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In the WID [1,the following objectives define the scope in the work item of the accuracy improvements when applying carrier phase measurements:
	· …
· Specify physical layer measurements and signalling to support NR DL and UL carrier phase positioning for UE-based, UE-assisted, and NG-RAN node assisted positioning [RAN1, RAN2, RAN3, RAN4].
· Existing DL PRS and UL SRS for positioning are used for NR carrier phase measurements.
· Specify measurements that are limited to a single carrier/PFL. 
· Specify corresponding new core requirements, as well as identifying and specifying the impact on the existing RAN4 specification, including RRM measurements without measurement gaps in connected and inactive mode (including PRS measurement period/reporting) and procedures [RAN4].
· …




In this contribution we continue the discussion on measurement definitions, reporting and assistance information to enable NR carrier phase measurements.
Remaining issues for carrier phase measurements for positioning
Reference point for carrier phase measurements

	Agreement
Support one of the following options for the definition of the reference point of the UE/TRP carrier phase measurements (down-selection in RAN1#113).
· Option 1: 
· The reference point of the UE carrier phase measurements is defined the same as the reference point of RSTD for frequency range 1 and frequency range 2.
· The reference point of the TRP carrier phase measurements is defined the same as the reference point of RTOA for frequency range 1 and frequency range 2.
· Note: It is up to UE/TRP’s implementation on how to map the carrier phase to the reference point for reporting.
· Option 2: 
· The reference point of the UE/TRP carrier phase measurements is defined as the antenna phase center of the UE/TRP Rx antenna for frequency range 1 and frequency range 2.
· UE/TRP should provide the antenna phase center offset (PCO), i.e., the relative position between the antenna phase center and the antenna connector to LMF
· FFS: the more details of the PCO reporting, e.g., in LCS or GCS frame




Carrier phase measurements provide high resolution, with a precision of millimeters, or at least below the wavelength of the signal (e.g., 7.5 cm for a 4 GHz signal). However, the offset between the effective transmission point (phase center) and the connector can have a significant impact. Additionally, the phase characteristics of the antenna may depend on various factors such as frequency, angle of arrival or departure (AoA/AoD), beam forming parameters, and polarization. Therefore, the phase center offset (PCO) may also be influenced by the carrier frequency and AoA/AoD (further considerations related to the PCO and ARP are given in chapter 2.5). As a result, we propose

Proposal 1: 	UE/TRP provides the antenna phase center offset (PCO), i.e., the relative position between the antenna phase center and the antenna connector to LMF (option 2)

Proposal 2: 	Consider the impact of carrier frequency and AoA/AoD to the PCO
	Option 1: The PCO is an average value for different AoA/AoD and frequency (or a frequency range), wherein the averaging (weighted sum) is FFS. 
	Option 2: The UE/TRP PCO can be defined versus frequency and AoA/AoD.


Simultaneous transmission of UL-SRS for positioning 
Simultaneous transmission of target UE and PRU
	Agreement
To enable simultaneous transmission of UL SRS for positioning by a target UE and a PRU, support the following enhancements:
· Enabling LMF to request the serving gNB of a UE to configure the transmission of the [indicated] UL SRS resources from the UE within indicated time window(s).
· FFS: the details of the time window, e.g., the start time, duration, periodicity for the time window(s), within the vicinity of a reference SRS configuration or use the existing message of Scheduled Location time
· Enabling LMF to request the serving gNB and neighboring gNBs of the UE to measure the [indicated] UL SRS resources from the UE within indicated time window(s).
· Note: this may be a different indicated time window

Agreement
To enable simultaneous measurements on same DL PRS by a target UE and a PRU, support the following enhancements:
· Enabling LMF to request the UEs, including target UE and PRU(s), to perform measurements on [indicated] DL PRS resources occurring within indicated time window(s).
· FFS: the details of the configuration of the indicated time window(s), e.g., the start time, duration, periodicity for the time window(s), as well as the relationship with the Scheduled Location time.




