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Introduction

At the RAN#86 meeting, the study item on NR Positioning Enhancements was approved [1]. From RAN1’s perspective, the SI includes the following objectives:
 (
Study enhancements and solutions necessary to support the
 high
 
accuracy (horizontal and vertical), low latency, network efficiency (scalability, RS overhead, etc.), and device efficiency (power consumption, complexity, etc.) requirements
 for commercial uses cases (
incl. general commercial use cases and specifically
 (I)IoT use cases
 as exemplified in section 3 above (Justification)
):
Define additional scenarios (e.g. (I)IoT) 
based on TR 38.901 
to evaluate the performance for the use cases (e.g. (I)IoT). [RAN1]
Evaluate the achievable positioning
 accuracy and latency with the Rel-16 positioning solutions in 
(
I
)
IoT scenarios and identify any performance gaps. [RAN1]
Identify 
and evaluate 
positioning techniques, DL/UL positioning reference signals
, 
signalling
 and procedures
 
for 
improved accuracy
, 
reduced 
latency
,
 
network efficiency, and device efficiency
.
Enhancements to Rel-16 positioning techniques, if they meet the requirements, will be prioritized, and new techniques will not be considered in this case.
 
[RAN1, RAN2]
NOTE 1:
Sidelink is not part of this objective.
NOTE 2:
Involve RAN4 for validating assumptions for the systems evaluations where appropriate.
NOTE 3:
The commercial use cases and requirements are appli
cable to a 
l
imited geographic area
.
)
As stated above, the SI will identify and evaluate positioning techniques, DL/UL positioning reference signals, signaling, and procedures for improved accuracy, reduced latency, network efficiency, and device efficiency.
This contribution discusses NR Positioning Enhancements. Section 2 discusses DL PRS and UL PRS enhancements and other enhancements. Section 3 discusses positioning for UEs in RRC_IDLE/INACTIVE states. Section 4 discusses the NR carrier phase positioning. Section 5 investigates the approaches for the resolution to the time synchronization errors, Section 6 explores the method for eliminating the impact of RF group delays. Section 7 presents a new approach for the search windows for NR positioning measurements. Section 8 summarizes the proposals with conclusions.

[bookmark: _Ref47295921]DL PRS and UL PRS enhancements

Downlink PRS enhancements 

Enhancement of DL PRS configurations
In Rel-16, flexiable DL PRS configurations are supported, e.g., up to 4 frequency layers, up to 64 TRPs per frequency layer, and up to 2 DL PRS resource sets per TRP per frequency layer. The periodicity of each resource set can be configured with different periodicities of {4, 8, 16, 32, 64, 5, 10, 20, 40, 80, 160, 320, 640, 1280, 2560, 5120, 10240} slots. The bandwidth for DL PRS is not less than 24 PRBs.
The support of two DL PRS resource sets per TRP per frequency layer provides the network with the options to properly arrange the DL PRS resources with the consideration of the trade off of RF resource usage, the positioning accuracy and the positioning delays. For example, the network may configure the first DL PRS resource set (1st DL PRS set) with larger BW and shorter transmission duration and the second DL PRS resource set (2nd DL PRS set) with smaller BW and longer transmission duration. The 1st DL PRS set can be used to support reasonable NR positioning performance for the users under the scenarios with good RF conditions for the detection of DL PRS signals. The 2nd DL PRS set can be configured to improve positioning performance and RF resource usage for particular location-based service applications. For example, in the frequency domain, 2nd DL PRS set can be configured with smaller transmission bandwidth and in time-domain longer transmission duration, which is important for some location-based service applications, e.g., tracking applications. 
For further taking the advantage of the support of two DL PRS resource sets per TRP per frequency layer, we suggest  supporting DL PRS bandwidth to be smaller than 24 PRBs in Rel-17, shorter periodicities and longer transmission duration, e.g., continuous transmission with 1 RB bandwidth at least for one of the PRS resource sets in a TRP per frequency layer.
[bookmark: p1]Proposal 1: In Rel-17 support DL PRS bandwidth smaller than 24 PRBs at least for one of the DL PRS resource sets in a TRP in a positioning frequency layer.

Aperiodic/SP DL PRS
In Rel-16, only periodic DL PRS is supported with the periodicity of 4ms~10240ms, which will introduce inevitable latency for positioning when configured with longer periodicity. Another issue of periodic DL PRS is its considerable overhead due to periodic transmission, regardless of whether there is a positioning requirement. In Rel-17, in order to allow higher efficiency and lower latency positioning operation, aperiodic and semi-persistent (SP) DL PRS should be introduced to reduce the latency and overhead. 
In Rel-16, the assistance data of DL PRS is configured by LPP, which is transparent to the serving cell. In Rel-17, the serving cell should be involved in the triggering operation in order to support aperiodic/SP DL PRS transmission. SP DL PRS should be configured by higher layer signalling as LPP or RRC, and the UE reception of the SP DL PRS can be triggered by DCI or MAC CE. For an aperiodic DL PRS, it can be also configured by higher layer signalling as LPP or RRC, and the UE reception of the aperiodic DL PRS can be triggered by DCI. 
For the triggering of aperiodic DL PRS, as shown in Figure 1, the service cell obtains the aperiodic trigger information of aperiodic DL PRS of its own and neighbouring cells which are involved in the positioning from LMF, and then sends the aperiodic trigger information to UE through DCI, so that the UE can receive the aperiodic DL PRS after the slot offsets indicated by the DCI.
[image: ]
[bookmark: _Ref47290873]Figure 1: Aperiodic DL PRS which are triggered by DCI

[bookmark: _Ref40027425][bookmark: p2]Proposal 2: Aperiodic and semi-persistent DL PRS should be introduced in Rel-17 in order to reduce the latency and overhead of DL PRS.

