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1. Introduction
The issue of carrier frequency offset as it relates to carrier phase positioning was considered previously in [1]. In this contribution, we extend the analysis in [1] to address the impact of carrier frequency offsets on the carrier phase difference measurements due to the relative phase of the carriers changing from one symbol to the next.
2. Carrier Frequency Offset
Carrier phase positioning assumes the existence of initial phase offsets among the DL-PRS transmitters, i.e., gNBs, and between the DL-PRS transmitters and the UE and PRU receivers which are static.  In general, however, there will be frequency offsets among the TRP transmitters which will cause the carrier phase offsets to change relative to each other over time.  Similarly, there will be carrier frequency offsets between the TRP transmitters and the UE and PRU receivers which will cause these phase offsets to change over time.
The carrier frequency tolerance for the base station is defined in TS 38.104 and is given in the following two tables:

Table 6.5.1.2-1: Frequency error minimum requirement
	BS class
	Accuracy

	Wide Area BS
	±0.05 ppm

	Medium Range BS
	±0.1 ppm

	Local Area BS
	±0.1 ppm



Table 9.6.1.3-1: OTA frequency error minimum requirement
	BS class
	Accuracy

	Wide Area BS
	±0.05 ppm

	Medium Range BS
	±0.1 ppm

	Local Area BS
	±0.1 ppm



The carrier frequency tolerance for the UE is defined in TS 38.101-1 for FR1.  In section 6.4.1 of TS 38.101-1, we have the requirement:
	The UE basic measurement interval of modulated carrier frequency is 1 UL slot. The mean value of basic measurements of UE modulated carrier frequency shall be accurate to within ± 0.1 PPM observed over a period of 1 ms of cumulated measurement intervals compared to the carrier frequency received from the NR Node B.



and a similar requirement can be found for UL MIMO in Section 6.4D.1.
Thus, except for the wide area base station, the frequency accuracy requirement is ± 0.1 PPM which corresponds to a maximum frequency error of ± 102 fc, where fc is expressed in GHz.
3. Effect of CFO on Carrier Phase Difference Measurements
To examine the effect of carrier frequency offset, we consider the simplest case in which two TRP’s with indices l and m, are transmitting DL-PRS and the channels between each of two TRP’s and the UE are assumed to be line-of-sight (no multipath).  We further assume that the carrier transmitted by each TRP has a fixed frequency offset (within the required ± 0.1 ppm frequency tolerance) relative to the frequency of the serving cell of the UE.
Let  denote the demodulated DL-PRS symbol received from TRP l on the i-th subcarrier and k-th symbol which is given by

[bookmark: _Hlk142510563]where  denotes the known reference symbol,  denotes the carrier frequency (in radians),  denotes the subcarrier spacing,  denotes the frequency offset of the carrier of the l-th TRP relative to that of the UE receiver,  denotes the propagation delay corresponding to the distance  between the l-th TRP and the UE,  denotes the initial phase of the UE carrier,  denotes the initial phase (for n=0) of the transmitter carrier for the l-th TRP, and  is the additive noise at the output of the demodulator for the k-th symbol of the i-th subcarrier.

The phase increment  denotes the change in the phase of the carrier of the l-th TRP relative to that of the UE carrier over the period of one symbol given by 

where  is the symbol period.  The phase term  is due to the frequency offset of the subcarrier with the correlator demodulator and is computed as

It can be noted that the term  due to carrier frequency offset was considered previously in [1].

Multiplying  by the conjugate  of the known positioning reference symbol for the l-th TRP (assumed to have unit amplitude) yields

Similarly, for the i-th subcarrier of the k+n-th symbol received from TRP m, we have 

Multiplying  by the conjugate of  yields


where the term


depends on the initial phases of the TRP transmitters and the carrier frequency offsets of the TRP transmitters relative to the UE receiver and is unknown to the UE.  The term

depends on both the carrier frequency offsets and the propagation delays  and  and is also unknown to the UE.  The noise term  is implicitly defined in the above as the sum of three noise terms.

