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1. 
Introduction
A new work item on "UE Positioning Accuracy Enhancements for LTE" was approved at RAN#75 [1]. The objectives of this work item include support for Real-Time Kinematic (RTK) positioning:

· GNSS positioning enhancements:
· Specify the signalling and procedure to support RTK GNSS positioning over LPP and LPPa, taking into account both UE and network complexity. [RAN2, RAN3, RAN1]
RTK is a technique that uses carrier-based ranging measurements which can enable centimetre-level accurate baseline determination (i.e., the distance and attitude between two receivers). If the absolute position of one receiver is known with a high accuracy, the absolute position of the other receiver can easily be determined.
Contrary to the typical satellite navigation based on code-phase measurements, where the position is available almost instantly (in an assisted case typically well under 30 s) the carrier phase based techniques need to accumulate data for a while before the baseline between the receivers can be solved at high accuracy. Therefore, (parts of the) the assistance data must be provided rather frequently/periodically to the target receiver; in conventional RTK solutions typically at a rate of 1Hz [4]. Therefore, broadcast of assistance data is included in the objectives [1]:
· Broadcasting of assistance data [RAN2, RAN3, SA3, SA2]

· Specify a new SIB to support signalling of positioning assistance information for A-GNSS, RTK and UE-based OTDOA assistance information. 

· Specify optional encryption procedure for broadcast assistance data, including mechanism for delivery of UE-specific encryption keys.

In this contribution, we discuss the LPP [2] and RRC [3] impacts to support RTK positioning. 
2. 
Background
The typical A-GNSS positioning technique is referred to as code-phase based positioning, because the receiver correlates with and uses the pseudorandom codes transmitted by four or more satellites to determine the ranges to the satellites. From these ranges and knowing where the satellites are, the receiver can establish its position to within a few metres.

For applications that require higher accuracies, RTK is a technique that uses carrier-phase based ranging and provides ranges (and therefore positions) that are orders of magnitude more precise than those available through code-phase based positioning.
RTK techniques are significant more complicated than GNSS positioning based on code-phase observables. The basic concept is to reduce and remove errors common to a base (reference) station and mobile (rover) pair, as illustrated in Figure 1. At a very basic conceptual level, the range is calculated by determining the number of carrier cycles between the satellite and the rover (mobile) station, then multiplying this number by the carrier wavelength. A rather complex process called "ambiguity resolution" is needed to determine the number of whole cycles. 
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Figure 1: Real Time Kinematic.

The calculated ranges still include errors from such sources as satellite clock and ephemerides, and ionospheric and tropospheric delays. To eliminate these errors and to take advantage of the precision of carrier-based measurements, RTK performance requires measurements to be transmitted from the base station to the rover (mobile) station. 

Mobiles determine their position using algorithms that incorporate ambiguity resolution and differential correction. Like DGNSS, the position accuracy achievable by the mobile station depends on (among other things) its distance from the reference (base) station (referred to as the "baseline") and the accuracy of the differential corrections. Corrections are as accurate as the known location of the reference station and the quality of the reference station’s satellite observations. Site selection is important for minimizing environmental effects such as interference and multipath, as is the quality of the reference station and mobile station receivers and antennas.

3. 
RTK Standards

The standards applying to RTK systems are the same of classical DGNSS systems, i.e. the standards defined by the Special Committee 104 on DGNSS of the Radio Technical Commission for Maritime Services (RTCM). While RTCM was originally set up to address maritime standards, DGNSS standards are applied world-wide to land and maritime positioning systems. LPP [2] supports DGNSS assistance data messages per RTCM "Recommended Standards for Differential GNSS (Global Navigation Satellite Systems) Service", version 2.3 (Reference [11] in LPP). 
RTCM SC-104 Differential GNSS Standards was originally set up in 1983 to develop standards for DGPS.  Version 1 was replaced by Version 2 in 1990 when some implementation problems turned up. In 1994, Version 2.1 added Real-Time Kinematic (RTK) messages and Version 2.2 expanded differential operation to GLONASS. Version 2.3 added several new messages to improve RTK.
Inefficiency of Version 2 messages led to the development of an improved Version 3 format (more efficient, higher integrity, and simplicity of development) in 2004. Version 3 is primarily aimed at improving RTK, supporting Network RTK and multiple GNSSs. 

Observation 1:
RTK standards have already been developed by RTCM and are the same as classical DGNSS. 

3.1
RTCM V3 Common RTK Message Types

The common message types used for RTK applications are summarized in the Table below. These messages support GPS, GLONASS, and combined GPS/GLONASS operation. 
The Message Types highlighted in yellow in the Table below are the messages typically needed for high precision L1 and L2 combined GPS/GLONASS RTK operation.

	Group Name
	Message Type
	Message Description
	Comment

	Observations
	1001
	L1-only GPS RTK Observables
	

	
	1002
	Extended L1-Only GPS RTK Observables
	

	
	1003
	L1 & L2 GPS RTK Observables
	

	
	1004
	Extended L1 & L2 GPS RTK Observables
	"Main RTK message" for GPS. (Includes MTs 1001-1003)

	
	1009
	L1 Only GLONASS RTK Observables
	

	
	1010
	Extended L1-Only GLONASS RTK Observables
	

	
	1011
	L1 & L2 GLONASS RTK Observables
	

	
	1012
	Extended L1 & L2 GPS RTK Observables
	"Main RTK message" for GLONASS. (Includes MTs 1009-1011)

	Station Coordinates
	1005
	Stationary Antenna Reference Point (ARP), no Height Information
	

	
	1006
	Stationary Antenna Reference Point (ARP), with Height Information
	ECEF coordinates of ARP. Provides also the height of the ARP above survey monument.

	Antenna Description
	1007
	Antenna Descriptor
	

	
	1008
	Antenna Descriptor & Serial Number 
	

	Receiver and Antenna Description
	1033
	Receiver and Antenna Descriptors Message
	Similar to MT 1008, but includes also receiver type information (e.g., Firmware, etc.)

	Auxiliary Operation Information
	1013
	System Parameters

	UTC time offsets, lists of messages sent by the reference station

	
	1230
	GLONASS L1 and L2 Code-Phase Biases Information
	


Observation 2:
Basic RTK assistance data must include code- and carrier-phase observations performed at a fixed and known reference station, together with the reference station information and coordinates.

These ("legacy") RTCM messages cannot generate reference data for new signals (e.g., L5) and GNSS other than GPS and GLONASS. Multiple Signal Message (MSM) is the new RTCM-3 concept to present all GNSS observation data in a generic form.
3.2
Multiple Signal Messages (MSM) Message Types
Multiple Signal Messages (MSM) Message Types provide the information in generic formats, applicable to all GNSSs (e.g., using units of milli-seconds, etc.).  The MSMs are split into "compact messages" and "full messages", similar to legacy RTCM approach (e.g., 1003 and 1004, or 1011 and 1012). Seven MSM message types are defined:
	MSM Type
	Content

	MSM1
	Compact (modulo 1 ms) Pseudo Range (Code Phase)

	MSM2
	Compact (modulo 1 ms) Phase Range (Carrier Phase)

	MSM3
	Compact (modulo 1 ms) Pseudorange + Phase Range

	MSM4
	Full Pseudorange + Phase Range + Carrier/Noise Ratio

	MSM5
	Full Pseudorange + Phase Range + Carrier/Noise Ratio + Doppler (Phase Range Rate)

	MSM6
	Full Pseudorange + Phase Range + Carrier/Noise Ratio with high resolution

	MSM7
	Full Pseudorange + Phase Range + Carrier/Noise Ratio + Doppler (Phase Range Rate) with high resolution


Messages MSM1-MSM5 are standard precision messages, and messages MSM6 and MSM7 are high precision messages. MSM6/7 provide the same content as MSM4/5, respectively, but with finer resolution. These seven messages are then assigned to a range grouped for each GNSS system as follows:
	GNSS
	MT for MSM1
	MT for MSM2
	…
	MT for MSM7

	GPS
	1071
	1072
	
	1077

	GLONASS
	1081
	1082
	
	1087

	Galileo
	1091
	1092
	
	1097

	SBAS
	1101
	1102
	
	1107

	QZSS
	1111
	1112
	
	1117

	BDS
	1121
	1122
	
	1127


MSMs are intended to replace the legacy RTCM-3 observation messages (MT 1001-1004, and MT 1009-1012). The legacy and MSM messages are not intended to be mixed.

Observation 3:
RTK observation data messages have already been defined for multiple GNSSs and GNSS signals by RTCM. 
Each MSM consist of 3 blocks:
	Block Type
	Comment

	Message Header
	Contains all information about satellites and signals that are transmitted in this message.

	Satellite Data
	Contains all satellite data that is common for all signals of a given satellite (e.g., Rough Range).

	Signal Data
	Contains all signal data that is specific for each signal (e.g., Fine Phaserange).


The content of the Message Header is the same for all MSM’s:

	Message Header for MSM1-MSM7

	Data Field
	Scale Factor
	#Bits
	Range
	Comments

	Message number
	
	12
	0-4095
	The MT, e.g., 1077

	Reference Station ID
	
	12
	0-4095
	The Reference Station ID is determined by the service provider. Its primary purpose is to link all message data to their unique source.

	GNSS Epoch Time
	
	30
	
	Specific for each GNSS
(see below).

	Multiple Message Bit
	
	1
	
	1 indicates that more MSMs follow for given physical time and reference station ID.
0 indicates that it is the last MSM for given physical time and reference station ID.
NOTE 1.

	IODS – Issue of Data Station
	
	3
	0-7
	This field is reserved to be used to link MSM with future site description (receiver, antenna description, etc.) messages. A value of "0" indicates that this field is not utilized.

	Reserved
	
	7
	
	Reserved for future use.

	Clock Steering Indicator
	
	2
	0-3
	0 – clock steering is not applied

In this case receiver clock must be kept in the range of ±1 ms (approximately ±300 km)

1 – clock steering has been applied 

In this case receiver clock must be kept in the range of ±1 microsecond (approximately ±300 meters).

2 – unknown clock steering status

3 – reserved

	External Clock Indicator
	
	2
	0-3
	0 – internal clock is used

1 – external clock is used, clock status is "locked"
2 – external clock is used, clock status is "not locked", which may indicate external clock failure and that the transmitted data may not be reliable.

3 – unknown clock is used

	GNSS Divergence-free Smoothing Indicator
	
	1
	Bit String (1)
	1 – Divergence-free smoothing is used

0 – Other type of smoothing is used

	GNSS Smoothing Interval
	Table; <30 seconds to >8min
	3
	Bit String (3)
	The GNSS Smoothing Interval is the integration period over which the pseudorange code phase measurements are averaged using carrier phase information.

Divergence-free smoothing may be continuous over the entire period for which the satellite is visible. 

A value of zero indicates no smoothing is used.

	GNSS Satellite Mask
	
	64
	Bit String (64)
	Specifies those GNSS satellites for which

there is available data in this message. Mapping of actual GNSS satellites (PRNs for GPS, "slot numbers" for GLONASS, etc.) to satellite mask IDs is specific for each GNSS.

	GNSS Signal Mask
	
	32
	Bit String (32)
	Specifies those GNSS signals, for which

there is available data in this message. Mapping of actual signal identifier to signal mask IDs is specific for each GNSS.

	GNSS Cell Mask
	
	X=Nsig × Nsat
	Bit String (X)
	A two-dimensional table, which determines signal availability for each transmitted satellite. 


NOTE 1:
The "Multiple Message Bit" is similar to the (legacy) "Synchronous GNSS Message Flag" to indicate the "End of Epoch":
0 - No further GNSS observables referenced to the same Epoch Time will be transmitted. This enables the receiver to begin processing the data immediately after decoding the message.
1 - The next message will contain observables of another GNSS source referenced to the same Epoch Time.

The satellite data is transmitted for those satellites for which the corresponding bit in the "GNSS Satellite Mask" is set to 1. Each Data Field is repeated Nsat times (so called "internal looping" [4]). For MSM7, the Satellite Data is summarized in the Table below:
	Satellite Data for MSM7

	Data Field
	Scale Factor
	#Bits
	Range
	Comments

	The number of integer milliseconds in GNSS

Satellite rough ranges
	1 ms
	8 × Nsat
	0-254 ms
	This field contains the integer number of

milliseconds in the satellite rough range. 
Rough range can be used to restore complete observables for a given

satellite.