Uplink PRS enhancements 

SRS-Pos coordination among multiple gNBs
For UL positioning, the mutual interference of SRS for positioning(SRS-Pos) transmissions among different cells is hard to predict. The UL positioning performance will suffer from the degraded SRS-Pos measurement accuracy caused by mutual interference. It is necessary to take measures to resolve the problem.
One simple method is  UL muting for SRS-Pos transmission.  It means when a UE transmits one certain SRS-Pos resource, the neighboring cell should reserve this resource. This method requires inter-gNB coordination or enables LMF to coordinate the resource muting. It may cause additional resource overhead.
Another method is orthogonal SRS-Pos resource assignment via a common orthogonal resource pool. The serving gNB and neighboring gNBs should assign the SRS-Pos resource to UEs from the common orthogonal resource pool. This method also requires inter-gNB coordination or enables LMF to define the orthogonal SRS-Pos resource pool. Within this resource pool, every SRS-Pos resource is orthogonal in time, or frequency or code domain with each other. As shown in Figure 2, gNB1~gNB4 obtain orthogonal SRS-Pos resource configuration from LMF, therefore the interference among SRS-Pos from the UEs belonging to these gNBs can be well avoided.
The third method is enabling interference cancellation. If a gNB for SRS-Pos reception is able to get the interfering signal resource configuration information, the gNB can conduct the interference cancellation when there is a collision among the SRS-Pos transmissions from different UEs from difference cells, or between the SRS-Pos transmission from a UE and the transmission of other UL signals from other UEs. To conduct interference cancellation, the hearing gNB not only requires getting the resource configuration information for the SRS-Pos to be measured but also the resource configuration information of the interfering SRS-Pos or other UL signals. SRS-Pos interference cancellation also requires the SRS-Pos resource information exchange among the gNBs and LMF.  As shown in Figure 2, gNB3 and gNB4 can exchange the hearing SRS-Pos configuration information and interfering SRS-Pos configuration information, it will facilitate the interference cancellation among SRS-Pos from the UEs belonging to neighboring gNBs.

              [image: ]
[bookmark: _Ref16238364]Figure 2: SRS-Pos resource coordination among the gNB

[bookmark: _Ref40027428][bookmark: p3]Proposal 3:  Support SRS-Pos resource coordination to achieve orthogonal SRS-Pos resource assignment and SRS-Pos interference cancellation to eliminate inter-cell SRS-Pos interference in Rel-17.

Symbol-specific cyclic shifts for SRS-Pos
For Rel-16 positioning, staggered patterns were agreed for the transmission of the SRS-Pos as shown in the following agreement [3]:

Agreement: (RAN1#99)
For each pair of comb size and number of symbols of SRS, there is one single RE pattern. The patterns in the table below are selected
	Number of symbols /
Comb size
	1
	2
	4
	8
	12

	2
	{0}
	{0, 1}
	{0, 1, 0, 1}
	N/A
	N/A

	4
	N/A
	{0, 2}
	{0,2,1,3},
	{0,2,1,3, 0,2,1,3}
	{0,2,1,3, 0,2,1,3, 0,2,1,3}

	8
	N/A
	N/A
	{0,4,2,6}
	{0,4,2,6,1,5,3,7}
	{0,4,2,6,1,5,3,7,0,4,2,6}



With the introduction of the staggered patterns for SRS-Pos, when the formula of the SRS cyclic shifts is re-used for the SRS-Pos, there are a number of potential issues. For example, there are phase discontinuities when a staggered SRS-Pos pattern is de-staggered (combined) for the SRS-Pos detection at the receiver. Also, when multiple UEs are multiplexed to the same REs for the transmission SRS-Pos based on the assignment of different cyclic shifts, the phase increments for different UEs on the REs are different. This may prevent the gNB from detecting the SRS-Pos signals from multiple UEs with the same correlation process. To overcome these issues, introducing different formulas for cyclic shifts for SRS-Pos was discussed in previous meetings without reaching a consensus [4].
In Rel-16, the maximum number of SRS resources per set for positioning is defined to be 16, and the maximum number of supported SRS resource sets for positioning can be up to 16 resource sets per BWP for a UE. In addition, for supporting the need to allocating many UEs simultaneously, the number of bits for the sequence ID for SRS-Pos is increased to 16. Furthermore, Rel-16 supports the configuration of an SRS resource with  symbols located in anywhere is a UL slot and comb-size {2, 4, 8}. Therefore, the detection of SRS-Pos signals is expected to be much more difficult than the detection of the SRS signals, especially for the SRS-Pos from remote neighboring TRPs.
According to TS 38.211, SRS/SRS-Pos sequence in an OFDM symbol   will be generated according to:





Where   is the come-size,   is the SRS-Pos sequence length. The cyclic shift applies to each elementof the base sequence  is related to the element index and the configured cyclic shift index -1} ,  for  respectively. For SRS, , and for SRS-Pos the quantity  is given the SRS-Pos staggering pattern, as shown in Table 1.

