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1 Introduction

At RAN2#99bis an email discussion was agreed to progress the running LPP CR for the GNSS enhancements:

[99bis#56][LTE/Positioning] Running LPP CR (Qualcomm)


Running LPP CR for positioning accuracy enhancements


To update the running CR with outcomes of this meeting and the related offline discussions.


Deadline: for February meeting

Discussion: 

Some companies have pointed out that the use of signals other than for GPS and GLONASS with the MAC methods should be marked as “not supported” instead of FFS. The reason for this is that no work on this topic is currently under way, nor planned within RTCM. Other companies believe that final decision will depend on further input contributions on this issue and point out that MAC and FKP are better suited for broadcast than VRS, and 3GPP should consider making the IEs applicable to other GNSSs/signals. Question: Is the intention that 3GPP will undertake this further study? 

We believe this is possible, and, it is actually very easy given the nature of MAC method [5] (a standardized method) and making use of RTCM v3.3 [6]. We have analysed in details the mathematics behind and proved that MAC and FKP can be used for other signals. Their associated IEs are easily applicable to other GNSSs/signals.
2 Network RTK methods to be supported in LPP
3GPP has endorsed support for the following Network RTK methods: MAC, FKP and VRS in LPP. 
In Figure 1, we present the LTE positioning architecture for unicast case, expanded to include the GNSS infrastructure – right hand side. The GNSS infrastructure is composed by a central processing facility, called RTK/PPP server (an RTK/PPP server and Continuous Operating Reference Station network).
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Figure 1: High-leve architecture for N-RTK, including elements outside the scope of 3GPP.
2.1 MAC
MAC method is a standardized method, i.e. the server is using standardized algorithms to generate Network RTK corrections. This provides consistency and transparency for everyone who use it. In other words, all information provided to UE, regardless of service provider and manufacturer, follows clearly defined international standards. The MAC algorithms published in [5], developed by Leica Geosystems AG and Geo++ GmbH, were adopted in 2006 as an official standard for Network RTK by RTCM SC104 committee.

MAC can be applied in two forms: Master Auxiliary Corrections and individualised-MAX (iMAX). The latter is very similar to VRS, with the distinction that the reference station is chosen from a network composed by physical stations. ([7] explains how RTCM MSM and a proprietary format are leveraged to enable Galileo N-RTK services (standalone or in combination with other GNSS).
Observation 1. MAC is the only fully documented non-proprietary proposal for network RTK messages standardized by RTCM SC104. Note, VRS makes use of unpublished algorithms i.e. proprietary solutions to generate RTK corrections.
The Corrections Computation Algorithm (area Outisde 3GPP control in Figure 1)
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‘The relationship between the server and the rover is shown in Figure 6.

Figure 6: The relation:

between the server and rover using the MAX method

Standardized method
MAX uses published algorithms to generate and send Network RTK corrections and is therefore a standardized
‘method. In addition. the data is alwavs traceable to real reference stations.




Figure 2: MAC principle (Reference: http://uk.smartnet-eu.com/max-corrections_233.htm).
Step 1: GNSS data, measured to common satellites, is transmitted to a N-RTK server from all reference stations – master and auxiliary. 
Step 2a: The Network RTK server software fixes the ambiguities of the satellites (being observed by the reference stations) within the network ( one can say the ambiguities are resolved on a common level (i.e. all reference stations observing the same satellites).
Step 2b: Once a common ambiguity level is found, RTK corrections are generated.
Step 3: RTK corrections are send to Rover via NTRIP. In case of LTE control-plane solution, these corrections will be conveyed to an E-SMLC via an “External Interface” and not directly to UE/Rovers.
Step 4: UE computes the RTK solution.

As defined in RTCM v3.3 and translated to running CR for LPP, MAC method is based on the following IEs: GNSS-RTK-ReferenceStationInformation, GNSS-RTK-AuxiliaryStationData, GNSS-RTK-Observations, GLO-RTK-BiasInformation (if GLONASS is used), GNSS-RTK-MAC-CorrectionDifferences, GNSS-RTK-Residuals.
For the purpose of this paper we will focus only on Step 2b, and GNSS-CorrectionDifferences and GNSS-RTK-Residuals IEs. We encourage the reader to refer to [5] and [6] for further details on MAC method.
· Generation of geometric and ionospheric corrections, ICPCD and GCPCD - GNSS-RTK-MAC-CorrectionDifferences IE
According to RTCM 3.3, section 3.5.7, the L1 correction (L1C) and the L2 correction (L2C) for station S can be determined by:
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sS – computed geometric range beteween ARP of station S and satellite
Фs,1 Фs,2 – phaserange measurements for station S for the respective frequency.