	Extended Satellite Information
	
	4 × Nsat
	0-15
	GNSS specific
(see below).

	GNSS Satellite rough ranges modulo 1 millisecond
	2-10 ms
	10 × Nsat
	0-(1-2-10) ms
	This field contains the sub-milliseconds in the satellite rough range.

	GNSS Satellite rough Phaserange rates
	1 m/s
	14 × Nsat
	±8191 m/s
	Phaserange Rate has the same sign as the mathematical derivative of the

Phaserange. 

Similar to ranges, the full Phaserange Rate observable for a particular signal can be constructed by the sum of the rough Phaserange Rate (unique for given satellite) and the fine Phaserange Rate (unique for each particular signal corresponding to given satellite).


The Signal Data is transmitted only for those signal-satellite combinations, for which the corresponding bit is set to 1 in the "Cell Mask" field. Each Data Field is repeated Ncell times (so called "internal looping" [4]). For MSM7, the Signal Data is summarized in the Table below:

	Signal Data for MSM7

	Data Field
	Scale Factor
	#Bits
	Range
	Comments

	GNSS signal fine Pseudoranges with extended resolution
	2–29 ms

(Approx:

0.0006 m)
	20 × Ncell
	±(2–10–2–29) ms

(Approx: ±292 m)
	Being added to fields "The number of integer milliseconds in GNSS

Satellite rough ranges" and "GNSS Satellite rough ranges modulo 1 millisecond" allows getting the full Pseudorange observable corresponding to given signal. NOTE 2.

	GNSS signal fine Phaserange data with extended resolution
	2–31 ms

(Approx:

0.00014 m)
	24 × Ncell
	±(2–8–2–31) ms

(Approx: ±1171 m)
	Being added to fields "The number of integer milliseconds in GNSS

Satellite rough ranges" and "GNSS Satellite rough ranges modulo 1 millisecond" allows getting the full Phaserange observable corresponding to given signal. NOTE 3.

	GNSS Phaserange Lock Time Indicator with extended range and resolution.
	Table
	10 × Ncell
	
	The Lock Time Indicator provides a measure of the amount of time during which the receiver has maintained continuous lock on that satellite signal. If a cycle slip occurs during the previous measurement cycle, the lock indicator will be reset to zero.

	Half-cycle ambiguity indicator
	
	1 × Ncell
	
	0 – No half-cycle ambiguity.

1 – Half-cycle ambiguity.

	GNSS signal CNRs with

extended resolution
	2–4 dB-Hz
	10 × Ncell
	0.0625–63.9375

dB-Hz
	The GNSS CNR measurement provides an estimate of the carrier-to-noise ratio of the satellite's signal in dB-Hz.

	GNSS signal fine Phase Range Rates
	0.0001 m/s
	15 × Ncell
	±1.6383 m/s
	Fine Phaserange Rate for a given signal. Full Phaserange Rate is the  sum of this field and the Satellite Rough Phaserange Rate. NOTE 4.


NOTE 2:
Complete Pseudorange for each signal (i) of given satellite can be restored as follows: 
Pseudorange(i) = c/1000 × (Nms + Rough_range/1024 + 2–29 × Fine_Pseudorange (i)), meter

NOTE 3: 
Complete Phaserange for each signal (i) of given satellite can be restored as follows:
Phaserange(i) = c/1000 × (Nms + Rough_range/1024 + 2–31 × Fine_Phaserange(i)), meter

NOTE 4: 
Complete PhaseRangeRate for each signal (i) of given satellite can be restored as follows:
PhaseRangeRate(i) = Rough_ PhaseRangeRate + 0.0001*Fine_ PhaseRangeRate (i), meter/sec
GNSS specific data fields:

	GPS Specific Data Field

	Data Field
	Scale Factor
	#Bits
	Range
	Comments

	GNSS Epoch Time
	1 ms
	30
	0-604,799,999 ms
	GPS Epoch Time is provided in milliseconds from the beginning of the GPS week, which begins at midnight GMT on Saturday night/Sunday morning, measured in GPS time (as opposed to UTC). 

	Extended Satellite Information
	
	
	
	Reserved for future use.


	GLONASS Specific Data Field

	Data Field
	Scale Factor
	#Bits
	Range
	Comments

	GNSS Epoch Time
Bit 1-3
	
	3
	0-7
	GLONASS Day of Week.
0 – Sunday

1 – Monday

2 – Tuesday

3 – Wednesday

4 – Thursday

5 – Friday

6 – Saturday

7 – The day of week is not known

	GNSS Epoch Time
Bit 4-30
	1 ms
	27
	0-86,400,999 ms
	GLONASS Epoch Time tk of measurement is defined by the GLONASS ICD as UTC(SU) + 3.0 hours. The value sequences from 0 to 86,399,999 ms and then rolls over to 0, except when a leap second occurs, it sequences from 0 to 86,400,999 ms and then rolls over to 0.

	Extended Satellite Information
	
	4
	0-15
	GLONASS Satellite Frequency Channel Number.
Value 0-13 maps to channel -7 to 6.

Value 14 is reserved.

Value 15 means not known, not available, or not applicable (e.g., CDMA-only capable satellite)


	Galileo Specific Data Field

	Data Field
	Scale Factor
	#Bits
	Range
	Comments

	GNSS Epoch Time
	1 ms
	30
	0-604,799,999 ms
	Galileo Epoch Time is provided in milliseconds from the beginning of

the Galileo week, which begins at midnight GMT on Saturday

night/Sunday morning, measured in Galileo system time, GST, (as

opposed to UTC).

	Extended Satellite Information
	
	
	
	Reserved for future use.


	SBAS Specific Data Field

	Data Field
	Scale Factor
	#Bits
	Range
	Comments

	GNSS Epoch Time
	1 ms
	30
	0-604,799,999 ms
	GPS Epoch Time is provided in milliseconds from the beginning of the GPS week, which begins at midnight GMT on Saturday night/Sunday morning, measured in GPS time (as opposed to UTC). 

	Extended Satellite Information
	
	
	
	Reserved for future use.


	QZSS Specific Data Field

	Data Field
	Scale Factor
	#Bits
	Range
	Comments

	GNSS Epoch Time
	1 ms
	30
	0-604,799,999 ms
	QZSS Epoch Time is provided in milliseconds from the beginning of

the QZSS week, which begins at midnight GMT on Saturday night/Sunday morning, measured in QZSS time, QZSST, (as opposed to UTC).

	Extended Satellite Information
	
	
	
	Reserved for future use.


	BDS Specific Data Field

	Data Field
	Scale Factor
	#Bits
	Range
	Comments

	GNSS Epoch Time
	1 ms
	30
	0-604,799,999 ms
	BDS Epoch Time is provided in milliseconds from the beginning of the BDS week, which begins at midnight GMT on Saturday night/Sunday morning, measured in BDS time, BDT, (as opposed to UTC).

Note that the BDS week does not begin at the same time as the GPS week; as a result, the time of week field for a BDS message will be 14 seconds less than the time of week for a GPS message of the same epoch.

	Extended Satellite Information
	
	
	
	Reserved for future use.


Signal Mask (empty table entries are reserved):
	GNSS Signal ID

	Signal ID in Signal Mask
	GPS
	GLONASS
	Galileo
	SBAS
	QZSS
	BDS

	
	Frequ. Band
	Signal
	Frequ. Band
	Signal
	Frequ. Band
	Signal
	Frequ. Band
	Signal
	Frequ. Band
	Signal
	Frequ. Band
	Signal

	1
	
	
	
	
	
	
	
	
	
	
	
	

	2
	L1
	C/A
	G1
	C/A
	E1
	C no data
	L1
	C/A
	L1
	C/A
	B1
	I

	3
	L1
	P
	G1
	P
	E1
	A
	
	
	
	
	B1
	Q

	4
	L1
	Z
	
	
	E1
	B I/NAV
	
	
	
	
	B1
	I+Q

	5
	
	
	
	
	E1
	B+C
	
	
	
	
	
	

	6
	
	
	
	
	E1
	A+B+C
	
	
	
	
	
	

	7
	
	
	
	
	
	
	
	
	
	
	
	

	8
	L2
	C/A
	G2
	C/A
	E6
	C
	
	
	
	
	B3
	I

	9
	L2
	P
	G2
	P
	E6
	A
	
	
	LEX
	S
	B3
	Q

	10
	L2
	Z
	
	
	E6
	B
	
	
	LEX
	L
	B3
	I+Q

	11
	
	
	
	
	E6
	B+C
	
	
	LEX
	S+L
	
	

	12
	
	
	
	
	E6
	A+B+C
	
	
	
	
	
	

	13
	
	
	
	
	
	
	
	
	
	
	
	

	14
	
	
	
	
	E5B
	I
	
	
	
	
	B2
	I

	15
	L2
	L2C(M)
	
	
	E5B
	Q
	
	
	L2
	L2C(M)
	B2
	Q

	16
	L2
	L2C(L)
	
	
	E5B
	I+Q
	
	
	L2
	L2C(L)
	B2
	I+Q

	17
	L2
	L2C(M+L)
	
	
	
	
	
	
	L2
	L2C(L+M)
	
	

	18
	
	
	
	
	E5(A+B)
	I
	
	
	
	
	
	

	19
	
	
	
	
	E5(A+B)
	Q
	
	
	
	
	
	

	20
	
	
	
	
	E5(A+B)
	I+Q
	
	
	
	
	
	

	21
	
	
	
	
	
	
	
	
	
	
	
	

	22
	L5
	I
	
	
	E5A
	I
	L5
	I
	L5
	I
	
	

	23
	L5
	Q
	
	
	E5A
	Q
	L5
	Q
	L5
	Q
	
	

	24
	L5
	I+Q
	
	
	E5A
	I+Q
	L5
	I+Q
	L5
	I+Q
	
	

	25
	
	
	
	
	
	
	
	
	
	
	
	

	26
	
	
	
	
	
	
	
	
	
	
	
	

	27
	
	
	
	
	
	
	
	
	
	
	
	

	28
	
	
	
	
	
	
	
	
	
	
	
	

	29
	
	
	
	
	
	
	
	
	
	
	
	

	30
	L1
	L1C-D
	
	
	
	
	
	
	L1
	L1C(D)
	
	

	31
	L1
	L1C-P
	
	
	
	
	
	
	L1
	L1C(P)
	
	

	32
	L1
	L1C-(D+P)
	
	
	
	
	
	
	L1
	L1C(D+P)
	
	


Station Coordinates
Message Type 1005 provides the earth-centered, earth-fixed (ECEF) coordinates of the antenna reference point (ARP) for a stationary reference station. No height above a monument is provided.

Message Type 1006 provides all the same information as Message Type 1005, but additionally provides the height of the ARP above a survey monument.
These messages are designed for GPS and GLONASS operation, but are equally applicable to other GNSSs as well. 
The GNSS receiver measurements are referred to the Antenna Phase Center (APC) position. However, the APC cannot be used as a standard reference. For one thing, it varies with frequency. In addition, the location of the phase center is strongly dependent on the antenna calibration method used during the calibration process. Therefore, the location of the phase center may vary between different calibration tables for the same antenna model. Message Types 1005 and 1006 avoid the phase center problem by utilizing the Antenna Reference Point (ARP) position, which is used throughout the International GNSS Service (IGS). 
The antenna manufacturer provides technical information on the APC position relative to the ARP. Relative and absolute antenna phase centre corrections have been compiled by IGS for several antenna models. 

In geodetic positioning, the receiver coordinates are referred to a Monument Marker (MM) or to an external Benchmark (BM), as illustrated in Figure 2 below. 
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Figure 2: Layout of a permanent receiver site with indication of the Monument Marker, Antenna Reference Point and Antenna Phase Centre.
Message Type 1006 is summarized in the Table below.

	Stationary Antenna Reference Point

	Data Field
	Scale Factor
	#Bits
	Range
	Comments

	Message Number
	
	12
	0-4095
	1006

	Reference Station ID
	
	12
	0-4095
	The Reference Station ID is determined by the service provider. Its primary purpose is to link all message data to their unique source.

	Reserved for ITRF Realization Year
	
	6
	
	The ITRF realization year identifies the datum definition used for coordinates in the message.
This is currently not defined and reserved (all bits set to zero).

