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Introduction
The following agreements were made on the SI for initial access and mobility for NR positioning support in RAN1#95[1]:
	Agreement:
The following candidate techniques are considered for study of DL positioning:
· Timing based techniques 
· Timing of arrival path(s)
· Phase difference based techniques
· Note: feasibility needs to be further assessed
· Angle-based techniques
· Downlink angle(s) of departure 
· Downlink angle(s) of arrival 
· Carrier-phase based techniques
· Note: feasibility needs to be further assessed
· Received reference signal power based techniques
· Cell ID and TRP related information (e.g. RS resource and/or resource set ID)

Agreement:
The following candidate techniques are considered for study of UL positioning:
· Timing based techniques 
· Timing of arrival path(s)
· Angle-based techniques
· Uplink angle(s) of departure 
· Uplink angle(s) of arrival 
· Carrier-phase based techniques
· Note: feasibility needs to be further assessed
· Received reference signal power based techniques

Agreement:
The following candidate techniques are considered for study of DL and UL positioning:
· Timing based techniques
· Round trip time measurement including support for multiple TRPs
· Combination of DL and UL techniques for NR positioning
· e.g. E-CID like techniques (including one or multiple cells)

Agreement:
· Combination of DL, UL and DL + UL techniques can be used for NR positioning
· Combination of RAT-dependent and RAT-independent techniques can be considered for NR positioning

Agreement:
The following candidate reference signals were identified for DL positioning evaluation and are to be further studied
· NR CSI-RS (including TRS configuration)
· NR Synchronization Signals (SSBs)
· New DL positioning reference signals (DL PRS)

Agreement:
The following candidate reference signals were identified for UL positioning evaluation and are to be further studied
· NR PRACH
· NR SRS
· NR UL DMRS
· NR UL PTRS
· New UL positioning reference signals (UL PRS)




In this contribution, we will discuss the potential solutions of positioning technologies with the focus on NR RAT dependent DL positioning solutions.

Downlink positioning
In downlink positioning (e.g., OTDOA), a UE measures the DL reference signals from the serving and nearby cells to obtain the positioning measurements (e.g., RSTD) and reports the measurements to a location server in the network, where the UE position is determined based on multilateration or other algorithms.
In principle, any DL RS (e.g., PSS, SSS, CSI-RS) can be used to obtain the RSTD measurements. However, these DL RS are designed with the purpose of supporting data communication and for which the UE only needs to detect the DL-RS from as few as a single cell. As a matter of fact, the purpose of careful cell planning is to ensure the UE can be served by at least one but as few as possible the small number of cells for resource optimization and interference minimization. In general, the UE is not able to detect the DL-RS for data communication from enough number of neighbor cells for OTDOA positioning.  Thus, PRS was specially introduced for supporting LTE OTDOA.
General considerations in NR PRS design
For NR systems, OTDOA may also be supported with specially designed PRS. As in LTE, a number of key issues need to be considered in the design of the NR PRS sequences:
· PRS sequence: In LTE length-31 Gold-sequence is used for the generation of the PRS sequences. Given that LTE PRS was introduced as early as in Rel-9, it is worthy to have a discussion in this SI on whether NR needs to adopt a different random sequence for the generation of the NR PRS with the careful evaluation and consideration of the recent progress of the random sequence theory and practice, as well as the challenging deployment scenarios and positioning requirements faced by the NR positioning systems;
· Frequency range, bandwidth, and subcarrier spacing: In comparison with LTE, NR has to support much wider carrier frequency ranges (both FR1 and FR2) and much wider bandwidth, especially in FR2. In addition, NR positioning needs to support difference subcarrier spacings for PRS transmission;
· Multi-beam PRS transmission: Unlike LTE, supporting multi-beam PRS transmission becomes essential for the design on the NR PRS sequences and the configurations. The PRS transmission pattern and muting pattern have to take into the consideration of the multi-beam transmission and scanning of the PRS signals.
· Flexibility: NR PRS needs to be designed to support various potential regulatory and commercial user cases. Thus, NR must support the PRS design with very flexible configuration, so that the network can configure the PRS to support the general and special positioning requirements.