[bookmark: _Ref31874809]Table 1: The offset  for SRS-Pos
	
	

	
	
	
	
	
	

	2
	0
	0,1
	0,1,0,1
	-
	-

	4
	-
	0, 2
	0, 2, 1, 3
	0, 2, 1, 3, 0, 2, 1, 3
	0, 2, 1, 3, 0, 2, 1, 3, 0, 2, 1, 3

	8
	-
	-
	0, 4, 2, 6
	0, 4, 2, 6, 1, 5, 3, 7
	0, 4, 2, 6, 1, 5, 3, 7, 0, 4, 2, 6



For SRS, if we use comb-size 4 as an example, the maximum number of cyclic shifts  is 12. If we assume one UE is configured for SRS transmission with cyclic shift indexes  and base sequence , we have the mapping of SRS sequences to the REs as shown in Table 2, where  

[bookmark: _Ref30361052]Table 2: Mapping of SRS sequences (UE , Comb-size 4, Comb-size 4)
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As shown in Table 2, the SRS sequence has the same phase incensement of  between the SRS REs for UE .
For SRS-Pos, however, due to the staggered pattern with , the mapping of SRS-Pos sequences is shown in Table 3. It shows that different phase offset incensements between the SRS-Pos REs for UE . 

[bookmark: _Ref30348485][bookmark: _Ref30347455]Table 3: Mapping of SRS-Pos sequences (UE , Comb-size 4, SRS-Pos pattern (0, 2, 1, 3))
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Now let us assume there are total N UEs that are assigned to the same REs, but with different cyclic shift indexes . Then, under the same assumption of comb-size 4, with the staggered pattern with , the mappings of SRS-Pos sequences are shown in Table 4. It shows different phase offset incensements between the SRS-Pos subcarriers. It is known that the mapping makes it difficult to remove the cyclic shifts for the detection for the SRS-Pos, and causes the aliasing problem of correlation peaks in SRS-Pos detection as discussed in previous meetings ([4]~[8]).

[bookmark: _Ref31876313]Table 4: Mapping of SRS-Pos sequences (N UEs, Comb-size 4, SRS-Pos pattern (0, 2, 1, 3), the 
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A number of solutions were proposed to resolve above problem with the similar idea to introducing an adjustment of the cyclic shifts as a function of the staggered pattern, such that the phase offset incensement between the SRS-Pos subcarriers to be the same ([4]~[8]), which can be summarized into the following two options in [4]:
	Option 1 :                 if configured
             otherwise

Option 2:                  

 configured via   and   
 is  configurable (range for cyclicshift is extended)
Note: the maximum value of cyclic shift   is not changed



In this paper, we propose a similar, but a simpler solution to the cyclic shits of the SRS-Pos as follows:


where 

The  is the frequency-domain starting position of symbol 

With above change, we have the same phase increment for the SRS-Pos symbols, and the aliasing problem due to the uneven phase increment should be resolved as shown in Table 5.

[bookmark: _Ref30365545]Table 5: Mapping of SRS-Pos sequences (Comb-size 4, SRS-Pos pattern (0, 2, 1, 3)
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[bookmark: p4][bookmark: _Ref39424778] Proposal 4: Symbol-specific cyclic shifts for SRS-Pos should be supported in order to keep phase continuities when a staggered SRS-Pos pattern is de-staggered for the SRS-Pos detection at the receiver.

SRS-Pos frequency hopping
In Rel-15 SRS, both intra-slot frequency hopping and inter-slot frequency hopping are supported. Rel-15 SRS frequency hopping is configured by the higher layer parameters freqHopping c-SRS, b-SRS and b-hop. If Rel-15 SRS frequency hopped is enabled, the starting position in frequency domain of each hop changes over different symbols of SRS (configured by resourceMapping repetitionFactor), and if frequency hopped is disabled, the starting position in frequency domain of SRS is fixed over different symbols of SRS. Rel-15 SRS frequency hopping can boost PSD (Power Spectral Density) of the SRS by borrowing the unallocated REs power in the same symbol, and span the whole intended bandwidth by multiple hops. In RAN1#99 [3], it is confirmed that frequency hopping of SRS-Pos is not supported in Rel-16, due to lack of use cases and supporting of the staggered comb of SRS-Pos, which can boost the PSD by comb-like resource mapping (e.g., comb-12).
The main objective of Rel-17 positioning enhancement study item is higher precision positioning performance of commercial use cases and IIoT use cases. Therefore, it would be reasonable to configure a wider bandwidth for SRS-Pos in order to obtain better positioning accuracy. However, wider bandwidth inevitably reduces the PSD of SRS-Pos. Frequency hopping of SRS-Pos should be supported together with comb transmission to boost PSD of the SRS-Pos reception at the gNB and increase positioning accuracy in Rel-17.
[bookmark: _Ref40027431][bookmark: p5]Proposal 5: Frequency hopping of SRS-Pos for positioning should be supported in Rel-17 in order to obtain better positioning accuracy. 