	GPS Indicator
	
	1
	
	0 - No GPS service supported

1 - GPS service supported

	GLONASS Indicator
	
	1
	
	0 - No GLONASS service supported

1 - GLONASS service supported

	Reserved for Galileo Indicator
	
	1
	
	0 - No Galileo service supported

1 - Galileo service supported

	Reference-Station Indicator
	
	1
	
	0 - Real, Physical Reference Station

1 - Non-Physical or Computed Reference Station. NOTE 5.

	Antenna Reference Point ECEF-X
	0.0001 m
	38
	±13,743,895.3471 m
	The antenna reference point X-coordinate is referenced to ITRF epoch as given in "ITRF Realization Year". 

	Single Receiver Oscillator Indicator
	
	1
	
	0- All raw data observations in messages 1001-1004 and 1009-1012 may be measured at different instants. 

1 - All raw data observations in messages 1001-1004 and 1009-1012

are measured at the same instant.
NOTE 6.

	Reserved
	
	1
	
	

	Antenna Reference Point ECEF-Y
	0.0001 m
	38
	±13,743,895.3471 m
	The antenna reference point Y-coordinate is referenced to ITRF epoch as given in "ITRF Realization Year".

	Quarter Cycle Indicator
	
	2
	
	The Quarter Cycle Indicator denotes whether different carrier phase signals tracked on the same frequency have a common phase, i.e. whether or not the fractional PhaseRanges of two signals on the same frequency show a quarter cycle difference (see [4] section 3.1.7 for

further explanation). NOTE 7.

	Antenna Reference Point ECEF-Z
	0.0001 m
	38
	±13,743,895.3471 m
	The antenna reference point Z-coordinate is referenced to ITRF epoch as given in "ITRF Realization Year".

	Antenna Height
	0.0001 m
	16
	0-6.5535 m
	The Antenna Height field provides the height of the Antenna Reference Point above the marker used in the survey campaign. 


NOTE 5: 
A Non-Physical or Computed Reference Station is typically calculated based on information from a network of reference stations. Different approaches have been established over years. The Non-Physical or Computed Reference Stations are sometimes trademarked and may not be compatible. Examples of these names are "Virtual Reference Stations", "Pseudo-Reference Stations", and "Individualized Reference Stations". See also section 3.3 below.  

NOTE 6: 
If all GNSS observables are measured at the same instant of receiver time, the clocks are based on the same oscillator. Some reference station installations may not allow for identical clock offsets over all the satellite systems tracked (for example, if two or more independent receiver boards produce the observations). Correspondingly, the "Single Receiver Oscillator Indicator" should be set to "0". However, in such a case all GNSS’s might be still synchronous, indicating that the observations have been obtained within one microsecond. The "Synchronous GNSS Message Flag" (aka "Multiple Message Bit") should identify the proper state.  
NOTE 7:
The definition of the indicator applies to Messages Types 1001, 1002, 1003, 1004, 1009, 1010, 1011, 1012. This field is NOT applicable to MSMs. 
Antenna Description
The message type 1033 "Receiver and Antenna Description" is an elaboration of Message Type 1008 (and 1007). It contains not only the antenna information on the reference station but also information about receiver type and the firmware version of the receiver type. This message enables proper identification of the reference station receiver type, and allows recipients to directly generate RINEX files from the data stream. 
The serial number and firmware version strings are not standardized. They will correspond to the manufacturer’s naming convention. 

Message Type 1033 is summarized in the Table below.

	Receiver and Antenna Descriptors

	Data Field
	Scale Factor
	#Bits
	Range
	Comments

	Message Number
	
	12
	0-4095
	1033

	Reference Station ID
	
	12
	0-4095
	The Reference Station ID is determined by the service provider. Its primary purpose is to link all message data to their unique source.

	Antenna Descriptor Counter N
	
	8
	0-31
	The Descriptor Counter defines the number of characters (bytes) to

follow in Antenna Descriptor

	Antenna Descriptor
	
	
	
	Alphanumeric characters. IGS limits the number of characters to 20 at this time, but this field allows more characters for future extension.

	Antenna Setup ID
	
	8
	0-255
	0 - Use standard IGS Model

1-255 - Specific Antenna Setup ID# 
The Antenna Setup ID is a parameter for use by the service provider to

indicate the particular reference station-antenna combination.

	Antenna Serial Number Counter M
	
	8
	0-31
	The Serial Number Counter defines the number of characters (bytes) to

follow in Antenna Serial Number.

	Antenna Serial Number
	
	
	
	Alphanumeric characters. The Antenna Serial Number is the individual antenna serial number as issued by the manufacturer of the antenna. 

	Receiver Type Descriptor Counter I
	
	8
	0-31
	Number of characters in the name of the receiver type.

	Receiver Type Descriptor
	
	
	
	Alphanumeric characters.

	Receiver Firmware Version Counter J
	
	8
	0-31
	Number of characters in the name of the receiver firmware

	Receiver Firmware Version
	
	
	
	Alphanumeric characters.

	Receiver Serial Number Counter K
	
	8
	0-31
	Number of characters in the name of the receiver serial number.

	Receiver Serial Number
	
	
	
	Alphanumeric characters.


Auxiliary Operation Information

The message type 1013 "System Parameters" provides a list of all messages transmitted by the reference station, and is summarized in the Table below. 
	System Parameters

	Data Field
	Scale Factor
	#Bits
	Range
	Comments

	Message Number
	
	12
	0-4095
	1013

	Reference Station ID
	
	12
	0-4095
	The Reference Station ID is determined by the service provider. Its primary purpose is to link all message data to their unique source.

	Modified Julian Day (MJD) Number
	1d
	16
	0-65,535 d
	Modified Julian Day number (MJD) is the continuous count of day numbers since November 17, 1858 midnight. For example, the first day in GPS week 0 has MJD 44244.

	Seconds of Day (UTC)
	1 s
	17
	0-86,400 s
	Seconds Of Day (UTC) are the seconds of the day counted from midnight Greenwich time. GPS seconds of week have to be adjusted for the appropriate number of leap seconds.

86,400 - a leap second has been issued.

	No. of Message ID Announcements to Follow (Nm)
	1
	5
	0-31
	The Number of Message ID Announcements to follow informs the receiver of the number of message types and the frequency of their broadcast by the reference station.

	Leap Seconds, GPS-UTC
	1 s
	8
	0-254 s
	See the GPS Signal Specification.

	Message ID #1
	1
	12
	0-4095
	Each announcement lists the Message ID as transmitted by the reference station.

	Message #1 Sync Flag
	
	1
	
	0 - Asynchronous – not transmitted on a regular basis

1 - Synchronous – scheduled for transmission at regular intervals

	Message #1 Transmission Interval
	0.1 s
	16
	0-6,553.5 s 
	Each announcement lists the Message Transmission Interval as transmitted by the reference station. If asynchronous, the transmission interval is approximate.

	Message ID #2
	
	
	
	

	Message #2 Sync Flag
	
	
	
	

	Message #2 Transmission Interval
	
	
	
	

	(Repeat until Nm sets)
	
	
	
	


The message type 1230 provides the "GLONASS L1 and L2 Code-Phase Biases Information". In general, GLONASS Pseudorange and Phaserange measurements can be affected by different receiver-dependent biases. An offset of this so‑called code-phase bias (CPB) between the reference and rover receivers will manifest as frequency-dependent biases in the corresponding GLONASS double-difference Phaserange measurements. This message provides information which is intended to compensate for the first-order inter-frequency Phaserange biases introduced by the reference receiver CPB. Higher order frequency-dependent biases may still be present in the reference Phaserange data; however, the magnitude of this class of bias is typically insignificant for ambiguity resolution.
MT1230 with valid CPB values for all GLONASS FDMA signals available in the data stream (MT1009-1012 and MT1081-1088) is required for full GLONASS and combined GPS/GLONASS RTK interoperability and backwards compatibility with legacy observation messages (1009-1012).
	GLONASS L1 and L2 Code-Phase Biases

	Data Field
	Scale Factor
	#Bits
	Range
	Comments

	Message Number
	
	12
	0-4095
	1230

	Reference Station ID
	
	12
	0-4095
	The Reference Station ID is determined by the service provider. Its primary purpose is to link all message data to their unique source.

	GLONASS Code-Phase bias indicator
	
	1
	
	0 = The GLONASS Pseudorange and Phaserange observations in the

data stream are not aligned to the same measurement epoch.

1 = The GLONASS Pseudorange and Phaserange observations in the

data stream are aligned to the same measurement epoch.

	Reserved
	
	3
	
	

	GLONASS FDMA signals mask
	
	4
	
	Bitmask, where the MSB corresponds to the presence or absence of

DF "GLONASS L1 C/A Code-Phase Bias", continuing to the LSB or last bit corresponding to the absence or

presence of DF "GLONASS L2 P Code-Phase Bias". If the bit is set to zero then the corresponding field

is absent from the message. If the bit is set to one then the corresponding field is present in the message.

	GLONASS L1 C/A Code-Phase Bias
	0.02 m
	16
	±655.34 m
	The GLONASS L1 C/A Code-Phase Bias represents the offset between the L1 C/A Pseudorange and L1 Phaserange measurement epochs in meters.

	GLONASS L1 P Code-Phase Bias
	0.02 m
	16
	±655.34 m
	The GLONASS L1 P Code-Phase Bias represents the offset between the

L1 P Pseudorange and L1 Phaserange measurement epochs in meters.

	GLONASS L2 C/A Code-Phase Bias
	0.02 m
	16
	±655.34 m
	The GLONASS L2 C/A Code-Phase Bias represents the offset between

the L2 C/A Pseudorange and L2 Phaserange measurement epochs in

meters.

	GLONASS L2 P Code-Phase Bias
	0.02 m
	16
	±655.34 m
	The GLONASS L2 P Code-Phase Bias represents the offset between the

L2 P Pseudorange and L2 Phaserange measurement epochs in meters.


Observation 4:
The common RTK messages consist of a set of data fields (information elements) assembled under a common header structure. Various (overhead) bit fields are needed to describe e.g., message type, message length, number of satellites, number of signals, etc. to be included in a message. 
3.3
Network RTK

In the "single base RTK" approach the maximum distance between reference station and mobile (rover) receiver should typically not exceed around 10-20 kilometres to be able to rapidly and reliably resolve the carrier phase ambiguities. This limitation is caused by distance-dependent biases such as orbit error, and ionospheric and tropospheric signal refraction. These errors, however, can be accurately modelled using the measurements of a network of GNSS reference stations surrounding the mobile receiver. 

Network RTK is based on the use of several widely spaced permanent stations. Depending on the implementation, positioning data from the permanent stations is regularly communicated to a central processing station. On demand from RTK user terminals, which transmit their approximate location to the central station, the central station calculates and transmits correction information to the RTK user terminal. The benefit of this approach is an overall reduction in the number of RTK base stations required. 
Three Network RTK techniques are supported in RTCM V3 [4]:
1. Non-physical reference station: In this approach (also referred to as "Virtual Reference Station") the mobile device (rover) receives synthetic observations from a fictious reference station. The Network RTK software at the central processing station (e.g., E-SMLC) is performing the error estimation and creates a virtual reference station close to the initial location of the target device. The mobile can then work in single base RTK mode as usual. Although, this approach could be transparent to the target device, the "Stationary Antenna Reference Point" message type 1006 includes the "Reference-Station Indicator", which indicates whether the reference station is physical or computed (see section 3.2 above). This approach is most suited if a two-way communication link (point-to-point between target and server) is available, since the observation data are customized for the initial target device location. 
2. Master Auxiliary Concept (MAC): The basic principle of the master-auxiliary concept is to provide (in compact form) as much of the information from the network and the errors it is observing to the target device as possible. With more information on the state and distribution of the dispersive (ionosphere) and non-dispersive (troposphere and orbit) errors across the network, the target device is able to employ more sophisticated algorithms in the determination of its position solution. 
In the MAC network RTK, a group of reference stations are used and one of them is chosen as a master station. The other stations are then called auxiliary stations. Since the correction calculation is done by the target device, it is possible to broadcast the corrections. 
3. Area Correction Parameters (FKP): With the concept of FKP (from the German word "Flächenkorrekturparameter" = Area Correction Parameters) horizontal gradients of distance-dependent errors like ionosphere, troposphere and orbits are derived from a network of GNSS reference stations and transmitted to a target device together with raw or correction data of a corresponding reference station. The target device may use the gradients to compute the influence of the distance dependent errors for its own position.
Observation 5:
Network RTK fits very nicely into the existing 3GPP location architecture, where the "central processing functionality" could be located in an E-SMLC, and where LPPa [10] protocol could be used to provide RTK observation data from reference stations to the server. 
3.3.1
MAC Overview and Message Types

The MAC Network RTK can be divided into the following steps [8]:
1. Transmission of data to the network processing centre. Raw code and phase data from each reference station is collected at a processing facility (e.g., E-SMLC) together with supporting information such as precise ephemeris, etc.

