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Introduction
At RAN#90-E meeting, the work item on NR Positioning Enhancements was approved [1]. The WID includes the following RAN1 centric objectives at the current stage:
	The objective of this work item is to specify solutions to enable RAT dependent (for both FR1 and FR2) and RAT independent NR positioning enhancements for improving positioning accuracy, latency, network and/or device efficiency. The specific objectives of this work are:
[bookmark: _Hlk57059510]RAN1 centric objectives:

· Specify methods, measurements, signalling, and procedures for improving positioning accuracy of the Rel-16 NR positioning methods by mitigating UE Rx/Tx and/or gNB Rx/Tx timing delays, including [RAN1]
· DL, UL and DL+UL positioning methods
· UE-based and UE-assisted positioning solutions

· Specify the procedure, measurements, reporting, and signalling for improving the accuracy of [RAN1]
· UL AoA for network-based positioning solutions.
· DL-AoD for UE-based and network-based (including UE-assisted) positioning solutions.
Note: RAN1 will discuss the candidate solutions and provide updates for this objective, with status to be reviewed in RAN#91e.
 
Notes: 
· Solutions for RAT-dependent positioning enhancements are designed to operate in both frequency ranges (i.e. FR1 & FR2)
· [bookmark: _Hlk57059470]The WID is subject to further update in RAN #91 for RAN1/2/3/4 scoping. 



As stated above, the Rel-17 ePos WI will specify solutions to enable RAT dependent (for both FR1 and FR2) and RAT independent NR positioning enhancements for improving positioning accuracy, latency, network and/or device efficiency at least from the three aspects as follows,
· Mitigating UE Rx/Tx and/or gNB Rx/Tx timing delays for DL, UL and DL+UL positioning methods with UE-based and UE-assisted positioning solutions.
· Improving the accuracy of UL AoA for network-based positioning solutions.
· Improving the accuracy of DL-AoD for UE-based and network-based (including UE-assisted) positioning solutions.
This contribution discusses mitigating UE Rx/Tx and/or gNB Rx/Tx timing delays for DL, UL and DL+UL positioning methods with UE-based and UE-assisted positioning solutions. Section 2 discusses the impact of UE/gNB Rx/Tx timing delays. Section 3 discusses the mitigation of UE/gNB Rx/Tx timing delays. Section 4 summarizes the proposals with conclusions.
[bookmark: _Ref60564634]Impact of UE/gNB Rx/Tx timing delays
The following objectives were made in RAN#90-E related to the mitigation of UE/gNB Rx/Tx timing delays:
	
· Specify methods, measurements, signalling, and procedures for improving positioning accuracy of the Rel-16 NR positioning methods by mitigating UE Rx/Tx and/or gNB Rx/Tx timing delays, including [RAN1]
· DL, UL and DL+UL positioning methods
· UE-based and UE-assisted positioning solutions




[bookmark: OLE_LINK9][bookmark: OLE_LINK10]In most cases, the available bandwidth of the communication channel will be maximized to achieve the best throughput with minimal signal distortion. The usable bandwidth of the RF channel is usually limited by the bandpass characteristics of filters, amplifiers, and mixers. The bandpass characteristic can be seen as the frequency response of the channel. The most important feature that limits the bandwidth of the RF signal path is phase distortion or group delay variation because it will cause signal distortion through the RF channel. Such group delay can also be called as UE/gNB Rx/Tx timing delays in Rel-17 positioning enhancement.

As an example, Figure 1 shows the UE/gNB Rx/Tx timing delays for DL-PRS transmission and reception when TRP1 sends DL-PRS to UE, where the Tx timing delay in TRP1 RF Tx chain with index=i is denoted as , the propagation time in air between the antenna of TRP1 and the antenna of UE is denoted as  , the Rx timing delay in UE RF Rx chain with index=m is denoted as . Therefore, the TOA measured by UE via DL-PRS between the baseband of TRP1 and the baseband of UE is:

The real TOA between TRP1 and UE for positioning purpose should be only , the residual error of TOA  is .

