3GPP TSG RAN WG1 #110bis-e	R1-2209534
e-Meeting, October 10th – 19th, 2022

Agenda Item:	9.5.2.2	
Source:	Fraunhofer IIS, Fraunhofer HHI
Title:	NR carrier phase measurements for positioning
Document for:	Discussion & Decision

[bookmark: _Ref37187857][bookmark: _Ref129681862][bookmark: _Ref124589705]
[bookmark: _Ref101787302]Introduction 
In the SID of RP-213588, the following objectives define the scope in the study item of the accuracy improvements when applying carrier phase measurements:
	· …
· Improved accuracy, integrity, and power efficiency:
· …
· Study solutions for accuracy improvement based on NR carrier phase measurements [RAN1, RAN4]
· Reference signals, physical layer measurements, physical layer procedures to enable positioning based on NR carrier phase measurements for both UE-based and UE-assisted positioning [RAN1]
· Focus on reuse of existing PRS and SRS, with new reference signals only considered if found necessary
· …




In this contribution we continue the discussion on different carrier phase measurement options and resulting reporting and applicability requirements. 
Carrier phase measurement options
Overview on NR phase measurements methods for positioning
We analyze the potential physical layer procedure and signaling impact based on the major methods discussed in [2]. From the Table, we observe the following:

Observation 1: 	Majority of the proposed methods mainly depend on the phase measurement corresponding to LOS path.

Observation 2: 	Certain methods may have different constraints which is related to feasibility of the method. If the feasibility is clarified, the corresponding specification impact is expected to be straightforward.



[bookmark: _Ref101787310]
	

Method
	Description
	Major physical layer procedure impact
	UE/TRP signaling and reporting

	1- Double differential techniques 
	Eliminate the impact of the UE/TRP timing/frequency errors and initial phase offset similar to differential GNSS 
	· Reporting a phase measurement corresponding to the LOS path (Association with Ref-device done at the LMF in UE-A)
	Reference device (example PRU):
either receive DL PRS signals or transmit UL SRS signals

	2- Multi frequency CCs
	Resolve or reduce the impact of integer ambiguity by utilizing multi-frequency measurements
	· Phase measurement corresponding to the LOS path
· Coherent transmission and reception over multiple CCs
	Reporting associated with the multiple frequencies

	3- Phase difference DL-TDoA or UL-TDoA
	PDoA without phase calibration: Phase based methods offer especially high accuracy for small change of the TDoA. For periodic measurements, the method offers In combination with the TDOA measurements a high accuracy position change detection (smoothing). In combination with phase ambiguity detection methods a robust and high accuracy ToA measurement may be feasible.
	· Phase measurements at preferably at multiple successive time occasions
· PRS/SRS Periodicity to account the UE mobility
	Reporting associated with the TDOA measurement time instants

	4- 
	PDoA with phase calibration: Phase measurements can be considered as ToA measurements with an ambiguity according the wavelength. This high resolution requires a phase calibration (otherwise the phase can be used for distance change only)
	· Phase calibration procedures 
· Phase measurements and related reporting
	· Reporting associated with the TDOA measurement time instants
· Calibration related signaling 

	5- Phase difference DL-AoD
	AoD determined from the phase measurements of different Tx antennas from the same TRP
	· Multiple phase measurements from different PRS resources of the same TRP
	Phase measurement reporting associated with the DL-AoD method

	6- RTT phase enhancements
	Double differential technique for RTT: applying a double phase difference measurement to determine a distance change despite the frequency offset between the two devices. 
	· Phase measurements at preferably at multiple successive time occasions or phase difference between the successive configured bursts
· PRS/SRS Periodicity to account the UE mobility
	Reporting of phase measurements or phase difference measurements  


· Using the phase measurements on multi frequency SCs to determine the ToA or search range can be considered as a special case of 3



Example scenario for carrier phase measurement application

[image: ]
[bookmark: _Ref101781508]Figure 1: Example scenario for positioning with phase measurement

Figure 1 shows an example scenario. In the example we assume a moving UE in a multipath environment. For simplicity reasons we depict in Figure 1 three paths only. Figure 2 includes other components also. 
· Path 1: LOS signal: This signal has the shortest propagation path to the base station
· Path 2: Ground reflection: For the example we assume a specular reflection. The additional path length depends on the UE height, base station height and the distance
· Path 3: Reflection of from a wall 
An example for the resulting channel impulse response (magnitude) is given in Figure 2. The channel impulse response is a complex valued signal. The complex valued signal can be depicted as two components (I and Q) component or as “I/Q diagram”, wherein the x-axis represents the I component (real part) and the y-axis the Q component (imaginary part). 
Figure 3 shows an example for the I/Q diagram of the 3 paths of the CIR, where the paths are separated and the effects resulting from the UE movement indicated in Figure 1.

