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INTRODUCTION

Early in 1994 the first truly automatic, centimetre level real-time kinematic (RTK) GPS system was introduced. By observing signals on both L1 and L2 frequencies it was able to resolve automatically ambiguities (initialise), even whilst moving (On-The-Fly). GPS equipment manufacturers and surveyors alike were quick to develop applications for the new technology. Indeed, during the past two or three years the RTK technique has become the preferred surveying method for a wide variety of applications (especially in engineering). This trend does, however, raise a number of performance related issues worthy of serious consideration. One obvious question is how accurate is a particular RTK system? It is relatively simple to assess the precision of such systems but to examine accuracy in a truly kinematic environment is non trivial, especially in environments that exhibit variable (in time and space) multipath conditions. Other questions include: how fast can the system recover initial ambiguities, how is this speed affected by dynamic environments such as multipath and foliage, how do differing satellite geometries and DOP (Dilution Of Precision) values affect system performance, and how does one know that the resolved ambiguities are correct? In short, how would one go about benchmarking a RTK GPS system? This paper presents a number of tests, which together might form the basis of a methodology for the assessment of the performance of such systems, together with some typical results that might be obtained. Detailed analysis of such test results may go a long way to answering some of the questions raised. It should be noted that the tests have been carried out using a variety of commercial RTK systems, including the Ashtech Z12, Leica SR9500 and the Trimble 4000SSI. No significant differences have been noted in receiver performance and specific receivers are not identified in the various tests undertaken, as the point of this paper is to discuss the design of benchmarking tests and to give typical results.

KINEMATIC TESTS

One of the fundamental problems in the development of benchmark tests for RTK GPS is how to assess accuracy as well as precision. In order to achieve this in a truly kinematic environment the 'true position' of the roving GPS antenna must be recorded at the same instance that a GPS position is recorded. One place at which a facility capable of doing this has been constructed is at the Central Laboratory of Roads and Bridges, Nantes, France. The facility known as SESSYL, is essentially a mobile petrol-powered train that can carry a GPS receiver and antenna and which travels on an oval track (about 180m in length) with a known trajectory (Plate 1). GPS positions can be compared with 'true positions' in order to measure their accuracy (rather than just the precision). Although the track is located in a basically clean multipath environment, multipath can be induced by attaching a metal plate to the train and by parking large vehicles near to the track (Plate 2). Complete losses of lock can also be caused by temporarily erecting a wire mesh tunnel over part of the track. In February 1997 a number of tests were carried out using SESSYL and are reported here. The objective was to:

• assess the accuracy of an RTK system using different antenna combinations in both clean and multipath environments, and

• measure the speed of recovery of ambiguities (On-The-Fly) after complete loss of lock on all satellites.

Plate 1. SESSYL GPS RTK testing facility Plate 2. SESSYL Multipath Plate and Multipath inducing lorry

Method

A total of six tests were designed, three in a clean multipath environment and three in a medium to high multipath environment. Each test used different antenna combinations at the base and rover receivers (choke ring/choke ring, geodetic/geodetic and geodetic/standard RTK). In addition a number of parameters were set prior to the start of each test: kinematic real time solution based on an elevation mask of 15 degrees, constant train speed of 3km/h (0.83m/s) which equates approximately to one complete lap every 4 minutes, position computation/recording rate 1 Hz and an initialisation period of 10 minutes prior to test commencement, in order to ensure ambiguities were fixed. Average baseline lengths were in the order of 100m.

Each test comprised a total of five complete circuits of the track. This figure was (at that time) a function of the SESSYL facility itself and represents the maximum amount of positional data (from the on-board encoders) that could be recorded for any given test. It is worth noting that this aspect of the test facility has been improved since February 1997. For each test performed in a benign multipath environment the tunnel was erected over the track on the final two laps and on the final lap for tests in multipath conditions. This enabled ambiguity recovery times (On-The-Fly) to be computed for the different antenna combinations.

This procedure provides the opportunity to assess the performance of an RTK GPS system in terms of both, accuracy and precision. Moreover, it is easy to envisage individual tests being repeated at different times, and with different satellite constellations and DOP values, thus providing more data on system performance.

Results

Table 1 presents measurement accuracy and precision results for the six SESSYL tests developed, for each of the different antenna combinations in benign (tests 1-3) and multipath (tests 4-6) environments. Statistics for minimum vector (i.e. 3D vector), cross track and height errors for each test are given. These results are based on trajectory comparisons between the RTK and the SESSYL reference trajectory and serve as typical examples of the type of analysis that might be carried out on the data recorded for each experiment. 

