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1	Introduction
The Rel 16 study item on NR positioning aims at different types of use cases, including both regulatory and commercial use cases. The study item description [1] defines the objectives, including the following for the potential solutions:
· Study and evaluate potential solutions of positioning technologies based on the above identified requirements, evaluation scenarios/methodologies [RAN1]
· The solutions should include at least NR-based RAT dependent positioning to operate in both FR1 and FR2 whereas other positioning technologies are not precluded.
· Minimum bandwidth target (e.g. 5MHz) of NR with scalability is supported towards general extension for any applications.
Furthermore, during the RAN1#95 meeting [2], it was agreed to focus on the following downlink techniques:
	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)




In a previous contribution during RAN1#95, we presented our view on downlink solutions for NR positioning [8]. In this paper, we present an update on the technical proposals and their evaluations for downlink solutions.

[bookmark: _Ref178064866]2	Candidate downlink positioning solutions
Downlink positioning solutions are characterized by the fact that the use of downlink reference signals is central. Such signals can be used by devices for different positioning related measurements, based on which we define positioning solutions
· Estimation of Time of Arrival (TOA) of downlink reference signals from a serving transmission points and neighbor transmission points. These measurements can be used to form time differences in the form of Reference Signal Time Differences (RSTD), which is the basis for the observed time difference of arrival (OTDOA) positioning method. Furthermore, it can also be used as one part in a roundtrip time (RTT) measurement.
· Estimation of Received Signal Strength/Quality (RSS/Q) of downlink signals from serving and non-serving transmission points. These measurements can be used in active mode to support mobility, but also are parts of E-CID. Also, Cell ID (CID) or transmission point ID association in active as well as in idle mode is made via RSS/Q measurements of downlink reference signals.
· Estimation of Angle of Arrival (AOA) at the device, based on beamformed downlink positioning reference signals. AOA and RTT, as well as multisite AoA, can naturally be combined into a positioning solution. 
All these are key examples of downlink reference signal positioning measurements, and positioning solutions. 
1. [bookmark: _Toc535002584][bookmark: _Toc535002600]Downlink reference signals are used by devices for different positioning related measurements that can be separated into TOA measurements, RSS/RRQ/CID/TPID measurements and AoA measurements.
In the following section, we extensively analyze TOA estimation based on DL reference signals.
[bookmark: _Ref189046994]3	TOA Estimation based on DL reference signals
From the initial requirements discussions in the SID, it is clear that NR downlink positioning signals and procedures should be flexible and configurable to meet different required levels of accuracy, latency etc. In NR Rel. 15 there are reference signals in downlink and uplink which can be useful for positioning measurements. Moreover, when deciding upon positioning reference signals, we think that the existing reference signals should serve as a baseline. In the sections below, we discuss existing reference signals that already are, or we believe could be considered useful for positioning and hence we propose suitable baseline configurations. 
In general, one may consider the following three different approaches to the selection or design of adequate and flexible downlink positioning reference signals:
· Existing reference signals as is  
· Existing reference signals with extensions (building on existing signals or completely new design).
· A new design of a Positioning Reference Signal independent of any existing NR reference signals.
The different approach can of course be combined. In the following sections, we detail our view on these three possible approaches.
3.1	Design parameters for downlink positioning reference signals
For TOA estimation, the quality of the estimate depends strongly on the following parameters:
· Sequence correlation properties
· Orthogonality between transmitted signals (cells or beams)
· Total energy of the transmitted signals used for one position estimation
· [bookmark: _Hlk534989856]Range properties related to side peaks in the autocorrelation function of the signal 
· Positioning overhead
The quality of the positioning estimate has to be balanced against the cost to achieve it, primarily in the form of the fraction of the time used for positioning rather than for communication, i.e. the positioning overhead.
3.1.1	Sequence correlation properties
When an interfering signal is of the same order of magnitude (or smaller) as the signal used for the TOA estimation then the processing gain achieved by using different sequences for different signals is typically sufficient and complete orthogonality is not necessary. In order to maximize this type of interference suppression the sequences used should be selected carefully to have the best correlation properties.
1. [bookmark: _Toc535002585][bookmark: _Toc535002601]When dealing with interfering signal of the same order of magnitude as the measured TOA signal, a careful choice of sequences to be used within a position computation operation should minimize the interference between these sequences.