Carrier frequency offset and phase noise significantly impact the carrier phase measurements. For positioning CPP measurements of between UE and several gNBs are required, it is necessary to take into account various effects:
· Frequency offsets and phase variations between gNBs
· Frequency offset between UE and network. 
It could be challenging to distinguish between “time varying frequency offsets” and the low frequency components of the phase noise profile. Typically, fast variations of the frequency offset are covered by the phase noise profile, whereas the frequency offset is the average offset over a given time interval. 
gNBs can be synchronized to a common reference using a PLL or similar synchronization methods. But the remaining phase variations (i.e. phase noise) depends highly on the PLL concept and is an implementation issue however reference profiles may be defined for the phase noise. 
For PDOA based methods, the phase difference between two or more gNBs is relevant. Offsets of the carrier low frequency components of the phase noise (or variations of the recovered carrier frequency) between gNBs can be cancelled out using PRUs, but only if the measurements on the PRUs and the target UE are performed within a short time window. 
The impact of the time difference between the measurement on the PRU and the measurements on the target UE depends on the phase noise performance (including low frequency components) of the gNB. The phase noise profiles cover a high range of frequency, e.g., 1Hz to 10MHz. The high frequency components typically have a similar impact as thermal noise and may introduce measurement marginal (less than 3 degree, for example) measurement errors only, whereas the impact of the low frequency components depend highly on the PLL characteristics. Examples for phase noise profiles can be found in TR38.803 (applicable to mmWave) and TR38.820. These examples cover only the medium (1kHz) and high frequency components. Examples covering also lower frequency parts or examples applicable to FR1 and should be further studied. 

Observation 1: 	The impact of the time window between the measurements on the target UE and the PRU depends on the low frequency components of the phase noise profile. 

Proposal 3: 	Ask RAN4 on the time window between the measurements on the target UE and the PRU. For example, a reference phase noise profile for FR1 covering also the frequency component below 100Hz.

Using the phase noise profile the impact of the time difference between the measurements on the PRU and the measurements on the target PRU can be estimated. 

[image: Ein Bild, das Reihe, Diagramm enthält.

Automatisch generierte Beschreibung]
Figure 1: Example for phase noise profiles and “regions” ([2],[3])
Typically the phase noise profile is defined by “regions” and may be given in a table with spot noise values. For CPP measurements using the complete RS (e.g. one OFDM symbol or several OFDM symbols), the high frequency components are “removed by averaging”. Accordingly, the low frequency components have the major impact. Depending on the magnitude of the low frequency components of the phase noise values (=variations of the recovered carrier frequency) the CPP measurements can be considered as coherent, partly coherent (= error introduced by the local oscillator phase noise is below certain degrees) or non-coherent. 

Assuming single-port transmissions (UL-SRS) or processing of the DL-PRS received within the same OFDM symbol or slot, only the phase coherency of the TRP (gNB) becomes relevant. In case of sequential transmissions (several UE antenna ports or processing of DL-PRS parts transmitted in different symbols or slots) the UE phase noise characteristics becomes relevant also. Depending on the phase noise performance a UE and/or TRP may indicate “coherent” (full parallel processing of signal from different PEGs) , partly coherent (offset introduced by local oscillator phase noise is below a certain value, non-coherent (a high phase noise variation may cause significant degradation, typically only relevant if signals from different slots are processed). 

Proposal 4: 	Consider the signaling to the UE and/or TRP phase-coherency information related to the different TRPs to inform on the applicability for the processing carrier measurements


Simultaneous transmission over several antennas
In case of UEs with several antennas or beam-forming by the UE another issue is introduced by the sequential transmission of UL-SRS resources or sequential measurements on DL-PRS resources. Rel. 16/17 does not support parallel transmission of several SRS for positioning. Multi-port transmissions are only supported for MIMO-SRS. Accordingly a similar issue as for sequential measurements on target UE and PRU becomes relevant for UEs with antennas with high directivity and configuration of several SRS resources. 
In this case the frequency offset of the UE becomes relevant. The frequency offset may result from non-ideal carrier frequency recovery and Doppler effects.

Assuming several resources for UL-SRS are allocated within one slot (or adjacent slot) the SRS are transmitted within 0.5ms to 1ms, for example. In this case mainly the phase noise components around 1kHz become relevant. These components are typically low and will not cause high degradation. 
The Doppler effect may have a higher impact, as an example we consider
· UE is driving in between two gNB (gNB A and B) at constant speed
· The may be served by gNB A and will synchronized to gNB A. This may result in a frequency offset according the Doppler frequency (example: 4 GHz, 50km/h  185Hz) 
· A frequency offset of 185Hz is equivalent to a phase change of app. 10deg/ms.

Observation 2: 	If several SRS resources are assigned Rel. 16/17 supports a sequential transmission of the resources only. For moving devices the carrier frequency recovery with respect to the Doppler offset may introduce an additional phase offset, which may an additional mitigation strategy. 

Observation 3: 	In future releases of the NR standard, transmission of SRS over several antenna ports in parallel shall be considered. 


Proposal 5: 	Positioning SRS resources with multiple antennas shall be allocated in the same slot or adjacent slots. 