Commentary

Considering the minimum vector, cross track and height difference values in Table 1, a number of trends emerge. For example in a benign multipath environment using a choke ring antenna at both the base and rover receivers the standard deviations for the minimum vector error are 0.0030m and 0.0028m respectively. Using a pair of geodetic antennas, these errors appear to be only slightly worse, with respective values of 0.0037m and 0.0031m. The more normal combination of geodetic antenna at the base and a standard or lightweight antenna at the rover receiver, leads to a further degradation of system performance, with resulting standard deviations of 0.0042m and 0.0073m for benign and multipath environments respectively. Note that all tests 1-6 were carried out with different satellite geometries so definite conclusions regarding antenna combinations are difficult to draw -the point here is simply to show that there are many factors impacting on the accuracy of RTK GPS.

On the basis of standard deviation values alone it would appear that the use of a choke ring antenna combination does not significantly improve system performance. However in the presence of multipath the use of such an antenna combination gives rise to a maximum vector error of 0.0154m compared to 0.0357m for a geodetic antenna combination. Not surprisingly a geodetic/lightweight antenna combination yields an even larger maximum error of 0.0526m. Such results indicate that when there is significant multipath the use of a choke ring antenna can successfully reduce its effect, but when there is no multipath it makes very little difference.

Similar trends to those outlined for minimum vector error are reflected in both cross track and height differences. For example cross track standard deviation values for both choke ring and geodetic antenna combinations are in the order of 0.004m, in both benign and multipath environments. However these values rise to 0.0044m and 0.0069 for the standard RTK antenna combination in clean and multipath environments respectively. The maximum cross track value recorded using a standard antenna combination was -0.0310m. Results for height difference errors reflect this trend to an even greater degree. For example using a standard antenna combination in a multipath environment gives rise to standard deviation in height errors of 0.0128m and a maximum error of -0.0470m.

In addition to the assessment of the accuracies of RTK GPS, the SESSYL facility provided a means whereby the speed of ambiguity recovery could also be examined in a truly kinematic environment. For instance, the ambiguity recovery times presented in Table 2 although not conclusive give some insight as to the effect of multipath on the speed of the initialisation process. In test number six, the presence of multipath resulted in the RTK system failing to resolve ambiguities, after passing through the wire mesh tunnel.

Although the results presented in Tables 1 and2 are typical and generally consistent with those reported in the literature, it is important to note that not all the error patterns reflect only GPS errors. For example graphical plots of the results for tests 1 and 3 (choke ring) revealed cross track offsets. These were probably due to the rover antenna not being mounted exactly coincident with the SESSYL reference point. Also some cyclic patterns were evident which repeated with track length due to centrifugal forces when the train was travelling around the circular parts of the track.

AMBIGUITY RESOLUTION TESTS

A crucial factor in the operational use of RTK GPS is the speed with which it can initialise (i.e. solve for integer ambiguities), prior to the commencement of a survey or at some point during it following 'loss of lock' due to the masking of some or all of the satellites (for instance after passing under a bridge). In an optimum environment, free from multipath and obstructions one might reasonably expect any RTK system to resolve for integer ambiguities in around 2 minutes (120 sec) or less. Of greater interest, however, is the effect that varied dynamic environments with medium/high multipath, or partial tree cover might have on initialisation times.

Following the somewhat inconclusive results obtained from the SESSYL ambiguity resolution tests, the following experiments were designed to examine further RTK ambiguity resolution performance. Of particular interest was ambiguity resolution under harsh conditions, namely in the presence of high multipath and under partial tree cover. The overall objective was to:

• assess the speed and accuracy of an RTK system for the computation of initial integer ambiguities with different satellite geometries.

Method

The method adopted for these experiments was to undertake a series of controlled reinitialisations of the RTK system over a period of time. This was achieved by using successive antenna pulls (removal of antenna leads) at the rover receiver forcing total loss of lock to all satellites, as though driving under a bridge. Two environments were chosen, a concrete rooftop (known to induce high levels of multipath) and an area of medium to dense tree cover (Plates 3 and 4 respectively). Average baseline lengths were 10m and 50m respectively for the rooftop and tree cover environments.

Only the standard RTK system antenna combination was tested (geodetic/standard), the receiver parameters for these tests were kept the same as for the SESSYL experiments. Each test consisted of a 1 minute (60 sec) antenna pull, followed by a 5 minute (300 sec) reinitialisation period. 