2. Network ambiguity resolution. The phase ranges from all reference stations are reduced to a common ambiguity level. Two reference stations are said to be on a common ambiguity level if the integer ambiguities for each phase range (satellite-receiver-pair) have been removed (or adjusted) so that when double differences are formed the integer ambiguities cancel. In order to be able to resolve these network ambiguities, the processing facility must model or estimate all relevant error sources, such as satellite and receiver clocks, ionosphere, troposphere and orbit errors.

3. Site selection. A subset of the stations in the network is selected that will be used to generate the corrections for the target device. With two-way communications (point-to-point between target and server), this can be done by selecting the optimal set of sites that gives the best solution for the target devices’s a-priori location. With broadcast communications, the set of sites can be predefined by the network operator.

4. Formation of the network messages. The master-auxiliary correction differences are formed using the phase observations of the selected reference stations, corrected by the estimated network ambiguities, the common part of the receiver clock and known values (geometric range and satellite clock). One of the reference stations assumes the role of the master station for which the full observations are transmitted. Between-station single differences are then used to create the correction differences that are transmitted for the other (auxiliary) stations. The master station is usually chosen as the station closest to the target device. Note however that the distance of the master station to the target device has no bearing on the accuracy of the subsequent interpolation (step 6 below), since it plays no special role in the calculation.

5. Transmission of the corrections. The network messages are transmitted to the target device point-to-point or broadcast. 

6. Localisation of the errors to the target decices’s position. The target device uses the information provided by the network to determine the dispersive and non-dispersive errors at its location (e.g., using an interpolation algorithm). 
7. Determination of the target device’s position. The rover resolves its ambiguities and determines its position. 

The MAC message types for GPS and GLONASS L1 and L2 are summarized in the Table below. These messages are transmitted in addition to the "normal" RTK messages summarized in section 3.1 and 3.2 above, which are applicable for the selected master reference station.
	
	Message Type
	Message Description
	Comment

	Station Data
	1014
	Network Auxiliary Station Data
	Station IDs and Delta-location (relative to Master Station).

	GPS Network RTK Corrections (MAC)
	1015
	GPS Ionospheric Correction Differences
	

	
	1016
	GPS Geometric Correction Differences
	

	
	1017
	GPS Combined Geometric and Ionospheric Correction Differences
	Combination of MT 1015 and 1016

	
	1030
	GPS Network RTK Residual
	Residual of the interpolations.

	GLONASS Network RTK Corrections (MAC)
	1037
	GLONASS Ionospheric Correction Difference Message
	

	
	1038
	GLONASS Geometric Correction Difference Message
	

	
	1039
	GLONASS Combined Geometric and Ionospheric Correction Differences Message
	Combination of MT 1037 and 1038

	
	1031
	GLONASS Network RTK Residual
	Residual of the interpolations.


The "Network Auxiliary Station Data" message is applicable to both, GPS and GLONASS network RTK corrections, and essentially contains the relative location of the auxiliary stations. The "Network Auxiliary Station Data" message content is summarized in the Table below:
	Network Auxiliary Station Data

	Data Field
	Scale Factor
	#Bits
	Range
	Comments

	Message Number
	
	12
	0-4095
	1014

	Network ID
	
	8
	0-255
	Network ID defines the network and the source of the particular set of reference stations and their observation information belongs to. The service provider should ensure that the Network ID is unique in the region serviced. The Network ID indicates an area and its reference stations where the service providers will provide a homogenous solution with leveled integer ambiguities between its reference stations. 

	Subnetwork ID
	
	4
	0-15
	Subnetwork ID identifies the subnetwork of a network identified by Network ID. 

	Number of Auxiliary Stations Transmitted
	
	5
	0-31
	Number of Auxiliary Reference Stations Transmitted in conjunction with designated Master Reference Station.

	Master Reference Station ID
	
	12
	0-4095
	The Master Reference Station must have the identical ID as one of the reference stations used within the same data stream for providing observation or correction information. 

	Auxiliary Reference Station ID
	
	12
	0-4095
	Station ID to identify Auxiliary Reference Station used to derive attached information.

	Aux-Master Delta Latitude
	25 x 10-6 °
	20
	±13.1071 °
	Delta value in latitude of Antenna Reference Point of “Auxiliary Reference Station minus Master Reference Station” in geographical coordinates based on GRS80 ellipsoid parameters for the same ECEF system as used in message 1005 or 1006 within the same data stream.

	Aux-Master Delta Longitude
	25 x 10-6 °
	21
	±26.2142 °
	Delta value in longitude of Antenna Reference Point of “Auxiliary

Reference Station minus Master Reference Station” in geographical

coordinates based on GRS80 ellipsoid parameters for the same ECEF

system as used in message 1005 or 1006 within the same data stream. 

	Aux-Master Delta Height
	1 mm
	23
	±4194.303 m
	Delta value in ellipsoidal height of Antenna Reference Point of “Auxiliary Reference Station minus Master Reference Station” in geographical coordinates based on GRS80 ellipsoid parameters for the same ECEF system as used in message 1005 or 1006 within the same data stream. 


The actual Network RTK Corrections message consists of a Message Header, and a message data field, which is repeated for each satellite for which the corrections are provided. 
The message header for the "GPS Network RTK Corrections" is summarized below:
	Message Header for MTs 1015, 1016, 1017

	Data Field
	Scale Factor
	#Bits
	Range
	Comments

	Message number
	
	12
	0-4095
	1015, 1016, or 1017

	Network ID
	
	8
	0-255
	Network ID defines the network and the source of the particular set of reference stations and their observation information belongs to.

	Subnetwork ID
	
	4
	0-15
	Subnetwork ID identifies the subnetwork of a network identified by Network ID.

	GPS Epoch Time (GPS TOW)
	0.1 s
	23
	0-603,799.9 s
	Epoch time of observations used to derive correction differences. 

	Multiple Message Indicator
	
	1
	
	1 - Messages with the same Message Number and Epoch Time will

be transmitted in sequence.

0 - Last message of a sequence

	Master Reference Station ID
	
	12
	0-4095
	The Master Reference Station must have the identical ID as one of the reference stations used within the same data stream for providing observation or correction information. 

	Auxiliary Reference Station ID
	
	12
	0-4095
	Station ID to identify Auxiliary Reference Station used to derive attached information.

	# of GPS Sats
	
	4
	0-15
	Number of correction differences for GPS satellites contained in message. Only one message per Auxiliary-Master Reference Station pair and Epoch Time is allowed. Each message shall contain respective correction differences for all satellites tracked at the relevant Master-Auxiliary Reference Station combination. 


The actual correction difference components are split into a dispersive and non-dispersive part. The dispersive correction difference is also called ionospheric correction difference. The opposite, the non-dispersive, is called ionosphere-free correction difference or geometric correction difference (because it is not purly due to geometry but includes also tropospheric contributions). The "GPS Combined Geometric and Ionospheric Correction Differences" message contains the following data fields for each GPS satellite:
	GPS Combined Geometric and Ionospheric Correction Differences

	Data Field
	Scale Factor
	#Bits
	Range
	Comments

	GPS Satellite ID
	1
	6
	1-32
	

	GPS Ambiguity Status Flag
	
	2
	0-3
	0 - Reserved for future use (artificial observations)

1 - Correct Integer Ambiguity Level for L1 and L2

2 - Correct Integer Ambiguity Level for L1-L2 widelane

3 - Uncertain Integer Ambiguity Level. Only a likely guess is used. 

	GPS Non Sync Count
	
	3
	0-7
	Whenever an unrecoverable cycle slip occurs this count shall be increased. The counter shall not be increased more than once per minute.

	GPS Geometric Carrier Phase Correction Difference
	0.5 mm
	17
	±32.767 m
	Geometric Carrier Phase Correction Difference (GCPCD) is the Correction Difference for geometric part calculated based on integer leveled L1 and L2 correction differences.

	GPS IODE
	
	8
	0-255
	IODE value of broadcast ephemeris used for calculation of Correction Differences.

	GPS Ionospheric Carrier Phase Correction Difference
	0.5 mm
	17
	±32.767 m
	Ionospheric Carrier Phase Correction Difference (ICPCD) is the Correction Difference for ionospheric part calculated based on integer leveled L1 and L2 correction differences.


The application of the above fields is further described in [4]. 
The Network RTK correction information provided to the target device can be considered as interpolated corrections between the reference stations in the RTK network. Depending on the actual conditions of the atmosphere, this interpolation is not perfect. A residual interpolation error has to be expected. With sufficient redundancy in the RTK network, the network server process can provide an estimate for residual interpolation errors. These can be provided to the target divice using Message Type 1030. These residuals should be provided every 10 to 60 seconds [4].
The header part of the "GPS Network RTK Residual" message is summarized in the Table below:
	Message Header for MT 1030

	Data Field
	Scale Factor
	#Bits
	Range
	Comments

	Message number
	
	12
	0-4095
	1030

	GPS Residuals Epoch Time (TOW)
	1 s
	20
	0-604800 s
	

	Reference Station ID
	
	12
	0-4095
	The Reference Station ID is determined by the service provider. Its

primary purpose is to link all message data to their unique source.

	N-Refs
	
	7
	0-127
	Number of reference stations used to derive residual statistics. 

	GPS Number of Satellite Signals Processed
	
	5
	0-31
	The Number of GPS Satellite Signals Processed refers to the number

of satellites in the message. 


The satellite specific part of the "GPS Network RTK Residual" message 1030 is provided for each GPS satellite, as summarized in the Table below:
	GPS Network RTK Residual

	Data Field
	Scale Factor
	#Bits
	Range
	Comments

	GPS Satellite ID
	1
	6
	1-63
	A GPS Satellite ID number from 1 to 32 refers to the PRN code of the GPS satellite. Satellite ID’s higher than 32 are assigned for satellite signals from Satellite-Based Augmentation Systems (SBAS’s).

	Soe
	0.5 mm
	8
	0-127 mm
	Constant term of standard deviation (1 sigma) for non-dispersive interpolation residuals.

	Sod
	0.01 PPM
	9
	0-5.11 PPM
	Distance dependent term of standard deviation (1 sigma) for nondispersive interpolation residuals

	Soh
	0.1 PPM
	6
	0-5.1 PPM
	Height dependent term of standard deviation (1 sigma) for non-dispersive interpolation residuals.

	Sic
	0.5 mm
	10
	0-511 mm
	Constant term of standard deviation (1 sigma) for dispersive interpolation residuals (as affecting GPS L1 frequency)

	Sid
	0.01 PPM
	10
	0-10.23 PPM
	Distance dependent term of standard deviation (1 sigma) for dispersive

interpolation residuals. (as affecting GPS L1 frequency).


For GLONASS, the Network RTK correction message is similar, and summarized in the Tables below. The message contains of the header and the satellite data for each GLONASS satellite. Also, the "GLONASS Network RTK Residual" message is similar to the corresponding GPS message.
	Message Header for MTs 1037, 1038, 1039

	Data Field
	Scale Factor
	#Bits
	Range
	Comments

	Message number
	
	12
	0-4095
	1037, 1038, or 1039

	Network ID
	
	8
	0-255
	Network ID defines the network and the source of the particular set of reference stations and their observation information belongs to.

	Subnetwork ID
	
	4
	0-15
	Subnetwork ID identifies the subnetwork of a network identified by Network ID.

	GLONASS Network Epoch Time
	0.1 s
	20
	0-86,400.9 s
	Epoch time of observations used to derive correction differences. 

	Multiple Message Indicator
	
	1
	
	1 - Messages with the same Message Number and Epoch Time will

be transmitted in sequence.

0 - Last message of a sequence

	Master Reference Station ID
	
	12
	0-4095
	The Master Reference Station must have the identical ID as one of the reference stations used within the same data stream for providing observation or correction information. 

	Auxiliary Reference Station ID
	
	12
	0-4095
	Station ID to identify Auxiliary Reference Station used to derive attached information.

	# of GLONASS Data Entries
	
	4
	0-15
	The number of data entries (total number of satellites for which given

data blocks are available).


