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1 Introduction

Carrier phase –based positioning was first introduced in 3GPP in GERAN #30 meeting in June 2006 in Lisbon, Portugal [15]. When the baseline implementation for Galileo support was agreed in GERAN #32, this feature was included on the list of items to be reviewed in Rel-7 time frame [22]. To conclude the work this document is presented with a document G2-070045 which addresses the required modifications for 3GPP specifications. 
This discussion is a thorough cross-section of the latest research in the area of carrier phase-based position. The review of research papers is complemented by simulations that are performed using a state-of-the-art open-source simulation tool developed for the analysis of carrier phase –based positioning [8].
2 Discussion

2.1 Introduction

Real-Time Kinematic (RTK) techniques utilize carrier phase measurements that are readily obtained from a GNSS receiver. Carrier phase measurements enable centimeter-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 to cellular standards, therefore, potentially enables ubiquitous cm-or dm-level positioning accuracy. The feasibility of this technology for mobile terminals will be discussed in this paper.

The current commercial solutions, such as [18], utilize both GPS L1 and L2 frequency bands for high-precision surveying. Moreover, with the GLONASS modernization [19], the utilization of multi-GNSS is becoming ever more attractive. For instance, a commercial product [20] utilizes GPS and GLONASS for carrier phase –based positioning. Also, the recent studies ([10, 11, 12]) show that single-band single-GNSS RTK is feasible under certain circumstances. Moreover, all the Galileo signal measurements as well as the future modernized GPS signals can be utilized in the baseline determination. The more signals there are the more certain and accurate the baseline becomes [10].

The only requirement for high-accuracy carrier phase –based positioning is that the two receivers must be capable of exchanging carrier phase (also called Accumulated DeltaRange ADR, or Integrated Doppler) measurements in near real-time. Figure 1 shows the basic principle of carrier phase –based positioning. Both receivers measure ADR from the same set of satellites and exchange the measurements. Strictly speaking, it is enough that one of the receivers just sends the measurements to the other receiver, which then performs the calculations. It should be noted that carrier phase –based positioning enables determining the relative baseline (i.e. distance and attitude) between the two receivers at cm-level accuracy. Cm-level absolute positioning is possible only if the position of one of the receivers is surveyed accurately. However, a typical commercial use case of the technology today is to survey, for instance, construction sites, where relative positions matter, not absolute ones.
The key to the high-accuracy baseline determination is Integer Ambiguity Resolution, for which there are many algorithms available. In addition to solving the ambiguities, another key issue is the Validation of Integer Ambiguities. Validation refers to using statistical tools to determine, whether the ambiguity and baseline solution can be relied on. If the ambiguities cannot be solved, somewhat less accurate option is to utilize float solution. In that case the ambiguities are not fixed to their integer values.
This study concentrates on discussing the various factors affecting the ambiguity resolution success rate and how those factors affect the feasibility of adding carrier phase –based positioning to 3GPP standards.
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Figure  1. Basic principle in carrier phase –based positioning between two receivers. Figure is for illustrative purposes only and does not show, for instance, servers component needed for data exchange. 
2.2 Analyses
In the following we analyze the performance of the carrier phase –based positioning in different circumstances. Chapter 2.3 examines a situation, in which a set of individual measurements is exchanged between two receivers. This corresponds to Measure Position Response with Multiple Sets of measurements defined in RRLP [16]. Chapter 2.4 studies a situation with a continuous flow of measurements from one receiver to another. This corresponds to periodic reporting defined in TS 23.271 [17].
The performance is characterized in terms of the success rate of fixing ambiguities successfully. Theoretical tools for this analysis are given, for instance, in [13]. This work utilizes an open-source analysis tool called VISUAL [8], which allows for simulating success rate in temporal or spatial dimensions. The VISUAL software can be obtained from [23].
In real-time applications ambiguity fixing success rate can be calculated in order to study, whether ambiguity fixing should be attempted at all. As a general rule, the success rate must be above 99% before fixing should be attempted [8]. If ambiguity solution is not available, the system can provide the user with a float solution. In float solution the parameters that are in reality integers are not constrained to their integer values but are considered as real numbers. This necessarily degrades accuracy. Baseline accuracy obtainable with a float solution is 0.1 – 1.0 meters.
2.3 Single-shot multiple-sets