(c/f)*N – integer ambiguity part scalled to meters. Where f1 = L1 and f2 = L2.

ts,1 ts,2 – receiver clock term for the respective frequency of phaserange measurement

AS,1 As,2 – Antenna Offset and Phase center variation correction for the respective frequency.

Using the observable from above, correction differences are computed between the master (M) and auxiliary reference stations (A). To reduce the complexity of the equation, we assumed that Antenna Phase Center corrections (AS,1 As,2) were already accounted for by the SW running at the RTK server:
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According to RTCM 3.3, the network errors i.e. ICPCD (DF069), and GCPCD (DF070), also called iono-free linear combination, are computed with the equation:
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where f1 and f2 are L1 and L2 GPS signals when GNSS-ID = ‘GPS’, and L1 and L2 GLONASS signals when GNSS-ID = ‘GLONASS’.
In case of Galileo system, f1 is E1 signal (overlapped with GPS L1) and f2 would be E5a signal (centered at same frequency as GPS L5). Below we provide all possible combinations of frequencies for GPS, GLONASS (FDMA, so only channel k=0 is shown) and Galileo.
	System
	Signal i
	Frequency (MHz) fi
	Signals combined f1 f2

	GPS
	L1

L2

L5
	1575.42

1227.60

1176.45
	L1, L2

L1, L5

L2, L5

	GLONASS (k=0)*
	G1

G2

G3
	1602.0

1246.0

1204.704
	G1, G2

G1, G3

G2, G3

	Galileo
	E1

E5b

E5a
	1575.420

1207.14

1176.45
	E1, E5b

E1, E5a

E5b, E5a**


Table 1. Signal (f1 and f2) combinations.
Note 1:  GLONASS makes use of FDMA to distinguish between satellites. Only channel k=0 is shown here.
Note 2:  Although possible, combinations of the type f1 = E5a/B2a and f2 = E5b/B2b are not recommended since the central frequency of the two signals are very close and the iono-free combination is not too efficient.
Observation 2. The Galileo E1 signal is overlapped with the GPS L1 signal at a center frequency of 1575.420 MHz, whereas the Galileo E5a and GPS L5 signals are overlapped at 1176.450 MHz. 
Observation 3. In terms of N-RTK correction data formats, Galileo is included in the standardized RTCM v3 MSM format (for raw data) and proprietary formats, following the approach presented in [7]. 

· Generation of network RTK residuals - GNSS-RTK-Residuals IE.
According to MAC algorithm, the parameters s-oc-r15, s-od-r15, s-oh-r15 are non-dispersive components, i.e. it does not affect different frequencies differently. In other words, these components will be identical for any GNSS signal frequency.
However, two other parameters, s-lc-r15, and s-ld-r15¸ are dispersive, i.e. frequency dispersive and delivered for GPS L1 frequency (same for Galileo E1 and Beidou B1).

The complete standard deviation for the expected dispersive interpolation residual is computed using the formula:
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where dRef ​is the distance of the rover/UE from the nearest physical reference station in [km].

The standard deviation for the GPS L2 frequency is calculated using the formula:
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where λ1 and λ2 are the wavelength of L1 and L2 signals.
Same principle can be applied to L1/E1/B1 and L5/E5a/B2a combination, where λ2 is the wavelength of L5/E5a/B2a signals:
[image: image11.png]1
S,(L5/ESa/B2a) = S;(L1) x::g



                                                      (9)
The SI term is computed at the UE side (in UE-based) or at E-SMLC side (in UE-assisted) based on parameters in the GNSS-RTK-Residuals IE. 
· Corrections distribution to E-SMLC
How an E-SMLC acquires corrections is outside the scope of 3GPP, i.e. this is not standardized. This means that a network operator and its correction provider(s) decide by which means and format(s) these corrections are delivered to E-SMLC.
Proposal 1. MAC support to be extended to include Galileo system for the following signals:

