[bookmark: _GoBack]3GPP TSG RAN WG1 #110bis-e		                         R1- 2209805
e-Meeting, October 10th – 19th, 2022

Agenda Item:	9.5.2.2
Source: 	LG Electronics 
Title: 	Discussion on OFDM based carrier phase measurement in NR
[bookmark: Source][bookmark: Title][bookmark: DocumentFor]Document for:	Discussion and decision
1. Introduction 
In RAN#94-e meeting, a study item on evolution of OFDM based carrier phase measurement in NR is approved and the corresponding description is provided in [1]. Also, several issues were discussed and following agreements were made in a previous meetings [2, 3]. 
In this contribution, we discuss on OFDM based carrier phase measurement in NR. 
2. Discussion
2.1. Positioning based on carrier phase measurement
In this section, general description of carrier phase measurement is provided for the better understanding of further discussion. Carrier phase measurement based positioning is one of a promising technique that has been used in GPS/GNSS for centimetre level accuracy. It is based on the measurement of the range between a transmitter and receiver in the phase domain which is expressed in units of cycles of the carrier frequency. Since the wave length of carrier frequency is significantly short in general, the carrier phase measurement can be made with very high precision.


[bookmark: _Ref101982639]Figure 1. Example illustration for the carrier phase measurement
Figure 1 shows a brief example of how the distance between a transmitter and a receiver can be expressed in the phase domain. The propagation distance between the transmitter and the receiver can be expressed by a fractional part and integer multiples of the wave length. Due to the property of the short wave length of the carrier frequency compared to the distance between transmitter and receiver, measuring the fractional part of the wave length would be quite useful for high accuracy positioning. Meanwhile, it should be noted that integer value cannot be extracted by a carrier phase measurement; the receiver can measure only a range of 0~2π range can be measured within a wave. Therefore, solving a problem of integer ambiguity is one of the most important issue in implementing carrier phase measurement in positioning system. There are many researches regarding this issue, as a result various approaches to resolve it are proposed. It is notable that one of the commonly known promising technique for the integer ambiguity resolution is least squares ambiguity de-correlation adjustment method, also known as LAMBDA, which was originally proposed in [4].
Also, phase drift due to the transmitter/receiver clock error affects the phase measurement accuracy. Since the carrier phase measurement is a technique that is used for achieving high accuracy, clock error need to be eliminated. In GNSS system, differencing technique has been used to eliminate clock bias from satellite and receiver, which requires multiple measurements. For example, to eliminate the clock error of a transmitter, two different receivers should measure the signal transmitted by the same transmitter and take the difference between them which ensures elimination of clock error at the transmitter since it is the common term between measurements of two different receivers. Likewise, to eliminate the clock error of a receiver, two different transmitters should transmit a signal at the same time to the receiver. Then, the signals from two different transmitters should be measured and differentiated to ensure elimination of clock error at the receiver since it is the common term between measurements. It is common scenario for GPS/GNSS for those clock error elimination at the same time, which is called double-differencing. Moreover, for eliminating clock error of the transmitter, measurement of the positioning reference unit, that the location is known, would be required, which is the main idea of real-time kinetic, also known as RTK.
Like other positioning techniques, positioning using carrier phase measurements is also sensitive to multipath. One of the main difference between carrier phase measurement in GPS/GNSS and in NR is the location of the transmitter. In NR, it is very likely to have higher multipath probability compared to GPS/GNSS since it is terrestrial network, which makes the LoS path estimation more important. Since the carrier phase measurement is based on the estimation of distance between transmitter and receiver, the path for estimation should be selected very carefully to ensure it is LoS path. Otherwise, the performance of carrier phase measurement in NR will be limited even with phase can be measured with high accuracy. Moreover the phase distortion of the received signal due to the interference, including impact due to the multipath environment, should be considered carefully. Since the carrier phase measurement is aiming for the high precision positioning, phase distortion due to the interference cannot be neglected.