3.1.2	Orthogonality
When an interfering signal is much stronger than the signal used for the TOA estimation, as is often the case for an interfering signal from the serving cell when measuring the TOA to a site that is far away, then the processing gain achieved by the sequence is not enough and orthogonality is required between the signals to allow accurate TOA estimation.
Orthogonality can be achieved e.g. by multiplexing signals in frequency and/or time.
When orthogonality is achieved by time multiplexing M signals transmitted from different transmission points, this means that the number of symbols utilized in each transmission point is M*S where S is the number of symbols utilized for one signal. This is clearly a serious cost in terms of resource utilization.
Similarly, when orthogonality is used to frequency multiplex N signals transmitted from different transmission points, this means that the number of subcarriers utilized in each transmission point is N*C where C is the number of subcarriers utilized for one signal. This is not so critical if we can power-boost the signal with a linear factor N to utilize the full output power of the gNB. The amount of power boosting possible may, however, be limited by RAN4 aspects like clipping and regulatory requirements. Note also that even for a large N we can still spread the subcarriers over the full bandwidth to get a large bandwidth signal which is beneficial for the TOA estimation. 
Thus, to achieve a certain reuse R=M*N, the choice of M and N needs to be considered carefully. A large M value will come with a very high cost in terms the number of symbols/slots utilized per time unit for positioning. A very high N value, may on the other hand result in that we can’t utilize the full output power of the gNB and thus in reduced coverage for the positioning signal.
[image: ]
Figure 1 Power boosting
3.1.3	Energy
The total energy of the signal used for one positioning estimate is obviously crucial for the coverage of the positioning signal and since the positioning signals must be heard far beyond the serving cell, this is clearly a critical factor for positioning. 
Assuming that the full output power is utilized for the positioning signal, the energy of the signal is proportional to the number of symbols utilized for the signal. However, if the full output power can not be utilized, e.g. because the signal doesn’t utilize all subcarriers and power-boosting is limited, that will clearly reduce the energy of the signal.
3.1.4	Range
Signals that don’t utilize all subcarriers or use different power for different subcarriers typically have side peaks in their auto-correlation function. These side peaks may be mis-detected as peaks corresponding to a channel tap, and may thus result in an erroneous TOA estimate. As an example the side peaks of a comb-N signal are located at intervals of  on each side of the main peak with progressively smaller amplitudes  as compared to the main peak. This may create a problem if TOA estimates needs to be performed for transmission points that are further away than  , where c is the speed of light. As an example the range distance is 500m for a comb-4 signal with 15kHz subcarrier spacing. This clearly allows for large inter site distances. However, a comb-4 signal with 120kHz subcarrier spacing has 625m range distance which clearly limits the inter site distance. On the other hand, 120kHz subcarrier spacing is used at high frequencies where inter site distances can be assumed to be smaller. Clearly the range of a signal needs to be considered depending on the scenario and in particular the inter site distance.
Table 1 The range distance for comb signals at different subcarrier spacing.
	Comb:
	1
	2
	4
	6
	12

	SCS  [kHz]
	Range [m]
	Range [m]
	Range [m]
	Range [m]
	Range [m]