The first set of simulations considers a case, in which one receiver makes three measurements with 50-s spacing corresponding to total measurement time of 100 s. This can be thought of the situation, in which the MS sends multiple sets of carrier phase data to SMLC [16]. 
Figure 2 shows the success rates for Galileo L1 (left) and for Galileo L1+E5a (right). The parameters and assumptions of the simulation are

· 5-km stationary baseline

· 22nd February 2007 00:00:00 UTC

· 15-degree elevation mask
· Weighted ionosphere (see Glossary chapter 2.13)
· Float troposphere (see Glossary chapter 2.13)
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[image: image2]
Figure 2. Ambiguity fixing success rate. Left: Galileo L1, Right: Galileo L1+E5a
Figure 2 shows an important conclusion that a single band Galileo carrier phase –based positioning is very unreliable all over the world. On the other hand, the addition of the second frequency (E5a) improves the performance significantly. In the dual-band case, the carrier phase –based positioning is enabled and feasible practically anywhere on the world.
Let us then consider the temporal changes in the success rates. Figure 3 show the success rate as a function of time in Paris for Galileo L1 (left) and Galileo L1+E5a (right). The date and the assumptions made are similar to the above analysis.
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Figure 3. Ambiguity fixing success rate over one day in Paris (48.5 N, 2.2 E). The simulations are taken every 50s and hence the scale. 50 s * 1728 = 86400 s = 1 day. Red line denotes success rate and green line the number of satellites above the elevation mask. It is assumed that all the satellites above the mask can be used in the ambiguity resolution.
The simulation shows that in a single-frequency case the success rate is highly dependent upon the number of satellites used in positioning. In general, it seems that carrier phase –based positioning is feasible, when there are at least 10 satellites visible. However, there are only short periods, when this takes place. On the other hand, the dual-band positioning is not suffering from the lack of satellites. It seems that only if the number of satellites is below 7 the success rate drops below the threshold. The dual-band case clearly outperforms the single-band case. 
The literature supports the conclusions drawn from the simulations. Reference [7] reports 100% ambiguity fixing rate, when using GPS L1+L2 code and carrier phase measurement and only one set of measurements (one instant). In the study, seven or more satellites were used all the time and the baseline was in the order of one km. However, the authors of [7] reported problems with validating the solved ambiguities.
The simulations show that if Galileo is used alone, single-band carrier phase –based positioning does not seem feasible. However, if GPS and Galileo are used in hybrid, the situation improves significantly. This is also shown in figure 4, in which the simulation shown in figure 3 has been reproduced adding GPS L1 signal. The results show that the redundancy from additional satellites contributes significantly to the success rate. There are only few short periods during which there might be problems with ambiguity fixing. The finding is also supported by the literature. For instance, reference [1] reports that combined dual-band GPS+Galileo yields a constant success rate of >99.9%. In that case the success rate becomes almost independent of time and location. Increased number of satellites is identified as the most important factor for high success rate. However, there is no information, how the ambiguity validation success rate behaves in a combined GPS+Galileo L1 situation.
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Figure 4. Ambiguity fixing success rate for GPS+Galileo L1. 

Single-shot data stream means that the baseline may be solved once (when the set of measurements arrives), but not updated after that. The terminal receiving measurements may extrapolate the measurements for 20-30 s without losing accuracy significantly [6]. However, after this the baseline is lost in the case the receivers (or one of the receivers) are moving. Therefore, single-shot multiple-set method is feasible only for stationary receivers. Moreover, since there is no possibility for rigorous solution quality and integrity monitoring in time, baselines should be limited to short ones. The exact length depends on the bands and GNSSs used as well as on the atmospheric conditions and also on whether ionosphere or troposphere models are available.
2.4 Periodic measurements

Periodic measurements refer to a case, in which one receiver periodically sends its signal measurements to the other receiver. This enables, for example, monitoring the solved parameters in time and, therefore, quality control. Also, with multi-band receivers, filtering of ionosphere advance (as well as tropospheric delay) becomes possible. Finally, longer observation periods assist the validation process. 
Figure 5 shows the success rates for Galileo L1 (left) and for Galileo L1+E5a (right), when one receiver streams measurements to the other receiver. The parameters and assumptions of the simulation are

· 5-km stationary baseline

· 22nd February 2007 00:00:00 UTC

· 15-degree elevation mask

· Weighted ionosphere (see Glossary chapter 2.13)

· Float troposphere (see Glossary chapter 2.13))

· 1 signal measurement every 10 s for 100 s (in total 11 measurements)

