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ABSTRACT
Kinematic GPS techniques are used routinely to calculate the trajectories of moving platforms. In order to track this motion as closely as possible, data rates of 1 Hz or greater are often used. Differential carrier phase solutions require matching data from a reference station located at a known position. These reference stations have usually been deployed by the users on an as-needed basis. However, it is difficult to contemplate permanent and continuously operating GPS networks providing these high-rate data in the future on a routine basis. Such a large volume of data can pose severe bandwidth problems in collecting and then communicating these data to the user, in addition to the need to possibly archive these data. A solution to these problems is to produce high-rate phase and range data  (e.g. at a 1 second rate) at the reference stations by interpolating or extrapolating lower-rate data (e.g. 5, 10, 15, … sec rate). Interpolation techniques would be used for post-processing while extrapolation, allowing for data transmission latencies, would be suitable for real time processing. These techniques are evaluated by producing low-data rate, reference station RINEX files (e.g. 5, 15, 30 sec) from an original high-rate (1 sec) data set. A comparison of kinematic solutions from interpolated and extrapolated data show negligible to acceptable differences from solutions using original high-rate data. 

Network station spacing should be determined by the distance-dependent effects within the network. The primary distance-dependent effect is delay due to propagation through the ionosphere. Ionosphere delays are important for integer ambiguity resolution and can be estimated within the network from known delays on network baselines. This investigation compares such predictions from small local networks of various sizes to the actual ionosphere delays on a test baseline. Preliminary results indicate that acceptably accurate ionosphere delays may be predicted from networks with station spacings ranging up to 150-200 km.

INTRODUCTION

The Continuously Operating Reference Station (CORS) network provides a reliable source of GPS carrier phase and pseudorange data from stations whose positions and velocities are precisely known and monitored. These CORS sites are the realization of the NAD83 and ITRF references frames in the U.S. and allow a direct connection to these coordinate systems through differential data processing. The CORS national network includes the contributions of numerous federal, state, and local agencies and academic and private organizations. As a consequence of this variety, the CORS network displays significant regional variations in station density. Additionally, local networks contributing to CORS may operate with different data collection rates. While the individual stations included in CORS all operate high-quality geodetic receivers and antennas, the rationale for their constitution as a national network needs to be established for the two most important network design parameters: data collection rate and station spacing.

The need for such a rationale arises from the rapid growth in the number of CORS stations and the need for CORS to support kinematic and rapid-static GPS operations, whose users employ high-rate data for mobile positioning and short-occupation surveys. Given that kinematic positioning uses a data rate of 1 second or faster, it is reasonable to ask if it is really necessary for the reference stations to match that data rate. If the answer is yes, a 30-fold increase in data volume would be expected from most CORS sites. This  would have significant implications for the transmission bandwidth that CORS would consume as well as the data archival requirements. Alternatively, if high-rate data can be synthesized from lower-rate data by interpolation for post-processing and by extrapolation for possible real-time applications, then the effects on bandwidth and storage could be much more modest. 

Similarly, a network that is overly dense due to underestimating the maximum station spacing needed to achieve the network objectives will unnecessarily exaggerate the bandwidth and storage requirements. While the CORS, or any other network, would probably always include additional stations to enhance reliability through redundancy, optimum network design requires an understanding of the effects of station spacing on network productivity. Distance-dependent effects on the GPS positioning process are the primary drivers of network station spacing. Given that network station spacing will not likely exceed several hundred kilometers and given that precise GPS orbits are available both for real-time and post-processing applications from the International GPS Service (IGS), the sole remaining distance-dependent effects are the signal propagation through the troposphere and ionosphere. 

The determination of the most efficient data rate and station spacing for the network can only be made in the context of a specific network objective. For this reason we will assume that CORS would be most useful if it enables users with dual frequency geodetic-quality receivers and antennas to achieve integer-fixed solutions with a single or a few data epochs. Through broadly stated, this objective provides guidance on the errors introduced by interpolation or extrapolation at the network stations that can be tolerated and defines the quality of the propagation information needed to support rapid ambiguity resolution. 