	15
	20000
	10000
	5000
	3333
	1667

	30
	10000
	5000
	2500
	1667
	833

	60
	5000
	2500
	1250
	833
	417

	120
	2500
	1250
	625
	417
	208

	240
	1250
	625
	313
	208
	104



3.1.5	Positioning overhead
The main cost for the positioning signal is the time that has to be utilized for positioning rather than for communication measured e.g. in number of symbols utilized per time unit. Clearly, in order to have a fair comparison between different positioning signals, it’s necessary that the comparison is made at the same cost in fraction of time utilized for positioning.
It’s also natural to assume that the TOA estimates are made with the same periodicity for all signals so that the latency is the same. Combined with the assumption on equal overhead, this means that for a fair comparison between different signals the number of symbols utilized for one positioning estimate should be the same, say N symbols, for all signals.
Typically the positioning signals come in a number of periodic occasions, where each occasion is one or a few slots long and utilizes a fixed number of symbols M. Depending on the number of symbols M per occasion for a given signal, each positioning estimate should thus be based on N/M occasions.
One may note that the occasion periodicity for a signal will then be inversely proportional to the number M of symbols utilized in one occasion.
3.2	Beamforming aspects
In deployments with large numbers of antenna elements, typically at high frequencies, one possibility is to transmit multiple beamformed positioning signals from one transmission point rather than one sector wide positioning signal. To beam-sweep the whole sector with N beams could be done using roughly the same amount of resources as needed to transmit one sector wide signal and achieving the same coverage. The different beams would need to be sent consecutively in time, in order to allow utilization of the full output power. Thus, for one beam one would use 1/N of the time resources for the sector wide beam, but this would be compensated for by the beamforming gain. Thus, at this level the two methods should work roughly equally well. The main benefit of beam-sweeping is that it would give additional angular information that could be utilized to improve the positioning estimate. The UE would then in addition to the TOA also report in which beam the earliest channel tap was found. The benefit of such angular information for the positioning accuracy should be evaluated.
Rather than broadcast beam-sweeping one might also consider UE-specific beams. This would, however, require the UE to perform complex beam management mechanisms towards multiple transmission points. UE-specific signaling also scale badly with the number of UEs.
3.3	Existing downlink reference signals
In LTE, downlink positioning is based on device measurements of RSTD with respect to pairs of cells. The time difference estimate is based on time of arrival measurements per cell, either based on the LTE always on signals LTE PSS/SSS/CRS or on a LTE PRS configured specifically for positioning purposes. 
For NR it’s natural to consider similar alternatives, i.e. the NR PSS/SSS in the NR SS-block, but also the NR CSI-RS for tracking also referred to as the NR TRS which can be configured to meet the combined requirements on synchronization and time of arrival estimation. The SS-block can be assumed by the UE always to be transmitted with a 20ms periodicity for initial access. Since the SS-block anyhow must be transmitted, the use of the SS-block also for positioning doesn’t impose any additional overhead. 
The TRS configuration is UE-specific, configured by the RRC protocol and the TRS may therefore be turned off when there are no connected UE in the cell. It is also possible to configure all UEs in a cell with the same shared TRS (or with multiple shared TRSs).  It’s also clearly possible, by implementation, to keep transmitting the shared TRS as long as considered relevant, for example as long as there are connected UE’s in neighbor cells requiring the TRS for measurements even if there is no connected UE in own cell. However, a higher layer entity would be needed to control the coordinated use of CSI resources between all cells involved in positioning in a region, for example similar to how positioning resources are coordinated in LTE. Finally, it should be noted that re-utilizing the CSI-RS for tracking for positioning purpose  imposes only a very limited additional overhead and only in cells with no load.
1. [bookmark: _Toc534992049][bookmark: _Toc534992610][bookmark: _Toc534993076][bookmark: _Toc535002586][bookmark: _Toc535002602]The SS-block have to be transmitted for initial access and synchronization purposes and can be reused also as a positioning signal without overhead.
1. [bookmark: _Toc534992050][bookmark: _Toc534992611][bookmark: _Toc534993077][bookmark: _Toc535002587][bookmark: _Toc535002603]The TRS (CSI-RS for tracking) has to be transmitted for fine time and frequency tracking purposes when there is at least one connected UE in a cell and the TRS can therefore be reused as a positioning reference signal with no or very limited additional overhead.
One might also consider other existing DL reference signals in NR Rel. 15 such as NR PDSCH DMRS or NR PTRS. DMRS and PTRS are, however, always transmitted together with its associated PDSCH data. This fact makes it less suitable to be used as a DL PRS, since it’s not always present and when present it’s beamformed/precoded to optimize reception by the UE receiving the PDSCH data which may be far from optimal for other UEs. Also transmissions from adjacent cells may strongly interfere on coinciding DMRS REs. We will therefore focus below on the SS-block and the TRS.
1. [bookmark: _Toc534992051][bookmark: _Toc534992612][bookmark: _Toc534993078][bookmark: _Toc535002588][bookmark: _Toc535002604]PDCH DMRS and PTRS in the DL is less suitable as a downlink positioning reference signal since they are transmitted together with PDSCH data and due to expected interference from transmitted data from adjacent BSs. 
3.3.1	SS-block
The SS-block has a bandwidth of 20RB and consists of four consecutive symbols. The first SS-block symbol carries the PSS utilizing 127 centrally located subcarriers within the SS-block. The remaining subcarriers in the first SS-block symbol are left unused for PSS protection. The third SS-block symbol carries the SSS utilizing 127 centrally located subcarriers within the SS-block. The remaining four RB’s on each side of the SSS within the SS-block are used for PBCH. The second and fourth SS-block symbols are fully utilized for PBCH. Within PBCH RBs every fourth subcarrier (with offset given by the cell ID modulo 4) is utilized for PBCH DMRS. The PSS, SSS and PBCH DMRS signals are known to the UE and can in principle be used for positioning measurements such as TOA.
The position of the SS-block in the frequency domain is configurable and could in principle be used to create orthogonality between SS-blocks in neighboring cells, with a reuse factor given by the full bandwidth divided by the SS-block bandwidth of 20RB. In practice the SS-block position in frequency is, however, typically configured to be the same in all cells to enable efficient neighbor cell search.
SS-blocks are transmitted in bursts with configurable periodicity from 5ms to 160ms. For initial access, an unconnected UE will look for a SS block in the synch raster frequency at 20ms interval. Each SS  burst consists of a number of SS-blocks (typically transmitted over different beams) all transmitted within one half frame (5ms). The maximum number L of SS-blocks in an SS-block burst is 4 below 3GHz, 8 from 3GHz to 6GHz and 64 above 6GHz. The L candidate positions for the SS-blocks within a half frame are fixed given the subcarrier spacing of the SS-block and the frequency band.
1. [bookmark: _Toc534992052][bookmark: _Toc534992613][bookmark: _Toc534993079][bookmark: _Toc535002589][bookmark: _Toc535002605]The resource allocation scheme of the SS block for tracking allows orthogonal transmission from neighboring base stations utilizing both frequency and time multiplexing but this has an impact on the efficiency of neighbor cell search.
1. [bookmark: _Toc534992053][bookmark: _Toc534992614][bookmark: _Toc534993080][bookmark: _Toc535002590][bookmark: _Toc535002606]The SS block signal is suitable for some downlink positioning measurements 
3.3.2	TRS

