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1 Introduction

Real-Time Kinematic (RTK) techniques utilize carrier phase measurements that are readily obtained from a GNSS receiver. The carrier phase measurements enable centimetre-level accurate baseline (i.e. distance and attitude between the receivers) determination between two (or more) GNSS receivers. Also, if the absolute position of one receiver is known at high accuracy, the absolute position of the other receiver can easily be deduced. The addition of carrier phase positioning, therefore, potentially enables ubiquitous cm-or dm-level position accuracy. The potential accuracy of this technology will be discussed in this paper.

Although the current commercial solutions typically utilize both GPS L1 and L2 frequency bands for carrier phase measurements the technology is not limited to those. The recent studies ([1, 2, 3]) show that single-band RTK is also feasible. On the other hand, all the Galileo signal measurements, as well as the future GPS signals, can also be utilized in the baseline determination. The more signals there are the more certain and accurate the baseline becomes [1].

The only requirement for the technology is that the two receivers must be capable of exchanging certain measurements in near real-time. The required measurements will be introduced in this paper. It will also be shown that the high-accuracy positioning capability can be added without major additional work load. Hence, carrier phase –based positioning must be considered as an integral part of A-Galileo as to enable to the full exploitation of Galileo capabilities.
2 Discussion

Carrier phase –based positioning

Contrary to the typical satellite navigation, where the position is available almost instantly (in an assisted case typically 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. The flow diagram of an RTK system is shown in figure 1. 


[image: image1.emf]2nd receiver

(terminal, base 

station etc.)

1st receiver

(terminal)

combining data from the two 

receivers

(measurement quality control, 

carrier phase continuity 

control), 

baseline tracking

(if ambiguities solved)

solving integer ambiguities 

(if not solved)


Figure 1. RTK flow diagram.

Figure 1 shows the basic steps in carrier phase based positioning. The 1st receiver (typically user terminal) makes measurements of satellite signals. The 2nd receiver that can be another terminal of, for instance, a base station makes measurements also and sends the measurement data to the first terminal. The first terminal buffers and synchronizes data appropriately. 

As noted, the baseline is not available instantly, but some amount of data must be accumulated before the baseline can be solved. This phase is called solving the integer ambiguities. Once the ambiguities are solved, the baseline may be tracked. The baseline update rate depends on the rate at which measurements are made and relayed between the receivers. In a typical configuration all the calculations are made in the terminal. The literature ([1], [2]) shows that the calculations cause minimal burden in the terminal.

The time required for solving the ambiguities is illustrated in figure 2, which shows the time required for obtaining an accurate baseline estimate as a function of baseline length. For instance, looking at the yellow line (2-km baseline) it can be noticed that the ambiguity solving phase takes about 50 seconds after which a highly accurate baseline estimate is available. The required time depends upon the number of signals available, satellite geometry as well as on the baseline length. 
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Figure 2. The time required for the solution. The data in was obtained using an off-the-shelf single-frequency                          A-GPS/A-Galileo receiver. In the scenario eight satellites were visible to the both receivers.

The figure clearly shows that very high accuracy may be obtained even with low-cost receivers. When the baseline is in the order of 1 km, cm-level accuracy is available instantly. As the baseline gets longer, the time required increases somewhat, but is still at an acceptable level. It should be noted that in 2, 3,4 and 5 km cases the baseline estimate obtained instantly is still better than the plain difference of position solutions. This is illustrated in figure 3.
Although the highly accurate baseline solution may not be available instantly, figure 3 shows that RTK can still be utilized to improve the position accuracy before obtaining the final solution. The red line represents the position accuracy of conventional GPS and the red line the accuracy obtained from carrier phase –based positioning. Clearly, the carrier phase –based positioning outperforms conventional GPS receiver from the start. The same performance can be achieved with Galileo because the frequency used by Galileo, and therefore the wavelength, is the same as used by GPS.
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Figure 3. Comparison of RTK solution to the conventional GPS accuracy. The same accuracy is expected for Galileo, because of the similar characteristics of the signal.
Required data

As noted the two receivers that are positioned with respect to each other must be capable of exchanging measurement data. The following table summarized the data elements required for carrier phase –based positioning. 

	Item
	Explanation

	Time and position information (once for each message)

	Time
	Time of the measurement

	Position
	Receiver position in the ECEF system

	Position uncertainty
	CEP50 value for the position uncertainty (meters)

	Stationary bit
	Indicates if the receiver has moved between the last and current messages (according to sensors)

	Measurement message (once per each signal)

	SS ID
	A field expressing the system (such as GPS or Galileo), signal (such as L1 or L2C) and satellite (such as PRN for GPS). Ready for future augmentations.

	Pseudorange
	Pseudorange measurement (in milliseconds)

	Pseudorange standard deviation
	Pseudorange variance (in milliseconds)

	Carrier phase
	Accumulated delta range (ADR) measurement (in meters)

	Carrier phase standard deviation
	ADR variance (in meters)

	Carrier phase polarity
	Indicates, whether the data polarity is nominal, inverted or unknown

	Cycle slip flag
	RTCM style cumulative continuity index for ADR measurements

	Doppler
	Doppler frequency for carrier phase extrapolation/interpolation to common time base between receivers (in m/s)


It must be emphasized that the items not in bold already exist in the measurement information elements. The only additions are 

· stationary bit (1 bit indicating stationary state)

· SS ID (an extension of PRN number taking new signals and systems into account, 12 bits)

· Carrier phase measurement and its standard deviation (32+12 bits)

· Carrier phase polarity and cycle slip flag (2+6 bits)

In conclusion, highly-accurate carrier phase –based positioning capability may be achieved by an addition of 1 bit a message and 64 bits a signal measurement. The typical measurement exchange frequency is 1 Hz, which, hence, means an added load of (1+n*64) bits/second (n is the number of signals). Should there be 8 signals available (as in the case illustrated in figure 2) the added data transfer load is 513 bits/second. 

Absolute positioning in an MS-based fashion

Absolute positioning in an MS-based fashion may be obtained with the system described in figure 1. The 2nd receiver is a base station with an LMU. The LMU performs the appropriate measurements and sends them to the mobile terminal. The mobile terminal solves the distance and attitude to the base station. 

Now, the base station knows its exact coordinates, which are also sent to the terminal. By knowing the exact location of the base station and the distance and attitude from the terminal to the base station, the terminal can calculate its position very accurately.
Absolute positioning in an MS-assisted fashion

Carrier phase –based positioning is possible in an MS-assisted fashion as well. This can be performed with the system described in figure 1 by setting the 2nd receiver to be a mobile terminal and the 1st receiver to be a base station with an LMU.

The 2nd receiver (terminal) performs signal measurements and sends the data to the base station using the specified signal format. The terminal only sends the measurements forward and does not perform any carrier phase -based positioning calculations. The base station receives the measurements, combines them with the local measurements from the LMU and performs the necessary calculations. Since the base station has information on its exact location, the base station can readily also calculate the absolute location of the mobile terminal. 
3 Conclusions

This discussion refers to the latest research on single-frequency high-accuracy positioning to show that the proposed positioning technology is feasible. It was also shown that the data transfer requirements are low and the real-time requirements are not strict. Therefore, the proposed positioning method is well-suited for control plane. 
Carrier phase –based positioning can readily be used with Galileo system and is, therefore, seen as an integral part of A-Galileo. The addition of carrier phase –based positioning is yet another means of taking the full capability of Galileo into use and enabling cm-level accuracy in applications.
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