	GLONASS Combined Geometric and Ionospheric Correction Differences

	Data Field
	Scale Factor
	#Bits
	Range
	Comments

	GLONASS Satellite ID (Satellite Slot Number)
	1
	6
	0-63
	0 – The slot number is unknown

1 to 24 – Slot number of the GLONASS satellite

>32 – Reserved for Satellite-Based Augmentation Systems (SBAS).

	GLONASS Ambiguity Status Flag
	
	2
	0-3
	0 - Reserved for future use (artificial observations)

1 - Correct Integer Ambiguity Level for L1 and L2

2 - Correct Integer Ambiguity Level for L1-L2 widelane

3 - Uncertain Integer Ambiguity Level. Only a likely guess is used. 

	GLONASS Non Sync Count
	
	3
	0-7
	Whenever an unrecoverable cycle slip occurs this count shall be increased. The counter shall not be increased more than once per minute.

	GLONASS Geometric Carrier Phase Correction Difference
	0.5 mm
	17
	±32.767 m
	GLONASS Geometric Carrier Phase Correction Difference (GCPCD) is the Correction Difference for geometric part calculated based on integer leveled L1 and L2 correction differences.

	GLONASS IOD
	
	8
	0-255
	Issue Of Data (IOD) of GLONASS broadcast ephemeris.

Bits 0-5 are the 6 LSB’s of the tb field in the current ephemeris.

Bits 6-7 are set to zero in this version. 

	GLONASS Ionospheric Carrier Phase Correction Difference
	0.5 mm
	17
	±32.767 m
	GLONASS Ionospheric Carrier Phase Correction Difference (ICPCD) is the Correction Difference for ionospheric part calculated based on integer leveled L1 and L2 correction differences


	Message Header for MT 1031

	Data Field
	Scale Factor
	#Bits
	Range
	Comments

	Message number
	
	12
	0-4095
	1031

	GLONASS Residuals Epoch Time (tk)
	1 s
	17
	0-86400 s
	

	Reference Station ID
	
	12
	0-4095
	The Reference Station ID is determined by the service provider. Its

primary purpose is to link all message data to their unique source.

	N-Refs
	
	7
	0-127
	Number of reference stations used to derive residual statistics. 

	GLONASS Number of Satellite Signals Processed
	
	5
	0-31
	The Number of GLONASS Satellite Signals Processed refers to the number of satellites in the message.


	GLONASS Network RTK Residual

	Data Field
	Scale Factor
	#Bits
	Range
	Comments

	GLONASS Satellite ID
	1
	6
	1-63
	0 – The slot number is unknown

1 to 24 – Slot number of the GLONASS satellite

>32 – Reserved for Satellite-Based Augmentation Systems (SBAS).

	Soc
	0.5 mm
	8
	0-127 mm
	Constant term of standard deviation (1 sigma) for non-dispersive interpolation residuals.

	Sod
	0.01 PPM
	9
	0-5.11 PPM
	Distance dependent term of standard deviation (1 sigma) for nondispersive interpolation residuals

	Soh
	0.1 PPM
	6
	0-5.1 PPM
	Height dependent term of standard deviation (1 sigma) for non-dispersive interpolation residuals.

	Slc
	0.5 mm
	10
	0-511 mm
	Constant term of standard deviation (1 sigma) for dispersive interpolation residuals (as affecting GPS L1 frequency)

	Sld
	0.01 PPM
	10
	0-10.23 PPM
	Distance dependent term of standard deviation (1 sigma) for dispersive

interpolation residuals. (as affecting GPS L1 frequency).


Observation 6:
MAC Network RTK messages are currently defined for GPS and GLONASS L1 and L2 only. However, the information/data is essentially the same for GPS and GLONASS and can be generalized to support additional/multiple GNSSs. 

3.3.2
FKP Overview and Message Types
For the representation of the position dependent errors a linear area polynomial is used [9]. It refers to a surface which is defined to be parallel to the WGS−84 ellipsoid in the height of the reference station. The coordinates referring to this surface for phase observations of a target device are then used to derive the distance dependent errors as described in [4].
The FKP network RTK messages can be used as a stand-alone technique or in combination with a non-physical reference station. The gradient message thus can be used as follows:

· In connection with a physical reference station the gradients are applicable in the neighborhood of the physical station.

· In connection with a non-physical reference station the gradient messages are defined with respect to the non-physical reference station, so that the gradients are applicable in the neighborhood of the non-physical station.
Network FKP gradient information should be typically transmitted every 10-60 seconds. 
The horizontal gradients (FKP) are a linear approximation of the geometric and ionospheric errors in the neighborhood of the physical or virtual reference station. The geometric gradient contains non-dispersive (orbit and troposphere residual) errors while the ionospheric gradient contains the dispersive errors.
The FKP message types for GPS and GLONASS L1 and L2 are summarized in the Table below. These messages are transmitted in addition to the "normal" RTK messages summarized in section 3.1 and 3.2 above.
	
	Message Type
	Message Description
	Comment

	GPS Network RTK Corrections (FKP)
	1034
	GPS Network FKP Gradient
	

	
	1030
	GPS Network RTK Residual
	Residual.

(same as for MAC above)

	GLONASS Network RTK Corrections (FKP)
	1035
	GLONASS Network FKP Gradient
	

	
	1031
	GLONASS Network RTK Residual
	Residual.

(same as for MAC above)


The actual Network RTK Corrections message consists of a Message Header, and a message data field, which is repeated for each satellite for which the corrections are provided. 

The message header for the "GPS Network FKP Gradient" is summarized below:

	Message Header for MT 1034

	Data Field
	Scale Factor
	#Bits
	Range
	Comments

	Message number
	
	12
	0-4095
	1034

	Reference Station ID
	
	12
	0-4095
	May be the ID of a physical or non-physical station.

	GPS FKP Epoch Time (TOW)
	1 s
	20
	0–604799 s
	Seconds since the beginning of the GPS week. 

	No. of GPS Satellite Signals Processed
	
	5
	0-31
	The Number of GPS Satellite Signals Processed refers to the number of satellites in the message.


The gradients are split into a dispersive (ionosphere) and non-dispersive (geometric and troposphere) part. The "GPS Network FKP Gradient" message contains the following data fields for each GPS satellite:
	GPS Network FKP Gradient

	Data Field
	Scale Factor
	#Bits
	Range
	Comments

	GPS Satellite ID
	1
	6
	1-63
	A GPS Satellite ID number from 1 to 32 refers to the PRN code of the GPS satellite. Satellite ID’s higher than 32 are assigned for satellite signals from Satellite-Based Augmentation Systems (SBAS’s).

	GPS Issue of data ephemeris (IODE)
	
	8
	0-255
	IODE value of broadcast ephemeris used for calculation of Correction Differences.

	N0: Geometric gradient (North)
	0.01 PPM
	12
	±20.47 PPM
	Gradient (FKP) of the geometric (non-dispersive) error components in South-North direction in parts per million of the south-north distance to the reference station.

	E0: Geometric gradient (East)
	0.01 PPM
	12
	±20.47 PPM
	Gradient (FKP) of the geometric (non-dispersive) error components in West-East direction in parts per million of the west-east distance to the reference station.

	NI: Ionospheric gradient (North)
	0.01 PPM
	14
	±81.91 PPM
	Gradient (FKP) of the ionospheric (dispersive) error component in South-North direction.

	EI: Ionospheric gradient (East)
	0.01 PPM
	14
	±81.91 PPM
	Gradient (FKP) of the ionospheric (dispersive) error component in West-East direction.


For GLONASS, the Network RTK FKP gradient message is essentially the same as for GPS, and summarized in the Tables below.
	Message Header for MT 1035

	Data Field
	Scale Factor
	#Bits
	Range
	Comments

	Message number
	
	12
	0-4095
	1035

	Reference Station ID
	
	12
	0-4095
	May be the ID of a physical or non-physical station.

	GLONASS FKP Epoch Time
	1 s
	17
	0–86400 s
	Seconds since beginning of GLONASS day.

	No. of GLONASS Satellite Signals Processed
	
	5
	0-31
	The Number of GLONASS Satellite Signals Processed refers to the

number of satellites in the message.


	GLONASS Network FKP Gradient

	Data Field
	Scale Factor
	#Bits
	Range
	Comments

	GLONASS Satellite ID
	
	6
	0-63
	0 – The slot number is unknown

1 to 24 – Slot number of the GLONASS satellite

>32 – Reserved for Satellite-Based Augmentation Systems (SBAS).

	GLONASS Issue Of Data (IOD)
	
	
	0-255
	Bits 0-6 represent the 7 bits of the GLONASS tb field in the current

Ephemeris.

	N0: Geometric gradient (North)
	0.01 PPM
	12
	±20.47 PPM
	Gradient (FKP) of the geometric (non-dispersive) error components in South-North direction in parts per million of the south-north distance to the reference station.

	E0: Geometric gradient (East)
	0.01 PPM
	12
	±20.47 PPM
	Gradient (FKP) of the geometric (non-dispersive) error components in West-East direction in parts per million of the west-east distance to the reference station.

	NI: Ionospheric gradient (North)
	0.01 PPM
	14
	±81.91 PPM
	Gradient (FKP) of the ionospheric (dispersive) error component in South-North direction.

	EI: Ionospheric gradient (East)
	0.01 PPM
	14
	±81.91 PPM
	Gradient (FKP) of the ionospheric (dispersive) error component in West-East direction.


Observation 7:
FKP Network RTK messages are currently defined for GPS and GLONASS L1 and L2 only. However, the information/data is essentially the same for GPS and GLONASS and can be generalized to support additional/multiple GNSSs. 

3.3.3
State Space Representation (SSR)

Precise GNSS positioning requires the knowledge of all error components with corresponding accuracy for a variety of different applications. The error components include satellite clock and orbit error, ionosphere, troposphere, and at the receiver level multipath, antenna phase variations, receiver clock errors, etc. In the Observation Space Representation (OSR) summarized in the previous sections, these error sources are modelled per station, per GNSS, per frequency, and per signal. The distance dependent state parameters are derived and combined with reference station observations. OSR essentially describes the "lump sum" of GNSS errors.  

The basic principle of State Space Representation (SSR) is the determination of the individual error components affecting different GNSS observable and to provide this information to users. SSR is the latest RTCM addition which is expected to replace OSR techniques for all types of GNSS positioning applications with better performance and reduced costs. SSR provides more realistic physical models for individual errors which enables better modelling and interpolation at the device, in particular for large-area network RTK. Message update rate for most parameter is lower compared to OSR techniques. This is because for OSR, generally one common update rate is necessary due to the transformation of the lump sum distance dependent GNSS errors into observation space. For SSR, highest update rate is needed for satellite clocks only, which is recommended to be about 10 seconds [4], and the lowest for the satellite orbits. 
The SSR Messages are developed by RTCM in three major steps:

1. The development of messages for precise orbits, satellite clocks and satellite code biases. This is compatible to the basic PPP mode using IGS products. Such messages will enable real-time PPP for dual frequency receivers.
2. The development of vertical Total Electron Content (TEC) (VTEC) messages. This will enable RT-PPP for single frequency receivers. 
3. The development of slant TEC (STEC) messages, tropospheric messages and satellite phase biases messages. This will enable RTK-PPP. 
The current SSR message types cover the first stage and are summarized in the Table below:
	
	Message Type
	Message Description

	GPS SSR
	1057
	GPS Orbit Correction

	
	1058
	GPS Clock Correction

	
	1059
	GPS Code Bias

	
	1060
	GPS Combined Orbit and Clock Corrections

	
	1061
	GPS URA

	
	1062
	GPS High Rate Clock Correction

	GLONASS SSR
	1063
	GLONASS Orbit Correction

	
	1064
	GLONASS Clock Correction

	
	1065
	GLONASS Code Bias

	
	1066
	GLONASS Combined Orbit and Clock Correction

	
	1067
	GLONASS URA

	
	1068
	GLONASS High Rate Clock Correction


Observation 8:
SSR messages are the latest RTCM additions and expected to replace OSR techniques in the future. 
Observation 9:
SSR messages are currently supported for GPS and GLONASS orbits and clocks. However, the information/data is essentially the same for GPS and GLONASS and can be generalized to support additional/multiple GNSSs (currently also under development in RTCM). 
4. 
Additional GNSS Assistance Data for RTK Operation
The RTK messages summarized in section 3 above fit well into the LPP GNSS concept. The A-GNSS assistance data in LPP are split into a common part (independent of the GNSS) and a GNSS specific part (identified via a GNSS‑ID). Common RTK assistance data can be added to the IE GNSS-CommonAssistData, and GNSS specific RTK assistance data can be added to the IE GNSS-GenericAssistData:
-- ASN1START

A-GNSS-ProvideAssistanceData ::= SEQUENCE {


gnss-CommonAssistData


GNSS-CommonAssistData



OPTIONAL,
-- Need ON


gnss-GenericAssistData


GNSS-GenericAssistData



OPTIONAL,
-- Need ON


gnss-Error





A-GNSS-Error





OPTIONAL,
-- Need ON


...

