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Introduction

At 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, signalling 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 Carrier phase-based Positioning. Section 4 summarizes the proposals with conclusions.

DL PRS and UL PRS enhancements

Downlink PRS enhancements 

DL P-PRS and S-PRS
In NR Rel-16, the DL PRS signals from a cell are transmitted with a configured transmission pattern, i.e., with a configured transmission time period, a transmission time duration, and a transmission offset. In the transmission time duration, the DL PRS signals are mapped to the defined PRS REs in PRS OFDM symbols in the configured DL PRS RE patterns. The PRS signals are transmitted with the same power for each PRS RE, which equals normally the total configured BS transmission power divided by the total number of PRS REs within the PRS transmission bandwidth. 
In order to improve the hearability of the PRS signals or minimize the interferences from other data or reference signals, there is, in general, no transmission of other data signals or other reference signals on the PRS transmission duration. During the NR Rel-16 positioning SI, the idea to support NR DL PRS resource sharing with other transmissions including data/control was proposed for the purpose of the optimization of the resource usage and the positioning performance. Due to the time limitation, the idea was only discussed very briefly during the SI, and it was concluded that the issue is left to future specification work, including [5]:
-	Which physical channel/signals can share resources with NR DL PRS; 
-	Whether to support interference randomization techniques for PRS transmission with other signals.   
In this Section, we continue the discussion of the NR PRS design with P-PRS and S-PRS, and provide theoretical analysis of the effectiveness of the S-PRS for improving the positioning performance to demonstrate the effectiveness of the approach. 

P-PRS and S-PRS
There can be a further enhancement on the legacy DL PRS transmission pattern for the following reasons:
· In the OFDM symbols for PRS transmission, there is no transmission of other signals for data communication. Thus, the RF resources allocated during the PRS transmission time duration are all counted as the overhead in the context of the data communication service;
· Reducing the PRS overhead requires configuring long PRS transmission time period and short PRS transmission time duration, while the longer period of PRS transmission brings longer positioning delays and shorter PRS transmission time duration results in lower detection probability of PRS signals and lower positioning performance. In a real system deployment, it is difficult to solve this dilemma. Due to the concern of the system overhead, PRS transmission is normally configured with relatively long periodicity and shorter duration, which inevitably results in the compromised positioning performance;
· With the non-continuous, periodic transmission of the PRS signals, it is very difficult, if not impossible, to adopt more advanced signal processing techniques (such as long-term cross-correlation or carrier phase positioning) to achieve high-performance positioning for some challenging environment, such as the indoor environment. 

