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In the past RAN1 109th ~ 110th meetings, the double differentce method similar to DGPS, was discussed as a method to remove errors caused by initial phase offsets between TRPs. This method worked well to remove inter-satellite timing errors in GPS. However, in 5G systems, it is not appropriate to apply the same method due to the lack of accuracy of the oscillator. In this article, we discuss the issue of carrier phase synchronization, in particular, on the aspect of oscillator performance in 5G systems. As a solution, we propose a direct synchronization method between gNBs/TRPs using PRS signals.

Correction on the parameters for Simulation assumptio

Before beginning this discussion, we propose some corrections on the assmuptions of CFO and oscillator-drift values agreed in the last RAN1 110th meeting.

The simple equation between the oscillator accuracy and the carrier frequency offset can be formulated as below.




Assuming the oscillator drift of the UE as [-0.1 to +0.1] ppm and the TRP (gNB) as [-0.02 to +0.02] ppm, CFOs at some representative frequencies applicable in the 5G system can be calculated as below table.

	
	Freq Range
	Carrier Frequency
	CFO (Hz)
	note

	

UE

0.1ppm
	FR1
	300MHz
	-30 ~ +30
	FR1 as in table A.3-1

	
	
	1GHz
	-100 ~ +100
	FR1 as in table A.3-1

	
	
	1.2GHz
	-120 ~ +120
	FR2 as in table A.3-1

	
	
	4GHz
	-400 ~ +400
	FR2 as in table A.3-1

	
	FR2
	30GHz
	-3K ~ +3K
	

	
	
	50GHz
	-5K ~ +5K
	

	
	
	70GHz
	-7K ~ +7K
	

	

TRP

0.02ppm
	FR1
	500MHz
	-10 ~ +10
	FR1 as in table A.3-1

	
	
	1GHz
	-20 ~ +20
	

	
	
	2GHz
	-40 ~ +40
	FR2 as in table A.3-1

	
	
	4GHz
	-80 ~ +80
	

	
	FR2
	30GHz
	-600 ~ +600
	

	
	
	50GHz 
	-1K ~ +1K
	

	
	
	70GHz
	-1.4K ~ +1.4K
	



Table 1 :  Calculated CFO at some FR1, FR2 carrier frequecies

According to the above equation (1), ±30Hz, presented as UE CFO in FR1 range (Table A.3-1 of TR38.859 v0.1.0) is actually the frequency offset when using 300Mhz carrier. Whether it was intended or not, we believe 300 MHz is not an appropriate frequency for evaluating the carrier phase performance of 5G NR systems. We can also see that ±120Hz and ±400Hz CFO presented as FR2 UE is actually the CFO of the carrier frequencies 1.2GHz and 4GHz. These are not in the FR2 frequency range. 

Assuming that the oscillator drift of  UE is ±0.1 ppm, the CFO occuring at 1 GHz carrier frequency is [-100 + 100] Hz. If the carrier frequency is 4 GHz, the CFO is [-400 + 400] Hz.  Therefore, we propose to modify the carrier frequency and CFO of the FR1 band UE as below

 1GHz : [-100 +100] Hz    and     4GHz : [-400 +400] Hz. 

For FR2 UE, if the carrier frequencies are 30 GHz and 70 GHz, the CFO will be [-3K +3 K] Hz and [-7K +7 K] Hz respectively. 

In the case of TRP (gNB), the proposed ±10Hz CFO occurs when the carrier frequency is 500 MHz. This is also too low frequency to evaluate 5G NR system performance. ±40 Hz CFO also occurs in carrier frequency of 2 GHz which is not in FR2 range.

We think that the carrier frequency set of the TRP should be the same as UE in the simulation. Therefore, we propose to choose 1GHz and 4GHz for the FR1 band, and 30GHz and 70GHz for the FR2 band as common frequencies for UE and TRP and designate them to CFO metrics.

(Proposal 1) Change the CFO metric in Table A.3-1 of current TR38.859 as below table. 