}

-- ASN1STOP

-- ASN1START

GNSS-CommonAssistData ::= SEQUENCE {


gnss-ReferenceTime

 

GNSS-ReferenceTime

 


OPTIONAL,
-- Need ON


gnss-ReferenceLocation


GNSS-ReferenceLocation

 

OPTIONAL,
-- Need ON


gnss-IonosphericModel


GNSS-IonosphericModel
 


OPTIONAL,
-- Need ON


gnss-EarthOrientationParameters
GNSS-EarthOrientationParameters

OPTIONAL,
-- Need ON


...,


[[


gnss-RTK-StationCoordinates-r15
GNSS-RTK-StationCoordinates-r15

OPTIONAL,
-- Need ON
gnss-RTK-CommonObservationInfo-r15










GNSS-RTK-CommonObservationInfo-r15
OPTIONAL,
-- Need ON


gnss-RTK-AuxiliaryStationData-r15










GNSS-RTK-AuxiliaryStationData-r15
OPTIONAL
-- Cond MAC

]]
}

-- ASN1STOP

-- ASN1START

GNSS-GenericAssistData ::= SEQUENCE (SIZE (1..16)) OF GNSS-GenericAssistDataElement
GNSS-GenericAssistDataElement ::= SEQUENCE {

gnss-ID 





GNSS-ID,


sbas-ID






SBAS-ID 





OPTIONAL, -- Cond GNSS-ID-SBAS


gnss-TimeModels




GNSS-TimeModelList



OPTIONAL,
-- Need ON


gnss-DifferentialCorrections
GNSS-DifferentialCorrections
OPTIONAL,
-- Need ON


gnss-NavigationModel


GNSS-NavigationModel


OPTIONAL,
-- Need ON


gnss-RealTimeIntegrity


GNSS-RealTimeIntegrity


OPTIONAL,
-- Need ON


gnss-DataBitAssistance


GNSS-DataBitAssistance


OPTIONAL,
-- Need ON


gnss-AcquisitionAssistance

GNSS-AcquisitionAssistance 

OPTIONAL,
-- Need ON


gnss-Almanac




GNSS-Almanac




OPTIONAL,
-- Need ON


gnss-UTC-Model




GNSS-UTC-Model




OPTIONAL,
-- Need ON


gnss-AuxiliaryInformation

GNSS-AuxiliaryInformation

OPTIONAL,
-- Need ON


...,

[[



bds-DifferentialCorrections-r12











BDS-DifferentialCorrections-r12
OPTIONAL,
-- Cond
GNSS-ID-BDS



bds-GridModel-r12


BDS-GridModelParameter-r12

OPTIONAL
-- Cond
GNSS-ID-BDS


]],


[[



gnss-RTK-Observations-r15
GNSS-RTK-Observations-r15

OPTIONAL,
-- Need ON



glo-RTK-BiasInformation-r15
GLO-RTK-BiasInformation-r15

OPTIONAL,
-- Cond GNSS-ID-GLO



gnss-RTK-CorrectionDifferences-r15










GNSS-RTK-CorrectionDifferences-r15


















OPTIONAL,
-- Cond MAC



gnss-RTK-FKP-Gradients-r15
GNSS-RTK-FKP-Gradients-r15

OPTIONAL,
-- Cond FKP



gnss-RTK-Residuals-r15

GNSS-RTK-Residuals-r15


OPTIONAL
-- Cond MAC-or-FKP


]]
}

-- ASN1STOP

Observation 10:
The RTK messages summarized in section 3 above fit well into the LPP GNSS concept. 

A (draft) example for the conversion of some of the RTCM message types and data fields to ASN.1 is provided in the following subsections.

4.1
GNSS RTK Station Coordinates
This IE translates the relevant information from Message Type 1006 and 1033 to ASN.1:

· The "ITRF Realization Year" field in MT 1006 is currently reserved, and can be added later here, once defined. 

· "GPS/GLONASS/Galileo Indicator" fields should not be needed, since can be inferred from the provided observation data.  
· The "Single Receiver Oscillator Indicator" and "Quarter Cycle Indicator" should not to be needed (observation data are proposed to be based on the MSM definitions (see section 4.2)).

· Antenna Height would be needed for surveying applications only.
–
GNSS-RTK-StationCoordinates
-- ASN1START

GNSS-RTK-StationCoordinates-r15 ::= SEQUENCE {

referenceStationID-r15





INTEGER (0..4095),


antennaDescription-r15





ReceiverAndAntennaDescription-r15,


referenceStationIndicator-r15



ENUMERATED {physical, non-physical, ...},


antenna-reference-point-ECEF-X-r15


INTEGER (-137438953472..137438953471),

antenna-reference-point-ECEF-Y-r15


INTEGER (-137438953472..137438953471),

antenna-reference-point-ECEF-Z-r15


INTEGER (-137438953472..137438953471),

...
}
-- ASN1STOP

4.2
GNSS RTK Observations

This IE translates the relevant information from the MSMs summarized in section 3.2 above to ASN.1.

Principles and generalities:
· The observation data are split into GNSS-RTK-CommonObservationInfo, which contains the "Message Header" information of the RTCM message, applicable to all GNSSs in the GNSS-GenericAssistData list, and in GNSS‑RTK‑Observations, which includes the data for each GNSS. 
· Observations are referenced to the same epoch time as provided in IE GNSS-ReferenceTime (similar to GNSS‑AcquisitionAssistance). If different GNSS observations are referenced to different epoch times (or if different GNSS-RTK-CommonObservationInfo is needed for different GNSSs), multiple A‑GNSS‑ProvideAssistanceData messages could be transmitted. I.e., no explicit "Multiple Message Bit" or "Synchronous GNSS Message Flag" is needed. 
· The existing 8-bit LPP GNSS-SignalIDs is too coarse for RTK applications. A 32-bit GNSS-ExtendedSignalIDs is introduced, according to section 3.2 above (alternatively, the existing GNSS-SignalID could be extended to include the additional values). 
–
GNSS-RTK-CommonObservationInfo
Principles and generalities:

· This IE contains the "Message Header" information of the MSMs summarized in section 3.2 above.

· The "Reference Station ID" needs to be provided only once in the message (proposed to be included in GNSS‑RTK-StationCoordinates).

· "GNSS Epoch Time" is provided in existing IE GNSS-ReferenceTime.
· "Multiple Message Bit" is implicit, as mentioned above.

· Reserved fields (e.g., IODS) are not imcluded, and can be added later (once defined or needed).

· The "GNSS Satellite Mask" corresponds to the LPP IE SV-ID. 

· The "GNSS Signal Mask" corresponds to the proposed (extended) LPP IE GNSS-ExtendedSignalIDs.

· The functionality of the "GNSS Cell Mask" field, which indicates the signals transmitted by a particular GNSS satellite, is already available in the IE GNSS‑AuxiliaryInformation. This IE should be extended to allow for the proposed GNSS-ExtendedSignalIDs and for GNSSs other than GPS and GLONASS (currently, only choices for GPS and GLONASS are supported in IE GNSS‑AuxiliaryInformation. 
-- ASN1START

GNSS-RTK-CommonObservationInfo-r15 ::= SEQUENCE {


clockSteeringIndicator-r15


INTEGER (0..3),


externalClockIndicator-r15


INTEGER (0..3),


smoothingIndicator-r15



BIT STRING (SIZE(1)),


smoothingIntervall-r15



BIT STRING (SIZE(3)),


...

}
-- ASN1STOP

–
GNSS-RTK-Observations
Principles and generalities:
· This field contains the "Satellite Data" and "Signal Data" information of the MSMs summarized in section 3.2 above.
· The GLONASS Satellite Frequency Channel Number in "Extended Satellite Information" is provided in existing IE GNSS‑AuxiliaryInformation. 
-- ASN1START

GNSS-RTK-Observations-r15 ::= SEQUENCE (SIZE(1..64)) OF GNSS-RTK-SatelliteDataElement-r15
GNSS-RTK-SatelliteDataElement-r15 ::= SEQUENCE{


svID-r15







SV-ID,


integer-ms-r15






INTEGER (0..254),


    rough-range-r15






INTEGER (0..1023),

rough-phase-range-rate-r15



INTEGER (-8192..8191),

gnss-rtk-SatelliteSignalDataList-r15
GNSS-RTK-SatelliteSignalDataList-r15,

...
}

GNSS-RTK-SatelliteSignalDataList-r15 ::= SEQUENCE (SIZE(1..32)) OF 















GNSS-RTK-SatelliteSignalDataElement-r15

GNSS-RTK-SatelliteSignalDataElement-r15 ::= SEQUENCE {


gnss-SignalID-r15




GNSS-ExtendedSignalID-r15,


fine-PseudoRange-r15



INTEGER (-524288..524287),

fine-PhaseRange-r15




INTEGER (-8388608..8388607),

lockTimeIndicator-r15



INTEGER (0..1023),

halfCycleAmbiguityIndicator-r15

BIT STRING (SIZE (1)),

carrier-to-noise-ratio-r15


INTEGER (0..1023),

fine-PhaseRangeRate-r15



INTEGER (-16384..16383),

...
}

-- ASN1STOP

4.3
GLONASS L1 and L2 Code-Phase Biases Information
This IE translates the relevant information from MT 1230 summarized in section 3.2 above to ASN.1.

Principles and generalities:
· The "GLONASS Code-Phase bias indicator" should not be needed, since a single A‑GNSS‑ProvideAssistanceData message provides all observations for the same epoch time (same GNSS‑ReferenceTime).

· The "GLONASS FDMA signals mask" is realized using OPTIONAL presence of CPB values.  
–
GLO-RTK-BiasInformation
-- ASN1START

GLO-RTK-BiasInformation-r15 ::= SEQUENCE {

l1-ca-cpBias-r15


INTEGER (-32768..32767)


OPTIONAL,


l1-p-cpBias-r15



INTEGER (-32768..32767)


OPTIONAL,


l2-ca-cpBias-r15


INTEGER (-32768..32767)


OPTIONAL,


l2-p-cpBias-r15



INTEGER (-32768..32767)


OPTIONAL,


...

}
-- ASN1STOP

Note, the GLONASS code-phase bias information could be a priori included in the GLONASS observation data. This IE would then not be needed. The reason why RTCM uses a separate message is primarily for backwards compatibility with legacy observation messages (MTs 1009-1012).

4.4
Auxiliary Station Data

This IE translates the relevant information from MT 1014 for MAC Network RTK summarized in section 3.3.1 above to ASN.1.
Principles and generalities:
· The "Master Reference Station ID" should not be needed, since in a single A‑GNSS‑ProvideAssistanceData message it would be the station provided in GNSS-RTK-StationCoordinates.
–
GNSS-RTK-AuxiliaryStationData
-- ASN1START

GNSS-RTK-AuxiliaryStationData-r15 ::= SEQUENCE {

networkID-r15




INTEGER (0..255),

subNetworkID-r15



INTEGER (0..15),

auxiliaryStationList-r15

AuxiliaryStationList-r15,


...

}
AuxiliaryStationList-r15 ::= SEQUENCE (SIZE (1..32)) OF AuxiliaryStationElement-r15

AuxiliaryStationElement-r15 ::= SEQUENCE {


aux-referenceStationID-r15

INTEGER (0..4095),

aux-master-delta-latitude-r15
INTEGER (-524288..524287),


aux-master-delta-longitude-r15
INTEGER (-1048576..1048575),

aux-master-delta-height-r15

INTEGER (-4194304..4194303),

...

}
-- ASN1STOP

4.5
MAC Network RTK Corrections

This IE translates the relevant information from MT 1017/1039 for Combined Geometric and Ionsospheric Correction Differences summarized in section 3.3.1 above to ASN.1.

