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1. Introduction
The effect of carrier frequency offset on carrier phase measurements was discussed previously in contributions [1-5].  In [3], it was shown that if the frequency offset of the TRP relative to the PRU is different than the frequency offset of the TRP relative to the UE, then the carrier phase difference measurements will have a mean error which depends on the difference of these carrier frequency offsets and the number of symbols separating the DL-PRS within the slot used for carrier phase difference measurement.  In [4], the case was considered in which the UE and the PRU take measurements in different slots, and it was shown that the mean error of the carrier phase difference measurement increases by an additional term that depends on the carrier frequency offsets of the TRP’s relative to each other and the number of slots separating the UE and PRU measurements.  In [5], it was shown that the maximum mean carrier phase difference error corresponding to worst case carrier frequency offsets can be mapped to a differential distance error which is independent of frequency.
In this contribution, we show that carrier frequency offsets can cause very significant variation of the carrier phase across the slot (and between slots), and as a result, the definition of reference symbol carrier phase needs clarification in order for the measurements to be useful.  A similar situation exists with respect to the definition and measurement of the reference symbol carrier phase difference.  One method for resolving the issue is to define the reference symbol carrier phase at a particular location within the slot. Alternatively, a common reference time can be defined for reference symbol carrier phase in which measurements, regardless of where taken within a slot of set of slots, are referred to a common reference time by estimating and removing any phase change due to carrier frequency offset in the interval between the time of measurement and the common reference time.
2. Variation of Carrier Phase Due to Frequency Offset
In previous contributions [1-6], only reference symbol carrier phase difference measurements were considered. In this contribution, we consider the impact of carrier frequency offset directly on reference symbol carrier phase measurements. 
We first consider some assumptions about the behavior of the UE receiver.  The phase of the DL-PRS reference symbol that is measured depends on the phase tracking behavior of the UE.  Since the UE needs to demodulate data from the serving cell, it is reasonable to assume that the UE tracks the frequency and phase of the serving cell.
Assumption 1:	The UE tracks the frequency and phase of the serving cell and measures the phase of the DL-PRS symbol relative to the carrier phase of the serving cell.
Let  denote the frequency offset (in Hertz) of the l-th TRP relative to the serving cell of the UE. Here, the UE no longer has its own frequency offset, but rather it tracks the frequency offset of its serving cell.  The corresponding symbol-to-symbol phase rotation is given by

where  = 0, 1, 2, and 3 for subcarrier spacings of 15, 30, 60, and 120 kHz, respectively. With a maximum frequency error of 0.1 ppm, the worst-case symbol-to-symbol phase rotation (in degrees) is given by

where the carrier frequency  is expressed in GHz and the factor of 2 inside the parentheses is due to the fact that the frequency errors of the serving cell and the TRP transmitting DL-PRS may have opposite signs. For a subcarrier spacing of 15 kHz and a carrier frequency of 1 GHz, the maximum phase change from the first symbol of the slot to the last is given by
maximum phase change over slot 
Thus, the maximum phase change from the first symbols of the slot to the last is 66 degrees for 1 GHz, 133 degrees for 2 GHz, and 199 degrees for 3 GHz.
Observation 1:	For a subcarrier spacing of 15 kHz, the maximum phase change from the first symbol of the slot to the last is 66 degrees for 1 GHz, 133 degees for 2 GHz, and 199 degrees for 3 GHz.
Given that the carrier phase can change by over many 10’s of degrees over the slot, how should carrier phase be defined for a UE taking a carrier phase measurement? There are several possibilities, and these include at least
i) The carrier phase at the start of the slot (first symbol)
ii) The carrier phase in the middle of the slot
iii) The average carrier phase over the slot
Proposal 1:	The carrier phase definition should be clarified to indicate the carrier phase is defined at a specific location within the slot.
Reporting of Carrier Phase
When the UE reports carrier phase, it also reports the time slot in which the measurement is taken. As shown above, there is a large uncertainty in the measurement depending on where within the slot the carrier phase is defined.  Without clarification of the definition as proposed above, the carrier phase difference computed from the carrier phase measurements of the UE and the PRU, even though taken in the same slot, can have a very large error due to the UE and the PRU defining the carrier phase at different locations within the slot. This error can be as large as

where n is the number of symbols separating the locations used by the UE and the PRU to define carrier phase and  is the carrier frequency in GHz.
The UE can optionally report the symbol in which the carrier phase measurement was taken. In this case, there should be no ambiguity in the UE’s definition of the carrier phase. However, if the UE signals the symbol used for phase measurement and it is different than the symbol used for phase measurement by the PRU, then the corresponding maximum error is again given by

where n is the number of symbols separating the two measurements.
3. Variation of Carrier Phase Difference Due to Frequency Offset
The issue of carrier frequency offset also affects the definition of reference symbol carrier phase difference. Relative to the frequency and phase of the serving cell, let  and  denote the symbol-to-symbol phase rotation of the l-th and the m-th TRP, respectively, to the frequency and phase of the serving cell for the UE.  Furthermore, let  and  denote the phase of the l-th and m-th TRP relative to the phase of the serving cell in the first symbol.  If the phase of the l-th and m-th TRP’s are measured in symbols i and j, respectively, then the carrier phase difference corresponding to these measurements is given by