Commentary

On examination of the results presented in Table 3 it would appear overall, that DOP values do not play a significant role in the speed of ambiguity recovery. For example in test 13, the speed of ambiguity resolution was determined to be 71 seconds and the mean PDOP value for the test period was 3.50. This compares to test 2, where the resolution time and PDOP value are 124 seconds and 2.03 respectively. Moreover in test 19 the RTK system failed to resolve ambiguities despite very low PDOP value of 2.26. Closer inspection of the results would appear to suggest that the number of satellites being used by the RTK system in its computations has a more significant effect on ambiguity resolution times. For example during test periods 2, 3 and 4, seven satellites were being used for ambiguity resolution purposes yielding initialisation times of 124, 119 and 120 seconds respectively, yet the associated PDOP values of 2.03, 1.91 and 1.92 were all very low. In contrast tests 9, 10 and 12 gave rise to faster initialisation times utilising fewer satellites and higher PDOP values. This trend can be seen more clearly in Figures 1 and2. The results presented in Table 4 together with Figures 3 and4 (tree canopy environment) further demonstrate this pattern. For example the RTK system failed to resolve ambiguities in tests 17, 19 and 20 when seven or more satellites were being utilised in solution computations, despite the associated PDOP values of 2.59, 1.78 and 1.90 being very low. Overall though, the results obtained in a tree canopy environment would appear to suggest (perhaps not surprisingly) that ambiguity resolution times are greater when the GPS signals are partially obscured by foliage.

SIGNAL TRACKING SENSITIVITY TEST

The experiments outlined in the preceding section provide a method of testing the ability of an RTK system to recover ambiguities in two differing dynamic environments. However during a typical survey the rover antenna is often moving within such environments, e.g. an urban area or along a hedgerow containing mature trees. Of particular interest is the ability of an RTK system to deliver fixed ambiguity solutions whilst moving through such an environment which will cause temporary degradation/obscuring of the GPS signals. A method of quantifying system performance in just such an environment now outlined below.

Method

The methods used for this test could range from the very complex to the very simple. One simple test would be to mount the roving RTK antenna on to the roof of a vehicle, and then drive the vehicle along an avenue of trees. The tree canopies would interfere with the incoming GPS signals to varying degrees as the vehicle moved along. The result would be degradation in signal quality and an increase in the noise within the system, which might well affect the ability of the system to deliver fixed ambiguity solutions. Figure 3 shows the location of the test circuit used for this purpose. The average baseline length for this test was in the order of 200m. The section from A to B provides intermittent tree cover (Plate 5) with the remainder of the circuit being on open terrain thus allowing the RTK system to reinitialise. System parameters were again set to those used in the SESSYL tests, i.e. update rate of 1 Hz and an elevation mask of 15 degrees. 

Results

Table 5 summarises a typical set of test results in terms of numbers of fixed ambiguity solutions for each pass between points A and B, and as a percentage of the total potential number of fixed ambiguity solutions for each individual complete circuit based on an update rate of 1 Hz. 

Commentary

The results presented in Table 3 suggest that it is difficult for an RTK system to deliver continuous fixed ambiguity positions in an environment where the GPS signals are degraded or partially masked. Throughout the whole of the test period there were always more than six satellites above an elevation of 15 degrees (although some may have been masked). Results for the first test period represent the total number of fixed ambiguity solutions for the complete test period i.e. for all 21 complete circuits. This figure represents just 37.3% of the total number of possible positions that could have been recorded at a 1 second update rate. The remaining individual test runs produced results ranging form zero to 46.9%. Overall these results would suggest that a systems tolerance to signal degradation is an area where further development might be considered.

CONCLUSIONS

We live in a world in which it is expected that the quality and performance of almost everything we buy and/or use can be described by a set of standard parameters (albeit often empirical). Indeed such parameters (when fully understood and properly interpreted) can be extremely helpful when selecting between choices. For instance when buying a car it would be natural to compare an enormous number of them: fuel consumption, top speed, boot (trunk) capacity, length and width, safety and comfort features, etc.

In the geodetic sciences we have been used to dealing with fewer parameters, perhaps just accuracy, range and weight, but with RTK GPS the situation is far more complicated, as this paper has shown. It is important to consider, inter alia, accuracy, time to resolve ambiguities and ability to maintain lock, as well as others (not addressed here) such as operating distance.

Unfortunately, and unlike traditional systems, all (or at least most) of these things depend very heavily of the prevailing conditions (multipath, level of masking, nature of dynamics, etc) and on a number of system features (type of antennas, satellite geometry, number of satellites, etc), so assigning suitable parameters is not a simple task.