Note that by a signal measurement one understands a set of measurements consisting of code and carrier phases made for all the observable satellites and signals.
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[image: image5]
Figure 5. Streaming simulation. Success rate for Galileo L1 (left) and for Galileo L1+E5a (right).
Figure 5 shows major improvement in the single-band case. It appears now that the single-frequency carrier phase –based positioning is feasible in many locations, when there are more measurements available. However, the analysis made for Paris for the same situation running over one day (figure 6) shows that although there is improvement as compared to the results shown in figure 3, the good opportunities for successful carrier phase –based positioning are still few. The promising periods are now longer (for instance, between epochs 2500 – 3400), but it can be assumed that the high variation in the success rate in time makes the single-band positioning still challenging even if more measurements were available.
The dual band case continues to demonstrate excellent performance globally independent of time. This can be verified from the right-hand figures in figures 5 and 6.
[image: image17.wmf]6

7

8

9

10

11

12

number of satellites (green)

1000

2000

3000

4000

5000

6000

7000

8000

0

0.2

0.4

0.6

0.8

1

output (red)

starting epoch 

 success rates 


[image: image6]
Figure 6. Success rates for a streaming case in Paris. Galileo L1 (left) and Galileo L1+E5a (right). Simulation taken every 100 s, hence the scale. 10 s * 8640 = 86400 s = 1 day.
Finally, in figure 4 it was shown that the combined GPS+Galileo L1 shows major improvement over the single-GNSSs case in the single-shot situation. Now, the same analysis has been reproduced in figure 7 for streaming measurements. The results show that increasing the number of available observations yields high success rate (above 99.9%) independent of time. The finding is supported by the literature [1]. Once again, the increased availability of signals is identified as the single most important factor.

[image: image7]
Figure 7. Success rates for a streaming case in Paris for GPS+Galileo L1. 
2.5 Measurement update rate

From the bit consumption point of view the most important issue is the measurement update rate, i.e. how often the terminal is required to report the signal measurement to the other receiver. This is analyzed by fixing the measurement period to 100 s and varying the measurement interval. The parameters and the assumptions of the analysis are
· 5-km stationary baseline in Paris
· 22nd February 2007 00:00:00 - 24:00:00 UTC

· 15-degree elevation mask
· Signals Galileo L1 and E5a
· Weighted ionosphere (see Glossary chapter 2.13)

· Float troposphere (see Glossary chapter 2.13)
· Measurement rates

· Upper left: 
a signal measurement every 100 s for 100 s (in total 2 measurements)

· Upper right: 
a signal measurement every 50 s for 100 s (in total 3 measurements)

· Lower left: 
a signal measurement every 20 s for 100 s (in total 6 measurements)

· Lower right: 
a signal measurement every 10 s for 100 s (in total 11 measurements)
The results of the analysis are summarized in figure 8.
The simulations show that the 20-s measurement spacing yields constant >99% success rate. Therefore, it is deduced that the measurement interval shall not exceed 20 seconds in periodic reporting.
There is also another issue supporting this view. Once the ambiguities have been fixed, the baseline will be tracked using the solved ambiguities. The 20-s measurement spacing requires that in order to be able to update the baseline continuously, the measurements from the sending receiver must be extrapolated for 20 seconds. Note, however, that this is possible only if the sending receiver is stationary (i.e. no dynamics). This is the case if the sending receiver is, for example, an LMU. 

Reference [6] reports that 30-s extrapolation leads to 35-mm RMS error in baseline as compared to a case without extrapolation. However, the article recommends using 5-s - 10-s spacing for the best balance between bandwidth consumption and performance. Accepting errors of few tens of millimeters allows for extending the spacing to 20-s, which was also considered maximum from the success rate point of view.
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Figure 8. Success rates for different measurement update rates. Upper left 100-s spacing, upper right 50-s spacing, lower left 20-s spacing and lower right 10-s spacing
2.6 Effect of Galileo
The main benefit from Galileo is the increase in the number of satellites/signals available for carrier phase –based positioning. However, considering the Galileo-only situation, reference [1] shows that due to constellation differences, Galileo L1+E5a or L1+E6 performs substantially better at low latitudes than GPS L1+L2 or L1+L5, but at other latitudes no significant differences are observable. 
Another interesting result from [1] is that adding a third frequency to the solution has only a minute effect on the ambiguity fixing success rate. For instance, taking E6 into account in addition to L1+E5a does not affect the success rate. The same is also true of GPS (adding L5 to L1+L2). However, reference [2] states that the validation success rate improves significantly as the third frequency is taken into account. Therefore, the literature clearly supports the view that more signals (satellites and frequencies) there are the more capable and feasible the carrier phase –based positioning is.  
2.7 Analysis of different systems

