
	
	
	
	
	
	






	Parameter
	Case 13
InF, FR1 
	Case 14 
InF, FR1 
	Case 15
InF, FR1 
	Case 16
InF, FR1 
	Case 17
InF, FR1 
	Case 18
InF, FR1 

	Scenario 
	InF-DH in 38.857 
	InF-DH in 38.857 
	InF-DH in 38.857 
	InF-DH in 38.857 
	InF-DH in 38.857 
	InF-DH in 38.857 

	Channel model 
	38.901
	38.901
	38.901
	38.901
	38.901
	38.901

	Carrier frequency
	Single carrier
1 GHz
	Single carrier
1 GHz
	Single carrier
1 GHz
	Single carrier
6 GHz
	Single carrier
6 GHz
	Single carrier
6 GHz

	Bandwidth, MHz
	5 MHz
	20 MHz
	100 MHz
	5 MHz
	20 MHz
	100 MHz

	Subcarrier spacing, kHz
	30 kHz
	30 kHz
	30 kHz
	30 kHz
	30 kHz
	30 kHz

	RS signal descriptions
	Continuous PRS,
4 OFDM Symbols
	Continuous PRS,
4 OFDM Symbols
	Continuous PRS,
4 OFDM Symbols
	Continuous PRS,
4 OFDM Symbols
	Continuous PRS,
4 OFDM Symbols
	Continuous PRS,
4 OFDM Symbols

	NR Carrier phase method 
	DL
	DL
	DL
	DL
	DL
	DL

	R16/R17 positioning method 
	N/A
(standalone)
	N/A
(standalone)
	N/A
(standalone)
	N/A
(standalone)
	N/A
(standalone)
	N/A
(standalone)

	Carrier phase estimation techniques 
	freq. domain FFT/DFT 
	freq. domain FFT/DFT
	freq. domain FFT/DFT
	freq. domain FFT/DFT
	freq. domain FFT/DFT
	freq. domain FFT/DFT

	Differential positioning techniques
	single diff
	single diff
	single diff
	single diff
	single diff
	single diff

	Integer ambiguity resolution techniques 
	iterative
subcarrier method
	iterative
subcarrier method
	iterative
subcarrier method
	iterative
subcarrier method
	iterative
subcarrier method
	iterative
subcarrier method

	Multipath mitigation techniques
	simple sum of subcarriers
	simple sum of subcarriers
	simple sum of subcarriers
	simple sum of subcarriers
	simple sum of subcarriers
	simple sum of subcarriers

	Single/multipmeasurement instance CPP
	Single (M=1)
	Single (M=1)
	Single (M=1)
	Single (M=1)
	Single (M=1)
	Single (M=1)

	UE position calculation algorithm
	Chan’s algorithm
	Chan’s algorithm
	Chan’s algorithm
	Chan’s algorithm
	Chan’s algorithm
	Chan’s algorithm

	Network synchronization assumption 
	0 ns
	0 ns
	0 ns
	0 ns
	0 ns
	0 ns

	UE/TRP Initial phase offset 
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	CFO/Doppler
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	Oscillator-drifts
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	ARP errors
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	Phase Center Offsets
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	Additional notes, if any
	
	
	
	
	
	



Note 1: CFO and Oscillator- drifts are assumed to be eliminated by use of Master-Slave structure.

B.4.X.2	Positioning accuracy evaluation results for NR Carrier Phase Positioning
[Brief description of the content, without observations]
Table B.4.X.2-1 provides horizontal positioning accuracy results using NR carrier phase positioning.
 
Table B.4.X.2-1: NR carrier phase positioning - horizontal accuracy from [X] (to be completed)
	[Case ID], [Scenario]
[additional descriptions]
	50%
	67%
	80%
	90%
	Met target requirements? 
(Yes/No)
	Additional comments

	Case 1 UMa, FR1 
	
	
	
	
	No
	

	Case 2 UMa, FR1 
	
	
	
	
	No
	

	Case 3 UMa, FR1 
	
	
	
	
	No
	

	Case 4 UMa, FR1 
	
	
	
	
	No
	

	Case 5 UMa, FR1 
	
	
	
	
	No
	

	Case 6 UMa, FR1 
	
	
	
	
	No
	

	Case 7 InF, FR1
	
	
	
	
	No
	

	Case 8 InF, FR1
	
	
	
	
	No
	

	Case 9 InF, FR1
	
	
	
	
	No
	

	Case 10 InF, FR1
	
	
	
	
	No
	

	Case 11 InF, FR1
	
	
	
	
	No
	

	Case 12 InF, FR1
	
	
	
	
	No
	

	Case 13 InF, FR1
	
	
	
	
	No
	

	Case 14 InF, FR1
	
	
	
	
	No
	

	Case 15 InF, FR1
	
	
	
	
	No
	

	Case 16 InF, FR1
	
	
	
	
	No
	

	Case 17 InF, FR1
	
	
	
	
	No
	

	Case 18 InF, FR1
	
	
	
	
	No
	



[Note: Based on our experience on field experiment, target accuracy of less than a centimeter can not be achieved in real-life environment.]
  
Table B.4.X.2-2 provides horizontal positioning accuracy results using NR carrier phase positioning.
 
Table B.4.X.2-2: NR carrier phase positioning - vertical accuracy from [X]
	[Case ID], [Scenario], [additional descriptions]
	50%
	67%
	80%
	90%
	Met target requirements? 
(Yes/No)
	Additional comments

	
	
	
	
	
	Yes
	

	
	
	
	
	
	Yes
	

	
	
	
	
	
	Yes
	

	
	
	
	
	
	Yes
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