Table A.3-1: Assumptions for evaluation of NR carrier phase positioning
	Assumptions
	Value

	Scenarios
	1. Baseline: InF-SH, InF-DH
1. Optional: Indoor Open Office, Umi, Highway scenarios
1. Note 1: Other evaluation scenarios are not precluded
1. Note 2: Existing Rel-17 DL/UL reference signals for the Uu interface are to be used for the Highway scenario.

	Frequency errors – Note 1
	Ideal
	Practical

	Initial residual CFO 
(is the same for one measurement instances [or multiple phase measurement instances])
	0 (UE/TRP)
	Uniform distribution within:
•	[-30, +30] Hz (FR1, UE), [-100, +100] Hz (FR1, UE), 
•	[-120, +120] Hz (FR2, UE), [-400, +400] Hz (FR2, UE),
•	[-10, +10] Hz (for each TRP, FR1),
•	[-40, +40] Hz (for each TRP, FR2).
•	[-100, +100] Hz (FR1, UE, 1GHz)
•	[-400, +400] Hz (FR1, UE, 4GHz)
•	[-3K, +3K] Hz (FR2, UE, 30GHz)
•	[-7K, +7K] Hz (FR2, UE, 70GHz)
•	[-20, +20] Hz (FR1, TRP, 1GHz)
•	[-80, +80] Hz (FR1, TRP, 4GHz)
•	[-600, +600] Hz (FR2, TRP, 30GHz)
•	[-1.4K, +1.4K] Hz (FR2, TRP, 70GHz)


	Oscillator-drift 
(is the same for one or multiple phase measurement instances for positioning fix)
	0 (UE/TRP)
	Uniform distribution within:
•	[-0.1, 0.1] ppm (UE) 
• [-0.02, +0.02] ppm (each TRP) within measurement duration




GNSS synchronization structure 

The GNSS system achieves centimeter-level positioning accuracy through a strict timing synchronization process over several steps. 
Firstly, GNSS satellites use high-accuracy rubidium or cesium atomic oscillators to maintain time synchronization in several nanoseconds error. Secondly, ground control stations (or segments) instruct fine calibration by tracking the timing clock offset between multiple GNSS satellites every day. This series of calibration processes ensure that carrier phases of GNSS satellites can maintain high accuracy synchronized within several centimeters-level of error. Nevertheless, the ionosphere propagation delay affected by day and night change causes irregular distance error of several meters. To remove this error, DGPS or double differential method is used for calibration.

	Comparison of satellite atomic clock and mobile station oscillator

	[image: Orolia, Atomic Clock supplier for FOC Galileo Satellites | GALILEO]
	[image: Rubidium Oscillator - IQD]

	High Accuracy GNSS atomic clock
	Typical oscillators used in base stations



Figure 1 Atomic clocks used in satellite and commercial oscillator used in mobile station

In summary, the double difference method used in the GNSS system is the last step error correction method applied only on the condition that strict synchronization method of atomic clocks and ground control stations exist. In other words, a reference station on the ground is used for slow update of calibration information, and it is not meant to be used for fast adaptation to clock errors.


Issues of double difference method proposed for 5G NR  

In the past RAN1 meetings,  the double difference method similar to DGPS was proposed and discussed as a way to remove errors caused by initial phase offsets between TRPs. The key idea of this proposal is to use the PRU (Positioning Reference Unit) for detection of phase offset between TRPs and pass the information to UE for error compensation. The PRU performs similar function as the ground reference station in DGPS. Figure 2 below is the diagram describing this concept of the double difference method (R1-2206491). 

[image: ]     [image: A picture containing diagram

Description automatically generated]
[bookmark: _Ref101786075]Figure 2. An illustrative example of the overall concept of carrier phase positioning (R1-2206491)


The PRU and the Target UE described in Figure 2 above are assumed to measure the carrier phase difference between gNB1 and gNB2 at the known timing epoch, for example in PRS reception time. Note that we leave the case of two TRPs sharing an oscillator in a gNB out of this discussion.
 Because the PRU already knows location information itself, it can calculate carrier phase difference when an phase offset occurs. The carrier phase offset measured by the PRU is reported to the LMF and then gNB broadcasts it to the Target UE.  The target UE receives the error correction information from the LMF and then applies a double difference method to remove the initial phase offset, hence it and can calculate the correct carrier phase difference.