[image: ]
[bookmark: _Ref101783740]Figure 2: CIR example for scenario given in Figure 1

[image: ]
[bookmark: _Ref101783913]Figure 3: I/Q diagram of complex valued CIR (3 taps only)

For the example we assume the phase is measured relative to a reference common for transmit and receive part (“ideal synchronization”). In this case the phase change depends directly on the distance change resulting from the movement. 
In the example the path length for path 1 (LOS) and 2 (ground reflection) is increased due to movement. For path 3 (distance to the wall is reduced) the path length is reduced, resulting in an opposite sign of the phase change. 

Observation 1: 	The phase change resulting from movement may be different for each multipath component

Figure 3 assumes ideal synchronization (= both devices use a common reference). A frequency offset between the devices causes an additional (common) phase offset depicted in Figure 4. The impact of this additional phase offset depends on the positioning method. For UL-TDOA the base stations may be synchronized to a common reference and the phase difference of arrival (PDOA) is used as measurement, the common phase offset is removed by calculating the phase difference between two signals transmitted at the same time.

[image: ]
[bookmark: _Ref101786554]Figure 4: Impact of frequency offsets

Evaluations for different BW configurations
Simulation Setup
In line with the scenario described in Figure 1 we built a simulation setup using the following setup
· Channel model as defined by TS38.901, InF-LOS. 
· Ground reflection features of TR38.901 enabled 
· Position of the cluster representing the wall defined according the wall position and the relationship between TRP-, UE- and wall position. A specular reflection was assumed for the model. 
· For demonstration purpose we run a simulation with 200 positions. Due to the short simulation a statistical analysis is not feasible. The generated (wideband) CIR was stored and applied to signals of different bandwidth. Hence, the channel conditions are identical for all three bandwidth configurations.   
· The UE is was moved in steps of 1mm. Assuming a speed of 1m/s this is equivalent to a measurement every 1ms. This high resolution was used to demonstrate the impact of small position changes to the phase. Assuming a carrier frequency of 3.75GHz the wavelength is 8cm and a distance change of 1mm is equivalent to a phase change of up to 4.5degree.
· We used 2 TRPs at different positions (and angles) relative to the UE movement track (different relative speed). See Figure 5
· To better demonstrate the different phase behavior of the multipath components we used different bandwidth
· 400MHz: We used a configuration defined for FR2 (120kHz SCS) and a FFT length of 4096. The propagation conditions are FR1 and identical to the 100 and 50MHz case.
· 100MHz: SCS=30kHz, FFT length 4096
· 50MHz: SCS=15kHz, FFT length 4096

Carrier phase measurement using the complex valued estimated CIR (correlation) 
The first set of plots compares the estimated channel impulse response (magnitude) for different bandwidth at different positions (begin and end of a short track of 20cm)
	400MHz:[image: ]
	50MHz:[image: ]

	100MHz:[image: ]
	The distance to the wall was app. 4m. The resulting additional path-length for this reflection is app. 2*4m = 8m (app. 27ns additional delay relative to LOS delay). 
For this example a weak ground reflection was applied, but the tap related to the ground reflection can be observed (in the 400MHz plot). For lower bandwidth the correlation lobes overlap. 


Figure 5: Examples of the magnitude of the CIR measured with limited bandwidth for different bandwidth

The correlation function (estimated CIR) can be depicted as “I/Q-Diagram”. The real part of the complex valued correlation function is used for the X-axis, the imaginary part for the Y-axis. 
In the following set of plots we demonstrate the impact to the phase for a movement of 1mm. As expected, the phase changes by app. 4.5 degree. It is observed that the phase change of the LOS component and the multipath component has – according to the different relative speed between UE and TRP and UE and reflector –different signs. 
 
