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Abstract 
GPS is primarily a navigational system, and most GPS receivers are optimized for navigational applications. 

Two ionospheric quantities, TEC and scintillation parameters, are derived from GPS measurements and are widely 
used by the scientific community for ionospheric studies.  However, the inner working and internal electronics of 
modern GPS receivers are not accessible to the user community and only the derived parameters are used for most 
applications.   The result is that internal receiver manipulations designed to enhance navigation performance, 
produce errors, and biases that affect the physical understanding of the underlying science.  The most prominent of 
these biases are: 

1. Estimation, instead of measurement, of receiver differential code bias (DCB)  

2. Ionospheric divergence of pseudorange code derived TEC resulting from code smoothing 

3. Delay of pseudorange TEC as a result of code smoothing 

4. Mischaracterization of scintillation parameters S4 and s f   

While reasonable estimates of ionospheric parameters can be made with conventional receivers, accurate 
scientific investigations impose stringent requirements on TEC and scintillation measurements. Currently available, 
un-manipulated, absolute TEC data are totally inadequate for precise 3-D ionospheric reconstruction using 
tomography and other related data assimilation techniques.  This article presents ionospheric data collected with a 
GPS receiver that mitigates these biases to demonstrate the utility of improved accuracy, particularly for ingestion 
into tomographic reconstructions, but also for conversion from slant to vertical TEC and improved characterization 
of the scintillation environment.   

GPS carrier phase derived TEC provides a smooth but relative measurement of ionospheric TEC, while code 
derived TEC provides a noisy but absolute measurement.  However, this absolute measurement is plagued by 
instrumental biases that must be accounted for before GPS data can be reliably used for ionospheric characterization, 
and these are the so-called receiver and satellite differential code biases or DCBs.  The Center for Remote Sensing, 
Inc.’s (CRS) ionospheric monitoring receiver contains a patented, built-in calibrator for precise calibration of 
receiver code and phase biases.  We present a technique that uses this internal calibrator to measure receiver DCB to 
mm level resulting in TEC estimation of better than 0.1 TECU.  Demonstrations of data collected with multiple 
receivers and other techniques are presented that verify the effectiveness of this calibrated receiver DCB.   

To mitigate inherent fluctuations in pseudorange due to bandwidth limited precision, receiver noise, and 
multipath, typical GPS receivers generally employ so-called phase smoothing or leveling of code.  This produces a 
delayed response and distortions in TEC, particularly for studying ionospheric changes, including storms and mid-
latitude gradients from sub-auroral polarization streams, and solar flares (we include an example of solar flare 
enhanced ionization in Section 1.3).  The CRS ionospheric monitoring receiver contains internal GPS algorithms 
that are designed in order to faithfully reproduce the scientifically pertinent quantities.  

Introduction
GPS receivers have been profitably employed by 

researchers for investigations into ionospheric and 
atmospheric science for 20 years, yet a number of 
improvements in measurement accuracy are 
necessary for today’s applications.  These 
applications include systems (receiver, monitoring 
system, control segment) associated with increasing 
requirements from Precise Navigation and Timing 

(PNT) to the space weather effects on the ionosphere.  
This paper describes the issues associated with the 
ionospheric effects on GPS, the deficiencies of 
conventional receivers for precise ionospheric 
observations, and results obtained with a precise 
ionospheric monitoring receiver developed by CRS, 
which mitigates many measurement errors. The 
primary focus is on mitigating biases and eliminating 
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bias in absolute TEC and ionospheric scintillation 
measurements.  

This paper contains three sections on TEC, 
ionospheric scintillation, and space weather effects. 
Section 1 presents research demonstrating that three 
primary biases can result from characterizing TEC 
with GPS receiver data.  These biases can range in 
magnitude from approximately 1-5 TECU for normal 
conditions and become as a large as 10’s of TECU 
for active conditions. This paper demonstrates how 
these biases occur and provides and demonstrates 
techniques for their mitigation using a CRS 
Ionospheric Monitoring GPS Receiver. 

Improved scintillation measurement is necessary 
for ionospheric scientists who use scintillation 
measurements to characterize ionospheric plasma 
instability and turbulence, and for designing receiver 
algorithms intended on mitigating the effects of 
scintillation.  Proper characterization of ionospheric 
irregularity structures also demand precise estimation 
of amplitude and phase spectra over an extended 
spectral domain, which is not available with 
conventional receivers.  Further, we present research 
on the effects that GPS receiver chain characteristics 
have on the measurement of ionospheric scintillation 
parameters.  Section 2 demonstrates that the typical 
GPS receiver chain signal processing can distort S4 

and s f  measurement by as much as 100% from the 
true signal fluctuation levels and that the magnitude 
of distortion is a function of receiver tracking loop 
characteristics. 

Improved TEC and scintillation parameters have 
profound implications in space weather monitoring as 
well as other applications requiring PNT.  While the 
impact can be felt in almost any area using 
navigational satellites, we describe some immediate 
benefits to monitoring and characterization of the 
ionosphere, plasmasphere, irregularity structures, and 
the consequent understanding of space weather 
effects in Section 3.  Such observations also provide 
improved PNT information to numerous current and 
future users of navigational satellites. 

1 SECTION 1: MEASUREMENT OF TOTAL 

ELECTRON CONTENT (TEC) 

1.1 Introduction 
The perturbation to the measured pseudorange 

due to the ionosphere represents one of the largest 
sources of error to accurate positioning using GPS.  
This delay can be characterized by a measurement of 
the total electron content (TEC) between GPS 
receiver and satellite, which is achieved using dual 
frequency measurements (GPS L1 and L2).  The 
following relation for group delay due to propagation 

through plasma applies when the radio frequency 
vastly exceeds the plasma frequency (peak 
ionospheric plasma frequencies are below 10 MHz), 