For solving issues identified above, in [5] we proposed using two groups of PRS signals for NR DL positioning: the primary PRS (P-PRS) and the secondary PRS (S-PRS). P-PRS is similar to the legacy DL PRS and serves the following purposes:
· Provide reasonable NR positioning performance for the scenarios with excellent RF conditions for detecting P-PRS signals from neighboring cells. 
· Provide accurate time and frequency synchronization. The UE will maintain the precise time and frequency synchronization with the detection of P-PRS signals as few as only one cell. High-precision time and frequency synchronization is a necessary condition for the UE to subsequently perform long-term integration on the S-PRS signal in order to detect the much weaker S-PRS signal to be described in the following.
S-PRS is an auxiliary PRS specifically designed to improve positioning performance and RF resource usage. S-PRS can be flexibly configured:
· S-PRS signal can be configured to be ON/OFF. It can be turned on for the special environment, e.g., for indoor positioning, for the particular UE(s), e.g., for  UE subscribed to high accuracy positioning services;
· In the frequency domain, S-PRS configuration (e.g., transmission bandwidth, frequency mapping pattern, etc.) can be independent of P-PRS configuration;
· In the time domain, the S-PRS signal is placed in the downlink time slot where the P-PRS signal is not transmitted and may also overlapping with the OFDM symbols/RBs/REs where other downlink data and signals are transmitted;
· For the sequence generation, the S-PRS can use the same sequences as the P-PRS, e.g., both the P-PRS and the S-PRS are based on GOLD sequence, or the S-PRS can use different random sequences. Using the same sequence generation approach has the advantage of simpler design and implement. Having different random sequences has the potential for better positioning performance.
· For S-PRS sequence design, coherent superposition of correlation value should be used to improve the post-SINR of S-PRS. Then, S-PRS sequence in different slots or OFDM symbols should be the same in order to do coherent superposition.
The S-PRS mainly serves the following purposes:
· Improve positioning performance.
With S-PRS, the UE may obtain more accurate RSTD measurements from more nearby cells through longer coherence or non-coherent integration of the S-PRS signals, especially for the indoor environment;
· Optimize resource usage. 
With S-PRS, the RF resource configured for P-PRS can be reduced, because the main purpose of the P-PRS is to provide accurate time and frequency synchronization and reasonable positioning performance, but not necessarily the target positioning performance; 
S-PRS can be transmitted, similar to background noise, together with the data signals. In this case, the S-PRS EPRE will be much lower than the EPRE of the data communication signals. Thus, the transmission of the S-PRS will not impact the resource scheduling for data communication (Figure 1). 
S-PRS may also be transmitted on the resources without overlapping with the data signals, when the system has extra RF resource available, or when the system specifically wants to improve the detectability and positioning performance of the S-PRS for particular reasons (Figure 2). In this case, the S-PRS EPRE can be the same as that of P-SRS.
· Special positioning service. 
Due to the alternating transmission of P-PRS and S-PRS signals, the PRS signal transmitted by the base station is actually continuous in all DL slots. Thus, it is possible for the UE to achieve continuous positioning and tracking by continuously measuring and tracking PRS signals from a plurality of neighboring cells.
[image: ]
[bookmark: _Ref534535606]Figure 1: NR PRS Transmission Pattern
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[bookmark: _Ref534535634]Figure 2: NR PRS Transmission Pattern


Analysis of TOA CRLBs with P-PRS and S-PRS
In this Section, we present the theoretical analysis of the effectiveness of the S-PRS for improving the positioning performance based on the analysis of the Cramer-Rao lower bound (CRLB) for the TOA estimation error. 

CRLB is the lower bound that describes the maximum achievable accuracy of any unbiased estimator for a given signal-to-noise ratio (SNR). It is well known that under the assumption of AWGN channel, the CRLB of the TOA estimation  from the DL OFDM reference signal, e.g. PRS, can be expressed as follows:



where is the subcarrier spacing,  is the total number of OFDM symbols with the DL reference signals, N is the total number of subcarriers within the bandwidth, and  if there is no DL reference signal in the resource element (k,l), and  if there is DL reference signal in the resource element (k,l).

If we assume the transmission periodicity of P-PRS is  slots with the transmission duration of  OFDM symbols and the reuse factor of 6 as LTE PRS, i.e., one PRS RE for every 6 REs. The CRLB for the TOA estimation  based on P-PRS and S-PRS can be expressed approximately: 





Then, to reach the same CRLB using either P-PRS or S-PRS, we have


For example, if the M=40 slots and   symbols, to have the same target CRLB, the can be  ~ 22dB lower than the .  Figure 3 shows one example of the auto-correlation of the P-PRS and S-PRS where the SNR for P-PRS is set to -6dB, while the SNR for S-PRS is set to -28dB. 
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[bookmark: _Ref40026970][bookmark: _Ref813266]Figure 3: Comparison of the auto-correlation of the P-PRS and S-PRS

[bookmark: _Toc5113982][bookmark: _Toc5114006][bookmark: _Ref40027417]Proposal 1: Consider the NR PRS design with Primary PRS (P-PRS) and Secondary PRS (S-PRS) for DL positioning. The S-PRS is configured independent of P-PRS in Rel-17.