There are two potential interpretation for the TD (Timing Delay) of the  and , the first potential interpretation is that they are signal propagation timing delays from the baseband to the Tx/Rx antenna. The transmitter (TRP1 in the example shown in Fig. 1) and the receiver (UE in the example shown in Fig. 1) do not compensate for the Tx/Rx signal propagation timing delays for the positioning. For supporting UE positioning, the transmitter and the receiver need to compensate  and  since the reference points for timing-related measurements are defined at the Tx/Rx antenna. Thus, the second potential interpretation is that  and  represent the remaining timing delay errors after the coarse calibration. The second interpretation will be used in this document.

[image: ]
[bookmark: _Ref60557822]Figure 1: UE/gNB Rx/Tx timing delays for DL-PRS transmission and reception

The values of the gNB Tx timing delay error and UE Rx timing delay error after the coarse calibration are in the order of several ns. Considering that the 1ns timing delay will lead to the 30cm positioning error, and Rel-17 target positioning requirements for IIoT use cases is 20cm in horizontal position accuracy, so the impact of timing delays on positioning performance should be eliminated to achieve Rel-17 sub-meter level positioning accuracy. Figure 2 illustrates performance degradation due to UE/gNB Rx/Tx timing delay errors for DL-TDOA positioning method. As shown in Figure 2, the horizontal positioning error is 0.128 meters @90% CDF point without timing delay errors and degrades to 3.411 meters @90% CDF point with timing delay errors. The simulation assumptions can be found in the Appendix.


[image: cid:image001.png@01D6EA88.57B3C7A0]

[bookmark: _Ref61711178]Figure 2: Performance degradation due to UE/gNB Rx/Tx timing delay error for DL-TDOA positioning method

By using signal and spectrum analyzers [2], equipment manufacturers can obtain the timing delays in the RF receive and transmit chain. To minimize the positioning error caused by the timing delay in the RF Rx chain, the receiver should eliminate the influence of the Rx timing delay on the NR positioning measurement based on its knowledge of the Rx timing delay.

However, the receiver side may not have the knowledge of the timing delay in the transmitter's RF Tx chain, and therefore may not be able to eliminate the influence of the transmitter's RF Tx chain on NR positioning measurement. To eliminate the influence of the transmitter's RF Tx chain on NR positioning, one possible way is to let the transmitter to send the Tx timing delay information to the UE or LMF that calculates the final UE position. For example, the gNB may send the Tx timing delay to the UE for UE-based positioning solution. The UE can use the information to eliminate the gNB Tx timing delay on the RSTD measurements. 

[bookmark: _Ref60564639][bookmark: _Ref47295921]Mitigation of UE/gNB Rx/Tx timing delays
In this section, two candidate schemes for mitigation of Rx/Tx timing delays are analyzed. Scheme 1 is to measure and compensate Rx/Tx timing delay; scheme 2 is to introduce reference UE and use the double differential method to eliminate Rx/Tx timing delay.

Scheme 1: Mitigation methods based on measurements and compensations of Rx/Tx timing delays 
In this section, we analyze the generation of UE/gNB Rx/Tx timing delays and their influences on time-based measurements, as well as mitigation methods based on measurements and compensations of Rx/Tx timing delays, for DL-TDOA, UL-TDOA and Multi-RTT positioning methods, with UE-based and UE-assisted positioning solutions.

3.1.1 DL positioning methods (DL-TDOA)
For DL-TDOA positioning method, assuming UE, TRP1 and TRP2 have multiple RF chains, and UE receives DL-PRS from both TRP1 and TRP2, as shown in Figure 3. Then:
The TOA with TRP1 measured by UE is as follows:

The TOA with TRP2 measured by UE is as follows:

where,
·  and  indicate the transmission timing delays from the baseband to the antenna for TRP1 and TRP2 transmitting DL-PRS with RF chains whose indexes are i and j, respectively.
·  and  indicate the propagation delays between TRP1/TRP2 and UE in air, respectively. They are also the propagation delays of DL-PRS between TRP antenna and UE antenna.
·  and  indicate the reception timing delays from antenna to baseband for UE receiving DL-PRS with RF chains whose indexes are m and n, respectively. 
· , , and  indicate the time offsets of the clocks of TRP1, TRP2, and UE, respectively.
·  indicates UE measurement error.