TEC
f
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where the group delay, Dr, is measured in meters, 
TEC is the column density of electrons  measured in 
electrons m-2 (1 TECU= 1016 electrons m-2), and the 
radio frequency f is in Hz.  1 TECU of electrons 
induces a delay of 0.163 meters on L1 signals and on 
L2 the delay is 0.267 meters.   It can thus be readily 
seen that every excess 10 cm of pseudorange on L2-
L1 corresponds to 1 TECU of electron content, or 
more formally,  
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where the pseudorange measurements, r , are 
provided in meters.  We shall refer to this 
measurement of TEC as absolute code derived TEC.  
Similarly, GPS carrier phase can be used to derive 
TEC, because the phase of the radio wave advances 
during propagation through a plasma by an 
equivalent distance as the group velocity is retarded.  
After converting phase from radians to meters for the 
L1 and L2 wavelengths, the phase TEC counterpart to 
Equation 2 is written as follows, 
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Because carrier phase is measured with far greater 
precision than pseudoranges derived from code 
correlation, this GPS carrier phase derived TEC 
provides a smooth and precise, albeit relative 
measurement of ionospheric TEC.  The relativity is 
due to ambiguities in the total number of wave cycles 
between satellite and receiver.  Excluding effects 
such as multipath, the code derived TEC in Equation 
2 provides an absolute, yet noisy measurement of 
TEC, where this noise is due to the inherent meter 
level precision in pseudorange measurements.  
Therefore, scientific quality TEC estimates are 
typically arrived by using some form of least squares 
fitting of the phase derived TEC to the code derived 
TEC for the epoch of an entire satellite pass, 
normally 4-6 hours in duration at US latitudes.  A 
typical form of the procedure, and that used in this 
paper follows: 

tphaseoffesfinal TECTECTEC -= f , (4) 

where TECphase offset represents an estimate for the DC 
offset between the relative phase TEC and the 
absolute code TEC.  It is calculated in this paper by 
conducting a standard least squares fit of a DC value 



Copyright © Center for Remote Sensing, Inc. 2007�
��

to the collection of points comprising the difference 
of phase and code TEC as a function of time, i.e, 

])()([ fr tTECtTECLSFTEC tphaseoffes -= . (5) 

Using such a procedure provides a smooth and 
absolute measure of the slant TEC for each satellite 
for an entire satellite pass.  The research presented 
here indicates that there are three errors, or biases 
that typically result from this procedure. 

These biases are: 

1. Delay of pseudorange TEC as a result of 
code smoothing 

2. Estimation, instead of measurement, of 
receiver differential code bias (DCB)  

3. Ionospheric divergence of pseudorange 
TEC resulting from code smoothing 

Section 1 continues with a presentation of these 
biases, together with techniques for their mitigation. 

1.2 Effects of Code Smoothing 
To mitigate inherent fluctuations in pseudorange 

due to bandwidth limited precision, receiver noise, 
and multipath, typical GPS receivers generally 

employ so-called phase smoothing or leveling of 
code.  Phase smoothing is essentially some 
combination of the noisy code pseudorange with the 
comparatively smoothly varying carrier phase.  These 
smoothed pseudoranges are typically the only 
pseudorange output available to a GPS receiver user.  
As the following derivations demonstrate, this 
smoothness is achieved at the expense of imposing 
bias on the code TEC estimate. 

A standard definition for smoothed pseudo-range 
generally takes the following form, and is known as a 
Hatch filter, 

))(1( 11 -- -+-+= iiiii SwwS ffr , (6) 

where Si is the smoothed pseudo range at time step i, 
r  is the raw pseudo range and f  is the carrier phase, 
and w is a weight factor, between 0-1, that controls 
the effective length of the smoothing filter in time.  
Generally, values of w are much less then 1 (.01-
.001) which entails smoothing times ranging from 
100-1000 seconds.  All the terms in equation 6 are 
written in units of meters, so the carrier phase f  = c/f 
f true, where c is the speed of light and f  is the carrier 
frequency. 

 

 
Figure 1.  Diagram depicting the effect of ionospheric divergence on raw pseudorange (black) and phase 
measurements (red) during a change in ionosphereID .  The blue line represents the actual range to the 
satellite, while the green line shows the updated smoothed pseudorange that contains an error equal to 

Iwrangeerror D-= 2 . 

We can define raw pseudorange as having the 
following components, still working in units of 
distance for all quantities of interest, 

rr biasMIr iiii +++= , (7) 

and similarly, the carrier phase can be defined as 
having the following components 

ff biasIr iii +-= , (8) 

where r i represents the terms in common between 
pseudorange and phase, particularly range to the 
satellite in meters, troposphere delay, and receiver 
clock offset, I i represents the ionospheric correction 
in meters at time step i, and Mi is the contribution of 
multipath, which has been ignored in the phase 
measurements since it represents at least an order of 
magnitude smaller error in phase than it does in 
pseudorange.  As discussed in the introduction, the 
ionospheric correction terms in Equation 7 and 
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Equation 8 contain a negative sign for the phase and 
a positive sign for the pseudorange.  This property is 
known as ionospheric divergence and its effect on 
navigation accuracy has been highlighted in a number 
of recent articles [McGraw, 2006, Walter et al. ION 
GPS 2004, Kim, ION GNSS 2006].  

The following paragraphs demonstrate why this 
phase smoothing may be desirable for navigation and 
aid in multipath mitigation, but it introduces two 
unwanted biases in the calculation of absolute 
ionospheric TEC.  These biases are: 1) phase 
smoothing of the code using a Hatch type filter 
results in ionospheric divergence error.  The error in 
pseudorange is approximately equal to -2 DI Tsmooth 
and the error in code derived ionospheric TEC is 
approximately -DI Tsmooth.  2) Such smoothing also 
causes the output of the code calculated ionospheric 
correction to be delayed approximately 0.3 Tsmooth, 
which introduces an error approximately equal to 
0.3DI Tsmooth, where DI is the ionospheric TEC rate of 
change represented in meters per second, and Tsmooth 
is the duration of the smoothing filter. 

Smoothing induced bias arises when the 
ionospheric TEC changes from one time step to the 
next.  This change in TEC can occur due to natural 
ionospheric fluctuations and diurnal changes, or 
simply during each satellite pass through increasing 
and decreasing elevation angles.   Under such 
changes, even if the true satellite range does not 
change Equation 7 and Equation 8 show that, the raw 
pseudorange will grow larger, and the phase will 
decrease by an equivalent amount.  This divergence 
for one time step is depicted in Figure 1.  If the 
ionospheric TEC continues to change, the smoothed 
pseudorange will continue to deviate from the actual 
range and will only recover once the ionosphere stops 
changing for at least Tsmooth.  

1.3 Ionospheric divergence effects on the 
calculation of ionospheric correction 
and TEC 

Since receiver output pseudorange on L1 and L2 
are used to derive the absolute ionospheric correction 
to the pseudorange for navigation, and the absolute 
TEC for scientific measurement, ionospheric 
divergence errors in the individual pseudoranges will 
bias the estimate of ionospheric correction (TEC).  
We continue with a derivation demonstrating this 
mathematically and continue with examples of 
ionospheric divergence bias in real GPS data.  