2.2. Phase measurement in OFDM system 
As described in a previous section, the carrier phase measurement in GPS/GNSS system can take advantage of the property of the sinusoid signal. Meanwhile, OFDM based the positioning reference signals are used for measuring UE positioning in NR. Generally the carrier phase cannot be obtained directly from a received signal in OFDM system. To obtain carrier phase from a receive signal, it would be worth to use a contiguous waveform across multiple symbols. However, the positioning reference signals in NR has a staggered RE pattern. Moreover, in CP-OFDM system, subcarriers rarely have continuous waveform at the symbol boundary due to the CP. Thus how to extract phase measurement from the received OFDM symbol(s) should be discussed in detail. 
The transmitted OFDM signal on k-th subcarrier can be written as follow: 

where  and is the complex amplitude and  is the initial phase at the transmitter.  is a carrier frequency and  is a subcarrier spacing. Considering signal propagation delay through the channel with channel gain  of the p-th path, received signal can be represented is given by: 

For simplicity, we focus on LOS path only, and we will discuss the impact of multipath channel in a following section. After down conversion of the received passband signal, we can obtain baseband signal and phase value of the k-th subcarrier of it can be represented as follow:  
 
where  is the initial phase at the receiver and  is additive error term including noise affect. As we can see in the equation of the phase at the k-th subcarrier, propagation delay impacts the phase of the baseband signal, and this can be used for estimating distance between transmitter and receiver. To extract propagation delay from the phase measurement, we can consider two kinds of frequencies; one is a carrier frequency  and the other is subcarrier spacing . 

Carrier phase measurement
The phase measurement of the carrier frequency can be extracted directly from the baseband signal, but it needs some processing to suppress some redundant components for precise estimation. For example, averaging phase values of subcarriers over the bandwidth may useful since the additive noise term is averaged out. However it should be noted that initial phase values which are not desirable for estimating distance cannot be eliminated via noise suppression method. Thus additional method would be required for mitigating error sources which are common over subcarriers (e.g. differencing) 

Although distance within a wavelength can be obtained precisely via carrier phase measurement, it should be noted that length larger than one wavelength cannot be estimated by the carrier phase measurement. To achieve the precise results, integer ambiguity problem should be resolved. Unlike GNSS, resolving integer ambiguity using tracking algorithm may not be suitable for UEs with NR OFDM system. 
Observation 1: High positioning accuracy within a wavelength of the carrier frequency can be achieved by carrier phase measurement in NR OFDM system, but it has poor integer ambiguity condition. 

Subcarrier phase measurement
In another way, propagation delay between transmitter and receiver can be estimated from a linear phase trend across subcarriers. For example, linear fitting algorithm could be used for estimating the linear phase trend across subcarrier, i.e., subcarrier phase measurement : 

Compared to the carrier phase measurement, the subcarrier phase measurement which obtained by estimating linear phase trend across subcarriers is more robust on the integer ambiguity problem since the effective wavelength of subcarrier phase measurement is much larger than that of carrier phase measurement. Also it should be noted that every common components in the phase value of the baseband signal can be eliminated with this approach. Consequently, no additional procedure for TX-RX phase calibration (e.g. to mitigate initial phase values) will be required for subcarrier phase measurement. However the subcarrier phase measurement may not be enough to achieve centimetre level positioning accuracy. 
Observation 2: The subcarrier phase measurement is more robust against integer ambiguity than the carrier phase measurement. 
Observation 3: The subcarrier phase measurement does not require additional method for TX-RX phase calibration since it is based on differencing.
Observation 4: Utilizing the subcarrier phase measurement alone may not enough to achieve centimetre level accuracy. 
[bookmark: _Ref111208108]Table 1 Pros and Cons of phase measurements
	
	Accuracy 
	Integer ambiguity 

	Carrier phase measurement 
	High 
	Sensitive 

	Subcarrier phase measurement
	Relatively lower
	Robust


Pros and cons of phase measurements are summarized in Table 1. As discussed so far, it is challenging that supporting phase measurement based positioning which have high accuracy while guaranteeing integer ambiguity robustness. Thus how to measure and report phase values from PRS and SRS shall be discussed with high priority. Simply, it might be worth to consider both methods to take benefits of each methods. For example, reporting both carrier phase measurement and subcarrier phase measurement could be considered to give enough information to LMF. Alternatively, indicating and/or selecting method for phase measurement and reporting contents can be considered as well which would cost less overhead than aforementioned one.
Proposal 1: Consider both carrier phase measurement and subcarrier phase measurement based positioning methods. 
 