[image: ]
Figure 3: UE/gNB Rx/Tx timing delays in DL-TDOA positioning method

Then, the DL_RSTD measured by UE at its baseband can be expressed as follows:


Where,
 is the time synchronization error between TRP1 Tx antenna and TRP2 Tx antenna. 
 is the time offset between TRP1 clock and TRP2 clock.
Then, the DL_RSTD measured by UE between its antenna and TRP1/TRP2’s antenna (as defined in TS 38.215 [3]) is expressed as follows:


Or


If UE uses the same RF chain to receive DL-PRS from TRP1 and TRP2, i.e. m = n, then the above formula can be simplified as: 

Or


If  and , or their difference, are known for the UE or LMF, then UE or LMF can eliminate the influence of TRP Tx timing delays on the DL_RSTD (Note: DL_RSTD is still impacted by  in this case). If  is zero (i.e., perfect time synchronization between TRPs), or  is known for UE or LMF, then the influence of TRP Tx timing delays together with the clock time offsets of the TRPs on the DL RSTD can also be eliminated. 
The DL-TDOA positioning method may be used in a UE-based positioning solution or a UE-assisted positioning solution. For UE-based positioning solution, in order to eliminate the influence of timing delays on the DL_RSTD, UE needs to know the Tx timing delays of TRPs, or the difference of the Tx timing delays between the TRPs. For UE-assisted positioning solution, in order to eliminate the influence of timing delays, LMF needs to know the Tx timing delays of TRPs, or the difference of the Tx timing delays between the TRPs. 
When UE reports the DL_RSTD measurements, the UE should eliminate the impact of the Rx timing delays of UE, or the difference of the Rx timing delays between RF chains, if different RF chains are used to receive DL-PRS from different TRPs.  Of course, if UE uses the same RF chain to receive DL-PRS from different TRPs, RF Rx delay should have no impact on the DL_RSTD measurements.
Observation 1: DL_RSTD measurements are impacted by the Tx timing delays of RF chains of the TRPs, or the difference of the Tx timing delays of RF chains of the TRPs on DL RSRP measurements, plus the time offset between TRP clocks. The combination of the Tx timing delays and the time offset between TRP clocks are the time synchronization error between the TRPs at the Tx antennas.
Note: Synchronization error may be integrated with the Tx timing delays, and informed to UE or LMF in one measurement.

Based on the above analysis and observation, we have the following proposals:
Proposal 1: For UE-based DL-TDOA positioning, one of the following methods can be used to help UE eliminate the influence of Tx timing delay and synchronization error of TRPs:
· Method1: Provide UE the information of Tx timing delays of RF chains of the TRPs for transmitting DL-PRS, or the difference of the Tx timing delays of RF chains between TRPs. The time offset between TRP clocks needs also to be provided if the TRP clocks are not perfectly synchronized. 
· Method2: Provide UE the information of the time synchronization error at the Tx antennas between the TRPs.
Proposal 2: For UE-assisted DL-TDOA positioning, one of the following methods can be used to help LMF eliminate the influence of timing delay and synchronization error of TRPs:
· Method1: Provide LMF the information of Tx timing delays of RF chains of the TRPs for transmitting DL-PRS, or the difference of the Tx timing delays of RF chains between TRPs. The time offset between TRP clocks needs also to be provided if the TRP clocks are not perfectly synchronized.
· Method2: Provide LMF the information of the time synchronization error at the Tx antennas between the TRPs.

3.1.2 UL positioning methods (UL-TDOA)

For UL-TDOA positioning method, assuming UE, TRP1 and TRP2 have multiple RF chains, and UE transmits SRS-Pos to both TRP1 and TRP2, as shown in Figure 4. 
The TOA with UE measured by TPR1 is as follows:

The TOA with UE measured by TPR2 is as follows:

Where,
·  and  indicate the transmission timing delays from baseband to antenna for UE transmitting SRS-Pos with RF chains whose indexes are m and n, respectively.
·  and  indicate the propagation delays between UE and TRP1/TRP2 UE in air, respectively. They are also the propagation delays of SRS-Pos between UE antenna and TRP antenna.
·  and  indicate the reception timing delays from antenna to baseband for TRP1 and TRP2 receiving SRS-Pos with RF chains whose indexes are i and j, respectively. 
· , , and  indicate the time offsets of the clocks of TRP1, TRP2, and UE, respectively.
·  and  indicates measurement error of TRP1 and TRP2.
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[bookmark: _Ref61711613]Figure 4: UE/gNB Rx/Tx timing delays in UL-TDOA positioning method

Then, TRP1 and TRP2 measure the RTOA at their baseband  and , and reports them to LMF, respectively.
The UL_TDOA calculated by LMF can be expressed as follows:




Where,
 is the time synchronization error between TRP1 Rx antenna and TRP2 Rx antenna. 
 is the time offset between TRP1 clock and TRP2 clock.