· f1 = Galileo E1 (same frequency as GPS L1 – see Table 1) and f2 = E5a (same frequency as GPS L5). 
This applies to GNSS-RTK-MAC-Correction Differences, GNSS-RTK-Residuals IEs.
2.2 FKP
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method is conceptually the most straight forward approach, it is not extensively used. The
VRS and MAC methods are the most common methods used today. In addition to the
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Single-base RTK works well over short distances. GNSS errors (orbit, clock and atmosphere|
are mathematically removed from the baseline. This assumes that the error at both the
base station and rover are similar, an assumption that holds true in normal observing
conditions.  Hence, the modelling of the GNSS errors is based on two receivers, the rover
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bossible to model and thus interpolate the error at the user's position.
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Figure 3: FKP principle
The Flächen-Korrecktur-Parameter (FKP) or Flat Plane/Area Correction Parameters method attempts to model the GNSS error over multiple reference stations using a flat plan or tilt correction. Figure 3 shows the error varying with distance between two reference stations (brown line). This error is modelled for several reference stations using an inclined plane (blue dashed line) and interpolated at the user’s position to determine the correction term to apply at the rover. This computation is carried out in two dimensions, thus, there are two corrections or tilt terms, one each in the north-south and east-west directions. 
According to RTCM v3.3 [5], to apply the gradient corrections the following relations shall be used:
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N0, E0 – gradient in north-south direction, and east-west direction, for the geometric signal in [ppm]

NI, EI – gradient in north-sout direction, and east-west direction, for the ionospheric signal in [ppm] (influence on GPS L1 frequency)

φ, λ – ellipsoidal coordinates of the rover in radians

φR, λR – ellipsoidal coordiantes of the reference stations in radians

H = 1 + 16 (0.53 – E/π)3 where E the elevation angle of the satellite at the rover position in radians

δρ0, δρI – the distance dependent error for the geometric, and ionospheric signal [m]

The distance dependent error for a carrier phase measurements Ф on a signal with frequency f can be computed in [m] by:

[image: image15.png]
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where f1 is the GPS L1 frequency (1575.42 MHz).

A formula similar to (12) is used for distance dependent error for a pseudorange measurement but the frequency ratio is preceded by minus sign.

The distance dependent errors, applied to values from GNSS-RTK-Observations IE, are computed based on GNSS-RTK-FKP-Gradients IE. Note, this IE is GNSS, and signal-independent.
Observation 4. For Galileo, in (12) f1 has same value as for GPS (i.e. 1575.42 MHz or 154 * 10.23 MHz).
Proposal 2. FKP support to be expanded to include Galileo system and signals where f1 = E1 (same frequency as GPS L1) and f2 = E5a (same frequency as GPS L5). 

2.3 GPS L2 and GPS L5
As a final observation, we would like to bring into discussion GPS case as well. The USG commits to maintaining the existing GPS L1 C/A, L1 P(Y), L2C, and L2 P(Y) signal characteristics that enable codeless and semi-codeless GPS access until at least two years after there are 24 operational satellites broadcasting L5. Barring a national security requirement, the USG does not intend to change these signal characteristics before then. Twenty-four satellites broadcasting the L5 signal is estimated to occur in 2024. This will allow for the orderly and systematic transition of users of semi-codeless and codeless receiving equipment to the use of equipment using modernized civil-coded signals. Note that it is expected that 24 operational satellites broadcasting L2C will be available by 2020, with the corresponding ground segment control capability available by 2023, enabling transition to that signal at this earlier date. https://www.gps.gov/technical/codeless/
Proposal 3. The ASN.1 structure for GNSS-RTK-MAC-Correction Differences, GNSS-RTK-Residuals IEs should be flexible and ready to accommodate the changes foreseen for GPS signals in the future: support GPS L5 for MAC and FKP method.
3 Summary
Observation 1. MAC is the only fully documented non-proprietary proposal for network RTK messages standardized by RTCM SC104. Note, VRS makes use of unpublished algorithms i.e. proprietary solutions to generate RTK corrections.
Observation 2. The Galileo E1 signal is overlapped with the GPS L1 signal at a center frequency of 1575.420 MHz, whereas the Galileo E5a and GPS L5 signals are overlapped at 1176.450 MHz. 
Observation 3. In terms of N-RTK correction data formats, Galileo is included in the standardized RTCM v3 MSM format (for raw data) and proprietary formats, following the approach presented in [7]. 

Observation 4. For Galileo, in (12) f1 has same value as for GPS (i.e. 1575.42 MHz or 154 * 10.23 MHz).
Proposal 1. MAC support to be extended to include Galileo system for the following signals:

· f1 = Galileo E1 (same frequency as GPS L1 – see Table 1) and f2 = E5a (same frequency as GPS L5). 
This applies to GNSS-RTK-MAC-Correction Differences, GNSS-RTK-Residuals IEs.
Proposal 2. FKP support to be expanded to include Galileo system and signals where f1 = E1 (same frequency as GPS L1) and f2 = E5a (same frequency as GPS L5). 
Proposal 3. The ASN.1 structure for GNSS-RTK-MAC-Correction Differences, GNSS-RTK-Residuals IEs should be flexible and ready to accommodate the changes foreseen for GPS signals in the future: support GPS L5 for MAC and FKP method.
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