We define the term  as the difference between the initial phase offsets of the m-th and l-th TRP’s given by

the term   as the difference between the frequency offsets of the m-th and l-th TRP’s relative to the UE given by

[bookmark: _Hlk142568841]and  as the change in the phase of the carrier of the m-th TRP relative to that of the l-th TRP over the period of one symbol given by

With this notation, we have

It should be noted that the term  depends on the frequency offset of the m-th TRP to the carrier frequency of the UE.
Taking the same measurements on the same slot at the PRU yields

where  and  are defined in the same manner as the measurements  and  taken at the UE, and the delays  and  between the TRP’s and the PRU are known. The phase increment  denotes the change in the phase of the carrier frequency of the m-th TRP relative to that of the PRU receiver over the period of one symbol. 
[bookmark: _Hlk142569680]As noted in [1], the terms 
 , and

are very small both in absolute terms and relative to the other terms.  In particular 


For a carrier frequency of 5 GHz with a frequency error of 0.1ppm and a maximum range of 200 meters, the corresponding phase term is given by

and as a result, these terms can be ignored.
[bookmark: _Hlk142569809]With this approximation, we have

and

[bookmark: _Hlk142569987][bookmark: _Hlk142570030][bookmark: _Hlk142570072]With knowledge of the delays  and  from the known locations of the TRP’s and the PRU, the LMF can use  to estimate the phase term

If we define the  function to have range in the interval then


      
            
      
           
Since the mean of  is zero, the expected value of the “arg” term is zero and  
  
   	    
Subtraction of the PRU-based estimate of the estimate of the transmitter phase term yields


                     .
where we have assumed that the estimate is equal to the actual value so that

As a result, 
 

From this, it can be observed that the expected value of the estimate has a non-zero error term given by

where n is the separation in time, measured in symbols, between the DL-PRS symbols transmitted from TRP l and TRP m, and  and  denotes the symbol-to-symbol phase rotation of the m-th TRP transmitter carrier relative to the receiver carriers of the UE and DL-PRS, respectively.
Given that the frequency error of the TRP, the UE, and the DL-PRS are all limited to ± 0.1 ppm, the maximum frequency difference between the TRP and the UE and between the TRP and the DL-PRS are both limited to 0.2 ppm.  In the case that the UE carrier frequency is at the range minimum and the DL-PRS carrier frequency is at the range maximum, this error term can be expressed in degrees as  

The maximum phase error as a function of carrier frequency and the number of symbols separating the DL-PRS symbols is shown in Figure 1 for the case of subcarrier spacing equal to 15 kHz.
[image: ]
Figure 1:  Maximum phase error vs. time between DL-PRS symbol from different TRP’s (in symbols)
From Figure 1, it is apparent that carrier frequency offsets between the TRP transmitters and the UE and DL-PRS receivers can result in large measurement errors which depend on both the time distance between the DL-PRS symbols and the carrier frequency.  If the DL-PRS measurements are taken within the same slot, then the maximum distance between DL-PRS symbols is 13.  Conversely, if the DL-PRS symbols are in different slots, then the maximum distance can be much larger.  
It can be argued (similar to [1]) that the measurement error  is small relative to the desired measurement .  However, because phase can only be measured modulo , the significance of the measurement error must be considered relative to the interval .
Observation 1: Unless the carrier frequency offset of the TRP relative to the UE and the DL-PRS is the same, the carrier frequency offset can result in very substantial errors in the measurement of carrier phase difference.
Observation 2: The carrier phase difference measurement errors resulting from carrier frequency offset are a function of the difference in the carrier frequency offsets of the TRP relative to the UE and the PRU, and the separation in time of the DL-PRS symbols from the two TRP’s.
Observation 3: The expected value of the carrier phase measurement error can be computed as 

where  and  denote the phase rotation over one symbol of the of the carrier of the m-th TRP relative to the UE and the PRU, respectively, and n is the difference in the symbol indices of the two DL-PRS symbols.
An example of the placement of the DL-PRS symbols for three TRP’s is shown in Figure 2 below based on comb-6 configuration. For this example, there are two DL-PRS symbols from each of the three TRP’s in each row (subcarrier).  The distance between the DL-PRS for a pair of TRP’s depends both on the subcarrier selected and the DL-PRS selected within the subcarrier.  