Principles and generalities:
· To be generic, for the GPS/GLONASS epoch time the existing GNSS-SystemTime is used.
· To be generic, for the IODE the existing LPP 11-bit string is used for each GNSS.
· NOTE: The applicability for other GNSS frequencies is FFS (i.e., other than L1 and L2).
–
GNSS-RTK-CorrectionDifferences
-- ASN1START

GNSS-RTK-CorrectionDifferences-r15 ::= SEQUENCE {

networkID-r15





INTEGER (0..255),


subNetworkID-r15




INTEGER (0..15),


epochTime-r15





GNSS-SystemTime,

master-referenceStationID-r15

INTEGER (0..4095),


rtkCorrectionDifferencesList-r15
RTK-CorrectionDifferencesList-r15,


...

}
RTK-CorrectionDifferencesList-r15 ::= SEQUENCE (SIZE (1..32)) OF 















RTK-CorrectionDifferencesElement-r15

RTK-CorrectionDifferencesElement-r15 ::= SEQUENCE {


aux-referenceStationID-r15



INTEGER (0..4095),


geometric-ionospheric-corrections-differences-r15













Geometric-Ionospheric-Corrections-Differences-r15,


...
}

Geometric-Ionospheric-Corrections-Differences-r15 ::= SEQUENCE (SIZE(1..16) OF 










Geometric-Ionospheric-Corrections-Differences-Element-r15

Geometric-Ionospheric-Corrections-Differences-Element-r15 ::= SEQUENCE {


svID-r15









SV-ID,


ambiguityStatusFlag







INTEGER (0..3),

non-synch-count








INTEGER (0..7),

geometricCarrierPhaseCorrectionDifference-r15
INTEGER (-65536..65535),

iode










BIT STRING (SIZE(11)),


ionosphericCarrierPhaseCorrectionDifference-r15
INTEGER (-65536..65535),


...
}
-- ASN1STOP

4.6
FKP Network RTK Corrections

This IE translates the relevant information from MT 1034/1035 for the FKP gradients summarized in section 3.3.2 above to ASN.1.

Principles and generalities:
· To be generic, for the GPS/GLONASS epoch time the existing GNSS-SystemTime is used.
· To be generic, for the IODE the existing LPP 11-bit string is used for each GNSS.
· NOTE: The applicability for other GNSS frequencies is FFS (i.e., other than L1 and L2).
–
GNSS-RTK-FKP-Gradients
-- ASN1START

GNSS-RTK-FKP-Gradients-r15 ::= SEQUENCE {

referenceStationID-r15



INTEGER (0..4095),


epochTime-r15





GNSS-SystemTime,


fkp-gradients-list-r15



FKP-Gradients-List-r15,


...

}
FKP-Gradients-List-r15 ::= SEQUENCE (SIZE(1..32)) OF FKP-Gradients-Element-r15
FKP-Gradients-Element-r15 ::= SEQUENCE {


svID-r15






SV-ID,


iode







BIT STRING (SIZE(11)),


north-geometric-gradient-r15

INTEGER (-2048..2047),

east-geometric-gradient-r15


INTEGER (-2048..2047),

north-ionospheric-gradient-r15

INTEGER (-8192..8191),

east-ionospheric-gradient-r15

INTEGER (-8192..8191),

...

}
-- ASN1STOP

4.7
Network RTK Residual Error Information

This IE translates the relevant information from MT 1030/1031 for the network RTK residuals summarized in section 3.3.1 above to ASN.1.

Principles and generalities:
· To be generic, for the GPS/GLONASS epoch time the existing GNSS-SystemTime is used.
–
GNSS-RTK-Residuals
-- ASN1START

GNSS-RTK-Residuals-r15 ::= SEQUENCE {

epochTime-r15





GNSS-SystemTime,


referenceStationID-r15



INTEGER (0..4095),


n-Refs-r15






INTEGER (0..127),


rtk-residuals-list-r15



RTK-Residuals-List-r15,


...

}
RTK-Residuals-List-r15 ::= SEQUENCE (SIZE(1..32)) OF RTK-Residuals-Element-r15
RTK-Residuals-Element-r15 ::= SEQUENCE {


svID-r15


SV-ID,


s-oc-r15


INTEGER (0..255),

s-od-r15


INTEGER (0..511),

s-oh-r15


INTEGER (0..63)

s-lc-r15


INTEGER (0..1023),

s-ld-r15


INTEGER (0..1023),

...

}
-- ASN1STOP

Observation 11:
The relevant RTCM message types for RTK can be efficiently converted to ASN.1 and included in the A-GNSS-ProvideAssistanceData message. 

5. 
Other LPP Impacts

5.1

Periodic Assistance Data Delivery

The RTK reference measurements (observation data) and correction data need to be provided periodically to the target device; i.e. a periodical assistance data delivery procedure is required. The procedure could be insitigated by the target device (request for assistance data), or instigated by the the location server (unsolicited assistance data delivery).  

A generic periodic/triggered assistance data transfer procedure is already defined in LPPe [5], section 5.2, and illustrated in Figure 3 below. The procedure consists of two transactions: A control transaction, which defines the type of assistance data requested, the periodicity, and a duration of the assistance data delivery, and a data transaction which consists of periodic unsolicited assistance data delivery messages.   
Variants of this procedure allow a target or a server to modify the type of assistance data and/or the periodicity and triggering criteria while the delivery procedure is ongoing, segmented assistance data transfer (e.g., for a large amount of assistance data), or resume of an assistance data deliver (e.g., after a connection release and re-establishment).  

Certain common assistance data would usually only be needed in the first LPP ProvideAssistanceData message (e.g., station coordinates), and subsequent LPP ProvideAssistanceData messages may contain the RTK observation data and corrections only. 

Observation 12:
A periodic assistance data delivery procedure has already been defined in LPPe [5], which can be reused in LPP for point-to-point RTK operation in LPP. 
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Figure 3: Periodic/Triggered Assistance Data transfer procedure.
5.2

Location Measurements

The GNSS location measurements are provided to the location server in an A-GNSS-ProvideLocationInformation message. 

UE-based mode:

For UE-based mode, the location measurements are contained in the IE GNSS-LocationInformation, which includes measurement reference time, the list of GNSSs used to calculate the location, and the location (and optionally) velocity of the target device (the latter is provided in the CommonIEsProvideLocationInformation).  
The location and velocity information is encoded using the Geographical Area Description (GAD) shapes defined in TS 23.032 [6]. The location resolution can be up to around 3 meters (dependent on the latitude), which is too coarse for RTK applications. A "High Accuracy 3D-position" and a "High Accuracy 3D-velocity" GAD shape needs to be defined in LPP, similar to e.g., LPPe [5], providing sub-centimetre granularity.  
Observation 13:
The existing GAD shapes have a too coarse resolution for high-accuracy GNSS positioning. 

UE-assisted mode:

For UE-assisted mode, the carrier phase measurements can already be requested by and reported to the location server in the IE GNSS‑MeasurementList: 
-- ASN1START

GNSS-MeasurementList  ::= SEQUENCE (SIZE(1..16)) OF GNSS-MeasurementForOneGNSS
GNSS-MeasurementForOneGNSS ::= SEQUENCE {

gnss-ID




GNSS-ID,


gnss-SgnMeasList 

GNSS-SgnMeasList,


...

}

GNSS-SgnMeasList ::= SEQUENCE (SIZE(1..8)) OF GNSS-SgnMeasElement

GNSS-SgnMeasElement ::= SEQUENCE {


gnss-SignalID


GNSS-SignalID,


gnss-CodePhaseAmbiguity
INTEGER (0..127)

OPTIONAL,


gnss-SatMeasList 

GNSS-SatMeasList,


...

}

GNSS-SatMeasList ::= SEQUENCE (SIZE(1..64)) OF GNSS-SatMeasElement

GNSS-SatMeasElement ::= SEQUENCE {


svID 



SV-ID,


cNo 



INTEGER (0..63),


mpathDet 


ENUMERATED {notMeasured (0), low (1), medium (2), high (3), ...},


carrierQualityInd 
INTEGER (0..3) 



OPTIONAL, 
 


codePhase 


INTEGER (0..2097151),


integerCodePhase 
INTEGER (0..127) 


OPTIONAL,


codePhaseRMSError 
INTEGER (0..63), 





 


doppler 


INTEGER (-32768..32767) 
OPTIONAL,


adr 



INTEGER (0..33554431) 

OPTIONAL,

...

}

-- ASN1STOP

The "Accumulated Delta-Range (ADR)" is also referred to as "Integrated Doppler" or "carrier phase" [7] (i.e., the accumulated carrier phase of the GNSS carrier, measured since locking onto the signal).  
A Doppler shift measurement is usually directly obtained from the carrier tracking loop, which may be transferred to a pseudo-range-rate measurement. The delta-range is the integral of the pseudo-range rate over the interval since the last measurement. The Doppler frequency is the time rate of change of the carrier phase; hence, integration over an epoch yields the carrier phase advance (or recession) during the epoch. 

(The main difference between ADR and code-phase (pseudorange) measurements is that an ADR has no set starting value. ADR measurements only keep track of the total change in range, but it is not possible to determine instantly the whole number of carrier cycles between the satellite and the receiver. With the RTK reference observation data (section 3 and 4 above), it is possible to determine the differences in the cycles between two nearby receivers (differential GNSS).) 
For RTK application, the existing gnss-SignalID need to be updated to support more GNSS signals (as discussed in section 3 and 4 above).
Observation 14:
Carrier phase measurement reporting is already supported in LPP Rel-9. 

The codePhase measurement has a resolution of 2-21 ms (~ 0.1 m). Compared to the resolution in the RTK observation data (2-29 ms (~ 0.0006 m)), this may be too coarse. A code-phase delta with finer resolution may need to be added to the GNSS-SatMeasElement.

Observation 15:
A finer resolution of the code-phase measurement may need to be added to the GNSS‑SatMeasElement. 

Other LPP impacts include updating of the assistance data and location information request messages, UE capabilities, and some existing assistance data elements as discussed in the sections above (e.g., GNSS Signal IDs, GNSS Auxiliary Information, etc.).
6. 
RRC Impacts

Broadcast of GNSS assistance data via System Information Blocks (SIBs) is supported in UMTS [11]. Multiple SIBs are defined for different types of GNSS assistance data. The GNSS assistance data types are grouped according to their desired repetition rates. E.g., assistance data which require more frequent transmission (e.g., DGNSS) are gathered in a different SIB than assistance data which require rather infrequent transmission (e.g., almanac). The target device would not have to read all GNSS assistance data in case some element has changed in a complete assistance data message.
The following SIBs are currently defined in UMTS:

· SIB15:
· GPS Data ciphering info,
· Reference position,
· GPS reference time,
· Satellite information (Real-Time Integrity).

· SIB15bis

· Reference position,
· GANSS reference time,
· GANSS ionospheric model,
· GANSS additional ionospheric model,
· GANSS Earth orientation paramaters.
· SIB15.1

· DGPS corrections.
· SIB15.1bis

· DGANSS corrections.
· SIB15.1ter

· DBDS corrections,
· BDS Ionospheric Grid Model.
· SIB15.2

· Transmission TOW,
· SatID,
· GPS Ephemeris and Clock Correction Parameters.
· SIB15.2bis

· GANSS Navigation Model
· SIB15.2ter

· GANSS additional navigation models
· SIB15.3

· Transmission TOW,
· GPS Almanac and Satellite Health, SatMask, LSB TOW,
· GPS ionospheric model,
· GPS UTC model.
· SIB15.3bis

· GANSS Almanac,
· GANSS time models,
· GANSS UTC model,
· GANSS additional UTC models,
· GANSS auxiliary information.
· SIB15.6

· GANSS TOD,
· GANSS reference measurement information.
· SIB15.7

· GANSS data bit assistance.
· SIB15.8

· GANSS Data ciphering info,
· GANSS real-time integrity. 

Larger assistance data elements (e.g., ephemeris, almanac) can be provided in multiple instances of the same SIB.  