Figure 9 shows an analysis of ambiguity fixing success rates over one day for single-epoch fixing attempts (i.e. only one instant of time used). The height of the bar indicates the span of the success rate over the day and the black dot the average success rate. The blue bars on the left are for GPS, the red bars in the middle for Galileo and the green bars for GPS+Galileo hybrid. The analysis has been made by Sandra Verhagen from Delft Institute of Earth Observation and Space Systems based in University of Delft, the Netherlands. The assumptions of the analysis are
· 15-km baseline

· Success rates over one day in December 2005

· Location N 50.0° E 4.5°
· Float troposphere, weighted ionosphere

· 15° elevation mask

The whole analysis can be found in [9]. 

Figure 9 shows the features discussed above in detail. Firstly, comparing the blue and red bards shows that Galileo outperforms GPS in single- and multiple-band cases. This is attributable to a greater number of satellites in the Galileo constellation as well as to higher orbit. Both these contribute to a greater number of visible satellites and, therefore, receivable signals. 

It is also noteworthy that Galileo L1+E5a/E5b performs substantially better than GPS L1+L2. This is due to greater availability of Galileo satellites, but also due to GPS L2 having somewhat shorter wavelength (24.42 cm) than Galileo E5a (25.48 cm). Longer wavelength makes the ambiguity resolution less challenging. 
Another finding is that the dual-GNSS cases clearly outperform the single-GNSS cases. This is true across all the signal combinations.
As a conclusion it seems that, for instance, GPS L1 + GPS L5 + Galileo L1 + Galileo E5a receiver would be desirable for carrier phase –based positioning. Note that GPS and Galileo L1 are at the same frequency as are also GPS L5 and Galileo E5a.
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Figure 9. Single-epoch success rates over one day (upper) and the number of available satellites (lower). In upper figure Black dot denotes mean value and the bar the span of success rates over the day. Blue refers to GPS, red to Galileo and green to GPS+Galileo hybrid. Reproduced from [9] with the kind permission from Sandra Verhagen.
2.8 Single-frequency field measurement results
The analyses presented in this paper show that the problem with single-frequency carrier phase –based positioning is the uncertainty about its performance. For instance, figure 3 shows that during a day there are brief periods during which the carrier phase –based positioning is feasible (between 7 and 10 am UTC in the example given in figure 3), but at other times the performance can be expected be very poor.
Figure 10 shows field test results for GPS L1 taken 8th January 2007 in Tampere, Finland (61.5° N, 23.7° E) for 300-m and 3600-m baselines, respectively. The number of satellites used varied from 8 to 10. Neither ionosphere nor troposphere was modeled and there was no a-priori model of atmosphere available. 
In the example given the measurement rate was 1 Hz and the time is counted from the beginning of the session. In the beginning of the session the receivers had all the visible satellite stably in track. 
The results show that when feasible, even the single-band carrier phase –based positioning is capable of producing cm-level baseline accuracy. On the other, the results also show that since with single-frequency measurements it is not possible to compensate for atmosphere without an externally supplied model, there is a cm-level drift in the baseline coordinates. It is assumed that this is due to tropospheric conditions, because the changes are quite slow.
It should be noted that if a similar success rate analysis of the situation were made as in, for instance, figure 3, the success rate would be very high due to great number of measurements (1 Hz rate). In fact, in the current field tests the ambiguity solution converged quite quickly, but the solution was validated at 53 and 25 seconds, respectively. As pointed out earlier, the small number of signals (frequencies) makes the validation of the ambiguities challenging [2]. This was also found out in the current field tests. 
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Figure 10. GPS L1 field test results for 300-m (left) and 3600-m (right) baselines. Time is counted from the beginning of the session.
Let us then consider the accuracy of the baseline, when the integer ambiguities are not or cannot be fixed or validated. In such a case we resort to the float solution (as opposed to the fixed solution). Figure 11 shows data from the 300-m baseline field test, which is the same case as on the left hand side in figure 10. Only the time span is shorter now. Figure on the left hand side in figure 11 represents the baseline obtained by differencing the receiver positions. The error is in several meters in all the baseline coordinates. In up-direction the error is the biggest (approximately 5 meters) as can be expected. The right hand figure shows the float solution. The float solution is always available and as shown, the error in the float baseline coordinates is significantly smaller than the error in the baseline obtained by differencing the two positions. After 30 seconds from the beginning of the session the error in the float baseline coordinates is already in the order of 20 cm. Hence, although ambiguity fixing is not nearly always possible in the single-frequency case, the float solution, which is readily available, can improve positioning accuracy significantly.
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Figure 11. GPS L1 results for 300-m baseline. Left: Accuracy obtained using the difference of two receiver positions. Right: Accuracy of the float solution.
2.9 Measurements needed