In our previous paper [2], we provided a detailed discussion of the NR PRS for supporting OTDOA positioning. The proposals are summarized as follows:
	1) Different PRS subcarrier spacings Δf_PRS=15⋅2^μ kHz (μ=0,1,2,3,4) should be considered.
2) At least a single antenna port is used for NR PRS transmission.
3) Different PRS RE density per PRS RB should be considered.
4) The PRS sequences generated based on length-31 Gold sequences should be considered.
5) The initialization of the random sequences for PRS generation should depend, at least, on the OFDM symbol index in a slot, the slot number within a radio frame, as well as the PRS ID.
6) The PRS sequences generated based on Kasami sequences can be considered.
7) NR PRS mapping in frequency domain should consider the mapping of the PRS symbols evenly to all subcarriers, and avoid the scenario that there are no PRS signals for particular subcarriers in all PRBs, e.g., by using the sequential PRS OFDM symbol number, counted from the start of the PRS occasion.
8) NR PRS also needs to consider the design of multi-beam PRS transmission with the unified approach for both TDD and FDD systems and for both FR1 and FR2.
9) For supporting multibeam transmission of the PRS signals, NR PRS mapping in the time domain should consider: a) the concept of PRS block and PRS block set; b) the mapping of the OFDM symbols in a PRS block and the mapping pattern of the PRS blocks in a PRS block set (a PRS occasion); and c) the transmission period and transmission offset of the PRS block set (a PRS occasion).
10) For supporting the multibeam transmission of the PRS signals, The PRS muting patterns should be considered that take the multibeam transmission of the PRS signals into consideration.




Based on the above discussion, we propose:
[bookmark: _Toc534971701]Proposal 1: Support the the transmission of the DL Position Referece Signals for DL positionin with the following properties and adopt the text proposal in Appendix A on NR DL PRS for TR 38.855, including: 
· different PRS subcarrier spacings; 
· a single antenna port is used for NR PRS transmission; 
· different PRS RE density per PRS RB; 
· the candidate PRS sequences generated based on length-31 Gold sequences or Kasami sequences; 
· PRS resources being evenly distributed to all subcarriers, in PRS symbols; 
· multi-beam PRS transmission with the unified approach for both TDD and FDD systems and for both FR1 and FR2;
· PRS muting patterns in the multibeam transmission of the PRS signals.

NR PRS design with P-PRS and S-PRS
In LTE, the 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 PRS signals are mapped to the defined PRS REs in PRS OFDM symbols in the configured PRS subframes. 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.
P-PRS and S-PRS
There can be a further enhancement on the legacy 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 [3] 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 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.
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=160 slots and   symbols, to have the same target CRLB, the can be 22dB lower than the. Or, equivalently, the RF resource allocated for the transmission of the P- PRS can be reduced to half, if  with 22dB lower SNR is transmitted together with the P-PRS, for reaching the same target CRLB.