Aperiodic/SPS DL PRS
In Rel-16, only periodic DL PRS is supported with the minimum periodicity of 4ms, which will introduce inevitable latency for positioning. Another issue of periodic DL PRS is its considerable overhead due to periodic transmission. In Rel-17, in order to allow higher efficient and lower latency positioning operation, aperiodic and semi-persistent scheduling(SPS) DL PRS should be introduced to reduce the latency and overhead. 
In Rel-16, DL PRS is configured by LPP, and it is transparent to the serving cell. In Rel-17, serving cell should be involved in the triggering operation in order to support aperiodic/SPS DL PRS transmission. SPS DL PRS should be configured by higher layer signalling as LPP or RRC, and triggered by MAC CE. For an aperiodic DL PRS, it can be also configured by as LPP or RRC, and be triggered by DCI. 
For the triggering of aperiodic DL PRS, the service cell obtains the aperiodic trigger information of aperiodic DL PRS of its own and neighbouring cells which involving 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.
[bookmark: _Ref40027425]Proposal 2: Aperiodic and semi-persistent scheduling 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-Pos transmissions among different cells is hard to predict. The UL positioning performance will suffer from the degraded SRS-Pos measurement accuracy caused by the mutual interference. It is necessary to adopt measures to resolve the problem.
One simple method is to UL muting in SRS-Pos transmission.  It means when one UE transmits the SRS-Pos on one certain 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 alternative 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 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 4, 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 between the SRS-Pos transmissions from different UEs in 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 4, 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.
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[bookmark: _Ref16238364]Figure 4: SRS-Pos resource coordination among the gNB

[bookmark: _Ref40027428][bookmark: p6]Proposal 3:  Support SRS-Pos resource coordination to achieve orthogonal SRS-Pos resource assignment and/or SRS-Pos interference cancellation in Rel-17.

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 for positioning is not supported in Rel-16, due to lack of use cases and supporting of the staggered comb of SRS for positioning, which can boost the PSD by comb-like resource mapping (e.g., comb-12).
The main objective of Rel-17 positioning study is high precision positioning performance of IIoT scenarios. Therefore, it would be reasonable to configure wider bandwidth for SRS in order to obtain better positioning accuracy. Wider bandwidth inevitably reduces the PSD of SRS and positioning accuracy. Frequency hopping of SRS should be supported together with comb transmission to boost PSD of the SRS reception at the gNB and increase positioning accuracy in Rel-17.
[bookmark: _Ref40027431]Proposal 4: Frequency hopping of SRS-Pos for positioning should be supported in Rel-17 in order to obtain better positioning accuracy. 

SRS-Pos for UEs in RRC_IDLE/INACTIVE states
In UL-TDOA positioning technique, multiple gNBs measure the SRS for positioning from UE to obtain the UL TDOA. Then UE’s location can be calculated with the UL TDOA and the location of gNBs by multilateration. 
The procedure is performed in UE RRC connected mode. If a UE not in RRC connected mode want to perform UL-TDOA positioning, it has to firstly enter into RRC connected mode with its serving gNB, and sending SRS for the gNBs to measure the UL TDOA. This will increase the power consumption of UE, especially in the scenario of frequent location. Therefore, SRS for positioning for RRC_IDLE or INACTIVE UEs should be considered. Such enhancement will be benefit for reducing power consumption of device and reconnection time as well as providing location-dependent services in those states.
[bookmark: _Ref40027434]Proposal 5: SRS-Pos for UEs in RRC_IDLE/INACTIVE states should be studied in Rel-17 in order to reducing power consumption of device and reconnection time as well as providing location-dependent services in those states.

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 scalability of positioning solutions, latency of positioning procedure should be studied as a function of number of devices to be positioned. The more number of devices to be positioned, the more Uu signaling and positioning data needed, 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.
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 for positioning 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]Proposal 6: For assessing scalability of positioning solutions, latency of positioning procedure should be studied as a function of number of devices to be positioned.  
[bookmark: _Ref40027442]Proposal 7: Average power consumption of devices should be studied as a function of configured time and frequency resources for positioning. 

