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PROCESSING SATELLITE DATA FOR SLANT 
TOTAL ELECTRON CONTENT 

MEASUREMENTS 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

This application claims the benefit under 35 U.S.C. Section 
I I9(e) of the following co-pending and commonly-assigned 
U.S. provisional patent application(s), which is/are incorpo-
rated by reference herein: 

Provisional Application Ser. No. 61/596,406, filed on Feb. 
8, 2012, by Philip Stephens, Attila Komjathy, Brian D. Wil-
son, and Anthony J. Mannucci, entitled "Processing COS-
MIC/FORMOSAT-3 Data for Slant Total Electron Content 
Measurements". 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH AND DEVELOPMENT 

The invention described herein was made in the perfor-
mance of work under a NASA contract, and is subject to the 
provisions of Public Law 96-517 (35 USC 202) in which the 
Contractor has elected to retain title. 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
The present invention relates generally to ionospheric 

modeling, and in particular, to a method, apparatus, and 
article of manufacture for including ionospheric radio occul-
tation data between satellites and global positioning system 
(GPS) transmitters to improve ionospheric modeling. 

2. Description of the Related Art 
(Note: This application references a number of different 

publications as indicated throughout the specification by 
names and years of publications (e.g., Author [2006]). A list 
of these different publications ordered according to these 
references can be found below in the section entitled "Refer-
ences." Each of these publications is incorporated by refer-
ence herein.) 

Ionospheric remote sensing is in a rapid growth phase 
driven by an abundance of ground and space-based GPS 
receivers, new UV (ultraviolet) remote sensing satellites, and 
the advent of data assimilation techniques for space weather. 
The success of the GPS/MET (Global Positioning System/ 
Meterology) experiment in 1995 inspired a number of follow-
on radio occultation missions for profiling the atmosphere 
and ionosphere. These include theArgentine Satelite deApli-
canciones Cientificas-C (SAC-Q, the U.S.-funded Iono-
spheric Occultation Experiment (IOX), and Germany's Chal-
lenging Minisatellite Payload (CHAMP) (Jakowski and 
Wilken [2006]). The jointU.S./Taiwan Constellation Observ-
ing System for Meteorology, Ionosphere and Climate (COS-
MIC http://cosmicio.cosmic.ucar.edu/cdaac/index.html),  a 
new constellation of six satellites, nominally provides up to 
3000 ionospheric occultations per day. The COSMIC; 6-sat-
ellite constellation was launched in April 2006 and observed 
final orbits in November, 2007. COSMIC now provides an 
unprecedented global coverage of GPS occultation measure-
ments (between 1400 and 2400 good soundings per day as of 
June 2009), each of which yields electron density information 
with 1 km vertical resolution. Calibrated measurements of 
ionospheric delay (total electron content or TEC) suitable for 
input into assimilation models are currently made available in 
near real-time (NRT) from COSMIC with a latency of 30 to 
120 minutes. Similarly, NRT TEC data are available from two 

2 
worldwide NRT networks of ground GPS receivers (75 
5-minute sites and 125 hourly sites, operated by JPL [Jet 
Proplultion Laboratory] and others). 

The combined ground and space-based GPS datasets pro- 
s  vide new opportunities to more accurately specify the 3-di-

mensional ionospheric density with a time lag of only 15 to 
120 minutes. With the addition of the vertically-resolved 
occultation data, the retrieved profile shapes represent the 
hour-to-hour ionospheric weather much more accurately 

10 
(Komjathy et al. [2010]). The process has begun where COS-
MIC-derived TEC measurements are integrated with ground-
based GPS TEC data and such data is assimilated into models 
such as the JPL/USC Global Assimilative Ionospheric Model 
(GAIM) (Hajj et al. [2004]; Hajj and Romans [1998]; Man-
drake et al. [2005]) so that three-dimensional global electron 

15  density structures and ionospheric drivers can be estimated. 
Recently the COSMIC GPS measurements along with 
ground-based GPS measurements have been assimilated into 
JPL/USC GAIM for a study of ionospheric storm (Pi et al. 
[2009]) revealing distinguished features of equatorial 

20 anomaly enhancements. 
Over the course of the past 15 years, the Global Iono-

spheric Mapping (GIM) software developed at the Jet Pro-
pulsion Laboratory (Mannucci et al. [1998]) has been used to 
compute high precision slant ionospheric delay by removing 

25 the satellite and receiver differential biases from ionospheric 
observables using ground-based GPS receivers. 