[image: ]
[bookmark: _Ref528570272]Figure 2 Time-frequency pattern for the CSI-RS for tracking also referred to as the TRS.
The configuration of the CSI-RS for tracking, also referred to as the TRS (Tracking Reference signal) is described in section 5.1.6.1.1 on CSI-RS for tracking in TS 38.214 [5] and in section 7.4.1.5 on CSI reference signals in TS 38.211 [6]. The TRS is RRC configured as resource set by NZP-CSI-RS-ResourceSet configured with higher layer parameter trs-Info. The NZP CSI-RS resource set consists of two or four CSI-RS resources each consisting of one single symbol. The time frequency pattern of the TRS is visualized in Figure 2. The TRS is transmitted in periodic bursts that are one or two slots long. The periodicity is 10ms, 20ms, 40ms or 80ms and the position of the bursts in time is configurable with a slot offset with 1 slot granularity. The TRS has a comb-4 pattern in frequency, which can be frequency shifted across base stations. This allows received base station’s signals to be orthogonal. For additional interference immunity it is possible to shift the symbol pattern of the TRS in time within a slot or by utilizing different slot offsets for the TRS bursts. The TRS is scrambled with a 31-bit Gold sequence. 
1. [bookmark: _Toc532223453][bookmark: _Toc528937753][bookmark: _Toc528933408][bookmark: _Toc534992054][bookmark: _Toc534992615][bookmark: _Toc534993081][bookmark: _Toc535002591][bookmark: _Toc535002607]The resource allocation scheme of the TRS allows orthogonal transmission from neighboring base stations utilizing both frequency and time multiplexing. Simultaneously, the use of Gold codes provides additional interference immunity.
For a given UE the TRS shall be configured to be larger than or equal to 50RB (up to the full system bandwidth) or equal to the UE BWP. In practice the bandwidth of the CSI-RS for tracking transmitted in a cell and shared among UE’s with different BWPs is therefore between 50RB and the full system bandwidth.
1. [bookmark: _Toc532223454][bookmark: _Toc528937754][bookmark: _Toc528933409][bookmark: _Toc534992055][bookmark: _Toc534992616][bookmark: _Toc534993082][bookmark: _Toc535002592][bookmark: _Toc535002608]The bandwidth of the TRS is configurable up to the full system bandwidth.
As mentioned earlier, the TRS is UE-specifically configured. It can, however, be configured in an identical way for all connected UE’s in a cell. This means that all connected UE’s in a cell may share the same transmitted TRS, allowing a highly efficient use of reference signal in terms of overhead. Such a TRS would always be transmitted as long as there is at least one connected UE in the cell. Clearly, it is natural to try to utilize such an almost always on signal, designed for fine time tracking, also for positioning purposes. 
In Rel. 15 the TRS is only used for fine frequency and time tracking and the UE is only utilizing the TRS transmitted from its serving cell. For positioning the UE needs to utilize also the TRS transmitted from other cells. In order accomplish that the location server would configure UE’s with a number of positioning reference signals with identical properties (utilized time-frequency resources, scrambling sequence etc.) as the TRS’s transmitted from the transmission points to be used by the UE for positioning. The TRS in a cell would then need to be transmitted as long as there is at least one connected UE in the cell or at least one UE configured to utilize the TRS for positioning. The TRS is typically transmitted for fine tracking purposes with a periodicity of 20ms or 40ms. If positioning would work sufficiently well with a longer periodicity than what is used for fine tracking purposes the location server could configure UEs with a positioning signal with identical properties as the TRS except that it would have a period that would be a multiple of the TRS period. Then, only a fraction of the TRS bursts can be used for positioning, but energy can be saved by reducing the number of TRS bursts transmitted as soon as there is no connected UE in a cell.
In comparison with the SS-block we note that the TRS has better orthogonality properties and a larger bandwidth. We also note that the TRS utilizes more subcarriers per symbol than PSS/PBCH DMRS/SSS+PBCH DMRS/PBCH DMRS in the four symbols of the SS-block. Clearly the CSI-RS for tracking is superior for positioning purposes.
A key factor for the coverage of a positioning reference signal is the average number of symbols used per time unit for the signal, since that together with the output power of the gNB and the symbol length gives the average power utilized for the positioning reference signal. For the TRS the number of symbols per time is given by  where TTRS is the TRS burst periodicity and NTRS is the burst length which can be one or two slots. For comparison, the number of symbols per time for the LTE PRS is  where TPRS is the PRS periodicity and NPRS is the PRS duration which can be 1, 2, 4 or 6 LTE subframes. We note that a 2 slot TRS with 20ms periodicity utilize four times as many symbols per time unit as a PRS with 160ms periodicity and 1 subframe duration.
The considered configurations are given in Table 1 for FR1 and in Table 2 for FR2. At high frequencies the TRS will typically be beamformed and we consequently propose a configuration with multiple beams for FR2. One may note that the use of beams gives additional information on Angle of Departure (AoD) that can be of used for positioning.
1. [bookmark: _Toc532223455][bookmark: _Toc528937755][bookmark: _Toc528933410][bookmark: _Toc534992056][bookmark: _Toc534992617][bookmark: _Toc534993083][bookmark: _Toc535002593][bookmark: _Toc535002609]The transmission of the TRS in multiple beams gives additional information on Angle of Departure (AoD) that can be utilized for positioning purposes.
Since the TRS is a comb-4 signal, the power can be concentrated to the TRS resource elements, enabling a 6 dB power boosting.
1. [bookmark: _Toc532223456][bookmark: _Toc528937756][bookmark: _Toc528933411][bookmark: _Toc534992057][bookmark: _Toc534992618][bookmark: _Toc534993084][bookmark: _Toc535002594][bookmark: _Toc535002610]The comb-4 structure of TRS enables a 6 dB power boosting if the power is concentrated to the TRS resource elements.