The GANSS-ID of the particular GNSS for which the data are provided is included in the scheduling information. E.g., the UE would not be required to read SIBs for non-supported GNSSs, or non-supported assistance data elements. 
Observation 16:
Broadcast of GNSS assistance data is supported in UMTS. Multiple SIBs are defined, each comprising a sub-set of the point-to-point assistance data. 
The same or similar principle could be applied to LTE as well. The actual assistance data elements could be the same as defined in LPP. Additional SIBs (compared to the UMTS list above) would need to be defined for RTK operation. Rather static RTK assistance data could be defined in a different SIB than RTK assistance data that require a more frequent update rate. For example:


-- ASN1START

SystemInformationBlockTypeXX-r15 ::= SEQUENCE {


gnss-RTK-StationCoordinates-r15

OCTET STRING


OPTIONAL,
-- Need OR

gnss-RTK-CommonObservationInfo-r15 
OCTET STRING


OPTIONAL,
-- Need OR

lateNonCriticalExtension


OCTET STRING


OPTIONAL,

...

}
-- ASN1STOP

-- ASN1START

SystemInformationBlockTypeYY-r15 ::= SEQUENCE {


gnss-RTK-Observations-r15


OCTET STRING


OPTIONAL,
-- Need OR

lateNonCriticalExtension


OCTET STRING


OPTIONAL,

...

}
-- ASN1STOP

The individual fields in the SIBs would be encoded as defined in LPP. This principle is already used for other location related IEs in RRC [3] (e.g., for MDT). I.e., single LPP IEs can already be encoded "as basic production" for other purposes than encoding the LPP IE within an LPP message [2].
Alternatively, for maximum flexibility in scheduling assistance data SIBs, each LPP assistance data element could be defined as a separate SIB (instead of the grouping of elements as used in UMTS). 
Observation 17:
The RRC impacts include defining multiple SIBs for GNSS assistance data (together with supporting elements such as scheduling information). However, the actual SIB IE data content would not need to be defined in RRC.
To allow control of access to the assistance data, parts of the assistance data may be ciphered. In UMTS, this is indicated by including the GPS and GANSS Data ciphering info in SIB 15 and SIB15.8, respectively. For example, if the GPS Data ciphering info is included in SIB15, it means that the the SIB types 15.1, 15.2 and 15.3 are ciphered. The GPS Data ciphering info provides information on the serial number used in the Data Encryption Standard (DES) ciphering algorithm. The same principle could be used in LTE as well. 
Observation 18:
Ciphering of the broadcast assistance data is supported in UMTS. If a GPS/GANSS Data ciphering info element is included in the SIB, certain SIBs are ciphered.
The algorithm used for ciphering the UE Positioning assistance data in UMTS is the standard 56-bit Data Encryption Standard (DES) algorithm [12]. The deciphering will utilize the deciphering keys delivered during the location update request. The UMTS 56-bit DES algorithm is rather weak and for LPPe, OMA decided to use the stronger 128 bit Advanced Encryption Standard (AES) algorithm (with counter mode) [5]. Since the data that is being broadcast is hardly critical (e.g. it is not related to user privacy) and the only affect of breaking the algorithm would be some loss of operator revenue, it may be less important to use an unbreakable algorithm. Still, SA3 would need to be consulted (e.g., via an LS) to define or confirm the ciphering algorithm for the assistance data.
The various GNSS assistance data elements are collected, processed and formated at the E-SMLC. E.g., the E-SMLC may gather data from the reference stations and other sources. The E-SMLC can then encode and cipher the SIB content, which would reduce impacts to eNodeBs in supporting the new SIBs. 
For delivery to selected eNB(s), LPPa [10] could be used. Since different types of SIB content are needed to support broadcast of RTK assistance data and may also be needed for broadcast of assistance data for other position methods such as UE assisted OTDOA and UE based OTDOA [15], it could be more efficient to define a generic LPPa message able to deliver assistance data for any SIB or any combination of SIBs. For example:

[image: image4.emf] 

eNB   E - SMLC  

BROA D CAST  UPDATE   (SIBx, SIBy, SIBz)  


The SIBs could be referenced by SIB number or in terms of their content. The information update for each SIB could comprise all of the data broadcast by the SIB – pre-encoded and pre-ciphered as applicable. The E-SMLC can provide updated information when assistance data changes (or when a ciphering key is changed). 
Observation 19:
LPPa protocol can be used to provide assistance data for broadcast to the eNBs.

The E-SMLC could provide the ciphering key(s) being used to MMEs using a new message for LCS-AP [14]. For example:


[image: image5.emf] 

MME   E - SMLC  

LCS - AP CIPHERING KEYS   (Key1, Key2, Key3 )  


Information for each key might include an identification of applicable SIBs, a key value (e.g. 56 bits for DES or 128 bits for AES), a key identifier and a time of applicability. The MME can then distribute the keys to suitably subscribed UEs using a mobility management procedure such as an Attach, Tracking Area Update and a Service Request. This is similar to what is specified for UMTS in [12] where key distribution via Location Update is defined (though not supported at a stage 3 level).
Observation 20:
LCS-AP protocol can be used to provide ciphering key(s) being used to MMEs.

7. 
Summary

This contribution discussed the introduction of Real-Time Kinematic (RTK) positioning in 3GPP. The following was observed:

Observation 1:
RTK standards have already been developed by RTCM and are the same as classical DGNSS. 

Observation 2:
Basic RTK assistance data must include code- and carrier-phase observations performed at a fixed and known reference station, together with the reference station information and coordinates.

Observation 3:
RTK observation data messages have already been defined for multiple GNSSs and GNSS signals by RTCM. 
Observation 4:
The common RTK messages consist of a set of data fields (information elements) assembled under a common header structure. Various (overhead) bit fields are needed to describe e.g., message type, message length, number of satellites, number of signals, etc. to be included in a message. 
Observation 5:
Network RTK fits very nicely into the existing 3GPP location architecture, where the "central processing functionality" could be located in an E-SMLC, and where LPPa [10] protocol could be used to provide RTK observation data from reference stations to the server. 
Observation 6:
MAC Network RTK messages are currently defined for GPS and GLONASS L1 and L2 only. However, the information/data is essentially the same for GPS and GLONASS and can be generalized to support additional/multiple GNSSs. 

Observation 7:
FKP Network RTK messages are currently defined for GPS and GLONASS L1 and L2 only. However, the information/data is essentially the same for GPS and GLONASS and can be generalized to support additional/multiple GNSSs. 

Observation 8:
SSR messages are the latest RTCM additions and expected to replace OSR techniques in the future. 
Observation 9:
SSR messages are currently supported for GPS and GLONASS orbits and clocks. However, the information/data is essentially the same for GPS and GLONASS and can be generalized to support additional/multiple GNSSs (currently also under development in RTCM). 

Observation 10:
The RTK messages summarized in section 3 above fit well into the LPP GNSS concept. 

Observation 11:
The relevant RTCM message types for RTK can be efficiently converted to ASN.1 and included in the A-GNSS-ProvideAssistanceData message. 

Observation 12:
A periodic assistance data delivery procedure has already been defined in LPPe [5], which can be reused in LPP for point-to-point RTK operation in LPP. 

Observation 13:
The existing GAD shapes have a too coarse resolution for high-accuracy GNSS positioning. 

Observation 14:
Carrier phase measurement reporting is already supported in LPP Rel-9. 

Observation 15:
A finer resolution of the code-phase measurement may need to be added to the GNSS‑SatMeasElement.  

Observation 16:
Broadcast of GNSS assistance data is supported in UMTS. Multiple SIBs are defined, each comprising a sub-set of the point-to-point assistance data. 
Observation 17:
The RRC impacts include defining multiple SIBs for GNSS assistance data (together with supporting elements such as scheduling information). However, the actual SIB IE data content would not need to be defined in RRC.
Observation 18:
Ciphering of the broadcast assistance data is supported in UMTS. If a GPS/GANSS Data ciphering info element is included in the SIB, certain SIBs are ciphered.
Observation 19:
LPPa protocol can be used to provide assistance data for broadcast to the eNBs.

Observation 20:
LCS-AP protocol can be used to provide ciphering key(s) being used to MMEs.

Based on these observations, the following is proposed:
Proposal 1:
Use the RTCM Standard 10403.3 [4] message types and data fields to support RTK operation with LPP. 

Proposal 2:
Translate the RTCM message types and data fields to ASN.1 and add the corresponding information elements to the LPP A-GNSS-ProvideAssistanceData message.

Proposal 3:
Support the RTCM "single base" and Network RTK messages in LPP. 

Proposal 4:
Support at least the following RTCM message types:
- Observation message types using the Multiple Signal Messages (MSM) definitions (1071 – 1127).
- Station Coordinates messages (1006).
- Receiver and Antenna Descriptors (1033).
- GLONASS code-bias information (1230).
- MAC Network RTK messages (1014, 1017, 1030, 1039, 1031).
- FKP Network RTK messages (1034, 1035).
Proposal 5:
Include necessary hooks to fully support new RTCM SSR messages to support PPP-RTK and network-RTK.  
Proposal 6:
Define a periodic assistance data delivery procedure in LPP, similar to what has been defined in LPPe [5].

Proposal 7:
Define a high-accuracy location and velocity GAD shape in LPP, similar to what has been defined in LPPe [5]. 

Proposal 8:
Define a higher resolution for the code-phase measurement in the UE-assisted measurement report (GNSS‑SatMeasElement). 

Proposal 9:
Define multiple System Information Blocks (SIBs) in RRC for the broadcast of GNSS/RTK assistance data, each SIB comprising a sub-set of the LPP assistance data. 

Proposal 10:
Support ciphering of assistance data (e.g., similar as in UMTS), and consult SA3 (e.g., via an LS) on the provision of the encryption algorithms. 

Proposal 11: Update LPPa to provide the assistance data for broadcast from the E-SMLC to the eNBs.

Proposal 12:
Update LCS-AP to provide the ciphering key(s) being used to the MME, which can then distribute the keys to suitably subscribed UEs using a mobility management procedure such as an Attach, Tracking Area Update and a Service Request.
References

[1]
RP-170813: "New WID: UE Positioning Accuracy Enhancements for LTE".

[2]
3GPP TS 36.355: "Evolved Universal Terrestrial Radio Access (E-UTRA); LTE Positioning Protocol (LPP)".
[3]
3GPP TS 36.331: "Radio Resource Control (RRC); Protocol specification".
[4]
RTCM Standard 10403.3: "Differential GNSS (Global Navigation Satellite Systems) Services – Version 3.3", October 7, 2016. 
[5]
OMA LPPe: "LPP Extensions Specification", Open Mobile Alliance.
[6]
3GPP TS 23.032: "Universal Geographical Area Description (GAD)". 
[7]
 E. D. Kaplan,  Ch. J. Hegarty (ed’s): "Understanding GPS, Principles and Applications", Artech House, 2nd Ed. 2006. 
[8]
N.Brown, et al., "RTK Rover Performance using the Master-Auxiliary Concept", Journal of Global Positioning Systems, Vol. 5, No.1-3:135-144, 2006.

[9]
G. Wübbena, A. Bagge, "RTCM Message Type 59−FKP for transmission of FKP", Geo++  White Paper (http://www.geopp.com/pdf/geopp-rtcm-fkp59.pdf). 

[10] 3GPP TS 36.455: "LTE Positioning Protocol A (LPPa)". 
[11] 3GPP TS 25.331: "Radio Resource Control (RRC); Protocol specification".  
[12] 3GPP TS 25.305: "Stage 2 functional specification of User Equipment (UE) positioning in UTRAN". 
[13] 3GPP TS 23.271: "Functional stage 2 description of Location Services (LCS)".

[14] 3GPP 29.171: "Location Services (LCS); LCS Application Protocol (LCS-AP) between the Mobile Management Entity (MME) and Evolved Serving Mobile Location Centre (E-SMLC); SLs interface".

[15]
R2-1704760: "Introduction of UE-Based OTDOA Positioning", Qualcomm Incorporated.

31

_1555358166.doc


BROADCAST UPDATE (SIBx, SIBy, SIBz)







E-SMLC







eNB












_1555358639.doc


LCS-AP CIPHERING KEYS (Key1, Key2, Key3)







E-SMLC







MME












_1554518255.vsd
Target


Server


1. LPP RequestAssistanceData (transaction T1, session S, Control Parameters)


2. LPP ProvideAssistanceData (end transaction T1, session S, Control Parameters)


3. LPP ProvideAssistanceData (transaction T2, session S, Data Parameters)


4. LPP ProvideAssistanceData (transaction T2, session S, Data Parameters)


5. LPP Abort (transaction T2)


6. LPP Abort (transaction T2)


7. LPP ProvideAssistanceData (end transaction T2, session S, Data Parameters)


Control Transaction T1


Data Transaction T2