[bookmark: _Toc534971702][bookmark: _Ref525326168][bookmark: _Toc525482751][bookmark: _Toc528649277]Proposal 2: Support 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, with the following properties, and adopt the text proposal on NR PRS design with P-PRS and S-PRS  in Appendix B for TR 38.855:
a) The S-PRS can be configured to be ON/OFF;
b) The S-PRS transmission bandwidth can be greater than, less than, or equal to the bandwidth of the P-PRS signal;
c) The resource mapping pattern of the S-PRS can be the same as, or different from that of the P-PRS;
d) The S-PRS is transmitted in the DL slots where the P-PRS signal is not transmitted, and 
i) The S-PRS may be overlapping with the OFDM symbols/RBs/REs of DL data signals. In this case, the S-PRS should be configured with very low EPRE without interfering the reception of the DL data signals;
ii) The S-PRS may also be transmitted without overlapping the OFDM symbols/RBs/REs of DL data signals. In this case, S-PRS EPRE can be configured in a similar level as the P-PRS EPRE;
e) The S-PRS sequence generation method can be the same as or different from P-PRS sequence;
f) For supporting multibeam PRS transmission, the association of the P-PRS beams and S-PRS beams can be configured:
i) The number of P-PRS beams and the number of S-PRS beams can be the same or different; 
ii) One P-PRS may be associated with one or more S-PRS, and one S-PRS may be associated with one or more P-PRS;
iii) The transmission direction and beam widths of the associated P-PRS and S-PRS beams can be the same or different;
iv) The associated P-PRS and S-PRS can be configured to have or not have Quasi-co-location (QCL) relationship, and if having QCL relationship, what are the QCL relationship (e.g., 'QCL-TypeA' : {Doppler shift, Doppler spread, average delay, delay spread} , 'QCL-TypeD': {Spatial Rx parameter}, etc.)
[bookmark: _GoBack]NR PRS design based on NR CSI-RS
In LTE, Cell specific Reference Signal (CRS) is transmitted constantly for RRM. Unlike LTE, NR does not support the CRS. NR CSI-RS is designed with very flexible configuration for support the MIMO, RRM, and time/frequency tracking. In this section, we will further discuss the design of the NR positioning reference signal based on the NR CSI-RS.
As discussed in Section 2.1, NR PRS should support the following aspects: 
	1. Different PRS subcarrier spacings Δf_PRS=15⋅2^μ kHz (μ=0,1,2,3,4) should be considered.
2. At least a single antenna port is used for NR PRS transmission.
3. Different PRS RE density per PRS RB should be considered.
4. The PRS sequences generated based on length-31 Gold sequences should be considered.
5. The initialization of the random sequences for PRS generation should depend, at least, on the OFDM symbol index in a slot, the slot number within a radio frame, as well as the PRS ID.
6. The PRS sequences generated based on Kasami sequences can be considered.
7. NR PRS mapping in frequency domain should consider the mapping of the PRS symbols evenly to all subcarriers, and avoid the scenario that there are no PRS signals for particular subcarriers in all PRBs, e.g., by using the sequential PRS OFDM symbol number, counted from the start of the PRS occasion.
8. NR PRS also needs to consider the design of multi-beam PRS transmission with the unified approach for both TDD and FDD systems and for both FR1 and FR2.
9. For supporting multibeam transmission of the PRS signals, NR PRS mapping in the time domain should consider: a) the concept of PRS block and PRS block set; b) the mapping of the OFDM symbols in a PRS block and the mapping pattern of the PRS blocks in a PRS block set (a PRS occasion); and c) the transmission period and transmission offset of the PRS block set (a PRS occasion).
10. For supporting the multibeam transmission of the PRS signals, The PRS muting patterns should be considered that take the multibeam transmission of the PRS signals into consideration.



Based on the design and the framework of the NR CSI-RS, NR CSI-RS already possesses the characteristics of NR PRS identified above (e.g., the items of No.1 to No. 5, No.8) and can support the rest of the characteristics of NR PRS with the following enhancements for supporting both cell-specific and UE-specific PRS.
1) For Item No.6, the current CSI-RS is generated with length-31 Gold sequences, which has the pseudo-random number sequence (PRN) length of . Based on the consideration that the optimal cross-correlation property of a Gold sequences is achieved at the full length of the sequence is used, and in practical application, the length of the PRS will be much shorter than the full PRN length of the length-31 Gold sequences, the PRN may be generated with shorter length-31 Gold sequences or the Kasami sequences which have better cross-correlation properties;
2) For Item No. 7, the current CSI-RS mapping doe not fully support the evenly mapping to all OFDM symbols in a slot. This can be done with the enhancement from the current CSI-RS mapping requirements;
3) For Items No. 9 and 10, the current CSI-RS configuration already supports the multibeam transmission of the reference signals. The current CSI-RS configuration may be further enhanced to make it easy to support the concept of the PRS block, PRS block set, PRS transmission occasion (i.e., transmission period and transmission offset of the PRS block set, based on the existing configuration of the CSI-RS resource set and transmission configuration and the offset.

In summary, the new NR PRS can be developed based on the existing framework of the CSI-RS with some enhancements or modification on the sequence generation, resource mapping, resource grouping, and the resource configuration, such as transmission period and offset, and allowing the configuration the orthogonal CSI-RS resources transmitted from the neighbouring cells from the purpose of PRS muting and interference avoidance.   
[bookmark: _Toc534971703]Proposal 3: Support the NR PRS design based on the existing framework of the NR CSI-RS with possible modification and enhancement on the sequence generation, resource mapping, resource grouping, and the resource configuration, such as transmission period and offset, and allowing the configuration the orthogonal CSI-RS resources transmitted from the neighbouring cells from the purpose of PRS muting and interference avoidance.