	400MHz:[image: ]
	50MHz:
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	100MHz:
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	For the high bandwidth the lobes related to the LOS path and wall reflection are well separated. For 50MHz the correlation lobes overlap, but the correlation peak still represents the expected phase change according to the distance change LOS UE. 
For lower delays between the LOS component and the first (strong) reflection it may become more difficult to separate the peaks. But the characteristics of the correlation lobe may help to identify such scenarios and may be able to derive further information, at least a reliability indicator. 


Figure 6: Complex valued CIR plotted as I/Q diagram (X-axis represent the real part, Y-axis the imaginary part of the complex valued (bandwidth limited) CIR for different bandwidth 

The phase extracted from the correlation peak are depicted in the next figures. The Figure 8 shows the phase changes resulting from the movement along the short 20cm track. Due to the different angle the relative speed between the UE and TRPs is different. The positions of the TRPs and UE are depicted in Figure 7. 
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[bookmark: _Ref111061178][bookmark: _Ref102168827]Figure 7: TRP and UE position in the evaluation scenario 

	400MHz
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	50MHz[image: ]

	100MHz
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	The phase change depends on the AoA/AoD (effective relative speed). 
If multipath components with different AoA/AoD arrive the components should be separated. If this is not feasible a “composite phase” may be measured resulting a deviation from the ideal phase slope. The impact to the accuracy depends on the delay and strength of the multipath components arriving with low delay relative to the component of interest (typically the LOS component). 
in the selected example the speed for the movement of the UE along the short track of 20cm relative to the TRP is different (For TRP1 a “radial” movement was assumed, whereas for the TRP2 it is partially “tangential” resulting in a different gradient of the phase ramp. 


[bookmark: _Ref111061245]Figure 8: Phase change resulting from movement of the UE for a short track of 20cm 
TDOA and PDOA comparison
The measurement of the absolute phase requires a precise synchronization and calibration. The use of the phase difference avoids this issue. In this case a synchronization of the TRPs is sufficient. Phase changes resulting from UE frequency offsets are canceled out, if the different TRP transmit at the same time or receive the signal at (nearly) the same time (same OFDM symbol is used for each UE TRP link). In this case the phase difference can be calculated.
Assuming the related reference signals are transmitted at (nearly) the same time (or one reference signal is received by several synchronized receivers), the relative distance change results in a change of the phase difference of arrival. In the following we compare the measured phase difference of arrival (PDOA) with the expected distance difference resulting from the difference of the true distance. The change of the PDOA can be converted in an equivalent distance change. 360° phase change corresponds to one wavelength. The distance difference change resulting from the PDOA can be compared with the true distance difference change resulting from the movement of the UE. 
For the short track length of 20cm and the given TRP and UE positions the difference between the path-length UETRP1 and UETRP2 at the begin of the track and end of the track is 10.84cm (equivalent to a phase difference change of 488 degree). Due to the 360degree periodicity of the phase the ambiguity must be solved by other technologies. The phase measurement in combination with other technologies are an efficient method to track small position changes (“phase based smoothing”), even if the absolute accuracy is limited.

	400MHz
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	50MHz
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	100MHz
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	The figure compare the PDOA (estimated phase difference of arrival) with the TDOA (estimated time difference of arrival). The difference of phase and ToA measured by TRP1 and TRP2 (UL mode) or UE (DL mode) assuming TRP1 and TRP2 are synchronized. The phase difference and the ToA difference is converted into a distance difference according to the wavelength (PDOA) or the speed-of-light (TDOA). 


Figure 9: PDOA and TDOA comparison  

Comparing the results for different bandwidths it can be observed: 
· Even for a bandwidth of 400MHz the PDOA outperforms the TDOA measurement. Effects like ground reflections degrade the PDOA and TDOA accuracy. But for TDOA the degradation is much higher (in the example the error for TDOA is in the range of up to 5cm, whereas for PDOA the error is in the millimeter range. 
· For lower bandwidth (note the different Y-axis of the plots!) the TDOA performance degrades. This is cause that the delay of the reflection at the wall is in the range that the correlation “lobes” (convolution of the true (wideband) CIR with the SINC function) resulting from the bandwidth limitation overlap. For the PDOA performance a no or minor degradation is observed. 
The impact of the bandwidth for TDOA is depicted in Figure 10. The figure shows more or less that the TDoA estimation error is much higher than the TDOA difference resulting from the movement. Hence, TDOA measurements don’t provide sufficient accuracy to track the movement of devices with high resolution. 