The issue is how often the PRU and LMF should broadcast the calibration information. If the carrier signals from gNBs are as stable as the GNSS satellite and have less phase error, the carrier phase offset measured by the PRU will change slowly. If so, the LMF may broadcast error correction information infrequently. However, In reality, the phase difference between gNB carrier signals changes rapidly because commercial oscillators used in gNBs are so unstable. We present Lab test result about this problem.

The figure below shows two carrier signals overlapped in an oscilloscope. The signals are generated by two separate gNBs transmitting 1 GHz carrier waves. The two gNBs were synchronized using GPSDOs (GPS Displined Oscillator) respectively. The GPSDOs are trained to the GPS carrier phase signal for about 3 hours,  and measurement performed when the precision stabilized to 0.04 ppb. 

As we may observe in Figure 3, even though the gNBs are synchronized using 0.04 ppb oscillators, the phase of each gNB carrier signal is slightly shifted. The higher the carrier frequency, the shift becomes severe.

[image: ]
Figure 3 The phase drifing between two carrier signals (1GHz)


Figure 4 below shows the variation of carrier phase different observed for 5 minutes. Each graph shows the case of carrier frequencies of 1GHz, 2GHz, 3GHz, and 4GHz, respectively. The y-axis represents the radian scale of the phase difference in -π to +π , and the x-axis represents the time duration of 300 seconds.  

[image: ]
Figure 4  Phase difference in different carrier frequencies (5min, GPSDO=0.04ppb)


The graphs show that even if gNBs are synchronized using a relatively accurate oscillator of 0.04 ppb, the carrier phases are still drifting rapidly, and variation becomes faster as the carrier frequency increases.  The LMF should broadcast these phase differences as frequency as the variations.

Suppose that PRU reports the phase offset information to the LMF whenever it receives a PRS and measures phase difference, and LMF broadcasts phase offset information only when a phase variation of π/10 or more is detected. The minimum interval between the broadcast of offset information is represented by equation (2) below.



Equation (2) above implies that the transmission interval of calibration information from LMF should be longer than the PRS transmission period at least. This is because the UEs do not need the calibration information more often than the PRS reception. The right side equation in the braces means the interval is equal to the inverse of 20 times of CFO when the detection threshold is set to π/10 granuality. For instance, if gNB transmits a carrier signal of 1 GHz using an oscillator of 1 ppb, LMF should broadcast the calibration information at least once every 0.1 seconds, if it is longer than PRS interval. If the carrier frequency is  2GHz, 3GHz, and 4GHz, the LMF broadcast interval should be at least 50msec, 25msec and 12.5msec respectively, if it is longer than PRS interval. Therefore, the LMF broadcast interval is  determined by the performance of the oscillator, as described in Figure 5 below.

[image: ]
Figure 5  Oscillator accuracy determined by the minimum LMF broadcat interval

In Figure 5 above, the x-axis represents the minimum LMF broadcat interval required by the service operator. The y-axis represents the oscillator accuracy in ppb scale to be used by gNB. According to the analysis using the graph, we can see that very accurate oscillators of sub ppb level is necessary in order to slower the cycle of LMF broadcast. Unless sufficiently accurate oscillators are used, centimeter level precision of carrier phase positioning can not be achieved. 
However in reality, the commercial oscillators used in 5G gNBs are less accurate than the one we present in the graph. Note that the oscillator drift of TRP agreed in current draft TR 38.859 is only 0.02 ppm (=20 ppb). This means, the right side term in the braces of Equation (2) is always far smaller than the PRS transmission interval, hence LMF should always broadcast offset information right after PRS transmission. Considering the size of phase offset information, the proposed double difference method may cause heavy burden to 5G NR system. 

(Observation 2) Considering the accuracy of commercially available oscillators and the size of phase offset information necessary to broadcast, the proposed double difference method may cause heavy traffic burden to 5G NR system. 

Another issue to consider is the massive deployment of PRU required for the double difference method. In order for accurate measurement of carrier phase offset between all TRPs/gNBs pairs, it will reqire dense deployment of PRUs in macro area as well as in large indoor site.

(Proposal 2) RAN1 should study the traffic burden related to oscillator accuracy when employing the proposed double difference method.