DL Positioning with NR carrier phase measurements
3GPP TS 22.261 has 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, ECID, UTDOA, are difficult to support such the requirements even for level 1 according to the evaluation results shown in 3GPP TR 36.855 and 3GPP 37.857, let alone the requirements for level 6. Therefore, innovative positioning methods need to be considered for NR positioning systems.
In our previous contribution [3], 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 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 3 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 3. Illustration of UE carrier phase positioning

Feasibility of NR Carrier-phase based DL positioning

RF Resource Usage
Since C-PRS are pure sinusoidal signals, and the bandwidth of C-PRS are 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 4(a) without causing inter-channel interferences to neighbouring carriers, as shown in Figure 4(b).

[image: ]
[bookmark: _Ref525409841]Figure 4. The subcarriers for transmission and the spectrum of the C-PRS 
Obtaining the NR carrier phase measurements 
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:
a) 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.
b) 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;
c) 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;

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 OTDOA 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: _Toc534971704][bookmark: _Toc525482752][bookmark: _Toc528649278]Proposal 4: Support NR carrier phase-based DL positioning. 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 (C-PRS modulated with random sequences can also be considered, but not discussed here). The carrier frequencies of the neighboring cells for transmitting the C-PRS will be cell dependent. 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 without causing inter-channel interferences to neighbouring carriers, and adopt the text proposal on NR C-PRS design in Appendix C for TR 38.855.
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 wavelength, commonly referred to as integer ambiguity (IA). How to quickly and reliably search for IA in phase measurements within in a 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 [5][6]. 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 the 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 assuming 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”. 
[bookmark: _Toc534971705]Proposal 5: Support transmiting C-PRS in two or more carrier frequenciesinthe DL carrier phase-based positioning for fast search of the integer ambiguity, and adopt the text proposal in Appendix D for the NR C-PRS design with two or more carrier frequencies for TR 38.855. 

Downlink positioning with beam information
In the downlink positioning method, the UE position is estimated based on measurements taken at the UE of downlink radio signals from multiple TPs, along with knowledge of the geographical coordinates of the measured TPs and their relative downlink timing. 
For supporting LTE OTDOA, 3GPP has defined the procedure and the protocol for message exchange between the UE, the LMF. For example, the UEs need to know the configuration of the PRS signal transmitted by the gNB, the  location server, which is called the location management function (LMF) in 5G NR network, needs to decide which gNBs will be involved in the OTDOA positioning for a UE, obtaining the PRS configuration from these gNBs and pass the PRS configuration to the UE, etc. NR supports the transmission of multiple beams in different directions for all NR operation frequency bands. For example, an SSB burst set contains up to L SSBs (e.g., L=64 if the carrier frequency is above 6 GHz), and the beam directions of the SSBs are different. The information on the beam direction and beamwidth of the NR uplink and downlink reference signals can thus effectively improve the accuracy and performance of the OTDOA positioning system. Given that 3GPP has not defined the NR DL positioning procedure yet, we will use the procedure shown in Figure 5 to explain the benefits to use the beam information for supporting the DL positioning.
As shown in Figure 6, OTDOA includes the following basic steps: 
1) A UE in DL positioning determines that certain downlink positioning assistance data are desired and sends a Request Assistance Data message to the LMF.
2) The LMF determines that certain downlink positioning assistance data are desired and sends an OTDOA INFORMATION REQUEST message to the gNBs.
3) The gNBs provide the requested assistance in an OTDOA INFORMATION RESPONSE message.
4) The LMF provides the requested assistance in a Provide Assistance Data message to the UE;
5) The UE obtains downlink measurements from the DL PRS;
6) The UE sends a Provide Location Information message to the LMF;
7) The LMF calculates the UE’s position. 