Then, the UL_TDOA calculated by LMF between UE’s antenna and TRP1/TRP2’s antenna (as defined in TS 38.215 [3]) is expressed as follows:

Or,


If UE uses the same RF chain to send SRS-Pos to TRP1 and TRP2 respectively, i.e. m = n, then the above formula can be simplified as: 

Or,


If  and  , or their difference are known for the LMF, then LMF can eliminate the influence of TRP Tx timing delays on the UL_TDOA (Note: UL_TDOA is still impacted by ) in this case. If  is zero (i.e., perfect time synchronization between TRPs) or  is eliminated when TRPs report the UL_RTOA measurements, then the influence of TRP Rx timing delays together with the clock time offset of the TRPs on the UL_TDOA can also be eliminated
For the UL-TDOA positioning method, generally the UE-assisted positioning solution is applied.
For UE-assisted positioning solution, in order to eliminate the influence of timing delay, LMF needs to know the Tx timing delays of UE Tx RF chain with index=m and index=n, or the difference of the Tx timing delays between UE Tx RF chain with index=m and index=n. When TRPs report the UL_RTOA measurements, the TRPs should eliminate the impact of the Rx timing delays of TRP. Then LMF can calculate the accurate UL_TDOA value. Of course, if UE uses the same RF chain to transmit SRS-Pos to TRPs, RF Tx delay should have no impact on the UL-RTOA measurements.
Observation 2: For UL-TDOA positioning method, when UE uses the same RF chain to transmit SRS-Pos to TRPs, the UL_RTOA measured by the TRPs can be calibrated with the following method:
· Eliminate The Tx timing delays of RF chains of the UE for transmitting SRS-Pos, or the difference of the Tx timing delays of RF chains between UE Tx RF chain with index=m and index=n.

Based on the above analysis and observation, we have the following proposals:
Proposal 3: For the UL-TDOA positioning, the following method can be used to help LMF eliminate the influence of UE timing delay error:
· Provide LMF the Tx timing delays of RF chains of the UE for transmitting SRS-Pos, or the difference of the Tx timing delays of RF chains between UE Tx RF chain with index=m and index=n.

3.1.3 DL+UL positioning methods (Multi-RTT)

For Multi-RTT positioning method, assuming UE and TRP1 have multiple RF chains, and UE receives DL-PRS from TRP1, and then UE transmits SRS-Pos to TRP1, as shown in Figure 5. Then,
the gNB Rx-Tx time difference measured by TRP1 is as follows:


The UE Rx-Tx time difference measured by UE is as follows:

Where,
·  and  indicate the transmission and reception timing delays from baseband to antenna for TRP1 transmitting DL-PRS and receiving SRS-Pos with RF chains whose indexes are i and j for TRP1, respectively.
·  indicates the propagation delay from TRP1 to UE in air. It is also the propagation delay of DL-PRS between TRP1 antenna and UE antenna.
·  indicates the propagation delay from UE to TRP1 in air. It is also the propagation delay of SRS-Pos between TRP1 antenna and UE antenna.
·  and  indicate the reception and transmission timing delays from antenna to baseband for UE receiving DL-PRS and transmitting SRS-Pos with RF chains whose indexes are m and n, respectively. 
·  indicates the baseband processing delay of UE, i.e., the delay between receiving DL-PRS and transmiting SRS-Pos for UE baseband.
·  and  indicate measurement errors of TRP1 and UE, respectively.