In view of the above, what is needed is a method to estimate 
ionospheric observables that can be used (e.g., in combina-
tion with other systems) to estimate a global 3D electron 

30 
density field. 

SUMMARY OF THE INVENTION 

Ionospheric modeling can be improved by the inclusion of 
occultation data between satellites and GPS transmitters. 

35  COSMIC/FORMOSTAT-3 provides a large dataset of such 
occultations. In order to utilize these absolute measurements 
in an assimilative model, the data must be carefully pro-
cessed; the level of the ionospheric combination and the dif-
ferential biases must be must be accurately determined. The 

40 COSMIC GPS receivers operate in a high multipath environ-
ment; a phase leveling algorithm, utilizing the information in 
the multipath, improves the leveling errors by at least 0.4 
TECU. 

Receiver biases are then computed from the leveled data by 
45  making some simplifying assumptions about the structure of 

the ionosphere and plasmasphere. Such processing provides 
occultation measurements as slant total electron content to an 
accuracy of 2.1 TECU (total electron content unit). 

BRIEF DESCRIPTION OF THE DRAWINGS 
50 

Referring now to the drawings in which like reference 
numbers represent corresponding parts throughout: 

FIG. 1 illustrates an example of a PI combination versus a 
(leveled) LI combination for many arcs of data for a site in 

55 Australia on Nov. 16, 2010 in accordance with one or more 
embodiments of the invention; 

FIG. 2 shows a histogram of the total plasmasphere con-
tribution for all COSMIC measurements that were upward 
looking (>70°) and above 60 degrees latitude for all 6 COS- 

60 MIC satellites between Jan. 1, 2009 and Mar. 31, 2009 in 
accordance with one or more embodiments of the invention; 

FIG. 3 illustrates the daily variations of the plasmasphere 
contributions in accordance with one or more embodiments 
of the invention; 

65 	FIG. 4 shows the 10-day average biases for three of the 
COSMIC satellites between Oct. 1, 2010 and Oct. 24, 2010 in 
accordance with one or more embodiments of the invention; 
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FIG. 5 illustrates histograms of the difference between P I  
and LI  using a new multipath weighted leveling scheme 502 
and the old elevation angle weighted leveling scheme 504 for 
Dec. 21, 2006 in accordance with one or more embodiments 
of the invention; 

FIG. 6 shows the leveled and unbiased data from COSMIC 
1 on Oct. 22, 2010 in accordance with one or more embodi-
ments of the invention; 

FIG. 7 illustrates a hardware system utilized in accordance 
with one or more embodiments of the invention; and 

FIG. 8 is a flow chart illustrating the logical flow for esti-
mating ionospheric observables using space-borne observa-
tions in accordance with one or more embodiments of the 
invention. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

In the following description, reference is made to the 
accompanying drawings which form a part hereof, and which 
is shown, by way of illustration, several embodiments of the 
present invention. It is understood that other embodiments 
may be utilized and structural changes may be made without 
departing from the scope of the present invention. 
Overview 

Embodiments of the invention describe a new and 
improved methodology to estimate GPS ionospheric observ-
ables using space-borne observations from COSMIC satel-
lites. These high-precision space-borne GPS observations 
can be combined with ground-based GPS observations to 
serve as a backbone to Global Assimilative Ionospheric 
Model that estimates the global 3-D electron density field. 
Extracting Slant TEC from GPS Observations 

Dual-frequency GPS observations consist of pseudorange 
and carrier phase measurements, at the two GPS frequencies 
f,-1.5754 GHz and f2=1.2276 GHz. The corresponding 
pseudoranges, Pr  and Pz  are given by 