DATA RATES

The estimation of the effect of interpolating or extrapolating low-rate data to high-rate data requires a source of high-rate kinematic data. For this examination two sets of data were used. The first was selected from a hydrographic survey done on Delaware Bay in June 2001 and included a 2-hour segment of 1 sec data. During this time span the survey vessel ranged from 25-40 km from the base station. The second test was selected from an airborne altimeter survey done in Florida and included a 1-hour segment of 1 sec data. During this time span, the airplane flew from the base station out to a radial distance of 250 km.

For both data sets, ambiguity-fixed kinematic solutions were obtained from the 1 sec data using the KINPOS program. These solutions are normally expressed as vectors from the base station to the antenna reference point on the rover. The vector components are given in a right-handed Cartesian system, where the xy-axes lie in the equatorial plane and x points along the Greenwich meridian. 

The RINEX files for the base stations containing the original 1 sec data for these data sets was run through RNXCOPY, a program which copies the input RINEX file between specified start and stop times to a new RINEX file at a specified sample rate. This program was used to make RINEX files for the two base stations at data rates of 5, 10, and 15 sec exactly as if these stations had recorded data at these rates instead of the actual rate of 1 sec. For all tests, the original 1 sec data for the rover was used since this was an investigation of the effects of interpolation and extrapolation at network base stations. From these sparsely-sampled base station files, another set of RINEX files were produced which contained 1 sec data synthesized by either interpolation or extrapolation from the sparsely-sampled files.

INTERPOLATION

Two interpolation schemes were programmed to produce 1 sec data from lower-rate data. The first used a program called INTERPO. This program fits an high-order polynomial to eight sequential data points. The interpolation interval is centered between the forth and fifth data points. In this case the raw phase and range observables are interpolated separately for each observable. The high-order of the polynomial arises from the presence of S/A when this program was originally written and the large geometric changes contained in the raw observables. This techniques suffers when a cycle slip is present anywhere within the 8-point interpolation span. As these 8 points slide forward in time, 7 interpolation intervals will feel the effect of this slip, yielding erroneous results.

To avoid this problem, a second interpolation program, RINTERP, was written. This program interpolates the phase residuals, where the calculated ranges are subtracted from the observed phases, rather than the raw phase. With the geometric effects essentially removed and in the absence of S/A, a 2 point linear interpolation is performed using only the 2 points that span the interval being interpolated. The effect of any cycle slips that occur between 2 sparsely sampled data points will be confined to only that interval. The phase (and range) residuals drift with the base station receiver clock but this effect is minimized during the differential data processing as a consequence of this being a common mode error among all the satellites seen by that station. 
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The interpolation produced new 1 sec RINEX files derived from 5, 10, and 15 sec data for each test scenario. The kinematic positions of the hydrographic survey vessel and the airplane were recomputed using KINPOS for each of these new base station files. The vector positions of the rovers were then differenced from the previously obtained solution derived from the original 1 sec data. The individual xyz differences were converted to local north, east, and up differences, and then averaged together over time and used to compute root mean square deviations. These results are summarized in Figure 1.
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Figure 1 shows the RMS of these differences for the two test scenarios for the east, north, and up components. The results from INTERPO (high-order polynomial) and RINTERP (2 point linear) are indicated. The INTERPO results show slightly smaller RMS deviations from the original 1 sec solution than the RINTERP results. The principal difference between these 2 techniques was in the average difference to the original solution. INTERPO produced no mean difference to this solution in any component, while RINTERP, the linear interpolator, did produce small average differences in some of the components. This non-zero average is assumed to be due to the non-linear drift of the receiver clock. For small curvatures of this drift, the linear interpolation will fit a chord across a small arc, while the higher-order polynomial will fit the arc itself. These biases are expected to disappear by including one or two more points in the interpolation and going to a quadratic or cubic fit. Until this conjecture is validated, these results should be considered preliminary.