The ionospheric correction in meters for L1 or the 
equation for absolute code TEC (1 TEC unit = 16.3 

cm of ionospheric correction on L1), is calculated as 
follows, 
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and the phase TEC is calculated in a similar manner, 
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If we replace the definition of S from Equation 6 
into Equation 9, and assuming the weight factors for 
L1 and L2 are the same, and that DI from the previous 
time-step was zero, we can examine the effect of 
ionospheric divergence on ionospheric correction for 
1 time step, yielding Equation 11, 

We continue by inserting the definitions for f  and 
r  from Equations 7 and 8 and simplify by applying 

the definitions
2
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recursive calculations we assume that the I of the 
previous time step is zero such that SL1i-1=SL2i-1, and 
that wL1=wL2 yielding,   
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and since, DI=I i  and 
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equation reduces to 
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Now we may see that the difference between the 
true ionospheric correction on L1 and that estimated 
from smoothed pseudorange is opposite in direction 
and nearly (w << 1) equal in magnitude.  Therefore 
ionospheric divergence not only corrupts individual 
pseudoranges, but this corruption is carried through 
to the calculation of code TEC or ionospheric 
correction. 

Plasma induces a group delay and a phase 
advance which causes a divergence of ionospheric 
contributions to pseudoranges and carrier phases.  
Conventional TEC estimation techniques do not 
consider these divergences, producing incorrect 
TEC estimation.  CRS receivers have an internal 
algorithm to produce real time TEC estimation 
using accurate algorithms (divergence free). 
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Figure 2.  TEC estimation for PRN2 from November 30th, 2006.  The plot displays raw pseudo-range TEC 
(black), and smoothed using the ionospheric divergence free filter (yellow) and standard Hatch smoothing 
filter (blue).  Both smoothing times are 500 seconds.  The corresponding phase TEC fitted to each code TEC 
is shown by the smooth lines with corresponding color.  Here the ionospheric correction on L1 is decreasing 
from 9 to 4 meters over the course of 10,000 seconds.  The ionospheric change rate of 1 meter per 2000 
seconds induces at least a 0.5 meter ionospheric divergence error over the 500 second smooth.  An additional 
error induced by the smoothing delay is shown to be nearly 1 meter as well. These data were collected raw at 
50 Hz and the smoothing was applied in post processing to demonstrate the effects of delay and ionospheric 
divergence with as few other factors as possible. 

 
Figure 3.  Plot demonstrating the cross-correlation between the CRS raw pseudorange TEC estimation and 
the Novatel code pseudorange TEC estimation for simultaneous receiver operation using the same antenna.  
The smoothing filter of the Novatel receiver clearly lags the raw pseudorange by approximately 30 seconds.  
This cross correlation was conducted over 20,000 seconds of data from PRN 1 on November 29, 2006. 
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1.4 Mitigating Ionospheric divergence with 
a divergence free filter 

Use of a dual frequency GPS receiver allows for 
the novel mitigation of code smoothing induced 

ionospheric divergence. If we replace 1-- ii ff  in 

Equation 6 with ri-ri-1, the effects of ionospheric 
divergence are easily removed. 

))(1( 11 ISwwS iiiiDivFreei D+-+-+= -- ffr , (14) 

where the change in ionosphere is obtained from the 
dual frequency phase measurements, 
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It can thus be shown that such a smoothing 
algorithm will not accumulate ionospheric divergence 
errors during ionospheric changes.   The following 
section demonstrates these procedures on GPS data 
collected in Fairfax, VA. 

1.5 Examples of ionospheric divergence 
and delay of TEC from GPS data 

Figure 2 demonstrates an example of code TEC 
and phase TEC from the CRS GPS receiver for the 
first 10,000 seconds of observation of PRN 2 on 
November 30, 2006.  This date, time, and PRN were 
chosen arbitrarily as a demonstration of typical data 
for a GPS receiver in the continental US.  This figure 
plots ionospheric TEC in meters of L1 ionospheric 
correction.  The plot displays raw code TEC, with no 
smoothing, obtained from raw L1 and L2 
pseudoranges in black.  It should be noted here that 
the raw code TEC displayed here has been smoothed 
by a centered 20 point box-car average, so that that 
10 meter point to point fluctuations do not 
overwhelm the figure.  This was done only for 
plotting and not during the analysis.  The phase TEC 
has been fit using the LSF method described above to 
the raw code TEC and is also shown in black.  Two 
additional code TEC estimates are shown, which 
were calculated using two smoothing techniques.  
The first is the standard Hatch filter using a 500 
second smoothing time and is shown in blue.  The 
second is a 500 second ionospheric divergence free 
(Divfree) filter that is available using the CRS 
receiver and is shown in yellow.  Both smoothed 
code TEC estimates are considerably smoother then 
the raw TEC estimate that shows noise and multipath 
fluctuations.  Here the TEC is decreasing from 9 to 4 
meters over the course of 10,000 seconds as the 
satellite increases in elevation.  The ionospheric 
change rate of 1 meter/2000 seconds induces between 
a 0.5-1 meter ionospheric divergence error over the 
500 second smoothing time, as seen by comparing 

the yellow line to the blue.  An additional error is 
induced by the delay effect of applying a trailing 
smoothing such as the Hatch filter.  This effect is 
shown to be between 0.5 and 1 meter as well, as 
evidenced by comparing the yellow code TEC to the 
black raw code TEC. These data were collected raw 
at 50 Hz and the smoothing was applied in post 
processing to demonstrate the effects of delay and 
ionospheric divergence with as few other factors as 
possible.  Comparisons using simultaneously 
operating receivers in raw, Hatch smoothed, and 
Divfree smoothing modes demonstrates similar 
results as these post-processing results shown here.  
An additional example of ionospheric divergence is 
shown in Figure 4 which shows a rapid enhancement 
in ionospheric TEC during a solar flare on December 
6, 2006.  Our analysis of this data has shown that all 
PRNs were subject to a, temporary, 2 meter 
ionospheric correction error during this period, which 
caused a persistent positioning error for nearly 30 
minutes. 

The fact that all code smoothing is conducted by a 
trailing filter, imposes an unavoidable delay on the 
pseudorange output and particularly, code estimated 
TEC.  Figure 3 demonstrates the delay between 
smoothed pseudorange and raw pseudorange code 
TEC for the CRS receiver operating in raw mode and 
common receiver architecture used for TEC 
measurements the Novatel OEM 4 receiver.  Our 
research has shown that the delay between true code 
TEC and smoothed code TEC is approximately 1/3 
Tsmooth.  The observed 30 second delay of the Novatel 
receiver indicates that it smoothes using an 
approximately 100 second filter.   