Table I summarizes the different measurements required for carrier phase –based positioning. Table also indicates, which of the measurements are available already today and, which should be added to the measurement messages, if carrier phase –based positioning is to be enabled.
Table I. Measurements required for carrier phase –based positioning 
	Measurement
	Source

	Time of measurement
	-

	Reference location
	-

	Reference location uncertainty
	-

	Signal identification
	-

	Code phase
	More resolution required: additional 10b

	Code phase uncertainty
	-

	Carrier phase
	Field to be added to messages.

	Carrier phase uncertainty
	Field to be added to messages.

	Carrier phase continuity flag
	Field to be added to messages.


2.10  Bandwidth requirements

The measurements required for carrier phase –based positioning

· Time of measurements

· Location to which the measurements are referred to 

· Code phase and code phase uncertainty measurements

· Accumulated Delta Range (ADR, also called carrier phase measurement or integrated Doppler)  measurements, measurement uncertainties and ADR measurement continuity indicators
Already now there are fields that allow for transferring Time of measurement, reference location as well as code phase and code phase uncertainty measurements between the MS and SMLC. Now the only field missing is ADR, ADR uncertainty and ADR continuity indication.
ADR measurements differs from other measurements in a respect that the range required for the measurement depends upon the reporting interval. This is because of the cumulative nature of the ADR measurement. The requirement for the range is that the range must be greater than four times the maximum increase (or decrease) in ADR over the maximum measurement interval. The condition arises from the need to identify the ADR roll-overs and as the condition is fulfilled, the receiving end is capable of detecting the ADR roll-overs. Therefore, the receiver is capable of reconstructing the original measurement by just examining the two upper bits of the current and the previous ADR measurements. Hence, the number of bits (b) required for fulfilling the range requirement can be given by
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,
(1)
where ADR is the ADR measurement, T the measurement interval in seconds and b the bit count. The resolution of the measurement must be (at least) 1 mm resulting in a requirement to have 10 bits (1/210 m < 1 mm) for the decimal part. Hence, 
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(2)
Now, if the increase (decrease) rate of the ADR would depend solely on the movement of the satellite, one would have for GPS [21]

[image: image13.wmf]s

m

ADR

t

t

930

(

max

<

¶

¶

.
Galileo (3000 km higher orbit than GPS – slower orbital velocity) and QZSS (geostationary) have smaller Doppler frequencies than GPS. On the other hand, GLONASS (1000 km lower orbit than GPS) has 30 m/s greater maximum Doppler than GPS. Hence, 970 m/s is taken as the maximum ADR rate of increase. However, one must also consider 1) the receiver movement and 2) the receiver oscillator instability. The receiver movement can be assumed to contribute maximum 50 m/s. The receiver oscillator stability is assumed to be better than 1 ppm. Hence, the maximum Doppler velocity resulting from this is 2*1ppm*c < 600 m/s. Therefore, the maximum absolute ADR rate of increase is set to 970 + 50 + 600 ≤ 1620 m/s. The bit consumption based on equation (2) is summarized in table II.

Table II. Bits required for a single ADR measurement for different reporting intervals.
	T (s)
	b (bits)

	1
	23

	5
	25

	10
	26

	20
	27


In addition to ADR measurement, carrier phase –based position also requires indication of the measurement reliability (i.e. about the measurement continuity) as well as on the quality (variance of the measurement). The ADR measurement continuity is defined by 1 bit, which indicates, whether the ADR measurement has been continuous between the current and the previous measurement messages.
The measurement quality is coded according to the RTCM standard [24] using a three bit field and a table mapping the values to ADR measurement uncertainty. 
Note that it is also implicitly assumed that the ADR measurement has been corrected for the data bit polarity. Hence, there is no need to transfer the data bit polarity flag between the receivers.