As would be expected, the RMS differences in each component to the original solution increase with increasing sample rate of the data. Interpolating from 5 sec data gives better fidelity to the original solution than interpolating from 15 sec data. However, it is fair to ask how significant these differences are. The blue hashed bars in Figure 1 show an approximation of the horizontal and vertical precisions that might be typically expected for a kinematic solution. These particular estimates were obtained from a comparison of kinematic solutions for fixed sites, whose positions are well known, and for station separations between 150 and 200 km. As Figure 1 shows, the interpolation differences, even for the greater sample rate, are considerably less than the inherent precision of these longer-baseline kinematic GPS solutions. Therefore, the contribution of the interpolation to the total kinematic error budget is practically negligible. 

EXTRAPOLATION

[image: image3.jpg]o

E

a

2

18

0

FLORIDA AIRPLANE TEST - RMS

FLORIDA AIRPLANE TEST - AVE

Tt e
sose Emmo sisze

INTERFO RINTERP INTERPD RINTERP WTERPO RWTERP

DELAWARE BAY TEST - RMS

@

Dataate

Fokeo minsmo  migsm

INTERPO  RINTERP INTERPO RITERP WNTERPO  RNTERP

DELAWARE BAY TEST - AVE

Daaras

INTERPD | RINTERP NTERPO RITERP WTERPD RINTERF

i
East North Up

o

E

EY

2

Y

18

0

Daaras

WIERPO | RINTERP NTERPO RNTERP INTERPD RNTERF

il

East

T B R e,
North Up



Interpolation requires the data that comes after the interval of interest as well as the data that comes before. While it is possible to do the interpolations described here with less than a minute’s delay from the time the data is actually collected, it is customary to consider interpolation a post-processing technique where data is processed perhaps hours or days after it is collected. Real time kinematic positioning using carrier phases would require extrapolated data. Although this particular test was not done in real time, the technique used is identical to what would have been obtained if the data were actually broadcast from the base station to the rover.

Extrapolation requires that only data collected before our interval be used to generate the data during the interval. In this test a two point linear extrapolation technique was used. The method is essentially identical to the two point linear interpolation except that the two points occurring before the extrapolation interval are used instead of the two points that straddle the interpolation interval. The evaluation also considered various data latencies, where the data collected at the base station may take anywhere from 0 to 3 seconds to reach the rover. Hence, the most recently collected base station data point is not used by the rover until the latency period has expired. 

[image: image4.jpg]FLORIDA AIRPLANE TEST -RMS FLORIDA AIRPLANE TEST - AVE

Latency. Latency.
=0 3 =0 m 3

E

@

2

)

15

0

s s as s w08 s w o w® s w18 5w s
DELAWARE BAY TEST - RMS DELAWARE BAY TEST - AVE

o
“ Tatarcy Laterey

o 3 o
351+

East North Up East North Up



The extrapolation results are shown in Figure 2. Once again the RMS differences from the original 1 sec kinematic solution are indicated for each component. The results are also shown as a function of latency (0-3 sec) and data sample rate (5, 10, and 15 sec). As expected, both test scenarios show that the data extrapolated from 5 sec data agrees better with the original solution than the data extrapolated from 15 sec data. Similarly, the shorter latencies show smaller differences from the original solution than the longer latencies. Of greater interest are the differences for the poorer cases considered here (3 sec latency and 15 sec sample time) compared to the estimated inherent precision being considered as shown by the blue bars in Figure 1. The worst cases shown here yield differences that are comparable in magnitude to the original positioning precision, implying an increase in uncertainty arising from the extrapolation by a factor of roughly 21/2. On the other hand, the shorter latencies and faster sample times contribute negligibly to the total positioning uncertainty. 

Figure 2 also shows the average bias of the extrapolated positions from the original solution. As seen in the interpolation results, the linear extrapolation created small biases in some of the position components. It is certainly possible to use more sophisticated extrapolation techniques than those used here. Indeed, these results may be considered somewhat conservative. It is expected that better fitting procedures to the data will reduce the magnitude of these biases. As mentioned earlier, until this conjecture is validated, these results should be considered preliminary.