[image: ]
[bookmark: _Ref111060160]Figure 10- Distance difference derived from ToA difference (TDoA) measurements for 50,100 and 400Mhz. For 50MHz BW, the performance degradation can exceed 80cm and 20cm for a 100MHz BW configuration.
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[bookmark: _Ref111060382]Figure 11 – Distance difference derived from Phase difference measurements (PDoA) for 50,100 and 400Mhz. Compared to TDoA the PDoA are steady over the different BW configurations.
The impact of the bandwidth to the PDOA measurement is compared in Figure 11. The figure highlights that the reduction of the bandwidth has a low impact to the PDOA accuracy, at least for the selected scenario. 

Observation 2: 	Compared to the TDoA (time difference of arrival) the PDoA (phase difference of arrival) shows a significant higher accuracy and a much lower sensitivity to the reduced bandwidth, even for scenarios considering multipath components with the opposite phase gradient as the LOS signal.

Carrier phase measurement options
In RAN1#109-e, the following definition for the carrier phase was agreed: 
	Agreement
· For the purposes of discussion, for NR downlink and/or uplink carrier phase positioning, the carrier phase (CP) at a RF frequency at a receiver is a phase that is a function of the signal propagation time from an Tx antenna reference point of a transmitter (e.g., a TRP or a UE) to a Rx antenna reference point of the receiver (e.g., a UE or a TRP).
· The propagation time can be expressed in a fractional part of a cycle of the RF frequency and a number of integer cycles, but the CP may be independent of the number of integer cycles. 




It was also agreed to study methods for mitigating the impact of multipath:
	Agreement
· The impact of multipath for the carrier phase positioning will be evaluated during the SI 
· The methods of mitigating the impact of multipath for the carrier phase positioning will be studied during the SI, if it is considered to be necessary after the evaluation.





To determine the carrier phase measurement, three options can be distinguished:
1. The carrier phase is derived from the carrier frequency recovery. 
2. The phase is derived from the correlation in the frequency domain. This allows to determine the phase offset for different frequencies (e.g.: subcarriers or BWP)
3. The phase is derived from the correlation function in the “delay domain” (= IFFT of the measured (complex valued) frequency response) 
Deriving the carrier phase from the frequency recovery provides the average phase for all multipath components. Measurement of the phase of subcarriers or (narrow) BWPs may require a high SINR and may suffer from “frequency selective fading” caused by multipath propagation. As highlighted in the previous section, the phase change may be different for each multipath component. Using the delay domain representation of the correlation function, the phase can be determined for each path. 

Proposal 1: 	The carrier phase shall be determinable for different parts of the CIR , wherein each part may represent a path related to a multipath cluster reporting of the channel impulse response and shall be measured in the delay domain.

Proposal 2: 	Support reporting the phase measurements from the delay domain for the first and additional paths (N-path reporting for the phase).

Proposal 3:	Consider one or more of the following options for the delay domain phase measurement: 
- Option 1: The first path and N-path reporting is extended by a phase value for each reported path
- Option 2: A magnitude and phase of the complex valued correlation value associated to the path is reported. 
- Option 3: The full complex valued CIR for a given length is reported.
	- Option 4: Relevant parts of the complex valued CIR are reported.

For option 3 we assume the measurement unit measures or predicts a ToA for the LOS path. The measured CIR is aligned to this time and the correlation function. The same principle applies to option 4. But for channels with high delay spread it may be sufficient to report the parts around relevant paths only. The relevant paths may be selected by the measurement device or the LMF requests the relevant parts.  
Phase based positioning enhancement
	Agreement
The study of the accuracy improvement based on NR carrier phase measurements in Rel-18 SI may include:
· UE-based and UE-assisted carrier phase positioning,
· UL carrier phase positioning and DL carrier phase positioning.
· NR carrier phase positioning with the carrier phase measurements of one carrier frequency or multiple frequencies
· Combination of NR carrier phase positioning with another standardized Rel. 17 positioning method, e.g., DL-TDOA, UL-TDOA, Multi-RTT, etc.
· Note: The use of “carrier phase positioning” does not necessarily mean it is a standalone positioning method
· FFS: whether SL carrier phase positioning is to be discussed in Rel-18 SI 