Note that a TRS doesn’t utilize all symbols in a slot. The remaining symbols would be used for data transmission and communication related control signaling and/or for the transmission of multiple extended TRSs within one slot. In particular for FR2, it may be effective to send multiple beamformed TRSs within one slot.
The TRS has been evaluated in system simulations in Scenario 3 with FR1 showing that it is capable of meeting the E911 regulatory requirements for horizontal positioning accuracy in that scenario. Moreover, link level results also show a promising technology potential for accurate positioning sub-meter. For further details, see [9]. Clearly the TRS is suitable for positioning purposes and we propose to use the TRS for a service level requirement including E911 or similar accuracy requirement. 
Transmitting TRS in multiple cells, potentially different from the UE serving cell, will require that the network coordinates between cells to create an orthogonal set of TRS configurations across the set of cells involved in the positioning measurement 
[bookmark: _Toc528933425]Table 2. Example configurations for the TRS (CSI-RS for tracking) in FR1
	TRS bandwidths
	 System Bandwidth 

	Comb factor
	4

	Subcarrier offset
	0,1,2 or 3.

	Symbol positions in a burst of the CSI-RS for tracking
	 (4,8), (5,9) or (6,10)

	TRS burst Slot offset  within the TRS periodicity
	Alt. 1. Same in all cells
Alt.2, Different in all cells (corresponding to ideal muting in LTE PRS simulations)

	Number of CSI-RS for tracking configured in each cell (i.e. number of beams).
	1

	Periodicity
	Flexible in the set {20, 40, 80, 160} ms

	Burst length
	Two slots

	Sequence
	Gold sequence according to NR specification for CSI-RS

	Power boosting of TRS REs
	6 dB



[bookmark: _Hlk525887939]Table 3 Example configurations for the CSI-RS for tracking in FR2
	Bandwidth
	 System Bandwidth.

	Comb factor
	4

	Subcarrier offset
	0,1,2 or 3.

	Symbol positions in a CSI-RS burst
	four different symbol positions.

	Slot offset
	Alternative 1: three different slot offsets {Allowing 12 beams + reuse 4 in combination with subcarrier offset and symbol positions}
Alternative 2: six different slot offsets {Allowing 12 beams + reuse 8 in combination with subcarrier offset and symbol positions}
Alternative 3: twelve different slot offsets {Allowing 12 beams + reuse 12 in combination with subcarrier offset and symbol positions}
Alternative 4: Different in all cells (corresponding to ideal muting in LTE PRS simulation)