Other enhancements 

Network efficiency and device efficiency 
As per the SID [1], besides positioning accuracy and latency, network efficiency and device efficiency aspects should also be studied in the study item. In order to improve network efficiency, the scalability and RS overhead should be studied. And for device efficiency, power consumption and complexity of devices should be also investigated.
For assessing the scalability of positioning solutions, the latency of the positioning procedure should be studied as a function of the number of devices to be positioned. The more number of devices to be positioned, the more Uu signaling and positioning data needed, including positioning assistant data and measurement reporting data, which challenges the capacity and processing capability of gNBs as well as LMF, and eventually leads to the increase of latency of positioning procedure. The UE-based positioning can reduce signaling overhead and has advantages in terms of positioning data reduction and scalability improvement, compared with UE-assistant positioning.
The average power consumption of devices should be studied as a function of configured time and frequency resources for positioning. In order to obtain better positioning accuracy, SRS-Pos occupies up to 12 symbols and up to 272 RBs. The power consumption caused by the configured time and frequency resources for positioning should be considered.
[bookmark: _Ref40027439][bookmark: p6]Proposal 6: For assessing the scalability of positioning solutions, the latency of a positioning procedure should be studied as a function of the number of devices to be positioned.  
[bookmark: _Ref40027442][bookmark: p7]Proposal 7: Average power consumption of devices should be studied as a function of configured time and frequency resources for positioning. 

Many IIoT devices require long hours of work without human intervention. In order to achieve this goal, the power consumption of device should be reduced. UE should be kept in RRC_IDLE/INACTIVE state as much as possible. In addition, DRX can further reduce the UE power consumption. For UL positioning, UE only needs to send SRS-Pos signal at DRX active time, and the network completes measurement and positioning. In this way, UE can achieve lower power consumption.
[bookmark: p8]Proposal 8: For the purpose of device efficiency, it should be considered to send SRS-Pos signal at DRX active time for UL positioning.,

Latency reduction 
In NR Rel-16, for DL positioning, UE measures DL PRS configured by LMF through LPP. The configuration signaling includes multiple TRPs, DL PRS resource sets per TRP and DL PRS resources per resource set. From the network perspective, sufficient DL PRS resources have to be configured to cover all the possible directions towards UE. From the UE perspective, as there is no prior location information, UE has to measure all these configured DL PRS resources for reporting. When the number of DL PRS resources is large, especially for FR2, the UE measurement complexity would be increased greatly, which results in considerable latency and UE power consumption.
If coarse UE location would be obtained, LMF may restrict UE measurement on certain DL PRS resources of certain TRPs. Then, the positioning latency and UE power consumption could be reduced. In our opinion, such coarse UE location is obtainable and the corresponding information could be provided to LMF by the serving gNB. For example, the possible information could be the cell ID of the serving gNB and corresponding AoA of UL signal. More accurately, the information would be obtained from E-CID. Therefore, we propose to introduce the DL PRS measurement restriction, which indicates those DL PRS resources whose transmission directions deviating from UE. The DL PRS measurement restriction is configured to UE through LPP. According to the restriction, UE would only measure the PRS resources not included in the measurement restriction. Note that to determine the DL PRS measurement restriction, in addition to the coarse UE location, angles (AoD) of each PRS resource have to be reported to the LMF by each gNB.
[bookmark: p9]Proposal 9: Introduce the PRS measurement restriction. Those DL PRS resources within the measurement restriction may not be measured by UE.

LOS/NLOS identification 
In NR Rel-16, there is no information about the LOS/NLOS property of the measurements reported by UE. For certain IIoT scenario, the NLOS probability is relatively high (e.g., about 60% for InF-DH). The measurements corresponding to NLOS will degrade the positioning accuracy. If UE could associate each measurement with a LOS/NLOS identifier during reporting, it would be helpful for LMF to optimize the positioning calculation and achieve better accuracy. In our opinion, UE is capable of discriminating the LOS/NLOS path according to the channel measurement result. For example, the power ratio of the first path to the other paths approximates the Ricean factor, which may be used to identify LOS or NLOS information. Therefore, we propose to associate each measurement with a LOS/NLOS identifier.
[bookmark: p10]Proposal 10: Each measurement would be associated with a LOS/NLOS identifier.

[bookmark: _Ref47295947]Positioning for UEs in RRC_IDLE/INACTIVE states

Rel-16 only supports UEs in RRC connected mode to do RAT-dependent positioning. For example, In UL-TDOA positioning technique, multiple gNBs measure the SRS-Pos from UE to obtain the UL RTOA. Then UE’s location can be calculated with the UL TDOA and the location of gNBs by multilateration. The procedure should be performed in UE RRC connected mode. 
If a UE not in RRC connected mode wants to perform Rel-16 RAT-dependent positioning, it has to firstly enter into RRC connected mode with its serving gNB. This will limit the number of UEs that can be positioned at the same time, and increase the latency and power consumption as UE has to move to a connected state before positioning. Therefore, extending positioning support to UE in RRC_IDLE/INACTIVE states can improve the network scalability, reduce positioning latency as well as UE power consumption.
In order to support positioning for UEs in RRC_IDLE/INACTIVE states, it should be considered to use PRACH for UE in RRC_IDLE/INACTIVE state for positioning purpose, and/or send SRS-Pos for UE in RRC_INACTIVE state. Such enhancement will be beneficial for reducing power consumption of the device and providing location-dependent services in those states.
[bookmark: _Ref40027434][bookmark: _Ref47295799][bookmark: p11]Proposal 11: Positioning for UEs in RRC_IDLE/INACTIVE states should be supported in Rel-17 with the enhancements as follows:
· Using PRACH for UE in RRC_IDLE/INACTIVE state for positioning purpose 
· Sending SRS-Pos for UE in RRC_INACTIVE state.