Depending on which symbols are used to measure the phase for each TRP, the carrier phase difference measurement can vary by as much as

over the slot.  In a manner similar to that in the previous section, it can be shown that

As a result, depending on which symbols are used to measure carrier phase for each of the TRP’s, the carrier phase difference reported by the UE can vary by as much as

Given this large variation, the resulting distance estimates may be of poor quality if the UE and the PRU due not base measurements on the same symbols within the slot, even if the carrier phase measurements are exact for the time they are taken.
If the UE uses the DL-PRS in center subcarrier to measure carrier phase, then it may choose to use different symbols for measuring carrier phase on the l-th and m-th TRP’s since the corresponding DL-PRS occur in different symbols within the center subcarrier.  This is shown in Figure 1 below in which the carrier phase measurements for the l-th and m-th PRU are taken in the second and sixth symbols, respectively. Alternatively, the UE may take a reference symbol carrier phase measurement for a TRP in a symbol for which there is no DL-PRS in the center subcarrier.
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Figure 1: DL-PRS located in symbols 2 and 6 for TRP’s l and m. 
4. [bookmark: _Hlk142645395]Variation of Carrier Phase with DL-PRS Repetition 
As discussed above, with carrier frequency offset, the variation of the reference symbol carrier phase within a slot can be very large.  When DL-PRS are repeated in consecutive subframes, the variation is scaled up by the number of repetitions.  If the UE takes DL-PRS measurements in one of these slots and the PRU takes its measurement in a different slot, it is not clear that the LMF can meaningfully combine these measurements to get a carrier phase-based positioning estimate.
[bookmark: _Hlk166332333]Consider the example below which shows four consecutive DL-PRS slots with a comb factor K=4.  If the carrier phase of the DL-PRS for TRP 1 in the first slot is equal to , then the phase of the next DL-PRS symbols from TRP 1 four and eight symbols later will be given by  and , respectively.  For the last DL-PRS symbol in the fourth slot, the phase will be . As above, for a 1 GHz carrier, the maximum frequency error is 100 Hz.  Since the serving cell tracked by the UE can have a frequency offset in the opposite direction of 100 Hz, the maximum total frequency offset for a 1 GHz carrier is 200 Hz.  As above, for a subcarrier spacing of 15 kHz, the maximum symbol-to-symbol phase rotation is 5.1 degrees.  As a result, the reference symbol phase can change by 20 degrees from the first DL-PRS reference symbol from TRP 1 to the second and can change by 40 degrees within the subframe.  Across the four slots in the Figure 6 below, the reference symbol phase for TRP 1 can change by 250 degrees from the first DL-PRS reference symbol of the first slot to the last DL-PRS reference symbol of the last slot. 
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Figure 2:  Reference symbol carrier phase progression over 4 slots with carrier frequency offset
Observation 2: With DL-PRS repetition, the variation of the reference symbol carrier phase is scaled by the number of consecutive slots.
Observation 3:	If the UE and the PRU take measurements in different slots, it is not clear that the LMF can meaningfully combine these measurements to get a carrier phase-based positioning estimate.
5. Referring Carrier Phase Measurements to a Common Reference Time
Above, it is proposed that the carrier phase definition be clarified to indicate that carrier phase is defined at a specific location (symbol) within the slot.  If only the DL-PRS in the center subcarrier are used to estimate the reference symbol carrier phase, and if the DL-PRS for a given TRP is not located in the defined location, then it will be necessary to refer the reference symbol carrier phase measurement to the defined location by removing the phase rotation due to the carrier frequency offset.  Referring carrier phase measurements to a common reference location has been proposed previously in [3-6].
In the case of DL-PRS repetition, it may be that the UE and PRU take measurements in different slots. In this case, depending on the carrier frequency offset, it may not be possible for the LMF to meaningfully combines these measurements. However, regardless of where the measurements are taken within the multiple slots, the measurements can be referred to a common reference time by removing the phase rotation due to the carrier frequency offset, with the result that the referred measurements can be combined by the LMF as if all measurements were taken at the common reference time.
Here we consider the general case in which the UE and PRU measurements are taken in different slots, as shown in Figure 3 below. In this figure,  denotes the symbol index of the reference location. The symbol indices , , and  can be any integers, are not limited to the number of symbols per slot and are used to number the symbols consecutively across slot boundaries.  In this example, the carrier phase measurements will be referred to symbol in a slot between slot 1 and slot N+1.
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Figure 3: PRU and UE DL-PRS measurements referred to a common reference time 
Let  denote the UE’s carrier phase measurement for the DL-PRS received from the l-th TRP in subcarrier i with symbol index k.  The referred carrier phase measurement of the UE for the l-th TRP is then given by

where  denotes the symbol-to-symbol phase rotation due to the carrier frequency offset of the l-th TRP relative to the reference cell for the UE.  Similarly, let the referred carrier phase measurement of the UE for the m-th TRP is given by