	Number of CSI-RS for tracking configured in one cell (i.e. number of beams).
	12

	Periodicity
	Flexible in the set {20, 40, 80, 160} ms

	Burst length
	One slot

	Sequence
	Gold sequence according to NR specification for CSI-RS

	Power boosting of TRS REs
	6 dB



3.4	Extensions of existing TRS
If the TRS doesn’t give sufficiently good positioning accuracy one could augment the TRS with additional time frequency resources. The location server would then configure the UE with a number of positioning reference signals transmitted from different cells.
One simple example would be to add resources corresponding to an additional TRS shifted in time and frequency relative the base TRS as illustrated in Figure 3. This will add additional energy to the signal and also to increase the range to half the full range. We note that 50% of the power and RE resources come from the base TRS that has to be transmitted for communication purposes, so the resource saving is substantial.
In Figure 4 another example is given where the extension takes the form of six additional TRSs shifted in time and frequency relative the base TRS. This will add even more additional energy to the signal and also give full range. We note that 25% of the power and RE resources come from the base TRS that has to be transmitted for communication purposes. The resource saving is thus smaller but still significant.
[bookmark: _Toc535002595][bookmark: _Toc535002611]Extended TRS can increase TOA estimation accuracy and range compared to the basic TRS.
An extended TRS typically doesn’t utilize all symbols in a slot. The remaining symbols would be used for data transmission and communication related control signaling and/or for the transmission of multiple extended TRSs within one slot. In particular for FR2, it may be effective to send multiple beamformed extended TRSs within one slot.
1. [bookmark: _Toc532223457][bookmark: _Toc534992058][bookmark: _Toc534992619][bookmark: _Toc534993085][bookmark: _Toc535002596][bookmark: _Toc535002612]Extended TRS can be setup within PDSCH traffic or in a slot dedicated to TRS and positioning signals.
Note that there is nothing that restricts extensions to have the same form as the TRS itself. Other patterns and sequences could very well be considered.
[image: ]
[bookmark: _Ref534533982]Figure 3 Example of time-frequency pattern for an extended two slot TRS. Here the TRS REs are colored blue while the extension RE’s are colored pink. In this example the extension can be viewed as a second TRS, shifted in time and frequency relative to the base TRS.
[image: ]
[bookmark: _Ref534535143]Figure 4 Example of time-frequency pattern for an extended two slot TRS. Here the TRS REs are colored blue while the extension RE’s are colored pink. In this example the extension can be viewed as six additional TRSs, shifted in time and frequency relative to the base TRS.
3.6	New PRS for NR
A completely new PRS could either be located in a dedicated slot for positioning or it could be mixed with data. We will here primarily consider the use of a slot dedicated for positioning. In section 3.6.1 we study different rather conventional patterns allowing for frequency re-use. In section 3.6.2 we consider an SFN approach.
A completely new TRS allows for an optimized design of the sequences to limit interference between PRSs. However, for UE complexity reasons, it would be beneficial to re-use the gold-sequences already used in NR, e.g. for CSI-RS. This still leaves room for an optimized initialization of the gold sequences. In section 3.6.3 we give an example of a PRS Gold sequence initialization with good correlation properties.
3.6.1	Frequency re-use patterns
In the design of the PRS resource element patterns in the NR time-frequency grid a crucial factor is which level of frequency re-use the pattern allows. Re-use can also be achieved in time, but this comes at a large cost in terms of resource utilization. Thus, the PRS pattern should allow a large level of frequency re-use. A large level of frequency re-use thus, however, require a correspondingly large level of power-boosting in order to utilize the full output power of the gNB and the level of power-boosting achievable is limited by requirements of out-of-band emission. Consequently, a balance needs to be found between the needs for power and orthogonality.
To achieve good TOA estimation accuracy the signal should also have a large bandwidth. To achieve both frequency re-use and full bandwidth a comb-pattern is an obvious simple solution. A comb pattern does, however, reduce the range of the TOA estimate. To overcome that problem, we therefore propose to evaluate staggered comb patterns.
[bookmark: _Toc535002598][bookmark: _Toc535002614]Staggered comb patterns allow frequency re-use while allowing for full bandwidth and full TOA estimation range.
In Figure 5 a staggered comb-6 pattern allowing 6-reuse in frequency is illustrated. This pattern creates no side peaks in the cross-correlation function and thus give full range. The pattern is the same in all resource blocks. On the other hand, it utilizes only 12 out of the 14 symbols in a slot. Full power utilization would require 7.8dB power boost which may be more than what is possible e.g. to fulfill out-of-band emission requirements. The length of the pattern could be reduced from 12 symbols to six symbols without losing the full range. This would allow transmission of two PRSs in one slot.
[image: ]
[bookmark: _Ref534536448]Figure 5 A staggered comb-6 PRS pattern utilizing 12 out of the 14 symbols in a slot and giving full range.
By permuting the symbols in the staggered comb-6 pattern in Figure 5 new patterns with similar properties can be generated. In Figure 6 one such permuted pattern which is more evenly distributed over the time-frequency grid is illustrated.
[image: ]
[bookmark: _Ref534631445]Figure 6 Alternative re-use 6 pattern based on comb-6 patterns for each symbol. This pattern may be viewed as one permutation in time of the symbols in the staggered pattern illustrated in Figure 5.
A pattern utilizing all 14 symbols in the slot and at the same time allowing 6-reuse in frequency would have to be irregular over resource blocks. It may then be preferable to go to 7-reuse for which the simple staggered comb-7 pattern utilizes all 14 symbols in the slot as illustrated in Figure 7. The pattern isn’t the same in all resource blocks but is still very simple. There are seven different RB patterns that are repeated every seventh resource blocks. The same seven RB-patterns are used also for the frequency shifted versions of the pattern. This pattern creates no side peaks in the power delay profile and thus give full range. Full power utilization would require 8.5dB power boost which may be more than what is possible to fulfill e.g. out-of-band emission requirements. The length of the pattern could be reduced from 14 symbols to seven symbols without losing the full range. This would allow transmission of two PRSs in one slot.
By permuting the symbols in the staggered comb-7 pattern in Figure 7 new patterns with similar properties can be generated.
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[bookmark: _Ref534537725]Figure 7 A staggered comb-7 PRS pattern utilizing all 14 symbols in a slot and giving full range.
In Figure 8 a staggered comb-12 pattern allowing 12-reuse in frequency is illustrated. This pattern creates no side peaks in the power delay profile and thus give full range. The pattern is the same in all resource blocks. On the other hand it utilizes only 12 out of the 14 symbols in a slot. Full power utilization would require 10.8dB power boost which is more than what is possible to fulfill out-of-band emission requirements.
By permuting the symbols in the staggered comb-12 pattern in Figure 8 new patterns with similar properties can be generated.
Note that a pattern utilizing all 14 symbols in the slot and at the same time allowing 12-reuse in frequency would have to be irregular over resource blocks. It may then be preferable to go to 14-reuse for which the simple staggered comb-14 pattern utilizes all 14 symbols in the slot.
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[bookmark: _Ref534538751]Figure 8 A staggered comb-12 PRS pattern utilizing 12 out of the 14 symbols in a slot and giving full range.
The staggered comb-n signal can also be reordered as illustrated by Figure 9. In this way, accumulated signal will gradually contain denser symbols. For example, after two REs, the accumulated signal corresponds to comb-6, and after four REs, the accumulated signal corresponds to comb-4.
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[bookmark: _Ref534991144][bookmark: _Ref534991139]Figure 9 Reordering of the staggered comb-12 signal
3.6.2	Identical PRSs transmitted in a Single Frequency Network
As an alternative to the traditional comb-n-based PRSs using code sequences one may use identical PRSs that are transmitted from potentially all BSs in a Single Frequency Network (SFN). Thanks to the nature of the SFN there is potentially no interference between received PRSs, since they may add constructively in the UE. Each PRS signal may then appear as a distinct impulse in the estimated composite Channel Impulse Response (CIR), which is based on the sum of all received PRS signals. The noise-like interference, that may be caused by other BSs that use overlapping Resource Elements in their PRSs, is therefore absent.
If at least three BSs can be associated with corresponding Line-of-Sight (LOS) impulses in the composite CIR, and the Observed Time Difference Of Arrival (OTDOA) between pairs of such impulses may be estimated, these OTDOA values may be used for positioning estimation using triangulation. When there is no overlap between a received CIR and such a LOS impulse this impulse may be detected with higher accuracy than would have been possible had noise-like interference (e.g. due to interfering signals using other code sequences) also been present.
To minimize the impact of overlapping CIRs the transmitted PRS from each BS may use a dedicated sequence of deliberate delays (DDs), e.g. implemented as cyclic shifts, which is introduced before the Cyclic Prefix is added. These DD values are known by the UEs, e.g. from signaling via location server.
For a given reception point the estimated composite CIR will therefore consist of different combinations of relative timing between LOS impulses, which will increase the probability to identify LOS impulses without overlapping CIRs. 
The solution may also be extended to be used for a combination of PRS and data broadcast in a Single Frequency Network. Note that the network needs only to be a single frequency network with respect to specific radio resources, and not in other radio resources. In this case dedicated PRSs may be used for coarse positioning and with that as a basis a finer positioning may be achieved by also exploring the de/re-modulated data, from which a CIR with higher SINR may be estimated and consequently a higher positioning accuracy obtained.
The reference sequences used for channel estimation and correction of the broadcast data signal may also be used for the initial, coarse, PRS positioning, in which case no dedicated PRS would be needed.
The use of such SFN PRSs may also be combined with the use of comb-based PRSs and code sequences by e.g. using an SFN-PRS using comb-n. A group of neighboring BSs could thus form a small SFN, using a common comb-n and other neighboring small SFNs could use orthogonal PRSs, also arranged in a small SFN.
From a UE complexity perspective an SFN-PRS may allow for a simplification, since a single FFT/IFFT operation is sufficient for any number of received BS signals, I.e. dedicated correlations for each signal is not required.
3.6.3	NR-PRS Gold sequence initialization
The 31-bit Gold sequence is described in TR 38.211 clause 5.2.1. For Gold sequence initialization (definition of cinit) in the proposed NR PRS, more bits for PRS ID-values (i.e. nID) are desired than in LTE, e.g. for beam-ID support. Still, the correlation properties should be good and unique nID-values should produce unique 31-bit cinit generation. The below table show a possible solution of NR PRS sequence initialization, allowing for 17 nID-bits, which are used in simulations:
	cinit generation for 17-bit nID
	Formula for cinit (where t = 14ns + l + 1)