UL/DL time delay reduction 
NR Rel-16 only supports periodic PRS or SRS for positioning. The positioning time delay relates to the configured period of the reference signals. Considering the large overhead of PRS, it is inefficient to configure reference signal with a short period to reduce the time delay. Therefore, enhancements are required to achieve the time delay reduction for both UL and DL positioning in a more effective way.
As mentioned before, aperiodic PRS or SRS for positioning could be supported to reduce latency. Once triggering, the reference signal could be transmitted immediately or after certain time offset. The positioning could be triggered either by UE or by the network. Correspondingly, the signaling procedure should be designed. Further, multi-shot PRS or SRS for positioning could be considered to improve the positioning accuracy, where multiple reference signal occasions could be transmitted with only one triggering signaling. The number of occasions could be configured or predefined in the spec.
[bookmark: _Ref40027445]Proposal 8: Both aperiodic positioning and multi-shot positioning could be considered to reduce the positioning latency in Rel-17.
On the other hand, the beam sweeping procedure, especially in FR2, causes relative large positioning latency. To accelerate beam sweeping, we could either reduce the number of beams or reduce the duration of each beam. Taking the comb-based PRS pattern into account, the time domain signal of one PRS symbol is a repetitive waveform. For instance, for comb-N, the waveform of one PRS symbol could be divided into N repeated time intervals. Therefore, N beam directions could be swept with only one PRS symbol. If it is supported, the UE measurement and report could be impacted. Another alternative is to use a larger subcarrier spacing for the PRS or SRS symbol, which is a straightforward way to reduce the duration of each beam. If supported, the numerology of PRS and SRS symbol should be allowed to be different to that of PDSCH or PUSCH.
[bookmark: _Ref40027448][bookmark: _Ref40029375]Proposal 9: At least one of the following alternatives should be supported to reduce the positioning latency:
· Alt-1: Beam sweeping is supported within one PRS symbol.
· Alt-2: The numerology of PRS or SRS symbol should be allowed to be different to that of PDSCH or PUSCH.


Carrier phase-based Positioning
The Rel-17 Pos SID provides the exemplary performance targets in the justification of the SI [1]: “NR Positioning in Rel-17 should evaluate and specify enhancements and solutions to meet the following exemplary performance targets:
(a) For general commercial use cases (e.g., TS 22.261):
		- sub-meter level position accuracy (< 1 m)
(b) For IIoT Use Cases (e.g., 22.804):
		- position accuracy < 0.2 m
The target latency requirement is < 100 ms; for some IIoT use cases, latency in the order of 10 ms is desired.” 
3GPP TS 22.261[3] has also defined the performance requirements for horizontal and vertical positioning service levels. Depending on the service level, the horizontal accuracy varies from 10m (95% availability) with 1s latency in level 1 to 0.3m (99.9 % availability) with 15ms latency in level 6. However, the current 3GPP RAT-dependent positioning approaches, including OTDOA/UTDOA, DL-TDOA/UL-TDOA, DL-AoD/UL-AoA, Multi-RTT are difficult to support such the requirements even for level 1 according to the evaluation results shown in 3GPP TR 38.855[4], let alone the requirements for level 6. Therefore, innovative positioning methods need to be considered for NR positioning systems.
In this section, Carrier phase-based DL Positioning and Carrier phase-based UL Positioning are proposed to improve the positioning accuracy and achieve the performance targets of Rel-17 positioning.