Phase based smoothing for tracking of moving devices 
Changes of the distance by a fraction of the wavelength can be detected using the carrier phase. In combination with periodic transmission of reference signals this allows a high accuracy tracking of devices due to the high resolution provided by the phase measurements. If the phase difference (PDoA) between signals received by different TRPs (UL-TDOA) or received by the UE from different synchronized TRPs (OTDOA) is used only, the calibration of the phase response is not required. This allows to “smooth” the estimation of the position for moving devices or to estimate the speed with low latency.

A phase based smoothing of the estimated trajectory of the moving device requires a synchronization of the base stations only and can be implemented using DL or UL reference signal. Especially for small deployments (e.g.: InF scenarios) a sufficient synchronization of the base stations may be feasible. The implementation of a phase based smoothing for UL-TDOA has no RAN1 standard impact. For DL based methods like DL-TDOA the network may signal to the UE that the DL-PRS signals are transmitted phase coherent. For UL based methods the TRP may report the phase to the LMF together with information related to the coherency of the measurements.
 
Proposal 4: 	Support phase based smoothing for DL-TDoA and UL-TDoA methods in Rel-18. 
	Consider the signaling of the coherency transmission status to the UE (UE based positioning) or to the LMF to notify on the applicability of phase based smoothing.

RTT Detection of distance changes and relative speed measurement with low latency
In case of continuous position tracking of devices the relative speed can be derived from the position change. In case of ranging between two devices (two UE or measurement of distance between UE and one base station) the phase difference can be used for distance change.

The relative speed is determinable by the measurement of the distance at different times which is calculated as the distance change divided by the time between the measurements. If the measurement accuracy of the distance measurement is limited, the device must travel a distance significantly higher than the measurement accuracy to reduce the impact to the speed measurement. Hence a long time interval between the two measurements is required to achieve a desired accuracy. This may result in a high latency for relative speed measurements. 
Using the carrier phase allows the detection of small distance changes with high accuracy, whereas absolute distance may be derived from ToA measurements based RTT measurements. If a distance change can be detected with high accuracy a low latency relative speed measurement can be implemented. 
When the “full synchronization requirement” cannot be achieved, only a frequency offset estimation may be performed. For RTT measurements even for advance carrier frequency recovery a small frequency offset between UE and TRP may remain. Hence, the measured phase change is the sum of the phase change resulting from the remaining frequency offset and the phase change resulting from the movement (distance change). 
To distinguish the two contributions to the measured phase-change a double difference method using reference signal pairs can be used. An example for possible allocation of reference signals is depicted in Figure 12. In each direction a “double burst” (e.g. two SRS-pos or a SRS-pos with several OFDM symbols) is transmitted. Depending on the parameter selection for dt1 and dt2 and assuming no speed change between t1 (time when the first burst of the forward link leaves the transmit device) and t3 (time when signal for return link leaves the device) the relative speed can be estimated with a desired accuracy. For the parameter selection the remaining frequency offset between the devices (typically much higher than the effective Doppler frequency) must be taken into account. 

Proposal 5: 	Support double difference method for phase based positioning enhancements utilizing PDoA measurements for RTT measurements without synchronization of the UE and the TRP.
 
[image: ]
[bookmark: _Ref101534762]Figure 12: Double burst allocation example for phase based distance (change) measurement 

High accuracy positioning using the carrier phase with several BWPs
For the NR carrier phase based positioning one or several carrier can be considered. In a first example we show the impact of heavy multipath propagation (K-factor in the range of 0dB) to the frequency response assuming two BWPs with a small gap in between. A fully coherent transmission and reception of the two BWPs is assumed. The resulting frequency response (magnitude and phase) and the correlation function (= CIR with bandwidth limitation effects) are depicted in Figure 13

	[image: ]
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[bookmark: _Ref88752408]Figure 13: Example of the channel response with multipath: Frequency domain (left) and “delay domain” (right)