	µ = 0: scs = 15kHz, ns = 0,1,…,19, l = 0,1,…,13
	t + (nID mod 101) + 31(nID + 851t)*2^8

	µ = 1 : scs = 30kHz, ns = 0,1,…,39, l = 0,1,…,13
	t + (nID mod 211) + 13(nID + 445t)*2^9

	µ = 3 : scs = 120kHz, ns = 0,1,…,79, l = 0,1,…,13
	t + (nID mod 911) + 3(nID + 115t)*2^11



3.6	Comparison of different positioning signals
In the table below, key properties of the different signals discussed in the contribution is collected.
	
	Frequency re-use
	Power-boost for full power utilization
	TOA range in fractions of the OFDM symbol length
	Symbol utilization in slot
	Same pattern in all RBs
	Resource saving through re-use of reference signals transmitted for communication purposes

	TRS
	4
	6dB
	1/4
	14/14 (Mixed with data and control)
	Yes
	100%

	TRS ext 1
	4
	6dB
	1/2
	14/14 (Mixed with data and control)
	Yes
	50%

	TRS ext 2
	4
	6dB
	1
	14/14 (Mixed with data and control)
	Yes
	25%

	Staggered
6-comb
	6
	7.8dB
	1
	12/14
	Yes
	0%

	Staggered
7-comb
	7
	8.5dB
	1
	14/14
	No, but still simple pattern.
	0%

	Staggered
12-comb
	12
	10.8dB
	1
	12/14
	Yes
	0%

	Staggered
14-comb
	14
	11.5dB
	1
	14/14
	No, but still simple pattern.
	0%

	SFN
	1
	0 dB
	1 (also from a single symbol)
	14/14
	Yes
	Potentially 100% in connection with data broadcast services




4	Performance Evaluations
4.1 Link level evaluations
[image: ]
[bookmark: _Ref534991430]Figure 10 Link level comparisons of the three considered signals, NR-TRS, Extended TRS and PRS candidate.