P,-p+c(dT-dt)+di,, ,+d, P+b'i"+br_p,+mpp,+Ep,, 

P2-p+c(dT-dt)+yd._LI +d, P+b''p2 +br,P2+mpP2+EP2 ' 
	 (1) 

The associated carrier phases, Lr  and Lz  are given by 

L l-p+c(dT-dt)+k iN- di,,, ,+d, P+b'i"+br-L ,+ 
mpLI +ELF , 

Lz p+c(dT-dt)+k2N2--Ydso,,,t,+d, P+b'''2+br,z+ 
mpLZ +ELZ 	 (2) 

Eqns. (1-2) are composed of the following terms: p is the 
geometric range, dT-dt is the clock error differential, d,o,,,x  are 
the frequency dependent ionosphere delay, d ,,op  is the tropo-
sphere delay, bsi-' are the satellite interfrequency biases, b s .x  

are the receiver interfrequency biases, mp x  are the frequency 
dependent multipath error and Ex  are the noise terms. Addi-
tionally, X, are the wavelengths of the two frequencies and 

Al  
Y= fz  

The ionosphere combinations, 

Pl=-P2  Pi (y-1)d,o„_L ,+Abp'-P+AbrP+4mpP+AEP, 

L,mLi -Lz (k lNz  k ,2N2)+(y-1)dso,,, ,-Abs 
a,L-Abr,L 

AmPt AEL, 	 (3) 

are dominated by the ionospheric contributions in the domain 
where the noise and carrier multipath contributions are low. 

4 
The A's are, by convention, the 2 minus 1 channels. For 
connected arcs of data, the ambiguity terms, due to differ-
ences in cycles, are constant. Additionally, the multipath on 
the carrier phase is generally 2 orders of magnitude smaller 

5 than those on the pseudorange measurements (Hofmann-
Wellenhof [2001]). With these treatments, the equations for 
PI  and LI  become 

Pr-(y-1)d o„_,i+Ab p'-P+Abr -P+4mpP+AEp, 

10 	L -N+ 1 d,o 	Ab p'-L-Ab . AE 	 (4) 

Solving for dion,L,  requires the determination of the ambi-
guity factor and the satellite and receiver differential biases, 
Abs, ,p  and Ab j,P  respectively. These two processes are 

15  referred to as phase leveling and satellite and receiver bias 
estimation. Once dion,t  is determined, the total electron con-
tent (TEC) is simply a scaling factor of dion,L,  i.e. 

20 	 40.3. TEC 	 (5) 
d;oa,Li 	

fi 

An example of the Pr  combination compared to a (leveled) 
LI  combination for several arcs of data is shown in FIG. 1. It 

25 can be seen that the Pr  combination contains much larger 
noise than the Lr  combination. 
Leveling Methodology 

The leveling methodology is designed to use the unbiased 
level of the Pr  code ionospheric observable to set the level of 

so the L, phaseionospheric observable. This effectively adjusts 
the leveled Lr  combination to provide a low-noise measure of 
the ionospheric content plus some biases (to be discussed in 
the next section). To correct the level of the L r  combination, a 

35  constant value ( N) must be determined to characterize the 
weighted mean of P,-L,, i.e. 

(6) Y' W; (Pi,; - Li,;) 
40 	(N) - 

w;  

where index i is over all measurements in a connected arc. A 
45  method of determining thew, is needed. The leveled L r  com-

bination is then 

Li LL+(N). 	 (7) 

Using eqn. (3), the PrLr  combination yields 
50 

P,-L, -N+4b''-L+4b,.,+4b''-P+Ab,. P+4mpP  AEL + 
AEP 	

(8) 

Since the biases and the ambiguity terms are assumed to be 
constant over a phase connected arc, the distribution around 

55 these constant values is determined by Amp P, and the two 
noise terms. If one assumes that the noise terms are negligible 
compared to the multipath, then PrLr  provides the constant 
terms needed for the leveling plus additional multipath dis-
tribution. The optimal choice of w, is then determined by the 

6o distribution of Amp P . 