Direct phase tracking and synchronization between gNBs

In the sections above, we explained that the 5G NR system needs very accurate oscillator to achieve competitive performance to GNSS carrier phase positioning. However, in reality, it is difficult to use expensive devices like an atomic clock for all 5G NR systems. 
As an alternative, in this section, we present light-weight and relatively low-cost solution for gNB/TRP synchronization. The basic idea is gNBs listening and tracking the PRS signal of neighbors and use the information for synchronizing carrier phases.
[image: ]
 Figure 5  Master-slave structure for gNB carrier phase synchronization

Figure 5 above describes a master-slave gNB/TRP synchronization structure.  In the diagram, the slave gNB receives the PRS signal from the mater gNB/TRP and calculates the phase difference with the local PRS signal generated using its local oscillator. As discussed in section 4, there is always a phase offset exist between the master and slave gNBs no matter how accurate oscillators are. The phase offset calculated by the slave gNB is applied for rotating the whole passband samples including the PRS signal. The slave gNB transmits the phase rotated carrier signal in next PRS transmission period. As a result, the carrier phase difference between the master and the slave signal received by the target UE always maintains a constant offset as if they were synchronized. 
This method dosen’t require PRS nor LMF broadcast of offset information hence the network structure is simpler than the double difference method. It is a resource efficient and cost-effective method and relatively tolerant to oscillator drift. 
In terms of evaluation assumptions for simulation, it is not necessary to consider initial phase offset of TRPs nor the CFO of TRPs because the phase offset is originally compensated by the gNBs. 
The following Figure 6 shows the actual experimental results of the carrier phase synchronization between the mater gNB and the slave gNB. Silimar to the above experiment in figure 4, 1GHz carrier frequency and free-running oscillators of 1ppb accuracy is used.

[image: ]
       Figure 6  Phase offset between master-slave PRS signal in 5 minutes observation 

To apply the master-slave gNB synchronization structure, a new gNB function for listening to the downlink signal of the master gNB is necessary. This may require some impact to gNB structure. Since the slave gNB listens downlink master signal, the slave may experience a strong self-interference introduced by its own TX signal. To eliminate this, slave TRP may require a well-designed antenna shield separating Rx from Tx and a kind of self-interference cancellation technology.

(Proposal 3) RAN1 should study the alternative method for carrier phase synchronization efficient than double difference method. 

(Proposal 4) We propose to study the proposed master-slave gNB synchronization structure and capture the solution in TR 38.859 as an alternative for double difference method.

(Proposal 5) We propose to remove CFOs of TRPs defined in table A.3-1 in current TR38.859 on the case that proposed master-slave gNB synchronization structure is assumed.



Continuous PRS  efficient for phase measurement and synchronization 

The solution for synchronization proposed in this contribution can be achieved efficiently using the continuous PRS structure proposed in [5]. The continuous PRS can be produced by rotating the phase values of the consecutive symbols by the amount of CP length. This sequence is described in Equation (3) below.  As a result, the waveforms between two consecutive symbols are smoothly connected after attaching CP. This allows the passband signal waveform to persist in a smooth sinusoidal form across multiple symbols.



In the formula (3) above,   denotesℓth symbol in the k th subcarrier. Tu denotes the length of the symbol duration except for the CP part.  is the accumulated length of the CP up to ℓ-1 symbol. 
The intention of the symbol sequence in equation (3) above is this: if the following symbols are pre-rotated as much as the phase rotated by the CP, the waveforms of the adjacent symbols will match exactly at the symbol boundary as shown in Figure 7(b) below, after the CP attachment. Thus the passband waveform becomes a continuous sinusoidal signal. 

[image: ]
Figure 7 (a) discontinued waveform at the symbol boundary, 
		(b) continuously connected waveform after symbol rotation

When using the above simple sine wave signals, signal processing computation, such as phase tracking, synchronization, and Doppler compensation, becomes relatively simple and it helps improve performance. 
The other advantage of the continuous PRS waveform is that multiple snapshot vectors of subcarriers can be extracted for the prolonged symbol period. In other words, the RF samples for FFT calculation can be captured in any portion of the contiguous PRS symbol duration because the passband signal waveform persists in a smooth sinusoidal form across the symbol boundary.  This aspect is useful when a statistical accumulation of lots of snapshots is necessary, such as when computing covariance matrix calculation or MUSIC or ESPRIT algorithm. 