[image: ]
[bookmark: _Ref534574185]Figure 5. DL Positioning Procedures

[bookmark: _Toc525807850]The information on the beam direction and beamwidth of the NR uplink and downlink reference signals can thus effectively improve the accuracy and performance of the OTDOA positioning system in these steps (Figure 6, Figure 7):
· In Step 1: The UE may include the beam information in the Request Assistance Data message. The beam information will help the LMF to determine the gNB that needs to be involved in DL positioning. The beam information may include:
· DL-RS beam identification. For example, the beam identifier may be an SSB index or a Channel State Indication Reference Signal (CSI-RS) index detected by the UE when performing BM / RRM measurement;
· DL-RS signal strength. For example, the RSRP measurement obtained by the UE when performing BM / RRM measurement;
· PRS beam identification. At this time, the beam identifier may be a PRS that the UE has detected or has detected;
· In Step 2: The LMF may include the beam information in the OTDOA INFORMATION REQUEST message to the gNB. The beam information may help the gNBs on how to configure the DL PRS. 
· In Step 3: The gNB may include the beam information in the OTDOA INFORMATION RESPONSE message to the LMF, such as the association of the SSB, CSI-RS and PRS beam. 
· In Step 4, in the Provide Assistance Data message from the LMF to the UE, it may include information for the association of the SSB, CSI-RS and PRS beam. This information can be used by the UE to search for the PRS for RSTD measurements.
· In Step 6, the Provide Location Information message to the LMF may include the PRS beam identification;
· In Step 7, the PRS beam information can also be used for the calculation of the UE’s location. 


[image: ]

[bookmark: _Ref534637087]Figure 6.Using DL-RS beam information to determining the PRS beams to be detected by the UE 
[image: ]
[bookmark: _Ref534637091]Figure 7. Using beam information to support locating the UE

[bookmark: _Toc534971706]Proposal 6: Include the UE serving beam information in the messges exchanged between UE, gNB, and LMF for supporting DL positioning, and adopt the text proposal in Appendix E for TR 38.855. 


Conclusion

In this contribution, we discussed the NR DL positioning technologies, and made the following proposals:

Proposal 1: Support the the transmission of the DL Position Referece Signals for DL positionin with the following properties and adopt the text proposal in Appendix A on NR DL PRS for TR 38.855, including:
Proposal 2: Support 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, with the following properties, and adopt the text proposal on NR PRS design with P-PRS and S-PRS  in Appendix B for TR 38.855.  :
Proposal 3: Support the NR PRS design based on the existing framework of the NR CSI-RS with possible modification and enhancement on the sequence generation, resource mapping, resource grouping, and the resource configuration, such as transmission period and offset, and allowing the configuration the orthogonal CSI-RS resources transmitted from the neighbouring cells from the purpose of PRS muting and interference avoidance.
Proposal 4: Support NR carrier phase-based DL positioning. 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 (C-PRS modulated with random sequences can also be considered, but not discussed here). The carrier frequencies of the neighboring cells for transmitting the C-PRS will be cell dependent. 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 without causing inter-channel interferences to neighbouring carriers, and adopt the text proposal on NR C-PRS design in Appendix C for TR 38.855.
Proposal 5: Support transmiting C-PRS in two or more carrier frequenciesinthe DL carrier phase-based positioning for fast search of the integer ambiguity, and adopt the text proposal in Appendix D for the NR C-PRS design with two or more carrier frequencies for TR 38.855.
Proposal 6: Include the UE serving beam information in the messges exchanged between UE, gNB, and LMF for supporting DL positioning, and adopt the text proposal in Appendix E for TR 38.855.
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Appendices: Text Proposals for TS 38.855
Appendix A: Text Proposal for NR PRS
[bookmark: _Toc528649267]Section 7.1.1.x1  NR Downlink Position Referece Signals
The design of the NR downlink position reference signals should consider the following aspects: 
· NR DL PRS should support different subcarrier spacings of kHz (μ=0,1,2,3,4). 
· At least a single antenna port is used for NR PRS transmission. 
· Different PRS RE density per PRS RB should be supported with the candidates of the PRS RE density per PRS RB as {1/2, 1, 2, 3, 4, 6, 12}. NR PRS mapping in frequency domain should consider the mapping of the PRS symbols evenly to all subcarriers, and avoid the scenario that there are no PRS signals for particular subcarriers in all PRBs, e.g., by using the sequential PRS OFDM symbol number, counted from the start of the PRS occasion.
· For the PRS sequence generation, the candidate sequences include Gold sequences and Kasami sequences. The initialization of the random sequences for PRS generation should depend, at least, on the OFDM symbol index in a slot, the slot number within a radio frame, as well as the PRS ID.
· [bookmark: _Toc528649274]NR PRS design should consider the support of multi-beam PRS transmission with the unified approach for both TDD and FDD systems and for both FR1 and FR2.
· [bookmark: _Toc528649275]For the evaluation of NR positioning for supporting multibeam transmission of the PRS signals, NR PRS mapping in time domain should consider: a) the concept of PRS block and PRS block set; b) the mapping of the OFDM symbols in a PRS block and the mapping pattern of the PRS blocks in aPRS block set (a PRS occasion); and c) the transmission period and transmission offset of the PRS block set (a PRS occasion).
· The PRS muting patterns should be considered that take the multibeam transmission of the PRS signals into consideration