[image: ]
[bookmark: _Ref61711634]Figure 5: UE/gNB Rx/Tx timing delays in Multi-RTT positioning method

Then, TRP1 and UE measure  and  at their baseband and report them to LMF, respectively. 
The TOA calculated by LMF can be expressed as follows:




In general, , then,

Then,
The TOA calculated by LMF between UE’s antenna and TRP1’s antenna as defined in TS 38.215 [3] is expressed as follows:

When TRP1 and UE report the gNB Rx-Tx time difference and UE Rx-Tx time difference measurements, the TRP1 and UE should eliminate the impact of the Tx/Rx timing delays. 
For the multi-RTT positioning method, generally the UE-assisted positioning solution is applied.
For UE-assisted positioning solution, in order to eliminate the influence of timing delay, when TRP1 and UE report the gNB Rx-Tx time difference and UE Rx-Tx time difference measurements, the TRP1 and UE should eliminate the impact of the Tx/Rx timing delays, then LMF can calculate the accurate TOA value. 
Observation 3: For Multi-RTT positioning method and UE-assisted positioning solution, in order to eliminate the influence of timing delay, when TRP1 and UE report the gNB Rx-Tx time difference and UE Rx-Tx time difference measurements, the TRP1 and UE should eliminate the impact of the Tx/Rx timing delays, then LMF can calculate the accurate TOA value.

Scheme 2: Mitigation methods based on double differential scheme with reference UE
In this section, we analyse the mitigation methods based on a double differential scheme with reference UE. As shown in Figure 6, there are 2 TRPs (TRP1 and TRP2) and 2 UEs (target UE and reference UE).



[bookmark: _Ref61711546] Figure 6: Impact of UE/gNB Rx/Tx timing delays in scheme 2

The DL TOA with TRP1 measured by target UE and reference UE at UE’s BB can be expressed as follows




where,
· , , , ,  ,  and are given in section 3.1.1.
· , , , and  indicate the propagation delay between TRP1/TRP2 and UE in air, reception timing delay from antenna to baseband for UE receiving DL-PRS, and clock error at BB for reference UE, respectively.
·   and indicate the measurement error at target UE’ baseband from the signal from TRP i and TRP j, respectively.
·  and indicate the measurement error at reference UE’ baseband from the signal from TRP i and TRP j, respectively.
The single differential TOA (DL RSTD) is as follows：




The double differential TOA is as follows:

+
Note that perfect double differential TOA value is , the residual error of the double difference TOA is .
Observation 4: The double differential operation eliminates the impact of both the UE/gNB clock errors at BB and Tx/Rx timing delay based on the double differenced measurement.
Observation 5: For double differential scheme with reference UE, one of the receiver’s position is known and used as the reference position (reference UE).

Based on the above analysis and observation, we have the following proposals:
Proposal 4: NR Rel-17 should support the methods of mitigating UE Rx/Tx and/or gNB Rx/Tx timing delays based on a double differential scheme with a reference UE.

[bookmark: _Ref47295954][bookmark: _Ref60564645]Conclusions
In this contribution, we discuss accuracy improvements by mitigating UE Rx/Tx and/or gNB Rx/Tx timing delays, and give the following observations and proposals:
Observation 1: DL_RSTD measurements are impacted by the Tx timing delays of RF chains of the TRPs, or the difference of the Tx timing delays of RF chains of the TRPs on DL RSRP measurements, plus the time offset between TRP clocks. The combination of the Tx timing delays and the time offset between TRP clocks are the time synchronization error between the TRPs at the Tx antennas.
Observation 2: For UL-TDOA positioning method, when UE uses the same RF chain to transmit SRS-Pos to TRPs, the UL_RTOA measured by the TRPs can be calibrated with the following method:
· Eliminate The Tx timing delays of RF chains of the UE for transmitting SRS-Pos, or the difference of the Tx timing delays of RF chains between UE Tx RF chain with index=m and index=n.
Observation 3: For Multi-RTT positioning method and UE-assisted positioning solution, in order to eliminate the influence of timing delay, when TRP1 and UE report the gNB Rx-Tx time difference and UE Rx-Tx time difference measurements, the TRP1 and UE should eliminate the impact of the Tx/Rx timing delays, then LMF can calculate the accurate TOA value.
Observation 4: The double differential operation eliminates the impact of both the UE/gNB clock errors at BB and Tx/Rx timing delay based on the double differenced measurement.
Observation 5: For double differential scheme with reference UE, one of the receiver’s position is known and used as the reference position (reference UE).