2.3. Integer ambiguity resolution
According to the RAN1 studies so far, it can be expected that performance of CPM based positioning schemes will greatly impacted by the performance of the integer ambiguity resolution. In this section, some potential techniques that can be considered for resolving integer ambiguity problem are discussed. 
ToA based solution
One possible way to resolve the integer ambiguity is to use coarsely determined UE location which is estimated by utilizing other positioning method. For example, taking advantage of well-known timing based positioning methods, which are ToA and TDoA schemes, can be considered. Various approaches to the time of arrival (ToA) estimations from the point of view of carrier phase measurements techniques for a single PRS transmission over a single link were considered in previous contribution [5]. Summarizing the observations, we may state that ToA estimation approaches for the OFDM signals can be divided in two categories
· Baseband estimations, based on matched filtering and CIR processing, including threshold, peak, subcarrier phase differencing and to some point, MUSIC algorithms. These algorithms typically produce unambiguous ToA estimate, but the accuracy determined by the signal BW.
· Carrier-phase estimation, that are may be based on the averaging of subcarrier phase. These estimates produce highly accurate estimates, dependent on carrier frequency. However, this estimate have so-called integer ambiguity problem and distance is measured only within the wavelength. 
The problem of resolving the integer ambiguity is the central for successful implementation of the carrier-phase positioning. Typically, the solution of the ambiguity problem consists of the exhaustive search over the discrete grid and minimizing certain metric. The search area is determined by initial ToA (TDoA) estimate value and accuracy of this estimate.
Observation 5: Utilizing timing based positioning (e.g. ToA and TDoA) can help to resolve the integer ambiguity problem by reducing search space for integer value.
Observation 6: Accuracy of the initial ToA or TDoA estimate has the direct impact on the CPM outcome.

Utilizing multiple component carriers
To resolve the integer ambiguity problem, utilizing multiple component carriers can be considered. In the GNSS system, it has been already well studied that utilizing multiple component carrier frequencies for estimating unknown integer value. The concept of this approach is to reduce search space for integer value estimation. Note that larger the difference value between carrier frequencies are selected, smaller search space for integer value can be used. Although it can be useful to resolve integer ambiguity problem, measuring multiple component carriers will require UE to measure multiple component carriers simultaneously. Thus whether it would be feasible for utilizing multiple component carriers shall be discussed first.
Observation 7: Utilizing multiple component carriers can help to resolve the integer ambiguity problem but cost additional UE complexity.

2.4. Mitigating error sources 
Multipath and additive noise
Like other positioning methods, performance of the positioning with phase based measurement can be impacted by noise environment. To see the impact from the additive noise, we evaluate the estimation errors of AWGN channel (i.e. single path channel). The left side of Figure 2 shows the estimation accuracy of the subcarrier phase measurement based positioning methods. When larger BW is used more samples in frequency domain are available for noise suppression, making it less sensitive to SNR condition. On the contrary, the smaller the BW size, the greater the performance degradation due to the noise because fewer frequency samples are available for noise suppression. 
Also, how the multipath environment affects the performance of the phase measurement based methods shall be considered. As discussed in a previous section, performance of the phase measurement based positioning methods are sensitive to multipath environment. To mitigate multipath impact, applying time domain pre-processing, such as time domain windowing, can be considered. In the figure of time domain pre-processing algorithm is applied for the phase based distance measure (Figure 2, right), it is observed that time domain pre-processing can help to suppress multipath impact for phase measurement based distance estimation especially when high BW size is used. Larger BW allows to use sharpen multipath channel response, consequently time domain pre-processing with higher resolution can be used. However, when a small BW size is used, the estimation performance may deteriorate even in the high SNR range due to the noise suppression effect as well as the mixed multipath channel due to the lower sampling frequency in the time domain. 
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[bookmark: _Ref111214114]Figure 2. Pure AWGN (left) and Time domain pre-processed accuracy in multipath environment (right)

Differencing
As pointed out in section 2.1, it may not be possible to eliminate initial phase values by single carrier phase measurement. Since this kind of initial phase values does not contain any information of propagation delay, it is not desirable to use the carrier phase measurement with the presence of initial phase values. To eliminate the initial phase errors, differencing method which is well studied in GNSS system can also be considered for NR carrier phase measurement. 
For the initial phase error at the receiver, a UE may requires two carrier phase measurements which are measured from different TRPs. By subtracting two different carrier phase measurement, common parts including initial phase error at the receiver can be eliminated. From this perspective, reporting PDOA (Phase Difference of Arrival) would be useful for the carrier phase measurement. 