Carrier phase-based DL Positioning

Description of NR carrier phase-based DL positioning 
In our previous contribution [5], we proposed the method of RAT-dependent carrier-phase based positioning techniques with the potential to support sub-meter-level or even centimeter-level positioning accuracy UE. In RAN1#95, it was agreed that the carrier-phase based technique is considered as one of the candidate techniques for the study of DL positioning. In the following, we briefly summarize the RAT-dependent carrier-phase based techniques for supporting the DL positioning with the additional analysis on the feasibility of the approach based on the comparison with GNSS carrier-phase based positioning techniques.
Figure 5 illustrates the basic idea of the DL positioning with the NR carrier phase measurements. In the method, the cells transmit the carrier phase positioning reference signals (C-PRS) to support UE to obtain the carrier phase measurements. C-PRS can be a pure carrier wave of sinusoidal signals at a pre-configured or pre-defined carrier frequency (C-PRS modulated with random sequences can also be considered). The carrier frequencies of the neighboring cells for transmitting the C-PRS will be cell dependent. 

[image: ]
[bookmark: _Ref525409496][bookmark: _Ref525409472]Figure 5: Illustration of UE carrier phase positioning

Since C-PRS is pure sinusoidal signal, and the bandwidth of C-PRS is very small, depending only on the impairment of BS RF transmitter. Thus, the subcarrier spacing ( between C-PRS signals from different cells can be very smaller, much smaller than the subcarrier spacing for data communication (. In addition, the transmission of the transmission of the C-PRS can be carried out at the edge of the carrier or the guard-band of the carrier as shown in Figure 6 (a) without causing inter-channel interferences to neighbouring carriers, as shown in Figure 6(b).

[image: ]
[bookmark: _Ref525409841]Figure 6: The subcarriers for transmission and the spectrum of the C-PRS