This paper has indicated a number of tests that could perhaps be used to develop standard parameters to describe the performance of RTK GPS. What is now needed is for professional and scientific bodies to take the initiative in designing standard tests in standard conditions. It will then be possible for all potential users to make informed judgements between competing equipment. At the moment it is extremely difficult for anyone, even someone with a deep knowledge of GPS, to select hardware in an objective manner.
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	Test Antenna Minimum Vector (m)		Cross Track Diff (m)		Height Diff (m)
	No. comb	sd	mean max	min	sd	mean max	min	sd	mean max	min	environment
	1 cr/cr	0.0030 0.0062 0.0181 0.0001 0.0039 -0.0042 0.0125 -0.0176 0.0038 0.0006 0.0096 -0.0146	clean
	2 geo/geo 0.0037 0.0074 0.0186 0.0007 0.0038 -0.0042 0.0088 -0.0144 0.0058 0.0017 0.0177 -0.0186	clean
	3 geo/std 0.0042 0.0088 0.0284 0.0005 0.0044 -0.0037 0.0107 -0.0280 0.0049 0.0061 0.0212 -0.0159	clean
	4 cr/cr	0.0028 0.0056 0.0154 0.0001 0.0035 -0.0031 0.0142 -0.0129 0.0040 -0.0009 0.0095 -0.0125 multipath
	5 geo/geo 0.0031 0.0064 0.0357 0.0001 0.0039 -0.0041 0.0097 -0.0271 0.0038 0.0021 0.0232 -0.0110 multipath
	6 geo/std 0.0073 0.0136 0.0526 0.0003 0.0069 -0.0046 0.0159 -0.0310 0.0128 -0.0022 0.0318 -0.0470 multipath
	Test Antenna		Ambs	Ambs	Recovery	Ambs	Ambs		Recovery	
	No. combination	Amb Recovery -Tunnel Pass (1) Amb Recovery -Tunnel Pass (2)
			Lost	Recovered Time (s)	Lost	Recovered Time (s)	
	1 cr/cr		461407	461514		107	461636	461740	104	
	2 geo/geo		463728	463871		143	463937	464044	107	
	3 geo/std		466456	466564		107	466665	466753	88	
	4 cr/cr		474673	474791		118					
	5 geo/geo		476623	476672		49					
	6 geo/std		478841	F		F					

cr/cr = choke ring antenna (base and rover receiver), geo/geo = geodetic antenna (base/rover) geo/std = geodetic antenna (base receiver), standard RTK antenna (rover receiver)

Table 1. SESSYL RTK Positioning Test Results
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presents results of speed of recovery of integer ambiguities (On-The-Fly) for the six tests. These have been calculated by comparing the times at which the RTK system lost and recovered ambiguities. . SESSYL On-The-Fly ambiguity resolution results

  During this re-initialisation period both float and fixed RTK solutions of the rover antenna were recorded, enabling accurate determination of the exact epoch when ambiguities were resolved by comparing the RTK fixed ambiguity solution with that previously surveyed by rapid static method. A series of these tests were performed over a continuous two hour period, the overall timing of which was considered significant, as it should offer a range of satellite availability and DOP values.ResultsTables3 and 4present some typical results, which might be expected utilising the procedure, outlined in the foregoing for high multipath and tree canopy environments respectively. The last two columns in each table show the number of satellites used for ambiguity resolution and subsequent positioning and the mean PDOP value for each test. Plots of these values against the time taken to fix ambiguities for each test period are shown inFigures 1,[START_REF] Ashkenazi | Standards for Benchmarking Differential GPS[END_REF][START_REF] Peyret | SESSYL: the study of the positioning systems for road construction robotics[END_REF][START_REF] Roberts | DGPS Diseases: Are the Seismic Contractors Immune?[END_REF] 

	Test Test Period Time	Time Ambs Time to	No. of	Mean
	No.	On	Off	Resolved Fix (s)	SV's	PDOP
							Value
	1	209880	210180	NA	NA	7	2.12
	2	210240	210540	210364	124	7	2.03
	3	210600	210900	210719	119	7	1.91
	4	210960	211260	211080	120	7	1.92
	5	211320	211620	211583	263	5	3.41
	6	211680	211980	211753	73	5,6	2.78
	7	212040	212340	212113	73	6,5	2.74
	8	212400	212700	212529	129	5	3.00
	9	212760	213060	212836	76	5	3.08
	10 213120	213420	213196	76	5	3.17
	11 213480	213780	213600	120	5	3.29
	12 213840	214140	213913	73	5	3.38
	13 214200	214500	214271	71	5	3.50
	14 214560	214860	214647	87	5	3.50
	15 214920	215220	214991	71	5	3.50
	16 215280	215580	215374	94	5	3.49
	17 215640	215940	215750	110	5,6	3.21
	18 216000	216300	216133	133	6,7	3.29
	Plate 3. High Multipath environment 19 216360 216660 F F	7,6	2.26
	20 216720	217020	216868	148	6	2.35
	F = Failed to resolve ambiguities			
	Plate 4. Medium dense tree foliage area	
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	. Ambiguity Resolution Times and PDOP values
	(Multipath environment)
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 5 Number/Percentage of Fixed Ambiguity Solutions