Figure 2 also demonstrates the effects that these 
biases have on fitting the phase TEC to a biased code 
TEC. This figure showed that both the delay induced 
by smoothing and the ionospheric divergence cause a 
combined 1.5 meter bias in the TECFinal estimate.  
This error in absolute TEC estimation of nearly 10 
TECU, and is substantial.  Clearly a number of 
methods can be applied to avoid these situations, 
such as using only high elevation portions of satellite 
passes to conduct the least squares fit.  However, 
doing so dramatically reduces the number of points 
available for the fit, diminishing the inherent 
accuracy of the fit.  Further such techniques are 
impractical if quality real time or near real time TEC 
estimates are required, since satellites always come 
into view at low elevation angles, and demonstrate a 
decreasing ionosphere as that elevation increases.  
For the most scientifically accurate post-processed 
TEC estimation, we have found that raw 
pseudoranges, with no smoothing, avoid both biases.  
If multipath is a significant concern, employing a 
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ionospheric divergence free smoothing, such as the 
Divfree smoothing mode of the CRS Ionospheric 
monitoring receiver to mitigate multipath, without 
inducing ionospheric divergence issues presents a 

comprimise.  Delay effects can then be mitigated by 
shifting code TEC ahead in time 0.3 Tsmooth to best 
match the conditions of the phase TEC before least 
squares fitting. 

 
Figure 4. Ionospheric divergence on PRN 17 as a result of solar flare enhance ionization on December 6, 2006.  
The noisy black line is raw code TEC, and the maroon line is smoothed code TEC, while the smooth black 
line is phase TEC. 

 
Figure 5.  24 hours of slant and vertical TEC from 12/07/2006 for NGS CORS GPS receiver LWX1 located in 
Sterling, VA and the CRS GPS receiver in Fairfax, VA.  These receivers are separated by approximately 15 
km.  Slant TEC estimates are shown in red, and vertical TEC estimates are blue.  Both receivers have been 
adjusted for satellite DCB’s using the NASA JPL estimates available via FTP.  The CRS receiver DCB was 
measured using the internal calibrator and was found to be 13.3 TECU.  The LWX1 receiver DCB is 
unknown, but is clearly approximately -42 TECU.  
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GPS receiver algorithms are optimized for 
position estimation and not for TEC measurement.  
The carrier phase and pseudoranges are combined to 
provide accurate position estimation.  This causes a 
delayed response in TEC variations, of the order of 
30 seconds or more.  CRS receivers are optimized to 
eliminate these delays, providing true representation 
of code and phase TEC variations. 

1.6 Receiver Differential Code Bias and 
Calibration 

As discussed previously, GPS phase TEC 
provides a smooth but relative measurement of 
ionospheric TEC, while code TEC provides a noisy 
but absolute measurement.  However, this absolute 
measurement is plagued by an additional 
instrumental bias that must be accounted for before 
GPS data can be reliably used for ionospheric 
characterization, and these are the so-called receiver 
and satellite differential code biases or DCBs.  The 
calculation of absolute TEC is re-written as follows,  
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where S is the smoothed or raw pseudorange in 
meters, and Iono is the ionospheric correction on L1 
in meters (16 cm of ionospheric correction on L1 = 1 
TECU= 1x 1016 electrons m-2).  A number of methods 
exist for estimating receiver and satellite DCBs, all of 
these methods require comparing measurements from 
one receiver to another.  Yet, solving simultaneously 
for both receiver and satellite bias is hampered by the 
fact that each receiver provides an additional 
Equation 7, but also provides an additional unknown 
producing an underdetermined set of linear equations.  
Nonetheless, the IGS ionospheric working group 
compiles a daily list of satellite DCBs and the 
corresponding receiver DCB for about 100 
worldwide receivers using a Kalman Filter approach 
for combining GPS data [Dow, 1995].  These results 
are used to generate a publish Global Ionosphere 
Maps (GIM) that have a quoted 2-9 TECU accuracy 
and available for download at the NASA JPL website 
via FTP 
[http://igscb.jpl.nasa.gov/components/prods.html]. 

 
Figure 6.  TEC estimation for PRN 17 from two CRS receivers operating simultaneously and operating from 
the same antenna on January 1, 2007.  Receiver 1 phase and code TEC are shown in blue, and Receiver 2  
The DCB for each receiver has been subtracted using internal calibration measurements taken just after data 
acquisition.  The plot demonstrates that the calibrator correctly removes the inter-receiver bias to within 5 
cm or less then ½ TECU.   

Table 1 Corresponding calibrator measurements and L2-L1 offsets for Figure 7 
 L1 Delay (m) L2 Delay (m) L2-L1 (m) 
Cable 1 391.492221 393.8379754 2.345754 
Cable 2 392.424943 394.76805 2.343107 
Cable 3 392.7904554 395.1377279 2.347272 
Cable 4 393.9936098 396.3410425 2.347432 
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Figure 7.  Plot of dcode/phase for L 1 and L2 using equation 17 and equation 18 and the output of the calibrator 
for code and phase offset for 4 different cable lengths. 

  An additional common technique for estimating 
receiver DCB is to assume that TEC is never 
negative, or nighttime vertical TEC values are near 1-
3 TECU and therefore the receiver DCB is the 
number necessary to eliminate negative TEC from all 
slant TEC observations.  Such techniques yield 
approximate DCBs and limit the type of scientific 
study that can be conducted with the resulting data.  
However, instead of estimating receiver DCB, here 
we present a technique for measurement of receiver 
DCB to better than 1 cm, or less then 0.1 TECU. 

In order to properly measure receiver DCB, the 
CRS GPS receiver contains a patented internal 
calibrator that measures absolute code delay and 
phase offset on L1 and L2 frequencies.  [Ganguly, et. 
al; Ionospheric Receiver with Calibrator; S. Ganguly, 
A. Jovancevic, and A. Brown: U.S. Patent 722131 
B2, Issued May 22, 2007] This is accomplished by 
attaching a cable from a GPS signal generator with an 
output on the receiver box, to the antenna input of the 
receiver.  This allows for the direct characterization 
of receiver DCB and any drift in phase offset that 
may occur between subsequent calibrations.  
Example results of using this calibrator to derive 
accurate absolute TEC is shown in Figure 5.  This 
figure compares TEC from December 7, 2006 for a 
NGS CORS GPS receiver LWX1 located in Sterling, 
VA and the CRS GPS receiver located 15 km away 
in Fairfax, VA.  Slant TEC estimates are shown in 
red, and vertical TEC estimates are blue.  Both 
receivers’ TEC estimates have been adjusted for 

satellite DCBs using the NASA JPL estimates 
available via FTP.  The CRS receiver DCB was 
adjusted using the internal calibrator and was found 
to be 13.3 TECU.  The LWX1 receiver DCB is 
unknown, but is clearly approximately -42 TECU.  
This figure shows that without proper 
characterization of the receiver DCB, the resulting 
TEC estimates of NGS and IGS monitoring receivers 
do not provide absolute TEC.  Using the CRS 
internal calibrator we have collected over 1 year of 
TEC data without ever measuring negative TEC, a 
testament to the accuracy of the calibrator. 