Also, although there is a field for code phase measurements, it has a resolution of approximately 300 m. This is not sufficient for carrier phase –based positioning. Hence, additional 10 bits are required to increase its resolution.
From the bandwidth point of view ADR measurements add some load to the network. The study shows that the reporting interval should be at maximum 20 s, which results in 27+3+1+10 bits per each signal. Considering an extreme case of 2 bands, 2 GNSSs and 8 satellites per GNSS (corresponding to 32 signals), the average bit rate is then approximately 66 bps.

2.11  Ionosphere modeling 
Carrier phase –based positioning benefits significantly from ionospheric modeling. Phase advance caused by ionosphere may be estimated, if there are measurements on more than one frequency. This is because ionosphere is dispersive. However, reference [2] reports that in multi-band case it is still advantageous to have a-priori estimate for the advance from an external source. If there is no a-priori information available, the solution is potentially unstable. Note that modeling the ionosphere contributes significantly on the feasibility of the single-band carrier phase –based positioning.

The source of the model can be the GNSS broadcast model (such as, Klobuchar in the case of GPS), a WAAS/EGNOS model or the model may come from an external, possibly commercial, service. The model might also be provided in the AGNSS assistance from the cellular network. 
Reference [14] reports that ionospheric modeling is essential for long-baseline applications, even if using dual-band GPS measurements.
2.12  Conclusions 
The carrier phase –based positioning has the potential to bring the positioning accuracy down to centimeters. Therefore, it is tempting to add support for carrier phase –based positioning to the cellular standards.

The study has shown that single-frequency carrier phase –based positioning is not feasible, if there is only one GNSS available and if ambiguities need to be fixed. However, already the float solution, which is always available, was shown to be a major improvement over conventional GPS. It should also be borne in mind that single-frequency case was shown to become very interesting with the introduction of additional GNSSs (Galileo, GLONASS) to complement GPS. 

The study also shows that the full potential of Galileo lies in the use of various available signals. If the future terminals are capable of utilizing, for instance, both GPS and Galileo L1 as well as GPS L5+Galileo E5a (since they are in the same band) the carrier phase based positioning is definitely an attractive addition to the current set of positioning methods. However, this requires that the terminals are capable of multi-GNSS multi-band reception and that the cellular standards/protocols support periodic reporting of ADR measurements from the network to the terminal and/or vice versa.

2.13  Glossary
· Fixing double-difference integer ambiguities
· In carrier phase –based positioning carrier phase (or ADR) measurements are differenced, which results in a set of double difference observations. The observation model includes an unknown integer number of carrier cycles, which must be solved for in the process. This cycle count is called double difference integer ambiguity. Once solved, the double difference observations can be used for high-accuracy relative positioning.
· Validating double difference integer ambiguities

· Confirming (in statistical sense) that the found set of integer ambiguities is the correct one
· Ionosphere / Troposphere (see reference [2] for details)
· Fixed

· Ionosphere/troposphere model is obtained from an external source (GNSS Ionospheric model, such as Klobuchar in GPS, or from a GNSS network) and the observations are corrected based on the model
· The correction is fixed to the given value (zero variance, i.e. deterministic)
· In short baseline applications, in which ionosphere is neglected, the ionosphere-fixed model is used implicitly
· Float

· Ionosphere/troposphere model is obtained from an external source and the observations are corrected based on the model
· The correction parameter(s) is (are) solved with other parameters and the ionosphere/troposphere correction(s) is (are) given infinite variance (no weight in the solution)

· This method performs well, when the measurement session is long
· Alternatively, no external measurement is required, but the corrections are estimated from scratch. However, the method is sometimes unstable.
· Weighted

· Ionosphere/troposphere model is obtained from an external source and the observations are corrected based on the model
· The correction parameter(s) is (are) solved with other parameters and the ionosphere/troposphere correction(s) is (are) given variance between zero and infinity
· Choosing correct variance(s) for the external observation has (have) a high impact on the ambiguity fixing success rate in this case
3 Conclusions

This discussion refers to the latest research on high-accuracy carrier phase –based positioning to show that the proposed positioning technology is feasible. It was also shown that the capability can be achieved with small additions to the current standards. The average additional data transfer load was shown to be in the order of 66 bps even when there are several GNSSs and signals available. The resulting accuracy is in the order of centimetres in the best case and, hence, we believe that the implementation task and additional network load is justified. 
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