In Rel-16, gNB provides SRS-Pos configurations for UE when UE is in RRC CONNECTED state. UEs in RRC_IDLE/INACTIVE state have three SRS configuration methods:
· Using RRC connected state SRS-Pos configurations information.When a UE enters into RRC idle state, it should reserve SRS-Pos configurations in RRC connected state. 
· Using SRS-Pos configuration information carried in the paging message. The network initiates the paging procedure by transmitting the Paging message at the UE's paging occasion. SRS configuration information should be added to the paging message.After receiving paging message, UE can extract SRS configuration information.
· Using SRS-Pos configuration information obtained by UE in a new RACH procedure. Before sending SRS-Pos signal, UE can initiate a new RACH process. In the process of RACH, the SRS-Pos configuration information can be obtained from MSG2 or MSGB.
[bookmark: p12]Proposal 12: UEs in RRC_IDLE/INACTIVE state have three SRS configuration methods:
· Using RRC connected state SRS-Pos configurations information. 
· Using SRS-Pos configuration information carried in the paging message.
· Using SRS-Pos configuration information obtained by UE in a new RACH procedure.

[bookmark: _Ref47295941]NR carrier phase positioning

In RAN1#101-e, the following agreements were made on Rel-17 target positioning requirements[9]:
Agreement:
· In Rel-17 target positioning requirements for commercial use cases are defined as follows:
· Horizontal position accuracy (< 1 m) for [90%] of UEs
· Vertical position accuracy (< [2 or 3] m) for [90%] of UEs
· End-to-end latency for position estimation of UE (< [100 ms])
· FFS: Physical layer latency for position estimation of UE (< [10 ms])
· In Rel-17 target positioning requirements for IIoT use cases are defined as follows:
· Horizontal position accuracy (< X m) for [90%] of UEs
· X = [0.2 or 0.5] m
· Vertical position accuracy (< Y m) for [90%] of UEs
· Y = [0.2 or 1] m
· End-to-end latency for position estimation of UE (< [10ms, 20ms, or 100ms])
· FFS: Physical layer latency for position estimation of UE (< [10ms])
· Note: Target positioning requirements may not necessarily be reached for all scenarios

In addition, more stringent performance requirements are defined in 3GPP TS 22.261[10] for 5G positioning service. It is very difficult, if not impossible, to meet these requirements with Rel-16 positioning techniques. Therefore, further enhancements should be considered in Rel-17 for NR positioning. In this section, carrier phase positioning based on NR reference signals is proposed as one of the potential enhancements to improve positioning accuracy.

Reference signals for NR carrier phase positioning 

In NR carrier phase positioning, the carrier phase measurements obtained from the NR reference signals are used to enhance the positioning performance. Similar to existing Rel-16 positioning measurements (e.g., RSTD, RSRP, RTOA, etc.), the proposed NR carrier phase measurements could be, at least in theory, obtained from any NR reference signals. 
Carrier phase positioning based on R16 NR reference signals
Carrier phase positioning can be based on existing NR reference signals, especially the DL PRS and UL SRS for positioning (Figure 3). In this approach, the carrier phase measurements are obtained together with existing positioning measurements from DL PRS and/or UL SRS for positioning at the receivers, which can be UE (for DL positioning) or TRPs (for UL positioning). The obvious advantage of this approach is that there is no need to introduce new NR reference signals for carrier phase positioning. The potential limitation of this approach is that Rel-16 DL PRS and/or UL SRS for positioning are transmitted usually at a long transmission period, and thus the carrier phase measurements may not always be available for tracking applications.
Carrier phase positioning based on enhancements of R16 PRS
Another possible approach for providing continuous carrier phase measurements is to use an enhanced PRS configuration as discussed in Section 2. The proposed enhanced PRS has a narrower bandwidth (< 24 PRBs), which is used for the PLL to keep the lock of the carrier phase. Smaller BW helps to minimize the usage of the RF resources for carrier phase positioning.

Carrier phase positioning based on carrier phase reference signals (C-PRS)
For the high-accuracy positioning application that requires continuous tracking of the UE position, it may be more practical to implement special carrier phase reference signals (C-PRS) for providing the DL/UL carrier phase measurements. The C-PRS can be a pure carrier wave of sinusoidal signals at a pre-configured or pre-defined carrier frequency as we proposed previously (e.g., [2]). The proposed C-PRS uses pure sinusoidal signals, which are single tone signals with the near-zero bandwidth (Figure 4). Due to the RF impairment of the transmitter, the single tone signals may have very small bandwidth. The subcarrier spacing ( between C-PRS signals can be much smaller than the subcarrier spacing for data communication (. In addition, the C-PRS can be flexibly configured in-band (e.g., at the edge of the carrier) or in the guard-band of the carrier as shown in Figure 4 (a) without causing significant inter-channel interferences to neighboring carriers, as shown in Figure 4(b) due to the nature of pure sinusoidal signals.