An additional, more detailed, test of instrumental 
measurement of receiver DCB comes from 
comparing TEC calculated by two receivers 
connected to the same antenna.  Figure 6 shows code 
and phase TEC estimation for PRN 17 from two CRS 
receivers operating simultaneously and operating 
from the same antenna on January 1, 2007.  Receiver 
1 phase and code TEC are shown in blue, and 
Receiver 2 in black.  The DCB for each receiver has 
been subtracted using internal calibration 
measurements taken just after data acquisition.  The 
plot demonstrates that the calibrator correctly 
removes the inter-receiver DCB to within 5 cm or ½ 
TECU.  These results are typical and are worse then 
the inherent accuracy of the calibration system due 
slight differences in cabling and signal splitting, but 
are primarily due to the variance in the code TEC 
used in the LSF.  For example if the variance in an 
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individual code TEC is 5 meters, and Figure 6 is fit 
using 10,000 points the resulting variance is 5 cm. 

1.7 A method for achieving sub centimeter 
accuracy in receiver DCB 

While the inherent noise in code TEC limits the 
demonstration of the calibrator precision using a 
single satellite pass.  Higher data rate TEC and 
climatological measurements can benefit from 
calibrations at an even higher accuracy, and the 
following paragraphs demonstrate a technique for 
achieving this accuracy. 

Since the CRS GPS receiver calibrator measures 
the absolute receiver delay for code offset and 
relative phase, we have devised a novel method for 
improving the receiver DCB measurements 
demonstrated above by combining phase and code 
measurements to achieve sum-cm accuracy in 
absolute calibration.  Because even the code 
calibration scheme is subject to the same thermal 
noise as code pseudorange measurements in general, 
the absolute accuracy of code calibration is still 
limited in practice to a few cm.  However, by 
combining code and phase measurements we can 
achieve a sub-centimeter accuracy measurement, and 
we describe our methodology below. 

The delay in meters, through the system on L1 and 
similarly for L2 can be characterized as in the 
following manner,  

 

fl += cyclesphasecode nd / , (17) 

where ncycles is the integer number of wavelengths for 
the L1 or L2 signals, l  is the center wavelength of L1 
or L2(0.190294 meters and 0.24421 meters 
respectively) and f  is the calibrator measured phase 
offset.  ncycles is measured using the calibrator code 
delay in the following fashion,  

11codeL1cyclesL1 ))/ offset, mod(code -(dn LL ll= , (18) 

where dcodeL1 is the code delay measured by the 
calibrator.  The results of applying these operations 
from equation 17 and equation 18 to the calibrator 
output are plotted in Figure 7.  Such as scheme uses 
the code calibration to measure system delay to 
within a one wavelength and the phase measurement 
is used to measure the relative delay at the sub-
wavelength level, and is somewhat corollary to 
techniques used for combining phase and code TEC 
in ionospheric measurements.  The accuracy of this 
technique is demonstrated in Figure 7, which shows 
the measured absolute delay though the system for 
both L1 and L2 frequencies using four different cables 
to attach the calibrator output to the antenna input.   
The delay though each of the four cables was 

independently measured using a network analyzer 
that demonstrated that the dispersion in cable length 
between L1 and L2 was less then 0.004 meters for all 
of the cables.  Therefore attaching different cable 
lengths to between calibrator output and antenna 
should change the absolute delay of the system but 
the L2-L1 offset should remain invariant to a 
particular cable at least to within the measured cable 
dispersion.  Figure 7 shows that the absolute delay 
for L1 and L2 as a function of cable length forms two 
straight lines indicating a stable measurement of 
receiver L2-L1 offset.  Table 1 summarizes the results 
of Figure 7 to show that the variation in L2-L1 offset 
from cable to cable remains constant to within 0.004 
meters, which is similar to the measured dispersion of 
the individual cables.  

These results present a technique using the CRS 
IONMGPS receiver’s internal calibrator to measure 
receiver L2-L1 offset to sub-cm levels, or less then 0.1 
TECU.  Such a precise measurement is demonstrated 
by using multiple cables, and a novel combination of 
code and phase offset.  Such an achievement 
essentially eliminates receiver differential code bias 
as a source of error for measuring ionospheric total 
electron content or TEC using GPS receivers. 

Analog circuits, particularly filters, produce 
delay and dispersion of the GPS signal.  This delay 
varies with time and temperature, and is large (ten 
to hundreds of nanoseconds), so small percentage 
differences between L1 and L2 bands cause 
significant errors in TEC estimation.  These errors 
are manifested in almost all TEC measurements as 
evidenced by negative TEC estimations. 

Built in calibration allows the CRS GPS 
receivers to eliminate TEC bias, enabling absolute 
TEC measurements to 0.1 TECU.  Precise TEC 
estimates are needed for: 

�  Ionospheric Science 

�  Space Weather Effects 

�  Precise Navigation, Earthquake, 
Tectonics 

�  Precise Timing 

�  Retrieval of Tropospheric Effects 

1.8 Conclusions 
Three removable sources of error or bias exist in 

GPS measurements of absolute ionospheric TEC.  
These result from 1) estimation instead of 
measurement of the receiver DCB. 2) Smoothing 
induced delay of code TEC, and 3) Smoothing 
induced ionospheric divergence bias of code TEC.  
Removing these effects is achievable by calibrating 
the GPS receiver DCB and operating a GPS receiver 
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with no code smoothing or Divfree smoothing with 
delay adjustment to code TEC.  Improved accuracy in 
absolute ionospheric TEC measurements will 
enhance the accuracy of global ionospheric 
reconstructions, and reduce error in conversion from 
slant to vertical TEC. 

2 SECTION 2: MEASUREMENT OF 

IONOSPHERIC SCINTILLATION  

2.1 Introduction 
Scintillations in trans-ionospheric radio signals 

arise as the signal propagates through naturally 
occurring (or artificial) plasma irregularities.  If the 
receiver, satellite, or ionospheric irregularities are in 
motion, a time series of signal fading and phase 
fluctuations will occur at the receiver.  It is well 
known that diffraction of the radio phase front 
produces amplitude and phase fluctuations even at 
GPS frequencies.  The statistical characterization of 
the degree of amplitude fluctuation is known as S4, 
while the Gaussian width of phase fluctuations is 
known as s f .  These scintillations are caused by 
naturally occurring ionospheric plasma density 
irregularities that are generally the most severe at 
high and low latitudes [Basu and Basu, 1982].  
However, ionospheric disturbances over the 
continental United States do occur with sufficient 
severity for receivers to lose lock on a number of 
GPS satellites.  The resulting amplitude and phase 
distortions of the radio wavefront cause degraded 
performance for GPS receivers and even loss of 
satellite lock and navigation solution [Ganguly et. al, 
2004].  This performance loss is generally due to 
deep fades in amplitude and the stress due to the 
phase fluctuations on the various tracking loops.  
Furthermore, since both L1 (1.23 GHz) and L2 (1.57 
GHz) frequencies are affected in an uncorrelated 
fashion, this can affect the performance of L1 assisted 
tracking of L2, which is how receivers that measure 
total electron content (TEC) generally operate. 