Comparison of NR carrier phase-based UL positioning and GNSS carrier phase-based positioning 
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:
· Receiving power of NR carrier phase reference signals will be much stronger than that of GNSS carrier signals. GNSS are normally designed with the target receiving 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 can phase-lock loop should be able to lock the NR carrier phase reference signal much faster. Also, in case 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 satellites location and antenna phase centre.
[bookmark: _Toc525482752][bookmark: _Toc528649278]
Integer ambiguity search for NR phase measurements
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 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). How to quickly and reliably search for IA in phase measurements within short time duration is the key issue in carrier phase positioning. For GNSS carrier phase positioning, there are many effective approaches existing on how to resolve IA in GNSS carrier phase measurements [7][8]. 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, i.e., there is no control over the configuration of transmission frequencies, the transmission power etc. Unlike GNSS, one of the advantages of NR carrier phase positioning is that the network may actually have control of the transmission of the NR signals. This provides the opportunity in the design of NR carrier phase positioning to support more quickly and reliably searching for the integer ambiguity of the NR phase measurements. In this section, we present one of such methods.
Assume the receiver measures the PRS and C-PRS from the transmitter , and obtains the TOA measurement   and the phase measurement  . Then  和 can be expressed as follows
 			(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 respectively the receiver and transmitter clock offsets, is expressed in cycles,  is the wavelength of  carrier frequency of C-PRS, is the unknown integer ambiguity,   is TOA measurement errors, containing multipath and measurement noise, and   is the phase measurement errors, containing phase multipath and phase noise.
For positioning using the phase measurement, the challenging problem is to search the unknown integer ambiguity contained in the phase measurement. For searching the unknown integer ambiguity, the first step is to determine the search space of unknown integer ambiguity based on the TOA and phase measurements. From equations (1) and (2), we have
		(3)
Equation (3) shows that the search space of the integer ambiguity depends on the measurement uncertainty . 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 .
To reduce the search space of the integer ambiguity, the network should first try to reduce the TOA measurement error. For NR positioning, TOA measurement error may be reduced to a few meters by using large NR PRS transmission bandwidth, long PRS duration, larger PRS power, and other methods. However, due to the consideration of the resource usage and other reasons, it is in general not practical to further reduce the TOA measurement error. The wavelength  is directly associated with the C-PRS carrier frequency. The network may use lower C-PRS carrier frequency to have la onger wavelength, but this is subject to the radio frequency for the data communication. The wavelength  will be 20cm or shorter when the C-PRS is transmitted with the frequency of 1.5GHz or larger. Therefore, the search space for integer ambiguity N may remain fairly large.
Here we propose a method to reduce the search space for integer ambiguity by introducing the ‘virtual phase measurement’ with the ‘virtual wavelength’. The intention is to have the ‘virtual wavelength’ much longer than the wavelength for the C-PRS carrier by taking the advantage that the network has the control of the transmission of the C-PRS. Instead of transmitting the C-PRS with one single frequency only, the transmitter will transmit C-PRS signals 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. Since the C-PRS are pure sinusoidal signals, transmitting multiple C-PRS signals in different frequencies may not be a concern for the radio resource usage. 
For simplicity, we will explain the idea with the assumption that each transmitter transmits the C-PRS with two frequencies. The same principle applies to the case when the C-PRS are transmitted in more than two frequencies.
Assume the C-PRS signals are transmitted in the frequencies  and , and also the PRS signal is also transmitted for TOA measurements from a transmitter (the PRS transmission is independent from the C-PRS transmission in terms of transmission frequency, bandwidth and power etc.). The TOA measurement and the phase measurements  and  from C-PRS in frequencies  and  can be expressed as follows: 
 				(4)
 		(5)
 		(6)
(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 Equ. (5) with  and Equ. (6) with , and then combining them together, we obtain the following ‘virtual’ phase measurement : 
 		(7)
where , , and are, respectively, the ‘virtual’ wavelength, the integer ambiguity for ‘virtual’ phase measurement and ‘virtual’ phase measurement errors, which are expressed as follows
					(8)
					(9)
 					(10)
			(11)
The ‘virtual’ phase measurement  in Equation (7) has the same form as Equations (5) and (6). 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 . 
From Equations (4) and (7), we have 
 		(12)
The search range of  now depends on , or mainly  because the phase error  is usually much smaller than the TOA measurement error . For example, if  GHz and  GHz, then  about 1.5m. In comparison,  and  are about 25cm and 30cm. If TOA error is in the range of 1.5 meters, the integer ambiguity  can be obtained almost instantaneously or simple averaging of a few TOA measurements without the need for searching. However, the search space for  and  will be much larger, which are {-6, -5, …, 6} and {-5, -4, …, 5} respectively under the same TOA error.
After obtaining the , one may use the virtual phase  directly for phase positioning. The positioning accuracy depends then on the , which is in general one order smaller than the TOA measurement error with properly selected C-PRS transmission frequencies.
After obtaining the , one may also use it to further searching for the integer ambiguity  or  for a more precise positioning. The integer ambiguity  can be determined by the use of the Equations (5) and (7), and the integer ambiguity  can be determined by the use of the Equations (6) and (7). For example, from Equations (5) and (7), we have
 	(13)
The search space of  now depends on the last term , or mainly the . Given that range of  is in general in the same order of , the  can be obtained based on Equation (13) with little or even no search.   
It is worthy to point out that the search of the integer ambiguity is actually not impacted by the receiver clock offset and the base station offset as shown, e.g., Equations (12) and (13) above. However, it does not necessary implies the receiver clock offset and the base station offset have no impact on the phase based positioning. The impact of the receiver clock offset and the base station offset will depend on the positioning algorithms and other techniques, such as the differential operations etc. 
There are three basic approaches on how to use the phase measurements for positioning, namely 
· No differential operation: The TOA and phase measurements are used directly to calculate the UE position without using a differential technique;
· Differential operation: The TOA and phase measurements are first differenced to eliminate some bias error common to the measurements. The differenced measurements are then used to calculate the UE position. There are two commonly used differential techniques: 
· Single differential operation: The measurements of a receiver are differenced to remove some common biases related to the receiver (e.g., the receiver clock offset) in the measurements (e.g., LTE RSTD);
· Double differential operation: After the Single differential operation, the singled differenced measurements from receivers are differenced again to further remove the common error of the transmitter (e.g., the BS clock offsets). Double differential operation is normally used when the location of one UE is known and thus can be used as the reference point. 