RTT with CPP Measurements
In case of SRS using several OFDM symbols in one slot or the resources are allocated in slots next to each other it may be possible to perform measurements on each OFDM symbol. For the reporting two options can be considered
· Option 1: The measured CP is the average over the OFDM symbols 
· Option 2: For each OFDM symbol (or a configurable bundle of OFDM symbols) the CP is reported. 
Option 2 becomes useful in case of carrier frequency offsets. The phase change from symbol to symbol (or from bundle to bundle of OFDM symbols) is the composite of the phase change resulting from the distance change and the frequency offset. Reporting for each OFDM symbol the phase allows to distinguish between phase changes resulting from frequency offsets and from distance changes using a double difference like method. This is especially useful for RTT with carrier phase measurements and allows the measurement of the distance changes (or relative speed) with very low latency. 

Figure 2 illustrates the principle. In the example we consider two DL-PRS and SRS symbols in each direction. The symbols are transmitted with a time offset dt1 or dt2, respectively. Using this “double burst” concept it is possible to distinguish phase changes resulting from carrier frequency offsets and phase changes resulting from distance changes. The parameters dt1/2 and the measurement periodicity are selected according to the expected frequency offset range and the time resolution of distance change measurement. 
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[bookmark: _Ref134809644]Figure 2: Double burst allocation example for phase based distance (change) measurements

Proposal 6: 	Support CPP measurements for NR multi-RTT method.

Definitions of NR carrier phase measurements and CPP multipath mitigation 
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. 




In RAN1#112 the reference signal carrier phase (RSCP) for UL and DL was defined by the following agreements
	Agreement
NR UL reference signal carrier phase (RSCP) (of i-th path) is defined as the phase of the channel response at the i-th path delay derived from the resource elements (REs) that carry the UL SRS signal for positioning purpose configured for the measurement. A UL RSCP is associated with a specific RF frequency.
· FFS: the reference point of the UL RSCP
· FFS: whether/how the measurement timing is defined
· Note: the i-th path is used for the sake of definition, whether only the first path or additional paths will be supported is subject to further discussion
· Note: The support of MIMO SRS for positioning is transparent to UE

Agreement
NR DL reference signal carrier phase (RSCP) (of i-th path) is defined as the phase of the channel response at the i-th path delay derived from the resource elements (REs) that carry the DL PRS signals configured for the measurement. A RSCP is associated with a specific RF frequency.
· FFS: the reference point of the RSCP
· FFS: whether/how the measurement timing is defined
· Note: the i-th path is used for the sake of definition, whether only the first path or additional paths will be supported is subject to further discussion
· Note: Whether to capture the above definition into TS 38.215 depends on whether RAN1 decides to introduce DL carrier phase measurement for NR CPP
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[bookmark: _Ref101781508]Figure 3: Example scenario for positioning with phase measurement

Figure 3 shows an example scenario. In the example we assume a moving UE in a multipath environment. For simplicity reasons we depict in Figure 3 three paths only. Figure 4 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 from a wall 
An example for the resulting channel impulse response (magnitude) is given in Figure 4. 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 5 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 3.

[image: ]
[bookmark: _Ref101783740]Figure 4: CIR example for scenario given in Figure 3
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[bookmark: _Ref101783913]Figure 5: 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. 

The effect of ground and near reflections becomes more relevant when bandwidth is limited bandwidth. 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 phase information may help to identify such scenarios and may be able to derive further information to enhance the estimator or at least a reliability indicator (Figure 6). 

	400MHz:
[image: ]
	50MHz:[image: ]

	400MHz:
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	50MHz:
[image: ]


[bookmark: _Ref131683113]Figure 6: Examples of the magnitude of the CIR and IQ measured with 400MHz and 50MHz

Observation 4: 	The CP of the LOS (and i-th) path can be derived from the (complex valued) correlation function (“delay domain”). For moving devices the phase change for each path may be different and depends on the AoA (or AoD). In case of limited bandwidth the correlation lobes related to each path may overlap and the phase is the composite of the phase of several path (subject of implementation) 

Observation 5:	If multipath components arriving with similar delay (and different AoA) can be separated, the device may report several paths with similar delay and a different phase.

Proposal 7: 	In the delay domain (correlation function) the phase shall be measured at the position of correlation function (estimated CIR) related to the estimated ToA of the LOS path (or i-th path).