[image: ]
[bookmark: _Ref534395866]Figure 3: Illustration of DL/UL positioning with carrier phase measurements


[image: ]
[bookmark: _Ref525409841]Figure 4: The subcarriers for transmission and the spectrum of the C-PRS

Benefits of NR carrier phase positioning
The main motivation of using the carrier phase measurements is to accurately determine the position of the receiver, because of the small carrier phase measurement error, which is typically only about 10% of the carrier wavelength. The benefits of supporting NR-based carrier phase DL/UL positioning include:
· Before the resolution of the integer ambiguity, the NR carrier phase measurements can be used for:
· Determining the change of distance (and velocity) between the UE and the gNB with cm-accuracy;
· Smoothing the TOA/TDOA measurements for improving the DL/UL-TDOA performance 
· After the resolution of the integer ambiguity, the NR carrier phase measurements can be used for:
· Determining the distance between the UE and the gNB with cm-accuracy (not counting for the impact of other error sources such as BS clock offset);
· Determining the UE position with cm-accuracy (not counting for the impact of other error sources such as BS clock offset or assume the BS clock offset is eliminated by double differential or other techniques)
· NR carrier phase measurements may also be combined with the GNSS carrier phase measurements together for precise UE positioning. This may be very useful when GNSS signals of some satellites in low elevation are blocked by buildings, while GNSS signals of the satellites in high elevation are still available.  
In comparison with GNSS carrier-phase based positioning, the implementation of the NR carrier-phase based positioning would be much easier based on the following reasons:
· The received power of NR carrier phase reference signals will be much stronger than that of GNSS carrier signals. GNSS is normally designed with the target received power of above -130dBm for the entire carrier frequency bandwidth. For example, the power level of the satellite signals reaching the ground receiver is only -128.5 dBm for both Beidou B1C MEO and the GPS L1 signals. On the other hand, the power of NR reference signals will not be smaller than -100 dBm/15kHz. Given that the NR reference signal power is much stronger than that of the GNSS signal power, the NR receiver (e.g., phase-lock loop) should be able to lock the NR carrier phase reference signal much faster. Also, in case the phase-lock loop loses phase lock, the NR receiver can recover the phase lock faster than the GNSS receiver.
· To obtaining GNSS carrier-phase measurements, there is a need to first wipe-off the navigation data and the PRN sequence modulated on the GNSS carrier signals. On the other hand, NR carrier phase reference signals can be pure sinusoidal signals, and there is no need to implement the wipe-off operation;
· Wireless base stations are normally stationary on the ground; there is no need to consider the complicated mechanisms for the determination of the GNSS satellite location and antenna phase center.
[bookmark: _Ref40377769][bookmark: p13]Proposal 13: Consider supporting NR carrier phase DL positioning in Rel-17. The reference signals for DL carrier phase measurements can be:
· DL PRS
· Secondary DL-PRS
· C-PRS (pure tune sinusoidal signals)

[bookmark: p14]Proposal 14: Consider supporting NR carrier phase UL positioning in Rel-17. The reference signals for UL carrier phase measurements can be:
· UL SRS for positioning
· C-PRS (pure tune sinusoidal signals)

[bookmark: _Toc525482752][bookmark: _Toc528649278]Fast integer ambiguity resolution for NR carrier phase positioning

The main difficulty in carrier phase positioning is that the phase measurements contain the unknown number of integer multiples of the carrier wavelengths, commonly referred to as integer ambiguity (IA), as shown in Figure 5. A quick and reliable resolution of IA in phase measurements has been the key issue in carrier phase positioning. For GNSS carrier phase positioning, many effective approaches are existing on how to resolve IA in GNSS carrier phase measurements [11][12]. These methods may also be reused for NR carrier phase positioning. 
In GNSS, the users have no control over how the GNSS signals are transmitted, e.g., the transmission frequencies, the transmission power, etc. Unlike GNSS, the operators have the control of the transmission of the NR signals for NR carrier phase positioning. This provides the opportunity in the design of NR carrier phase positioning to support quicker and more reliably searching for the IA of the NR phase measurements. In the following, we present one such method.
[image: ]
[bookmark: _Ref534401300]Figure 5: Carrier phase measurements and integer ambiguity

Assume the receiver measures the NR reference signals from the transmitter , and obtains the TOA measurement   and the phase measurement  . Then  和 can be expressed as follows
	
	
	[bookmark: _Ref11564894](1)

	
	