Our goal is to conduct the highest possible quality 
and fidelity GPS measurements for the purpose of 
ionospheric and atmospheric monitoring.  Such an 
effort obviously includes ionospheric scintillation.  
However, scintillation monitoring requires a GPS 
receiver with a many attributes, such as a 50 Hz data 
rate, but paramount is that the receiver reports the 
signal fluctuations occurring at the antenna, 
uncorrupted by receiver processing.  Yet, the 
following studies show that the typical GPS 
receiver chain signal processing can distort S4 and 
ssss ffff     measurement by as much as 300% from the 
true signal fluctuation levels, and that the 
magnitude of distortion is a function of receiver 
tracking loop scheme such as FLL and PLL 
bandwidth.   This entails that different receivers 
would report different scintillation environments 
from the very same signal fluctuations. 

 

Ionospheric irregularities produce amplitude 
and phase fluctuations in trans-ionospheric signals.  
These fluctuations are characterized by the S4 and 
s f  indexes.   Statistical descriptions of S4 and s f  are 
used to describe the occurrence probabilities of 
scintillation.  Large scintillations can produce loss 
of lock in GPS receivers. 

Measured S4 and s f  are dependent on the 
internal architecture (loop orders, loop bandwidth, 
aiding, etc.) and vary from receiver to receiver.  
Proper statistics must use standardized receiver 
architectures. 

Signal fluctuation spectra are often used to 
derive irregularity spectra in the ionosphere.  
Measured S4 and s f  must be normalized to account 
for loop filtering. 

CRS receivers provide several filters in order to 
account for these effects. 

 

 
Figure 8. Cartoon depiction of the effect of ionospheric irregularities on the passage of GPS radio-wave phase 
fronts.  The planar phase front becomes diffracted and non-planar as it approaches the ground.  Motion of 
the satellite or irregularities causes time-varying phase and amplitude fluctuations on the ground. 
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2.2 Scintillation Parameters  
Amplitude scintillation is measured by calculating 

the index S4.  The S4 index is derived from signal 
intensity of GPS signals received from satellites.  
Signal intensity is actually receiver signal power, 
measured so that its value does not fluctuate with 
noise power.  Signal intensity (SI) is defined as the 
difference between narrow band power (NBP) and 
wide band power (WBP) measured over the 20 
millisecond interval [Fremouw et. al. 1978] 
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where I i and Qi are the 1KHz in-phase and quadrature 
samples.  This eliminates most of the noise influence 
on the signal intensity.  S4 index is calculated using 
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where E[.] is expected value (or time average) over 
the user specified integration period for most 
scintillation studies this is 10 seconds to 1 minute, 
and in the examples shown below we used a 1 minute 
period. 

Phase scintillation is measured by calculating the 
standard deviation s f  of carrier phase from GPS 
signals received from the satellites [Beach et al., 
2006].  The carrier phase measurement, obtained 
from the carrier tracking loop data, is filtered using a 
high-pass filter with cut-off frequency of 0.1Hz to 
remove low frequency effects such as Doppler shift 
and the oscillator drift.  The standard deviation is also 
calculated over the same 1 minute integration period. 

2.3 Effects of Receiver Chain on 
Scintillation Measurements 

In order to examine the effect of the GPS receiver 
chain on deriving scintillation parameters, we provide 
a software GPS receiver with realistic time series 
modulations in phase in amplitude resulting from 
radio wave passage through ionospheric 
irregularities.  To achieve this, we used a super 
computer ionospheric plasma simulation, which is 
shown in Figure 9, as the source for ionospheric 
structure.  

Next we applied a Fresnel-Kirchoff formulation 
for a thin phase screen, and calculate signal phase 
and amplitude as a function of the spatial dimensions 
on the ground as a result of the ionospheric structure 
shown in Figure 9.  The equation of the complex 
signal as a function of ground distance may written in 
equation 21. 
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Figure 9.  Output of a numerical F-region plasma simulation.  The simulation was conducted for parameters 
consistent with 300 km altitude near the high latitude regions.  The spatial dimensions are 400 by 800 meters 
representing the horizontal plane, with a cell resolution of 3.0 meters.  The magnitude of the TEC fluctuations 
are shown in color with the peak TECmax-TECmin values at 0.071 TECU.   
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Figure 10.  Comparison of scintillation parameters derived from the raw signal used to modulate the 
simulated GPS signal, and those derived from the out put of receiver phase and amplitude.  The panel on the 
left shows input (blue) ssss ffff , and receiver measured for two PLL bandwidths of 5 (green) and 20 Hz (red).  The 
right panel shows the same three cases for S4. 

In the example results shown next, a simulated 
satellite ionospheric puncture point velocity of 5 m/s 
is applied to the simulations which produces a 700 
seconds of simulated ionospheric scintillation data.  
This data was then input into the CRS GPS software 
receiver that acquired and tracks the GPS signal, 
measured and reported phase and amplitude together 
with 60 second calculations of S4 and s f  .   

A comparison of the S4 and s f  parameters derived 
from the input signal with those output by the GPS 
receiver are shown in Figure 10.  These results show 
that the GPS derived S4 is nearly 3 times higher then 
input and that s f   is significantly lower for narrow 
PLL bandwidths and much higher for wider PLL 
bandwidths.  Such results indicate that the active PLL 
bandwidth employed by many receiver manufactures 
makes scientific measurement of s f considerably 
complicated and even arbitrary. 

The fact that scintillation measurements vary with 
the tracking loop (PLL/FLL) bandwidth and vary 
from the true signal fluctuation is a significant 
problem for those using GPS receivers to characterize 
the ionospheric scintillation environment.  This result 
is demonstrated in Figure 10, which shows 
scintillation parameters S4 and s f  derived from the 
true simulated signal, on the left panel of the figure, 
and for two different PLL bandwidths on center and 
right side.  This simulated signal was then used to 
modulate a simulated GPS signal that was input into 
the CRS software receiver.  The receiver derived 

phase an amplitude signals where then used to 
calculate S4 and s f , which is shown to deviate 
considerably from the actual signal fluctuation.  
Because the CRS GPS receiver is a software receiver, 
we can, and have, tested the entire receiver chain’s 
response to realistic simulated scintillation signals.  
This allows users of the CRS GPS Receiver to 
understand and accommodate the changes that 
receiver architectures impose on scintillations 
measurements.  Receivers designed for navigation 
often employ complex and unreported (proprietary) 
tracking loops.  If one operates a GPS receiver and 
the manufacturer has not, or will not disclose what 
the tracking loop scheme is, one does not know how 
to relate the measured signal fluctuations to those that 
truly occur at the antenna [see Dyrud et al., 2006]. 