From the equation above, it can be observed that initial phase error at the receiver are eliminated by a single differencing. Note that receiver error is common term between two measurements since it is estimated by single UE. On the other hand, the initial phase errors from the transmitters are not eliminated. For eliminating those remaining terms, double differencing method can be used. To perform the double differencing, at least two different receivers shall be involved. Moreover, one of the receivers shall be used as a reference point to enable those error-free measurements to be directly transformed to the location information. In Rel-17, PRU (Positioning Reference Unit) has been discussed for the timing measurement based positioning accuracy improvement. Although no specification impact from RAN1 was made, considering utilizing of PRU for improving the carrier phase measurement performance is preferred at least for UE-assisted positioning method.  
Proposal 2: Consider RSPD report for the carrier phase measurement.
Proposal 3: Study whether and how to utilize PRU for performing double differencing at least for UE-assisted positioning method. 

Nested RTT
For the carrier phase measurement, precise time/frequency synchronization between TRPs should be guarantee to avoid phase estimation error due to the initial phase error terms. In NR, the Multi-RTT positioning is supported. It could be beneficial for the carrier phase measurement because it removes the requirement of tight network timing synchronization across TRPs. For the Multi-RTT positioning, RX-TX time difference values are reported from both TRP and UEs. By subtracting two measurement values, propagation delay can be obtained by LMF. However, there could be clock error impairment between TRP and UE, it can cause timing errors. Since the carrier phase measurement base positioning method targets high accuracy positioning, the error due to the clock impairment needs to be resolved when RTT based solution is considered. 


[bookmark: _Ref111242210]Figure 3 Example of nested RTT procedure

To mitigate the clock impairment between TRP and UE, some enhanced RTT method can be considered. From this perspective, utilizing multiple round trip delay measurements for mitigating the clock error can be considered. For example RTT procedure in Figure 3, can be considered. In this exampled method, UE measures two RX-TX time differences, where reference time for PRS reception are estimated from two different PRS resources which are transmitted from same TRP. Meanwhile reference time for SRS transmission is common for RX-TX time difference measurements. Likewise, TRP measures two RX-TX time difference values by using PRS transmissions and SRS receptions. To estimate propagation delay, following equation can be used. 

If conventional single side RTT is used, remaining clock impairment between nodes cannot be eliminated. On the other hand, nested RTT structure allows doubled RTT measurements using one additional PRS(or SRS) transmission/reception, and it allows subtracting clock impairments impact. Unlike differencing method which is mentioned in a previous section, averaging out of the clock error can be another candidate solution for error elimination. 
Proposal 4: Consider nested RTT method for the carrier phase measurement based positioning   

3. Evaluation results 
In this section we shows SLS results for the CPM based positioning method in Indoor Factory scenario. Simulation assumptions summarized in Table 4 in the Appendix A. 
Indoor factory (InF) scenario may represent the main usage model for the CPM – an indoor facility with the ceiling-positioned base stations, needed for communication and highly accurate positioning of different robotics in the area. Scenario includes 18 BSs which gives lots of possibilities to resolve the ambiguity. Due to the specific of the considered usage models, the vertical positioning should no longer be neglected, as the scenario assumes 3D positioning of the UEs. 
Observation 8: For the CPM positioning and especially for the indoor scenarios, both horizontal and vertical positioning accuracy should be addressed.
As discussed in a previous section, ToA based positioning can be used to estimate coarse UE location and it can be used for integer ambiguity resolution for CPM based positioning method. From this point of view, we can evaluate the initial, coarse baseband estimates that can serve an initial point for CPM estimation. Figure 4 and Table 2 shows the evaluation results for ToA accuracy for different BW size. According to the evaluation results, higher positioning accuracy can be achieved as larger the BW size is used for ToA estimation. Since the integer ambiguity resolution may depends on the coarsely estimated location, it can be expected that CPM based positioning method would also impacted by the BW size. In addition, it can be observed that the vertical positioning accuracy performs worse than the horizontal positioning through the evaluation results. 
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[bookmark: _Ref115455919]Figure 4 ToA baseband positioning error CDFs for different BW size