Proposal 1: For UE-based DL-TDOA positioning, one of the following methods can be used to help UE eliminate the influence of Tx timing delay and synchronization error of TRPs:
· Method1: Provide UE the information of Tx timing delays of RF chains of the TRPs for transmitting DL-PRS, or the difference of the Tx timing delays of RF chains between TRPs. The time offset between TRP clocks needs also to be provided if the TRP clocks are not perfectly synchronized. 
· Method2: Provide UE the information of the time synchronization error at the Tx antennas between the TRPs.
Proposal 2: For UE-assisted DL-TDOA positioning, one of the following methods can be used to help LMF eliminate the influence of timing delay and synchronization error of TRPs:
· Method1: Provide LMF the information of Tx timing delays of RF chains of the TRPs for transmitting DL-PRS, or the difference of the Tx timing delays of RF chains between TRPs. The time offset between TRP clocks needs also to be provided if the TRP clocks are not perfectly synchronized.
· Method2: Provide LMF the information of the time synchronization error at the Tx antennas between the TRPs.
Proposal 3: For the UL-TDOA positioning, the following method can be used to help LMF eliminate the influence of UE timing delay error:
· Provide LMF the Tx timing delays of RF chains of the UE for transmitting SRS-Pos, or the difference of the Tx timing delays of RF chains between UE Tx RF chain with index=m and index=n.
Proposal 4: NR Rel-17 should support the methods of mitigating UE Rx/Tx and/or gNB Rx/Tx timing delays based on a double differential scheme with a reference UE.
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Appendix: Simulation assumption
[bookmark: _GoBack]
	Simulation Parameters
	Values

	IIoT Use Case
	InF-SH

	Carrier frequency 
	3.5GHz

	Subcarrier spacing
	30KHz

	DL-PRS Transmission Bandwidth
	100MHz

	DL-PRS Resource Allocation
	Comb- 6

	Number of sites
	6

	Number of symbols used per occasion
	6

	Number of occasions used per positioning estimate
	1

	Power-boosting level
	7.78dB

	Interference modelling (ideal muting, or other)
	Ideal muting

	Description of Measurement Algorithm 
	Super Resolution

	Positioning technique / applied positioning algorithm 
	Rel-16 DL-TDOA

	Network synchronization assumptions
	Perfect

	UE/gNB Tx/Rx Timing Errors
	 [-2, 2] truncated Gauss distribution with  = 5ns






 11 / 12

image3.png
Q@

TRP1

S &

(Frmo

TRP2

Proprap:-ue

Torzpsr
o ,
PP
g |
: > Time in TRP1
BB Ant |
|
|
|
|
1
TDye R
>
[ ! At BB
. » Time in UE
Ant BB |
TDygen !
I
I
I
I
I
I
I
|
: » Time in TRP2
|

>

h
TDraez:1x

Proprrez-ue




image4.png
4

TRP1

Osoms

TRP2

Propye~tre1 TDrre1Rd
' 1
>

» Time in TRP1

» Timein UE

» Time in TRP2

! |
Propug-trez  TDrarang




image5.png
Propruss-ue PrOUE - TRP: Thrgpy g
TDrres i

» Time in UE

NI
TDyesem Procye TDuemsn




image6.emf
TRP1

T1 T2

T3 T4 T5T6

T7

Ant BB

BB BB Ant Ant

Ant

BB

Time in TRP1

BB Ant

TRP2

UE

UE_ref

BB BB Ant Ant

T7'T8'

AntBB

T3'

BB BB Ant Ant

BB BB Ant Ant

BB Ant

BB Ant

T8

T4'

T5' T6'

T1'T2'

Time in UE

Time in UE_ref

Time in TRP2


oleObject1.bin
TRP1


T1


T2


T3


T4


T5


T6


T7


Ant


BB


BB


BB


Ant


Ant


Ant


BB


Time in TRP1


BB


Ant


TRP2


UE


UE_ref


BB


BB


Ant


Ant


T7'


T8'


Ant


BB


T3'


BB


BB


Ant


Ant


BB


BB


Ant


Ant


BB


Ant


BB


Ant


T8


T4'


T5'


T6'


T1'


T2'


Time in UE


Time in UE_ref


Time in TRP2



image1.png
» Time in TRP1

» Time in UE





image2.png
CDF

INF-FR1-SH-2D-CONVEX

—— with timing delay error

— without timing delay error

0.6
0.5
0.4

0.3}~

i L i L L
00 2 4 6 8 10

Position Error x y [m]

12