2.4 Scintillation Conclusions 
We have for the first time used a plasma 

simulation of the spatial scale of ionospheric 
structure to produce synthetic time-series scintillation 
data for input into a software GPS signal generator 
and receiver chain.  We conducted hours of time 
series scintillation data at both L1 and L2 frequencies, 
including the examples shown here.  These tests have 
produced a number of results that were not 
achievable with statistical scintillation studies or not 
reported previously.  The main result of this study 
was that GPS receivers do not measure the same 
signal amplitude and phase fluctuations that occur at 
the antenna, and that the scintillation parameters of S4 
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and s f , that are so commonly used for 
characterization of the signal environment, are 
different for different receiver architectures. These 
and additional conclusions of this study are as 
follows:  

�  Receiver performance and scintillation 
index depends on tracking loop 
bandwidth (FLL/PLL) 

�  Receiver output S4 is 20% to as high as 3 
times higher then the true signal 
fluctuation, and s f  is often is 
considerably (100%) lower 

�  High time correlation (0.8-.95) between 
L1-L2 S4 

�  Velocity dependence: slower velocities – 
longer fades - poorer performance, S4 
and s f  are velocity dependent. 

�  Moving receivers produce different S4 
and s f  but can be accurately scaled to 
provide equivalent scintillation indexes. 

�  Consistent and open receiver 
architectures should be used for global 
scintillation characterization. 

2.5 Easy to use high data rate GPS 
Receiver 

Scintillation observations have been carried on 
using navigational receivers.  Practically no 
navigational receiver provides the scintillation 
parameters (derived internally) as a real time product.  
Most of the receivers do not produce the raw I & Q 
estimations fast enough to derive the scintillation 
parameters (see equation 1 ) and the users had to use 
approximate relations using the conventional 
parameters provided at the output of the receivers.   

The scintillation spectrum characterizes the 3-D 
irregularity spectrum in the ionosphere and adequate 
characterization demands the data rate available at a 
minimum of 10 to 50 Hz rate.  Accurate 
measurement also requires that the effective carrier 
tracking loop bandwidth be properly characterized to 
accommodate these fast fluctuations. 

Widening the bandwidth, however, may have 
detrimental effects on the GPS tracking under normal 
conditions.  CRS GPS receiver provides options for 
several tracking loop bandwidths to be selected by 
the user, under special scintillation monitoring 
programs. 

 
Figure 11.  Real Time plotting of ionospheric scintillation data is provided with the CRS Data Analyzer 
Software and GPS Receiver.  This figure shows a standard scintillation measurement: the power spectra for 
signal amplitude on L1.   
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Figure 12.  Screen shot from CRS data analyzer which displays and plots real-time S4 and ssss ffff from all satellites 
in view.  Both indexes are calculated using 50 Hz data.  

These features allow the scientists to perform 
improved scientific experiments with GPS receivers, 
i.e. use the GPS receiver as a scientific instrument (if 
desired) for characterizing and understanding the 
ionosphere.  Scientists do not have to use GPS as a 
black box.   

A number of features are necessary for a 
scintillation monitoring GPS receiver. First and 
foremost, the receiver must processes and report data 
at a minimum 10 to 50 Hz rate.  Some receivers may 
calculate S4 and s f  at 50 Hz, but then due to data 
transfer bandwidth cannot provide the raw phase and 
amplitudes at 50 Hz.  The CRS GPS Receiver 
provides L1 and L2 phase and amplitude at a 50 Hz 
rate, and always calculates S4 and s f  at 50 Hz, 
regardless of the data rate chosen for raw output.  A 
novel feature allows the user to designate a S4 trigger, 
such that if the calculated S4  parameter exceeds the 
user specified value, all amplitude and phase data 
(including the previous 15 minutes) is logged at 50 
Hz.  This practical feature prevents users from being 
overwhelmed with over 1 GB of data per day, while 
allowing them to investigate, in detail, the conditions 
leading up to, and during scintillation events. 

In addition to providing raw data to advanced 
users interested in engineering details and 
ionospheric research, the CRS GPS Receiver Data 
Analyzer software plots and logs all the standard 

scintillation parameters and derivables directly an in 
real time.  Examples of some of this output are shown 
in Figure 11 and Figure 12.  Figure 11 shows an 
example of the real time plotting capabilities of the 
combination of the CRS Data analyzer and CRS GPS 
Receiver.  This plot is the real time power spectrum 
of signal amplitude fluctuations on L1.  Such plots are 
typically used to characterize the distribution of scale 
sizes of ionospheric irregularities.  Figure 12 shows 
further examples of the real time scintillation output.  
This figure is a screen shot of the GPS Data Analyzer 
software showing the real time plotting and 
displaying of scintillation parameters for all visible 
GPS satellites. 

In conclusion, the combination of 50 Hz data, 
easy to use logging and display features make the 
CRS GPS Receiver the most flexible and capable 
scintillation monitoring receiver. 

3 SECTION 3: SPACE WEATHER EFFECTS 

USING GPS 

3.1 Absolute TEC and 3D Ionospheric 
Specification 

One of the motivating factors for producing a 
GPS receiver that provides accurate absolute TEC, is 
to provide a reliable data source for 3-D and 4-D 
ionospheric specification and data assimilation 
models.  Reliable operation of such models demands 
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high quality data sources, and GPS has been used as a 
primary data driver of many of the existing models.  
Figure 13 shows an example of such a reconstruction 
from the CRS RTIC (Real Time Ionospheric 
Characterization) that uses CIT or computerized 
ionospheric tomography as a means of assimilating 
TEC data into realistic 3D or 4D ionospheric models.  
While such reconstructions are capable of producing 
images of electron density, the quality of those 
images is critically dependent on the accuracy of the 
absolute TEC measurements used to perform the 
reconstructions.  Figure 14 demonstrates this 
dependence by showing a CIT reconstruction on 
simulated data from 11 ground based receivers and a 
single satellite beacon [Van Bevel et al., 2001]. The 
top panel shows a reconstruction conducted on data 
with a 0 bias in the integrated TEC measurements, 
while the bottom shows the effect of a modest -3 
TEC receiver bias on the resulting reconstruction.  
The reason even a modest fixed bias on slant TEC 
measurements produces such profound effects on 
reconstructions is essentially due to the highly non-
linear mapping function of electron density from low 
elevation angles to high elevations.  Of course, there 

are numerous methods for statistically reducing the 
effects of these biases, but the techniques presented 
here eliminates biases in a determinate manner, 
resulting in more accurate reconstructions that should 
benefit the scientific community in general. 