Table 1. Extrapolated  Pseudorange Solutions Compared to Original 1 sec Phase Solutions
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RMS
(m)


AVE
(m)

Rate
East
North
Up

East
North
Up

1
0.398
0.625
1.301

0.153
0.112
0.192

5
0.399
0.625
1.301

0.154
0.116
0.192

10
0.399
0.625
1.304

0.154
0.118
0.193

15
0.399
0.625
1.303

0.154
0.119
0.195
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RMS
(m)


AVE
(m)

Rate
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North
Up

East
North
Up

1
0.268
0.454
0.819

0.029
0.305
1.496

5
0.268
0.455
0.818

0.029
0.305
1.502

10
0.269
0.455
0.819

0.029
0.305
1.508

15
0.269
0.456
0.822

0.028
0.306
1.489

The effect of extrapolating data on differential pseudorange solutions was also examined. These results are summarized in Table 1, which shows the RMS difference of each pseudorange solution from the original carrier phase solution and the average offset in each position component. The results for the pseudorange solution using the actual 1 sec data along with the solutions using data interpolated back to 1 sec from 5, 10, and 15 sec data are shown. In each case, the RMS and offsets hardly change at all indicating that the pseudorange solutions are almost completely insensitive to the extrapolations tested here.

IONOSPHERE

Both the ionosphere and troposphere affect the data recorded by GPS receivers. The largest part of the tropospheric delay is relatively easy to model and the correlation lengths are generally longer than those for the ionosphere. Since the ionosphere will cause larger and more variable disturbances to the data over shorter baselines, the ability of a network to model ionosphere delays is an important design consideration for the network. 

Knowledge of the GPS carrier phase ambiguities allows positioning precisions on the order of a few cm for a single epoch’s measurement. This knowledge is essential for rovers, which may occupy a different position each epoch and for rapid-static users who will average several epoch’s measurements over a short time interval. Both cases require ambiguities to be determined through a search procedure using a short span of data. The network’s ability to efficiently support these search procedures is a crucial design parameter for the network. Accurate predictions of ionosphere delays are a network product that is essential for extending the range of kinematic operations and minimizing the number of required network stations.

These ionosphere interpolation tests used the GPS tracking station at the U.S. Naval Observatory (USNO) as a hub station. The CORS station at Horn Point (HNPT), approximately 90 km away, was selected as the test station. Figure 3 shows the other CORS station selected for this test. CORS stations were selected to form different sized triangles from USNO while keeping HNPT within the triangle. The baseline lengths to the hub station were approximately 100, 200, 300, and 400 km. Each of these different sized local networks was used to interpolate the ionosphere delay values for the test baseline HNPT-USNO.

The ionosphere interpolation requires that ambiguity-fixed solutions be obtained for the network baselines. This was accomplished using NGS’ PAGES program for 24 hours of data on two separate days. These solutions provided double-differenced, L1 ionosphere delays at 30 sec intervals. The ionosphere was assumed to vary linearly within each network triangle and was estimated by fitting a plane to the data as follows.
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i = a1 x + a2 y
Using the hub station as the origin, the ionosphere delays at two other stations, located at position x,y allow the coefficients a1 and a2 to be determined and the delay at HNPT to be estimated. 


Figure 3. The stations used to create test networks approximately 100, 200, 300, and 400 km in size for ionosphere delay interpolation are shown along with the test baseline.

Ambiguity-fixed PAGES solutions were also run for both test days on the HNPT-USNO baseline providing the actual double-differenced L1 ionosphere delays at HNPT. The overall precision of the interpolation was found by differencing the predicted delays for each satellite from the actual value, finding an average for all satellites and the RMS deviation from that average. 

How closely these various three station networks estimated the actual ionosphere delays on the test baseline is summarized in Figure 4. The two days used for this comparison were both near solar max. The results shown in Figure 4 are not definitive by any means but they do suggest a performance range for such ionosphere interpolations. To better understand these results, the accuracy with which the ionosphere should be known to aid ambiguity searching must be discussed. 