[bookmark: _Ref115455935]Table 2 ToA accuracy for different BW size
	BW
	50%
	67%
	80%
	90%

	20 MHz
	XY
	0.40
	0.59
	0.83
	1.18

	
	Z
	1.79
	2.89
	4.18
	6.06

	50 MHz
	XY
	0.10
	0.14
	0.20
	0.29

	
	Z
	0.44
	0.72
	1.08
	1.63

	100 MHz
	XY
	0.03
	0.05
	0.07
	0.09

	
	Z
	0.19
	0.29
	0.45
	0.66


Observation 9: Higher ToA positioning accuracy can be achieved as larger BW size is used.
Observation 10: For the baseband ToA positioning, the vertical (Z-coordinate) accuracy is much worse than horizontal, due to scenario geometry and singular same-height BS placement 

By using a ToA method for estimating coarse UE position, CPM based positioning can be performed including integer ambiguity estimation. Figure 5, Figure 6 and Figure 7 shows on evaluation results of CPM based positioning when ToA information is used for estimating integer values. Also, positioning accuracy evaluation results for different BW sizes are summarized in Table 3. In these figures, it can be observed that 90% of UEs can achieve centimeter level accuracy when 100MHz BW size is used for PRS reception. Meanwhile, similar to evaluation results of the ToA positioning method, lower positioning accuracy are observed as smaller the BW size is used.
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[bookmark: _Ref115457756]Figure 5 CPM ToA baseband positioning error CDFs BW = 100MHz
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[bookmark: _Ref115457758]Figure 6 CPM ToA baseband positioning error CDFs BW = 50MHz
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[bookmark: _Ref115457760]Figure 7 CPM ToA baseband positioning error CDFs BW = 20MHz

[bookmark: _Ref115458033]Table 3 CPM ToA accuracy for different BW
	BW
	50%
	67%
	80%
	90%

	20 MHz
	XY
	0.003
	0.780
	-
	-

	
	Z
	0.019
	0.645
	-
	-

	50 MHz
	XY
	0.001
	0.001
	0.003
	0.170

	
	Z
	0.003
	0.007
	0.016
	0.529

	100 MHz
	XY
	0.001
	0.001
	0.002
	0.003

	
	Z
	0.003
	0.005
	0.009
	0.016



Observation 11: For the 100 MHz BW, 90% of UEs can achieve centimeter level accuracy for both the horizontal and vertical positioning when no synchronization error is assumed. 
Observation 12: Higher CPM based positioning accuracy can be achieved as larger BW size is used. 
In theory, and also from the evaluation results, it can be observed that the carrier phase measurement based method can provide sub-wavelength length accuracy, but performance can be degraded due to non-ideal integer ambiguity resolution.  Although the non-ideal integer ambiguity algorithm (i.e. in this contribution, three component carriers are used for estimating integer value) can degrade performance of the carrier phase measurement based method, but it still outperforms the other methods in any cases. From this perspective, method for integer ambiguity resolution should be subject for further studies.
Proposal 5: Method for integer ambiguity resolution should be subject for further studies. 

4. Conclusion
In this contribution, we discussed on potential enhancements on OFDM based carrier phase measurement in NR. From the discussion, we obtained following proposals and observations: 
Proposal 1: Consider both carrier phase measurement and subcarrier phase measurement based positioning methods. 
Proposal 2: Consider RSPD report for the carrier phase measurement.
Proposal 3: Study whether and how to utilize PRU for performing double differencing at least for UE-assisted positioning method. 
Proposal 4: Consider nested RTT method for the carrier phase measurement based positioning
Proposal 5: Method for integer ambiguity resolution should be subject for further studies. 
   