3.2 Plasmasphere 
Removal of receiver biases and consequent 

absolute measurement accuracy of 0.1 TECU enables 
large scale reconstruction of 2-D, 3-D, or 4-D 
descriptions of the ionosphere with extreme 
accuracies.  All of these have profound impacts in 
space weather investigations using GPS. 

2-D descriptions of the ionosphere are being 
widely used for gross understanding of the 
ionospheric variability, whether caused by latitude, 
longitude, time of day, geomagnetic effects, solar 
wind induced effects, auroral heating, or tidal and 
gravity waves.  The 2-D description assumes a thin 
plasma layer (depicted in Figure 16)  with 
concentrated plasma content equal to observed TEC 
at about 350 km altitude around the earth.  While this 
has been adequate in the past, the deficiencies of the 
assumption have been well recognized. 

 
Figure 13.  Example of ionospheric imaging.  The figure plots a tomographic reconstruction of ionospheric 
density as a function of latitude and altitude.  The accuracy of such reconstructions are heavily influenced by 
the accuracy of absolute TEC used as source data. 
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Figure 14.  Figure showing reconstructed ionospheric density contours reproduced from Brown and Ganguly, 
Ionospheric Tomography: Issues Sensitivity and Uniqueness, Radio Science 2001.  The top panel shows a 
reconstruction conducted with unbiased TEC data, while the bottom panel demonstrates the effect of even a 
modest -3 TECU receiver bias on a night-time ionospheric reconstruction. 

First the hypothetical layer has practically no 
resemblance to the actual ionosphere [Brown and 
Ganguly, 2001].  The centroid (see Figure 15) of the 
ionospheric plasma distribution (i.e. the effective 
height, above and below which the integrated 
electron contents are equal), is mostly around 700 to 
800 km range and not at 350 km (where the density 
peaks), as commonly assumed.  The centroid height 
also changes dramatically between day and night, 
during magnetic disturbances, and is critically 
dependent on the tenuous distribution of plasma 
above 1000 km to approximately 10000 km.  This 
upper region of the ionosphere (called the 
plasmasphere), behaves quite differently than the 
lower portion (100 – 500 km) of the ionosphere and 
little observational details are available for plasma 
behavior in the plasmasphere and the height of the 
plasmapause, where the plasmasphere essentially 
ends. 

The total contribution of the plasmasphere (1000 
to 10000 km), however, is typically only a few TECU 
and observations of the plasmasphere have been 
limited by the accuracies of TEC data.  Some 
attempts with earlier receivers were not successful 
and comparisons with other techniques such as those 
derived from incoherent scatter observations have 

been inconclusive.  With the availability of precise 
TEC observing instruments (with accuracies of 0.1 
TECU), the plasmasphere and its variability can be 
investigated with confidence. 

 
Figure 15 Cartoon depiction of ionospheric 
electron density as a function of altitude. 
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Accurate TEC measurements could allow the 3-
D/4-D reconstruction techniques to be extended to 
cover the plasmasphere as well.  This then provides a 
unified description of 3-D/4-D 
ionosphere/plasmasphere not possible by any other 
means.  This truly extends the use of GPS for 
exploring space weather effects on the entire plasma 
distribution (in latitude, longitude, time, and height) 
and consequently understand the effects of dynamics, 
electric fields, auroral forcing, inter-hemispheric 
coupling, exospheric plasma flow, and the turbopause 
layer.  This will truly expand the use of precision 
GPS for global monitoring. 

3.3 Impact on the Navigational System 
Precision monitoring of ionosphere will have 

profound implications in almost all areas of GPS user 
communities, covering receiver users, control 
segment, and monitoring systems. 

The thin layer (thin shell approximation) model 
currently used in GPS has deficiencies resulting from 
conversion of slant (observed) TEC to effective 
vertical TEC.  The deficiencies come from 
inappropriate (and variable) attribution of the thin 
shell height.  This not only produces erroneous 
estimation of vertical TEC (which is broadcast by 
GPS navigational system, the ionospheric correction 
estimation (slant TEC again) performed by a receiver 
at different altitudes are different [see Brown et al, 
2001].  This impacts the ionospheric estimates of a 
high altitude craft.  Accurate 3-D characterization of 
the ionosphere is made possible using precision 
measurements should enable future navigational 
systems to provide more accurate data to various 
platforms and overall GPS system. 

 
Figure 16 Depiction of a thin-shell ionosphere and 
two different slant TEC values measured by 
receivers at different altitudes. 

PNT is the major initiative in modernized 
navigational system.  The need for improved PNT 
has been elaborated in many documents and the 
government initiatives.  In joint precision and 
landings (JPAL) program, the ionospheric effects in 
two crafts separated by up to 100 km need to be 
characterized to within cm levels [Brown et al., 
2005].  This can only be performed using precision 
receivers without any receiver biases.  Similar 
reasoning applies for other applications requiring 
accurate position and time information.  Accuracy of 
0.1 TECU reduces time uncertainty due to ionosphere 
to 10-12 second levels.   

Figure 17 Cartoon depiction of JPAL ionospheric 
effects. 

3.4 Distributed Sensor Network: 
GPS sensors, distributed over the globe, are 

currently being used for various applications ranging 
from monitoring GPS signals, ionospheric 
measurements, tectonics and earthquake monitoring, 
river and ocean height monitoring, and atmospheric 
water vapor content (an important parameter for 
global climate change monitoring).  CRS precision 
receivers can be used to calibrate these distributed 
sensor networks in a deterministic manner.  Newer 
installations can utilize the built in precision of these 
receivers to definite improvement in accuracy. 

Several ionospheric experiments would be made 
possible by the use of these precision receivers.  The 
tomographic reconstruction can be performed with 
various separation distances between the receivers, 
revealing smaller spatial and temporal scales 
associated with gravity waves and electric and 
magnetic field perturbations.  3-D irregularity 
structures in the ionosphere can be imaged and 
tracked, providing valuable insight into plasma 
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structuring and their movements.  (These may require 
precise time synchronization between different 
receivers that are available in some of the CRS 
models).  Precise estimates of correlation distance of 
the TEC and scintillation (amplitude and phase 
fluctuations) are currently not available.  This would 
be valuable for distributed systems such as JPALs or 
for any differential GPS system. 
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