The COSMIC spacecraft configuration introduces signifi-
cantly more multipath than ground based GPS stations as 
shown by Hwang et al. [2010]. As can be seen in the obser-
vation equations, Eqn. (4), the pseudorange multipath contri- 

65 bution increases the variance of the P r  combination; the Pr  
combination is distributed around the ionospheric content by 
the multipath distribution. Therefore, it is possible to mini- 
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mize the variance of the PrLI  combinations using the multi-
path to develop a weight. Since one may have no a priori 
knowledge of the distribution of the multipath, the method of 
maximum entropy (Cover and Thomas [19911) suggests that 
only the mean and variance of the multipath should be taken 
and a normal distribution function should be used as the 
weighting function . This approach introduces the least 
amount of self-correlation between the weighted average and 
the sample of the distribution. Consider now the two multi-
path combinations (not to be confused with the mp x  terms) 

a 	b 	 (9) 
MP1  = P1 - d 1-1 L1 + d E2L2, 

MP2  = P2 - d 1-1 Lt + d E2L2,  

6 
The w for each measurement is calculated as 

1 	(MPt,; - MP2 ; - P)2 	 (13) 
5 	w, = 	2  exp{ - 	

2o-2 	} 2n~ 	l 

Using this one finds: 

M =-N+4b''-L +br -L +b''~+br p+~ 4.p) µ ~- 

10 	 4EL ~ 	 -~ 4EP~ 	 (14) 

where (.) µ o  represents the weighted average of • using the 
weighting function described in Eqn. 6 with weights defined 
by Eqn. 13. Thus 

15 	Lr-(y- 1)d,o„,,+4b'i-P+4br_p+~ 4mpp),,2+ 

4E) µ, 2+ ~ 4E) µ, 2 -AEL. 	 (15) 

where a, b, c and d are frequency dependent combinations, for 	
This can be converted to slant TEC (STEC) by 

the given f, and fz  these are: 
20 

a=9529, b=7200, c-11858, d=2329. 

It was shown in Estey and Meertens [1999] that these 
combinations can be expressed as 

-  40.3. TEC  L, 

f 	
_g..+p~ ,

2 Y_1 	
v 

where 

(16) 

MP, = S1 + + 
T--, 

 2 )nt  11  + 	
(10) 

(T---1

2 	 2 	 2 
 )n2L2 - ~1 + 

T - 1
-  )Mppl  + ~A -1 )mPP2 ' 

2L 	2L 
MP2= E2-

(L-1)
n1L1+ ~L- I ) n212-  

25 B = 

40.3. TEC Obsi. P  +Ob,.., P  + (OmPP)P,,2 + (0 EL  +0  eP) ~,2 

	

f1 	 Y -1  

30 	0 	40.3 - TEC  0 E=L~ _ 
fi Y -1  

It has also been shown (Hofmann-Wellenhof [2001]) that 
the noise and carrier phase multipath are two (2) orders of 
magnitude smaller than the pseudorange multipath. For each 
connected arc, the ambiguities are constant , so Eqn. 11 is a 
distribution of the differential pseudo range multipath. This 
distribution may be used to derive the Gaussian statistics of 
the weighting function for the width of the differential mul-
tipath contribution to be used during the weighting. This 
implies thatpoints in the arc that have large deviation from the 
mean of the differential multipath contribution will not have 

a large influence on the calculation of ( N) . This is what is 
desired to help reduce the variance in the weighted PrLr  
calculation . The weighting function is then the normal distri-
bution of the difference in the multipath combinations with 
mean and variance 

N 	 (12) 
_2

P = N 	
MPl,; - MP2,;, 	= N , (MPt,; - MP2,; - P)2 . 