	(2)


where is expressed in meters,  is the geometric distance between the transmitter and the receiver, c is the speed of light,  and  are the receiver and transmitter clock offsets respectively, is expressed in cycles,  is the wavelength of the carrier frequency, is the unknown integer ambiguity,  is TOA measurement errors, containing multipath and measurement noise, and   is the phase measurement errors.
In general, phase measurement error is only a fraction of the carrier wavelength, and thus the search space of the integer ambiguity depends mainly on the ratio between the TOA measurement error  and the carrier wavelength .
One method to reduce the search space for integer ambiguity is the ‘virtual phase measurement’ with the ‘virtual wavelength’ [14], which is much longer than the wavelength for the real carrier frequency by taking the advantage that the network has the control of the transmission of the NR reference signals. Instead of transmitting the NR reference signals in one single frequency only, the NR reference signals can be transmitted in 2 or more frequencies to get phase measurements from multiple frequencies. Then, the long ‘virtual wavelength’ for ‘virtual phase measurement’ will be created by a special combination of these phase measurements.. 
For example, assume NR PRS are transmitted in two frequencies  and . The phase measurements  and  in frequencies  and  can be expressed as follows: 
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 (Note: For the sake of simplicity and clarity, we have omitted the superscript and the subscript representing the transmitter and receiver here). Multiplying both sides of (3) with  and (4) with , and then combining them together, we obtain the following ‘virtual’ phase measurement : 
	
	 

	[bookmark: _Ref47514643](5)


where , , and are, respectively, the ‘virtual’ wavelength, the integer ambiguity for ‘virtual’ phase measurement and ‘virtual’ phase measurement errors.
The ‘virtual’ phase measurement  in (5) has the same form as (3) and (4). However, the  is no longer the true carrier wavelength, but a “virtual wavelength”. Because the transmission frequencies  can be configured by the network, it provides the opportunity to make  to be much longer than  and , which will make  the search space of the integer ambiguity  to be much smaller than that for  and . 
[bookmark: _Ref40377772][bookmark: p15]Proposal 15: Consider supporting the carrier phases measurements from two or more carrier frequencies for fast resolution of the integer ambiguity. 

[bookmark: _Ref47370377]Resolution of time synchronization errors in NR positioning

One of the main issues that impact of the DL-TDOA and UL-TDOA positioning is the TRP time synchronization error. For example, to meet Rel-17 target horizontal positioning accuracy of sub-meter level ([0.2m] or [0.5m]), it requires the time synchronization among the TRPs to be 2ns or better, given that the RF signal travels about 30cm per ns. One of the approaches to resolve the issue to implement a network with precise time synchronization, as discussed in our companion paper [14].
[bookmark: p16]Proposal 16: RAN1 should investigate the use of the RAT-dependent network synchronization techniques for NR positioning, where the precise network synchronization can be achieved by monitoring the reference signals transmitted from TRPs.
Another solution is to support the differential positioning technique that is commonly used in GNSS high-accuracy positioning. Assume two receivers measure the NR reference signals from two transmitters {, and obtain the TOA measurements   and the phase measurements . The single differential measurements, i.e., the difference of the measurement by a receiver  from two transmitters { can be expressed as: 
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where
 		
 		
(Note: The  is the RSTD measurements in DL-TDOA). The single differential operation will eliminate the impact of the receiver clock error, but single differential measurements are still impacted by the clock errors of the transmitters. 
To remove the clock errors of the transmitters, the double differential technique can be used, i.e., the differential measurements by two receivers  from two transmitters { are differenced again:
	
	
	(8)

	
	
	(9)


Where
	

The double differential operation eliminates the impact of both the receiver clock errors and the transmitter clock errors on the double differenced measurements. 
When the double differential techniques are used for the determination of the mobile receiver position, one of the receiver’s position is known and used as the reference position. To solve the three unknown parameters for the coordinate of the unknown mobile receiver position, it needs at least three double differential measurements obtained from four transmitters.
[bookmark: p17][bookmark: _Toc1116819][bookmark: _Ref40027457]Proposal 17: Consider supporting the differential operations for eliminating TRP synchronization errors for high-accuracy NR positioning in Rel-17. 

[bookmark: _Ref47370384]Elimination of impact of RF group delays on NR positioning

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 is easy to see 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 this parameter will cause signal distortion through the RF channel. Knowledge about phase distortion is essential to minimize positioning errors due to group delay.
By using signal and spectrum analyzers [16], equipment manufacturers can obtain the group delay in the RF receive and transmit chain. To minimize the positioning error caused by the group delay in the RF Rx chain, the receiver should eliminate the influence of the Rx group delay on the NR positioning measurement based on its knowledge of the Rx group delay (Note: For DL RSTD measurement, the influence of the group delay may have been eliminated by differential operation).
[bookmark: p18]Proposal 18: A receiver should eliminate the impact of the Rx group delay when providing NR positioning measurements, e.g., UE should eliminate the Rx group delay in UE Rx-Tx time difference measurements.
However, the receiver side may not have the knowledge of the group 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 group delay information to the network node (LMF) that calculates the final UE position. For example, the UE may send the Tx group delay to the LMF for network-based positioning. The LMF can use the information to eliminate the UE Tx group delay on the gNB Rx-Tx time difference measurements.
[bookmark: p19]Proposal 19: For network-based positioning, the information of the UE Tx group delay should be sent to LMF for eliminating the impact of the Tx group delay on NR positioning. For UE-based positioning, the information of the gNB Tx group delay should be sent to UE for eliminating the impact of the Tx group delay on NR positioning.