The approach for fast determining IA discussed above is applicable to all above cases, namely “no differential operation”, “single differential operation”, and “double differential operation”. 

Impacts of BS and UE clock errors on NR carrier phase-based positioning
GNSS carrier phase-based positioning is normally used for the situations where the very precise positioning for mobile stations is required, for which double differential technique is used.
Assume two receivers measure the PRS and C-PRS from two transmitter {, and obtain the TOA measurement   and the phase measurement  . From Equ.(1) and (2), the single differential measurements, i.e., the difference of the measurement by a receiver  from two transmitter { can be expressed as: 
 				(14)
			(15)
Where
 		
 		
The  is the so called RSTD measurements in DL-TDOA. As shown in above equations, the single differential operation will eliminate the impact of the receiver clock error on the  single differenced measurements, but the measurements are still impacted by the clock errors of the transmitters. 
In order 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 to obtain:
 				(16)
			(17)
Where
 		
 		
As shown in the above equations, the double differential operation will eliminate the impact of both the receiver clock errors and the transmitter clock errors on the double differenced measurements.
When the double differential techniques is used for the determination of the mobile receiver position, i one of the receiver’s position is known and used as the reference position. In order 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.
Benefits of supporting NR-based carrier phase DL positioning
The benefits of supporting NR-based carrier phase DL 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-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.  

[bookmark: _Toc1116819][bookmark: _Ref40027457]Based on the above discussion, it is concluded that:

[bookmark: _Ref40377769]Proposal 10: Consider NR carrier phase-based DL positioning in Rel-17 SI.
[bookmark: _Ref40377772]Proposal 11: Consider transmiting C-PRS in two or more carrier frequencies in the DL carrier phase-based positioning for fast search of the integer ambiguity. The carrier positioning reference signal (C-PRS) can be a pure carrier wave of sinusoidal signals at a pre-configured or pre-defined carrier frequency. The carrier frequencies of the neighboring cells for transmitting the C-PRS will be cell dependent. The transmission of the C-PRS can be carried out at the edge of the carrier or the guard-band of the carrier without causing inter-channel interferences to neighbouring carriers. 

Carrier phase-based UL Positioning

Description of NR carrier phase-based UL positioning 
In our previous contributions [6], we proposed the NR carrier-phase based positioning techniques with the potential to support sub-meter-level or even centimeter-level positioning accuracy UE. In RAN1#95, it was agreed that carrier-phase based techniques are considered as one of the candidate techniques for the study of UL positioning. In the following, we briefly summarize the NR carrier-phase based techniques for supporting the UL positioning with the additional analysis on the feasibility of the approach based on the comparison with GNSS carrier-phase based positioning techniques.
Figure 7 illustrates the basic idea of the UL positioning system with the NR carrier-phase based techniques. In the method, the UE transmits the carrier phase positioning reference signals (C-PRS) to support the neighbouring gNB to obtain the carrier phase measurements. C-PRS can be a pure carrier wave of sinusoidal signals at a pre-configured or pre-defined carrier frequency (C-PRS modulated with random sequences can also be considered). The carrier frequencies of the UEs for transmitting the C-PRS are UE dependent and configured by the network. 

[image: ]
[bookmark: _Ref534395866]Figure 7: Illustration of UL positioning with carrier phase measurements

Since C-PRS are pure sinusoidal signals, and the bandwidth of C-PRS are very small. Thus, the subcarrier spacingbetween C-PRS signals from different UEs can be very smaller, much smaller than the subcarrier spacing for data communication. In addition, the transmission of the transmission of the C-PRS can be carried out at the edge of the carrier or the guard-band of the carrier as shown in without causing inter-channel interferences to neighbouring carriers.