Initial estimates of the L1 and L2 carrier phase, double-difference ambiguities can be found from the estimated positions of the base and rover stations. Uncertainties in how well these positions are known, and allowances for ionosphere delay should provide a range around each estimated ambiguity within which the actual integer ambiguity value should lie. Each possible pair of L1 and L2 integers that may be searched predict an ionosphere delay value according to the following expression.

iL1 = ( 1.55 Φ1 - 1.98 Φ2 ) + ( 1.55 N1 - 1.98 N2 )

where Φ1 and Φ2 are the observed L1 and L2 double-difference carrier phases and N1 and N2 are the respective trial integer ambiguities. An accurate estimate of the L1 ionosphere delay for this baseline, and the uncertainty of that estimate provides an important filter, passing on only those few integer pairs that fall within an acceptable range. Provided the integer search range does not extend too far; the closest ionosphere delay values are separated by 0.2 L1 cycles. Fortunately, the locations of these close pairs in the search matrix are generally separable in subsequent search procedures that use suites of integers in least squares solutions. Integer pairs passing this filter that are likely to remain ambiguous usually have L1 ionosphere delay value differences of 0.4 cycles. Hence, the network should provide interpolated ionosphere delay values with an accuracy of better than 0.4 L1 cycles to be useful for the ambiguity search. The results shown in Figure 4 indicate that network baselines up to about 150-200 km can provide the required ionosphere delay resolution. Figure 4 also shows how the mean ionosphere delays change with increasing network size. At the network separations likely to be considered for ionosphere interpolation, systematic biases in the ionosphere delay estimates do not appear to be a problem.

CONCLUSIONS

Two critical factors of CORS network design are the rate at which data is collected and the spacing between stations. Both factors contribute to the bandwidth required to collect network data and to deliver requested data to the user as well as the resources required to archive and manage the data. A GPS tracking network needs to define its objective, which establishes a rationale for its design parameters including data rate and station spacing.

The preliminary results of this investigation indicate that simple interpolation schemes that generate 1 sec data from data sampled at 5, 10, and 15 sec at the base station lead to kinematic solutions that differ from solutions using original 1 sec data by an amount that is less than the likely uncertainty inherent to the kinematic GPS solutions. Interpolating network station data for post processing, even in near real time, is a rational alternative to collecting and moving higher rate data through the network. 

A comparison of kinematic solutions that use 1 sec data generated by extrapolating data sampled at 5, 10, and 15 sec shows differences to the original 1 sec solutions that are small for the shorter sample rates and latencies. The longer sample rates and latencies tested here seem to generate differences that become roughly comparable to the inherent positioning uncertainty for long-range kinematic GPS solutions. Extrapolating network station data for real time applications does not appear to significantly degrade the precision that may realistically be required in real time. Pseudorange solutions using extrapolated data are essentially identical to those using original data.

Network station spacing should be chosen to model the distance-dependent effects well. The major distance-dependent effect in GPS tracking networks is propagation through the ionosphere. Accurate knowledge of ionosphere delays is a powerful aid to ambiguity search techniques, which permit rapid resolution of integer ambiguity values, leading to fast and accurate geodetic positioning. Ionosphere delay predictions with uncertainties better than 0.4 L1 cycles are generally required. This analysis has shown that these uncertainties should generally be achieved with network station spacings in the range 150-200 km.

Figure � SEQ Figure \* ARABIC �2� The RMS and average differences of extrapolated kinematic solutions from original 1 sec data are shown for the east, north, and up components. The data rates that were extrapolated and the latencies that were assumed are indicated.








Figure 4. The RMS and average difference of the interpolated double difference, L1 ionosphere delay values from the actual delays are shown as a function of approximate size for two differenct days near solar max





Figure � SEQ Figure \* ARABIC �1� . The RMS and average differences of interpolated kinematic solutions from original 1 sec data are shown for the east, north, and up components. The data rates that were interpolated are indicated.
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