Observation 1: High positioning accuracy within a wavelength of the carrier frequency can be achieved by carrier phase measurement in NR OFDM system, but it has poor integer ambiguity condition. 
Observation 2: The subcarrier phase measurement is more robust against integer ambiguity than the carrier phase measurement. 
Observation 3: The subcarrier phase measurement does not require additional method for TX-RX phase calibration since it is based on differencing.
Observation 4: Utilizing the subcarrier phase measurement alone may not enough to achieve centimetre level accuracy. 
Observation 5: Utilizing timing based positioning (e.g. ToA and TDoA) can help to resolve the integer ambiguity problem by reducing search space for integer value.
Observation 6: Accuracy of the initial ToA or TDoA estimate has the direct impact on the CPM outcome.
Observation 7: Utilizing multiple component carriers can help to resolve the integer ambiguity problem but cost additional UE complexity.
Observation 8: For the CPM positioning and especially for the indoor scenarios, both horizontal and vertical positioning accuracy should be addressed.
Observation 9: Higher ToA positioning accuracy can be achieved as larger BW size is used.
Observation 10: For the baseband ToA positioning, the vertical (Z-coordinate) accuracy is much worse than horizontal, due to scenario geometry and singular same-height BS placement. 
Observation 11: For the 100 MHz BW, 90% of UEs can achieve centimeter level accuracy for both the horizontal and vertical positioning when no synchronization error is assumed. 
Observation 12: Higher CPM based positioning accuracy can be achieved as larger BW size is used. 
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6. Appendix A: Simulation assumptions
	
Table 4 Simulation assumptions
	Parameter
	[Case ID], [Scenario]

	Channel model 
	TS 38.901
InF-SH

	Single carrier frequency, or multiple carrier frequencies, GHz
	3.5 GHz

	Bandwidth, MHz
	100,50,20 MHz

	Subcarrier spacing, kHz
	30 kHz

	RS signal descriptions
(PRS or posSRS, Number of OFDM simbles, Comb size)
	DL PRS 2-2

	Positioning method
	ToA

	Carrier phase estimation techniques 
(time-domain, freq-domain, references)
	Frequency domain

	Single-measurement instance CPP, or multiple measurement instances CPP
	Single

	UE position calculation algorithm (e.g. Least squares, Taylor series, …)
	LS

	Network synchronization assumption (e.g., 0ns, 10ns, ..)
	0ns

	UE/TRP Initial phase offset 
	Ideal

	CFO/Doppler
	None

	Phase Center Offsets
	Ideal





7. Appendix B: Methods for integer ambiguity resolution
Methods for integer ambiguity resolution successfully operate in the GPS systems and also considered for the CPM positioning in the OFDM systems [4]. However, described approaches require regular distance estimate updates, which may not be available for the 5G NR system due to traffic prioritization and system load. The purpose is to find solution that will be operational on the single measurement scale.
Let us consider the ToA geometry positioning as some function of the BS coordinates  from subset of M base stations, and measured distances between the selected UE and m-th BS
	
	
	[bookmark: _Ref114823348](1)


The Eq. (1) can be used to obtain coarse ToA position estimate, by employing the sub-optimal set of stations, as discussed in previous section. With the carrier-phase distance measurements, we may have a high-accuracy estimate of the fractional wavelength part of the measured distance. The carrier phase estimation of the total distance will consist of the integer number N and the fractional part .

With the baseline coarse distance measurements, we may have an initial guess about the integer ambiguity:

However, this initial guess may differ from the real value N by the amount defined by underlying range measurements algorithm accuracy. For simplicity, we may consider 99% confidence interval of distance estimate d, expressed in the wavelengths. For example, fog good 100MHz estimates, the N value will be within ±3 from the initial coarse guess. We denote this integer error value as K, thus setting:

With such preparations, we can obtain the cloud of points in the 3D space, corresponding to the solution of Eq. (1) for all possible values of N:
	
	
	[bookmark: _Ref114828321](2)


It should be noted that since for every BS and corresponding distance measurement d we should perform the search independently, the total number of points in the cloud should be equal to the (2K+1)M. For the computational complexity decrease, we propose to set the number of employed BS to the minimal possible value (3) and thus, for example for K=3 we will have 7^3=343 points in the cloud. Equation (2) provides the cloud of points, for each possible integer wavelength number per measured distance. True position is located among them, but single cloud is not enough for the ambiguity resolutions. Since we are aimed on a single-packet measurement and have no possibility to use different time observations, we may employ other sets of BSs, producing other clouds of points. Finding the point common to the all clouds will give us the solution of the integer ambiguity. Figure 8 shows an example of estimating UE position based on the coarse ToA estimation results for different number of BSs.
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[bookmark: _Ref115457297]Figure 11 Integer ambiguity resolution for ToA with the two different (left) and four different (right) sets of BSs
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