The reference symbol referred carrier phase difference measurement for the UE is the difference of the referred carrier phase measurements given by

The UE can report either the referred carrier phase measurements  and  to the LMF, or the UE can report the difference of the two referred carrier phase measurements.
The approach for the PRU is the same as for the UE.  let  denote the PRU’s carrier phase measurement for the DL-PRS received from the l-th TRP in subcarrier i with symbol index .  The referred carrier phase measurement of the UE for the l-th TRP is then given by

where  denotes the symbol-to-symbol phase rotation due to the carrier frequency offset of the l-th TRP relative to the reference cell for the PRU.  The referred carrier phase measurement of the PRU for the m-th TRP is given by

The reference symbol referred carrier phase difference measurement for the PRU is the difference of the referred carrier phase measurements given by

The UE can report either the referred carrier phase measurements  and  to the LMF, or the UE can report the difference of the two referred carrier phase measurements.
By using the referred carrier phase measurements, the carrier phase difference measurements errors due to carrier frequency offsets are removed.
It can be noted that an additional advantage of referring the carrier phase measurements to a common reference time is that referred carrier phase measurements for DL-PRS received from the same TRP on the same subcarrier can be averaged. Due to the symbol-to-symbol phase rotations of  at the UE, carrier phase measurements on DL-PRS which are n symbols apart will have a mean phase offset of  and thus should not be averaged without first referring to a common reference time. 
In summary, at least in the case of DL-PRS repetition, it is useful to define a common reference time within the set of DL-PRS repetitions and to refer all carrier phase measurements to this common reference time by removing the phase rotation in the interval between the measurement and the reference time due to the carrier frequency offset.  With this approach, the reference symbol carrier phase measurements received by the LMF from the UE and the PRU can be combined without degradation due to the carrier frequency offsets regardless of when the carrier phase reference symbol measurements were taken within the multiple DL-PRS slots.  Thus, we propose the following at least in the case of DL-PRS repetition:
Proposal 2:	Define a common reference time and refer the DL-PRS carrier phase measurements to this reference time by subtracting the phase rotation due to the carrier frequency offset in the time interval between the DL-PRS and the reference time for the carrier phase measurement.

Proposal 3:	Define the referred carrier phase difference as the difference between the referred carrier phase measurements.  

Proposal 4:	Define the same common reference time for the UE and the PRU.

Proposal 5:	The UE and the PRU report either the referred carrier phase measurements or the carrier phase difference measurements computed using the referred carrier phase measurements.
6. Summary
Based on the above discussion, we have the following observations:
Observation 1:	For a subcarrier spacing of 15 kHz, the maximum phase change from the first symbol of the slot to the last is 66 degrees for 1 GHz, 133 degees for 2 GHz, and 199 degrees for 3 GHz.
Observation 2: With DL-PRS repetition, the variation of the reference symbol carrier phase is scaled by the number of consecutive slots.
Observation 3:	If the UE and the PRU take measurements in different slots, it is not clear that the LMF can meaningfully combine these measurements to get a carrier phase-based positioning estimate.
Based on Observation 1, we have the following proposal.

Proposal 1:	The carrier phase definition should be clarified to indicate the carrier phase is defined at a specific location within the slot.
At least in the case of DL-PRS repetition, it is useful to define a common reference time within the set of DL-PRS repetitions and to refer all carrier phase measurements to this common reference time.  With this approach, the reference symbol carrier phase measurements received by the LMF from the UE and the PRU can be combined without degradation due to the carrier frequency offsets regardless of when the carrier phase reference symbol measurements were taken within the multiple DL-PRS slots.

Thus, based on Observations 2 and 3, we have the following proposals.

Proposal 2:	Define a common reference time and refer the DL-PRS carrier phase measurements to this reference time by subtracting the phase rotation due to the carrier frequency offset in the time interval between the DL-PRS and the reference time for the carrier phase measurement.

Proposal 3:	Define the referred carrier phase difference as the difference between the referred carrier phase measurements.  

Proposal 4:	Define the same common reference time for the UE and the PRU.

Proposal 5:	The UE and the PRU report either the referred carrier phase measurements or the carrier phase difference measurements computed using the referred carrier phase measurements.
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