Appendix B: Text Proposal of P-PRS and S-PRS
Section 7.1.1.x2  NR PRS Design with the P-PRS and the S-PRS
Section 7.1.1.x2.1  Description of the P-PRS and the S-PRS
For improving the positioning performance and optimizing the radio frequency resource usage in DL positioning, NR can consider the support of two groups of PRS signals: the primary PRS (P-PRS) and the secondary PRS (S-PRS). 
The P-PRS is transmitted at a high EPRE during the configured period and time, which serves the following purposes:
· Provide reasonable NR positioning performance for the environment where the UE is under good radio conditions for detecting the P-PRS signals from multiple neighboring cells.
· Provide accurate time and frequency synchronization for the environment where the UE is able to detect reliably the P-PRS signals from at least 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 for the detection of the S-PRS signal.
The S-PRS is the auxiliary PRS for balancing positioning performance and the radio resource usage, which serves the following purposes:
· Improve positioning performance
With the S-PRS, the UE will obtain more accurate RSTD measurements from more neighbouring cells through longer coherence or non-coherent integration of the S-PRS signals, especially for the indoor environment;
· Optimize resource usage
The S-PRS can be configured to be transmitted in multiple approaches:
· As the background noise overlapping with the data signals. In this case, the S-PRS EPRE will be much lower than the EPRE of the data signals. Thus, the transmission of the S-PRS will not impact on the resource scheduling for data communication.
· On the resources not overlapping with the data signals. When the system has extra radio resource available, or when there is a need to specifically improve the detectability and positioning performance for particular UEs, the S-PRS will be sent in these extra radio resources with the S-PRS EPRE to be the same as P-SRS EPRE.
With the transmission of the S-PRS, the radio resource configured for P-PRS can be significantly reduced due to the design target for the P-PRS is no longer to guarantee the positioning performance for all UEs under all radio conditions especially for indoor scenarios, but to guarantee providing accurate time and frequency synchronization and reasonable positioning performance. 
· Special positioning service. 
With the transmission of S-PRS, the network may provide special positioning service for particular UEs. For example, some UEs may need high rate positioning information and/or higher position accuracy. With the 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.
Section 7.1.1.x2.2  Configuration of the S-PRS
The S-PRS is configured independent of P-PRS, and the followinf aspects may be considered:
g) The S-PRS can be configured to be ON/OFF;
h) The S-PRS transmission bandwidth can be greater than, less than, or equal to the bandwidth of the P-PRS signal;
i) The resource mapping pattern of the S-PRS can be the same as, or different from that of the P-PRS;
j) The S-PRS is transmitted in the DL slots where the P-PRS signal is not transmitted, and 
i) The S-PRS may be overlapping with the OFDM symbols/RBs/REs of DL data signals. In this case, the S-PRS should be configured with very low EPRE without interfering the reception of the DL data signals;
ii) The S-PRS may also be transmitted without overlapping the OFDM symbols/RBs/REs of DL data signals. In this case, S-PRS EPRE can be configured in a similar level as the P-PRS EPRE;
k) The S-PRS sequence generation method can be the same as or different from P-PRS sequence;
l) For supporting multibeam PRS transmission, the association of the P-PRS beams and S-PRS beams can be configured:
i) The number of P-PRS beams and the number of S-PRS beams can be the same or different; 
ii) One P-PRS may be associated with one or more S-PRS, and one S-PRS may be associated with one or more P-PRS;
iii) The transmission direction and beam widths of the associated P-PRS and S-PRS beams can be the same or different;
iv) The associated P-PRS and S-PRS can be configured to have or not have Quasi-co-location (QCL) relationship, and if having QCL relationship, what are the QCL relationship (e.g., 'QCL-TypeA' : {Doppler shift, Doppler spread, average delay, delay spread} , 'QCL-TypeD': {Spatial Rx parameter}, etc.)