Figure 2: Example of a PRB with a comb- 6 positioning reference configuration for three TRP’s
4. Correction of Carrier Phase Difference Measurements 
[bookmark: _Hlk142644428]The error due to the carrier frequency offsets are predictable if the carrier frequency offsets between the TRP transmitters and the UE and PRU receivers are known.  For this reason, in addition to the carrier phase and/or the carrier phase difference measurements, the UE and the PRU can measure and report the carrier frequency offsets for each of the TRP’s over which the carrier phase difference measurements are taken.  The carrier frequency offset can be determined by measuring the phase difference between reference symbols transmitted by the same TRP.  

As above, let  denote the demodulated DL-PRS symbol received from TRP l on the i-th subcarrier and k-th symbol. After multiplication by the conjugate of the reference symbol we have

Similarly, for the DL-PRS symbol received from TRP l on the i-th subcarrier and the k+m-th symbol, we have

Multiplication of  by the conjugate of  yields


from which the expected value of the argument of  is given by

and the phase offset per symbol of the l-th TRP transmitter relative to the UE receiver is given by

More than two DL-PRS reference symbols can be used to estimate the frequency offset and these DL-PRS reference symbols can be in different DL-PRS slots.  Additionally, the frequency offset can be estimated for each subcarrier, and these estimates can be averaged since the carrier frequency offset is independent of the subcarrier. As a result, the carrier frequency offset can be averaged across both frequency and time.

To enable the LMF to correct the carrier phase difference measurement errors due to carrier frequency offsets, the carrier frequency offsets must be measured for each TRP at both the UE and the PRU, and these measurements must be reported to the LMF.  

[bookmark: _Hlk142645040]If the UE and the PRU report carrier phase measurements, then the LMF must know the number of symbols separating the DL-PRS for each pair of TRP’s for which the carrier phase measurements were taken in order to remove the measurement error when taking the phase differences.  Similarly, if the UE and the PRU report carrier phase difference measurements, the LMF must know the number of symbols separating the DL-PRS used to generate the carrier phase difference measurement.  If the UE and the PRU average carrier phase difference measurements across multiple pairs of DL-PRS symbols, then each of the DL-PRS pairs must have the same number of symbols separating the DL-PRS symbol used for the reference TRP and the DL-PRS symbol used for the target TRP.

[bookmark: _Hlk142645395]Proposal 1:	To enable the LMF to correct carrier phase difference measurement errors due to carrier frequency offsets, the carrier frequency offset should be measured by both the UE and the PRU for each TRP for which measurements are taken, and these carrier frequency offsets should be reported to the LMF.

Proposal 2:	If carrier phase measurements are reported by the UE and the PRU, the number of symbols separating the measured DL-PRS for any two TRP’s must be reported to the LMF.

Proposal 3:	If carrier phase difference measurements are reported by the UE and the PRU, the number of symbols separating the measured DL-PRS used for the carrier phase difference measurement must be reported to the LMF.
5. Summary
Carrier frequency offsets between the TRP transmitters and the UE and PRU receivers can results in large phase measurement errors which depend on:

i) The carrier frequency offsets between the TRP transmitters and the UE and PRU receivers;

ii) The time interval between the DL-PRS symbols being used to measure the phase difference.

Observation 1: Unless the carrier frequency offset of the TRP relative to the UE and the DL-PRS is the same, the carrier frequency offset can result in very substantial errors in the measurement of carrier phase difference.
Observation 2: The carrier phase difference measurement errors resulting from carrier frequency offset are a function of the difference in the carrier frequency offsets of the TRP relative to the UE and the PRU, and the separation in time of the DL-PRS symbols from the two TRP’s.
Observation 3: The expected value of the carrier phase measurement error can be computed as 

where  and  denote the phase rotation over one symbol of the of the carrier of the m-th TRP relative to the UE and the PRU, respectively, and n is the difference in the symbol indices of the two DL-PRS symbols.
Proposal 1:	To enable the LMF to correct carrier phase difference measurement errors due to carrier frequency offsets, the carrier frequency offset should be measured by both the UE and the PRU for each TRP for which measurements are taken, and these carrier frequency offsets should be reported to the LMF.

Proposal 2:	If carrier phase measurements are reported by the UE and the PRU, the number of symbols separating the measured DL-PRS for any two TRP’s must be reported to the LMF.

Proposal 3:	If carrier phase difference measurements are reported by the UE and the PRU, the number of symbols separating measured DL-PRS used for the carrier phase difference measurement must be reported to the LMF.
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