[bookmark: _Ref47370386]Search windows for NR positioning measurements

For aiding UE/gNB to detect the DL/UL positioning reference signals, NR supports the LMF to provide the UE/gNB with the search window information. In general, the search windows for the reception of DL/UL signals are determined based on the signal propagation time from the transmitter to the receiver, which is estimated based on the known position of the TRPs and the approximate position of the UE, the uncertainty of the time offset between the transmitter and the receiver, and the uncertainty of the UE location.
The time-search window information is helpful for timing-related positioning measurements, but may not be useful for angular-related positioning measurements, since it does not provide the information related to the direction of incoming signals.  
[image: ]

[bookmark: _Ref47347400]Figure 6: The search windows for TDOA and AoA

There is another approach for aiding the UE/gNB to obtain both timing-related measurements and angular-related measurements. In this approach, the LMF will directly provide the UE/gNB with the approximate UE’s position as well as the uncertain of the UE’s position. Then, the UE/gNB can determine the search window for timing-related measurements but also the angular-related measurements by themselves (Figure 6). This approach has the following advantages:
· Reducing the search window for all positioning measurements, i.e., not limited to timing-related measurements as existing approach;
· Helping the elimination of false angular measurements, Under a multipath environment, the direction of multipath signals can be completely different from the LOS direction. Providing the UE’s approximate positions to UE/gNB, allow the receiver to avoid the false angular measurements due to multipath signals (Figure 6).
[bookmark: p20]Proposal 20: LMF can provide the estimated UE position and the uncertainty associated with the estimated UE position to UE/gNB for aiding the UE/gNB in the reception of the DL/UL reference signals and proving reliable NR timing and angular positioning measurements.

[bookmark: _Ref47295954]Conclusions

In this contribution, we discuss NR positioning enhancements, and give the following proposals:
Proposal 1: In Rel-17 support DL PRS bandwidth smaller than 24 PRBs at least for one of the DL PRS resource sets in a TRP in a positioning frequency layer.
Proposal 2: Aperiodic and semi-persistent DL PRS should be introduced in Rel-17 in order to reduce the latency and overhead of DL PRS.
Proposal 3:  Support SRS-Pos resource coordination to achieve orthogonal SRS-Pos resource assignment and SRS-Pos interference cancellation to eliminate inter-cell SRS-Pos interference in Rel-17.
 Proposal 4: Symbol-specific cyclic shifts for SRS-Pos should be supported in order to keep phase continuities when a staggered SRS-Pos pattern is de-staggered for the SRS-Pos detection at the receiver.
Proposal 5: Frequency hopping of SRS-Pos for positioning should be supported in Rel-17 in order to obtain better positioning accuracy. 
Proposal 6: For assessing the scalability of positioning solutions, the latency of a positioning procedure should be studied as a function of the number of devices to be positioned.  
Proposal 7: Average power consumption of devices should be studied as a function of configured time and frequency resources for positioning. 
Proposal 8: For the purpose of device efficiency, it should be considered to send SRS-Pos signal at DRX active time for UL positioning.,
Proposal 9: Introduce the PRS measurement restriction. Those DL PRS resources within the measurement restriction may not be measured by UE.
Proposal 10: Each measurement would be associated with a LOS/NLOS identifier.
Proposal 11: Positioning for UEs in RRC_IDLE/INACTIVE states should be supported in Rel-17 with the enhancements as follows:
· Using PRACH for UE in RRC_IDLE/INACTIVE state for positioning purpose 
· Sending SRS-Pos for UE in RRC_INACTIVE state.
Proposal 12: UEs in RRC_IDLE/INACTIVE state have three SRS configuration methods:
· Using RRC connected state SRS-Pos configurations information. 
· Using SRS-Pos configuration information carried in the paging message.
· Using SRS-Pos configuration information obtained by UE in a new RACH procedure.
Proposal 13: Consider supporting NR carrier phase DL positioning in Rel-17. The reference signals for DL carrier phase measurements can be:
· DL PRS
· Secondary DL-PRS
· C-PRS (pure tune sinusoidal signals)
Proposal 14: Consider supporting NR carrier phase UL positioning in Rel-17. The reference signals for UL carrier phase measurements can be:
· UL SRS for positioning
· C-PRS (pure tune sinusoidal signals)
Proposal 15: Consider supporting the carrier phases measurements from two or more carrier frequencies for fast resolution of the integer ambiguity. 
Proposal 16: RAN1 should investigate the use of the RAT-dependent network synchronization techniques for NR positioning, where the precise network synchronization can be achieved by monitoring the reference signals transmitted from TRPs.
Proposal 17: Consider supporting the differential operations for eliminating TRP synchronization errors for high-accuracy NR positioning in Rel-17. 
Proposal 18: A receiver should eliminate the impact of the Rx group delay when providing NR positioning measurements, e.g., UE should eliminate the Rx group delay in UE Rx-Tx time difference measurements.
Proposal 19: For network-based positioning, the information of the UE Tx group delay should be sent to LMF for eliminating the impact of the Tx group delay on NR positioning. For UE-based positioning, the information of the gNB Tx group delay should be sent to UE for eliminating the impact of the Tx group delay on NR positioning.
Proposal 20: LMF can provide the estimated UE position and the uncertainty associated with the estimated UE position to UE/gNB for aiding the UE/gNB in the reception of the DL/UL reference signals and proving reliable NR timing and angular positioning measurements.
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