Section 7.1.1.x2.3  Analysis of the TOA CRLBs with P-PRS and S-PRS
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=160 slots and   symbols, to have the same target CRLB, the can be 22dB lower than the. Or, equivalently, the RF resource allocated for the transmission of the P- PRS can be reduced to half, if  with 22dB lower SNR is transmitted together with the P-PRS, for reaching the same target CRLB.

Appendix C: Text Proposal of C-PRS
Section 7.1.1.x3  NR Carrier-Phase based DL positioning
In order to meet the 5G positioning performance requirements with decimetre accuracy as defined in 3GPP TS 22.261, NR DL positioning with RAT-dependent carrier-phase technique can be considered, where the gNBs transmit the carrier phase positioning reference signals (C-PRS), and the UE provides the carrier phase measurements based on the measurements of the C-PRS. C-PRS can be a pure carrier wave of sinusoidal signals at a pre-configured or pre-defined carrier frequency (C-PRS that is modulated with random sequences as GNSS signals may be considered in the future release). Since C-PRS are pure sinusoidal signals, and the bandwidth of C-PRS are 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 without causing inter-channel interferences to neighbouring carriers. The carrier frequencies of the neighboring cells for transmitting the C-PRS will be cell dependent. 
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:
d) Receiving power of NR carrier phase reference signals is much stronger than that of GNSS carrier signals. For example, the target power of the satellite signals reaching the ground receiver is only -128.5 dBm within the entire carrier frequency bandwidth for both Beidou B1C MEO and the GPS L1 signals.  On the other hand, the power of NR reference signals will normally not be smaller than -100 dBm/15kHz. Thus, the phase-lock loop of the receiver can lock the NR C-PRS much faster than lock the GNSS carrier signals.
e) To obtaining GNSS carrier-phase measurements, there is a need to first wipe-off the GNSS 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;
f) 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;
The benefits of supporting carrier-phase based 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 OTDOA measurement errors for improving the OTDOA performance 
· After the resolution of the integer ambiguity, the NR carrier phase measurements can be used for:
· Determining the UE position much more accurate than using RSTD measurements;
· NR carrier phase measurements can also be combined with the GNSS carrier phase measurements together for precise UE positioning. This may be especially 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.  

 Appendix D: Text Proposal of the fast search of the integer ambiguity 
Section 7.1.1.x4  Integer ambiguity resolution in NR Carrier-Phase based DL positioning
In NR carrier phase-based DL positioning, the C-PRS can be transmitted in two or more carrier frequencies for supporting fast search of the integer ambiguity as discussed in R1-1900310, where the phase measurements from the C-PRS in two or more carrier frequencies are used to create the “virtual” phase measurements, which have the “virtual” wavelength much longer than the actual wavelengths of the C-PRS carriers. Depending on the configuration of the C-PRS carrier frequencies, the “virtual” wavelength can be about one-order longer than the actual carrier wavelength, which equivalently makes the search space of the “virtual” integer ambiguity of the “virtual” phase measurement about one-order smaller than the search space of the integer ambiguity of the actual phase measurements. After obtaining the “virtual” integer ambiguity, the UE position can be determined accurately by the “virtual” phase measurements. Alternatively, the “virtual” integer ambiguity can be used for further determining the integer ambiguity of the actual phase measurements and then use the actual phase measurements to obtain more accurate UE position.

Appendix E: Text Proposal for DL positioning with UE beam information
Section 7.1.1.x5  Supporting DL positioning with UE beam information
The beam information (e.g., any DL RS beams from the serving and neighboring cells detected by the UE) is useful for supporting DL positioning. The beam information may be included in the DL positioning messages exchanged among UE, gNB, LMF for the purpose of 
· the determination of the gNBs to be involved in DL positioning for the UE,
· the determination of the PRS beam direction and resources to be configured for the DL positioning,
· when and in which beam direction to receive the PRS for reducing the time and power consumption, and improve the measurement performance during the detection of the PRS, and
· the calculation of the UE location.
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