Integer ambiguity resolution for NR carrier phase-based UL positioning 
The carrier phase measurement contains an unknown number of integer multiples of the carrier wavelength, commonly referred to as integer ambiguity, as shown in Figure 8. How to fast obtain the integer ambiguity in the carrier phase measurement is one of the keys to positioning using the carrier phase measurement. Compared with GNSS carrier phase positioning, where the network has no control over the GNSS signal transmission (such as the transmission power, bandwidth, frequency location etc.), for NR carrier phase measurement, the network may first reduce the search space of the integer ambiguity by reducing the measurement error of TOA/TDOA by taking advantage of the NR large bandwidth and beam forming properties. The search space of the integer ambiguity can also be further reduced, or even no search is needed, by a transmitter transmitting the C-PRS in two or more frequencies.
[image: ]
[bookmark: _Ref534401300]Figure 8: Carrier phase measurements and integer ambiguity

Benefits of NR carrier phase-based UL positioning
The benefits of supporting carrier-phase based 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 UL RTOA measurements for improving the 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 gNB clock offset);
· Determining the UE position with cm-accuracy (not counting for the impact of other error sources such as gNB clock offset or assume the gNB 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.  

Based on the above discussion, it is concluded that:
[bookmark: _Toc1138839][bookmark: _Ref40027460][bookmark: _Toc534641001][bookmark: _Toc1138840]Proposal 12: Consider NR carrier phase-based UL positioning in Rel-17 SI .
[bookmark: _Toc534641004]Proposal 13: Consider transmitting C-PRS in two or more carrier frequencies in the UL carrier phase based positioning for supporting the fast search of the integer ambiguity. 

Conclusions

In this contribution, we discuss NR positioning enhancements, and give the following proposals:
Proposal 1: Consider the NR PRS design with Primary PRS (P-PRS) and Secondary PRS (S-PRS) for DL positioning. The S-PRS is configured independent of P-PRS in Rel-17.
Proposal 2: Aperiodic and semi-persistent scheduling 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/or SRS-Pos interference cancellation in Rel-17.
Proposal 4: Frequency hopping of SRS-Pos for positioning should be supported in Rel-17 in order to obtain better positioning accuracy.
Proposal 5: SRS-Pos for UEs in RRC_IDLE/INACTIVE states should be studied in Rel-17 in order to reducing power consumption of device and reconnection time as well as providing location-dependent services in those states.
Proposal 6: For assessing scalability of positioning solutions, latency of positioning procedure should be studied as a function of 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: Both aperiodic positioning and multi-shot positioning could be considered to reduce the positioning latency in Rel-17.
[bookmark: _GoBack]Proposal 9: At least one of the following alternatives should be supported to reduce the positioning latency:
· Alt-1: Beam sweeping is supported within one PRS symbol.
· Alt-2: The numerology of PRS or SRS symbol should be allowed to be different to that of PDSCH or PUSCH.
Proposal 10: Consider NR carrier phase-based DL positioning in Rel-17 SI.
Proposal 11: Consider transmiting C-PRS in two or more carrier frequencies in the DL carrier phase-based positioning for fast search of the integer ambiguity. The carrier positioning reference signal (C-PRS) can be a pure carrier wave of sinusoidal signals at a pre-configured or pre-defined carrier frequency. The carrier frequencies of the neighboring cells for transmitting the C-PRS will be cell dependent. The transmission of the C-PRS can be carried out at the edge of the carrier or the guard-band of the carrier without causing inter-channel interferences to neighbouring carriers.
Proposal 12: Consider NR carrier phase-based UL positioning in Rel-17 SI .
Proposal 13: Consider transmitting C-PRS in two or more carrier frequencies in the UL carrier phase based positioning for supporting the fast search of the integer ambiguity.
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