[bookmark: _Ref134962340]PEG definition and phase coherency between antenna ports
	Latest FL proposal 
To address the impact of the phase delays on Tx/Rx RF chains, support one of the following options (down-selection in RAN1#113):
· Option 1a: introduce the definition of UE/TRP Tx/Rx phase error groups (PEGs) for the Tx/Rx of DL PRS/UL SRS signals
· Rel-17 definitions of UE/TRP Tx/Rx TEGs can be used as the starting point for defining UE/TRP Tx/Rx PEGs.
· FFS: the details of \the UE/TRP Tx/Rx  PEGs
· Option 1b: Introduce Tx/Rx RF antenna IDs to identify the individual Tx/Rx RF chains for transmitting/receiving the DL PRS/UL SRS signals.
· FFS: the details of the Tx/Rx RF antenna IDs
· Option 1c: introduce the report of ARP ID for the Rx/Tx of DL PRS/UL SRS signals.
· The transmission/reception associated with the same ARP ID is assumed from the same ARP.
· FFS: the maximum number of ARP IDs.
· Option 2: reuse the existing Rel-17 definitions of UE/TRP Tx/Rx TEGs with smaller margin value.
Note: If RAN1 cannot decide which option to support in RAN1#113, RAN1 should send an LS to RAN4, requesting RAN4 to consider whether there is a need to define the new UE/TRP Tx/Rx phase error groups (PEGs), or introduce new IDs (e.g., Tx/Rx RF antenna IDs ) to present the phase delays for the Tx/Rx of DL PRS/UL SRS signals and provide the definitions if RAN4 decides it is needed.




The concept of PEG (assuming a similar concept as for TEG is agreed) allows to assign for a group of antenna ports the same offset. The PEG addresses mainly the delays (or delay differences) of the RF chain up to the antenna connector, whereas the PCO and the ARP defines the effective position where the signal leaves or arrives at the UE or TRP. PCO typically defines the offset of the phase center relative to a reference point of a devices (the antenna connector (applicable to detachable antennas, for example) or another reference point of a device (center or corner of a device) and is typically defined in a LCS applicable to the device.

Accordingly, the ARP and PCO definition can be split into two parts a part independent from the AoA/AoD and a part depending on the AoA AoD. The RF-delay is equivalent to an AoA/AoD dependent offset of the PCO/ARP, which can be described by a sphere around the AoA/AoD independent PCO/ARP. But for real antennas the PCO/ARP may be NOT independent from the AoA/AoD.

The impact of the RF delay depends on the positioning method. For RTT like methods the delay (offset) between the measured ToA and the measured ToT (time of transmit) is relevant. For UL or DL carrier phase difference based (UL-TDOA and OTDOA/DL-TDOA like methods) the offset between different antenna ports and different AoA/AOD values are relevant only. 


Proposal 8: 	For the PEG reporting distinguish between differential (UL or DL carrier phase difference) and offset to RTT measurements. 

[bookmark: _GoBack]Conclusions 
Based on the discussions, we made the following observations and proposals:
Observation 1: 	The impact of the time window between the measurements on the target UE and the PRU depends on the low frequency components of the phase noise profile. 

Observation 2: 	If several SRS resources are assigned Rel. 16/17 supports a sequential transmission of the resources only. For moving devices the carrier frequency recovery with respect to the Doppler offset may introduce an additional phase offset, which may an additional mitigation strategy. 

Observation 3: 	In future releases of the NR standard, transmission of SRS over several antenna ports in parallel shall be considered. 

Observation 4: 	The CP of the LOS (and i-th) path can be derived from the (complex valued) correlation function (“delay domain”). For moving devices the phase change for each path may be different and depends on the AoA (or AoD). In case of limited bandwidth the correlation lobes related to each path may overlap and the phase is the composite of the phase of several path (subject of implementation) 

Observation 5:	If multipath components arriving with similar delay (and different AoA) can be separated, the device may report several paths with similar delay and a different phase.

Proposal 1: 	UE/TRP provides the antenna phase center offset (PCO), i.e., the relative position between the antenna phase center and the antenna connector to LMF (option 2)

Proposal 2: 	Consider the impact of carrier frequency and AoA/AoD to the PCO
	Option 1: The PCO is an average value for different AoA/AoD and frequency (or a frequency range), wherein the averaging (weighted sum) is FFS. 
	Option 2: The UE/TRP PCO can be defined versus frequency and AoA/AoD.

Proposal 3: 	Ask RAN4 on the time window between the measurements on the target UE and the PRU. For example, a reference phase noise profile for FR1 covering also the frequency 

Proposal 4: 	Consider the signaling to the UE and/or TRP phase-coherency information related to the different TRPs to inform on the applicability for the processing carrier measurements


Proposal 5: 	Positioning SRS resources with multiple antennas shall be allocated in the same slot or adjacent slots. 

Proposal 6: 	Support CPP measurements for NR multi-RTT method.


Proposal 7: 	In the delay domain (correlation function) the phase shall be measured at the position of correlation function (estimated CIR) related to the estimated ToA of the LOS path (or i-th path).
Proposal 8: 	For the PEG reporting distinguish between differential (UL or DL carrier phase difference) and offset to RTT measurements.
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