The phase variation in the frequency domain results from three effects
· According to the multipath a “frequency selective” fading results, causing variation of the magnitude and the phase. 
· The Figure 13 depicts the frequency response derived from the FFT output of the OFDM demodulator. If the FFT window is not aligned with the first arriving path an additional phase ramp results (equivalent to a cyclic shift of the signal). From the gradient of the phase ramp the FFT window offset, and hence the ToA offset relative to the window start position can be estimated. 
· Furthermore, a phase difference between the local oscillator used by the modulator and the demodulator causes an additional phase offset.  
For the given example it can be observed that the estimation of the phase ramp gradient becomes difficult for heavy multipath propagation. Instead of measuring the phase in the frequency domain, the phase can be derived from the complex valued correlation function. Figure 14 shows the correlation function as “IQ-Diagram” of the correlation function:
· The x-axis represents the real part
· The y-axis the imaginary part
Obviously, the peaks shown in Figure 13 (left) corresponds to a “needle” in the IQ-Diagram. The angle of these needles represents the phase. In the correlation domain the “needles” related to the FAP and to the multipath components can be separated and the phase of the corresponding parts can be separated using a “delay domain” carrier phase estimation as described above. In case of several BWPs the phase offset may be different for each BWP. Figure 14 show different phases for each BWP. Before the phases of different BWPs are combined a calibration of the phase response (group delay ripple) may be required. 
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[bookmark: _Ref88759753]Figure 14: I/Q diagram of the correlation function: Left: No multipath / right: with multipath

In principle the carrier phase measurements can be considered as high accuracy ToA measurement with an ambiguity of N*wavelength. Especially for scenarios with good (dominant LOS path) LOS conditions this can be a method for high accuracy carrier-phase-assisted ToA measurements, especially for reference signals with limited bandwidth. To solve the phase ambiguity the use of several BWPs may increase the ToA estimation accuracy to a level that the phase ambiguity can be resolved or only some hypothesizes for the phase ambiguity remain. Combining several BWPs to a “fragmented” wideband signal may require a calibration of the frequency response of the phase (or group delay ripple). 

Proposal 6: 	In case of carrier aggregation using several bandwidth limited signals multipath effects causing phase ripple per BWP shall be taken into account for the evaluation of the performance of carrier phase measurements 

[bookmark: _GoBack]Conclusions 
Based on the discussions, we made the following observations and proposals:

Observation 1: 	Majority of the proposed methods mainly depend on the phase measurement corresponding to LOS path.

Observation 2: 	Certain methods may have different constraints which is related to feasibility of the method. If the feasibility is clarified, the corresponding specification impact is expected to be straightforward.

Observation 3: 	The phase change resulting from movement may be different for each multipath component.

Observation 4: 	Compared to the TDoA (time difference of arrival) the PDoA (phase difference of arrival) shows a significant higher accuracy and a much lower sensitivity to the reduced bandwidth, even for scenarios considering multipath components with the opposite phase gradient as the LOS signal.

Proposal 1: 	The carrier phase shall be determinable for different parts of the CIR , wherein each part may represent a path related to a multipath cluster reporting of the channel impulse response and shall be measured in the delay domain.

Proposal 2: 	Support reporting the phase measurements from the delay domain for the first and additional paths (N-path reporting for the phase).

Proposal 3:	Consider one or more of the following options for the delay domain phase measurement: 
- Option 1: The first path and N-path reporting is extended by a phase value for each reported path
- Option 2: A magnitude and phase of the complex valued correlation value associated to the path is reported. 
- Option 3: The full complex valued CIR for a given length is reported.
	- Option 4: Relevant parts of the complex valued CIR are reported.

Proposal 4: 	Support phase based smoothing for DL-TDoA and UL-TDoA methods in Rel-18. 
	Consider the signaling of the coherency transmission status to the UE (UE based positioning) or to the LMF to notify on the applicability of phase based smoothing.

Proposal 5: 	Support double difference method for phase based positioning enhancements utilizing PDoA measurements for RTT measurements without synchronization of the UE and the TRP.

Proposal 6: 	In case of carrier aggregation using several bandwidth limited signals multipath effects causing phase ripple per BWP shall be taken into account for the evaluation of the performance of carrier phase measurements.
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