Using the continuous PRS waveform, the subcarriers of gNBs can be allocated at an equally spaced frequency as shown in Figure 8 below. 

[image: ]
Figure 8.  Subcarrier allocation between two neighboring gNBs 

Figure 8 above shows an example of continuous PRS allocation between two neighboring gNB-A and gNB-B. It is assumed that gNB-A works as a master station for carrier synchronization, and gNB-B as a slave. gNB-A allocates a set of continuous PRS at an equal subcarrier frequency gab of Δg. gNB-B also allocates continuous PRS set at the same subcarrier frequency gab of Δg but in different subcarrier numbers to avoid a collision. gNB-A and gNB-B transmit the PRS set simultaneously. While transmitting the PRS signal, gNB-B also listens to the downlink PRS signal of the master gNB-A. gNB-B calculates the phase difference with the local PRS signal generated using its local oscillator. 

(Proposal 6) For efficient carrier phase measurement and synchronization, re-designing of current NR PRS is necessary.

(Proposal 7) Study the proposed continuous PRS sequence with subcarrier allocation method to improve the phase measurement accuracy.
[bookmark: _Hlk110850689]

Conclusion

In conclusion, we propose that RAN1 to consider the followings:  

(Proposal 1) Change the CFO metric in Table A.3-1 of current TR38.859 as below table. 

Table A.3-1: Assumptions for evaluation of NR carrier phase positioning
	Assumptions
	Value

	Scenarios
	1. Baseline: InF-SH, InF-DH
1. Optional: Indoor Open Office, Umi, Highway scenarios
3. Note 1: Other evaluation scenarios are not precluded
3. Note 2: Existing Rel-17 DL/UL reference signals for the Uu interface are to be used for the Highway scenario.

	Frequency errors – Note 1
	Ideal
	Practical

	Initial residual CFO 
(is the same for one measurement instances [or multiple phase measurement instances])
	0 (UE/TRP)
	Uniform distribution within:
•	[-30, +30] Hz (FR1, UE), [-100, +100] Hz (FR1, UE), 
•	[-120, +120] Hz (FR2, UE), [-400, +400] Hz (FR2, UE),
•	[-10, +10] Hz (for each TRP, FR1),
•	[-40, +40] Hz (for each TRP, FR2).
•	[-100, +100] Hz (FR1, UE, 1GHz)
•	[-400, +400] Hz (FR1, UE, 4GHz)
•	[-3K, +3K] Hz (FR2, UE, 30GHz)
•	[-7K, +7K] Hz (FR2, UE, 70GHz)
•	[-20, +20] Hz (FR1, TRP, 1GHz)
•	[-80, +80] Hz (FR1, TRP, 4GHz)
•	[-600, +600] Hz (FR2, TRP, 30GHz)
•	[-1.4K, +1.4K] Hz (FR2, TRP, 70GHz)


	Oscillator-drift 
(is the same for one or multiple phase measurement instances for positioning fix)
	0 (UE/TRP)
	Uniform distribution within:
•	[-0.1, 0.1] ppm (UE) 
• [-0.02, +0.02] ppm (each TRP) within measurement duration



(Proposal 2) RAN1 should study the traffic burden related to oscillator accuracy when employing the proposed double difference method.

(Proposal 3) RAN1 should study the alternative method for carrier phase synchronization efficient than double difference method. 

(Proposal 4) We propose to study the proposed master-slave gNB synchronization structure and capture the solution in TR 38.859 as an alternative for double difference method.

(Proposal 5) We propose to remove CFOs of TRPs defined in table A.3-1 in current TR38.859 on the case that proposed master-slave gNB synchronization structure is assumed.

(Proposal 6) For efficient carrier phase measurement and synchronization, re-designing of current NR PRS is necessary.

(Proposal 7) Study the proposed continuous PRS sequence with subcarrier allocation method to improve the phase measurement accuracy.
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