Figure 10 shows the comparison among the considered signals in link simulations. The simulations are performed for single slot transmissions of the signals in UMa settings at 4GHz, 30 KHz subcarrier spacing. At the receiver, the signal received and the local template signal for correlation is interpolated by 128 times within the sampling period. The sampling frequency used in the simulation is 61.44 MHz. 
As can be seen from the results, a single slot of the considered signals gives sub-meter accuracy when interpolation is adopted and the signal reception is subject to sufficiently high SNR. As also seen in the figure, in particular for the low SNR, there is a difference in performance between the three signal designs. However, since a single slot is considered, the total number of evaluated symbols is also different, which explains the difference.
4.2	System level evaluations
In [9], we show simulation results of the positioning accuracy based on observed time difference of arrival (OTDOA) for urban macro, urban micro, and indoor open office scenarios. In these simulations, an equal number of symbols have been considered per evaluated downlink reference signal for a fair comparison. For the indoor open office scenario, we also show positioning accuracy simulation based on uplink time difference of arrival (UTDOA) for FR1.
Based on the observations we conclude that, TRS (10MHz bandwidth, 2GHz carrier frequency) provides positioning capability to satisfy FCC requirements for horizontal positioning accuracy on localizing an emergency call (80-percentile within 50m).
[bookmark: _Toc535001079][bookmark: _Toc535001303][bookmark: _Toc535001922][bookmark: _Toc535002599][bookmark: _Toc535002615]OTDOA based on TRS (10MHz bandwidth, 2GHz carrier frequency) meets the FCC requirements for horizontal positioning accuracy in the agreed simulation scenario.
Furthermore, two new reference signals (TRS with extension and a new PRS as a staggered comb-6) are proposed and evaluated to show that they are equally performing under the simulation settings and at equal energy. Examples of results are shown in Figure 11. for a complete set of results, see [9].
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[bookmark: _Ref535001283]Figure 11. Positioning error in FR1, 4 GHz and FR2, 30 GHz, in urban micro scenario


Conclusion
In the previous sections we made the following observations: 
Observation 1	Downlink reference signals are used by devices for different positioning related measurements that can be separated into TOA measurements, RSS/RRQ/CID/TPID measurements and AoA measurements.
Observation 2	When dealing with interfering signal of the same order of magnitude as the measured TOA signal, a careful choice of sequences to be used within a position computation operation should minimize the interference between these sequences.
Observation 3	The SS-block have to be transmitted for initial access and synchronization purposes and can be reused also as a positioning signal without overhead.
Observation 4	The TRS (CSI-RS for tracking) has to be transmitted for fine time and frequency tracking purposes when there is at least one connected UE in a cell and the TRS can therefore be reused as a positioning reference signal with no or very limited additional overhead.
Observation 5	PDCH DMRS and PTRS in the DL is less suitable as a downlink positioning reference signal since they are transmitted together with PDSCH data and due to expected interference from transmitted data from adjacent BSs.
Observation 6	The resource allocation scheme of the SS block for tracking allows orthogonal transmission from neighboring base stations utilizing both frequency and time multiplexing but this has an impact on the efficiency of neighbor cell search.
Observation 7	The SS block signal is suitable for some downlink positioning measurements
Observation 8	The resource allocation scheme of the TRS allows orthogonal transmission from neighboring base stations utilizing both frequency and time multiplexing. Simultaneously, the use of Gold codes provides additional interference immunity.
Observation 9	The bandwidth of the TRS is configurable up to the full system bandwidth.
Observation 10	The transmission of the TRS in multiple beams gives additional information on Angle of Departure (AoD) that can be utilized for positioning purposes.
Observation 11	The comb-4 structure of TRS enables a 6 dB power boosting if the power is concentrated to the TRS resource elements.
Observation 12	Extended TRS can increase TOA estimation accuracy and range compared to the basic TRS.
Observation 13	Extended TRS can be setup within PDSCH traffic or in a slot dedicated to TRS and positioning signals.
Observation 14	Additional SSBs beyond those in SMTC to monitor for positioning purpose can be setup in dedicated positioning subframe or within PDSCH traffic.  Assistance data to signal TRS settings across the gNBs used in the positioning measurement can be used to allow the schedulers to minimize interference.
Observation 15	Staggered comb patterns allow frequency re-use while allowing for full bandwidth and full TOA estimation range.
Observation 16	OTDOA based on TRS (10MHz bandwidth, 2GHz carrier frequency) meets the FCC requirements for horizontal positioning accuracy in the agreed simulation scenario.
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