=1 	 =1 

The determination of B, which is dominated by the satellite 
and station differential biases, is discussed in the following 

35 section. 
Bias Estimation 

One of the features of the GIM data processing system is 
the ability to estimate the satellite and receiver differential 
biases, B~, from Eqn. 16 by taking cross correlations between 

40 many different ground based GPS measurements. Each 
ground station has multiple satellite links which allow an 
algorithm to be developed for determining the bias between 
station i and receiver j in a relative sense . By fixing one of the 
relative satellite biases to be 0, the complete deconvolution of 

45 Ob"-P  and 4br'P, is performed. This, of course, is done under 
the assumption that for some weighting function , g one can 
assume: 

4mpp) s  0,( AEL+AEp) s 0 

50 where the subscript g indicates a weighted mean using g as the 
weighting function. 

For an unbiased distribution , g, this is true for an unbiased 
noise (e.g. A.J. For the ground GPS receivers, it is also safe 
to assume that the multipath is small, thus the weighted mean 

55 of zero is also a fair assumption. Another assumption that 
leads to the same conclusion is that the global average mul-
tipath over all satellites and receivers is zero. Under these 
assumptions, for weighting function g, GIM provides 

60 

40.3TEC  Ob " P  +Ob,j,P + (OmpP)g 	 (17) 

B;,i,g = 2  
fi 	 Y -1  

65 where the b represents the relative bias where each has been 
shifted in opposite directions by some constant value (this is 
the absolute bias of the GPS satellite fixed to 0). 

( 

2L 	
+( 

2L 
)nPP2 

L-1
~ nPPt 	L-1  

where E, are combinations of the carrier multipath, mp L,, and 
the noise , EL, , EP,. 

Therefore the difference 

MPt - MP2 = P, - Lt l-1 - L2E2, 	 (11) 

= 0 E +Om pP  + L1  N 1  - L2N2 . 
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For the space-platform, such as COSMIC, GIM is not 
suitable to estimate receiver biases. Instead, one can use the 
relative satellite biases produced by GIM and generate a 
relative COSMIC receiver bias. Thus one effectively com-
putes: 

	

40.3 - TEC AY"' 	 (18) 
B, =B 	2  

f1 	1  —Y 

40.3. TEC Ob...,P + (A-PP)~,2 

f2 	Y-1 

Unfortunately, the multipath in the COSMIC environment 
is larger than the ground case. As a result, one cannot make the 
same assumption about the unbiased distribution and there-
fore, cannot neglect the weighted mean. This will differ from 
arc to arc and introduces larger variances in the bias estima-
tion for space-borne GPS data. 

The GIM bias estimation relies on cross correlation 
between multiple sites measuring the same ionosphere. For 
the space-based GPS data, this data overlap is not available 
and an alternate method must be employed. One could use a 
background model, such as the International Reference Iono-
sphere (IRI) (Bilitza and Reinisch [2008]) but these models 
are not able to capture the space weather conditions that may 
be present. 

Instead, embodiments of the invention employ a simple but 
effective approach. Since COSMIC is orbiting at around 800 
km, above the F-region peak, one expects upward looking 
measurements to be passing through a minimal amount of the 
ionosphere. If the measurements are restricted to be in the 
high latitude regions, the contribution from the plasmasphere 
is expected to be very small. Under the assumption that the 
high-latitude and high elevation angle measurements pass 
through a minimal amount of TEC, these measurements can 
be used to derive a bias for the receiver. This is done by 
tabulating the smallest measurement of an arc that passes 
through the filtered region. Over the course of the day the 
measurements are averaged. From this average a small com-
ponent due to the small ionosphere and plasmasphere contri-
butions are subtracted. This average minus estimated contri-
bution is the daily bias for the receiver. 

A recent study by Yizengaw et al. [2008] showed that the 
plasmasphere contribution to the total ground based TEC in 
high latitude regions was about 25%. FIG. 2 shows a histo-
gram of the total plasmasphere contribution for all COSMIC 
measurements that were upward looking (>70°) and above 60 
degrees latitude for all 6 COSMIC satellites between Jan. 1, 
2009 and Mar. 31, 2009. The plasmasphere contribution was 
computed by integrating the line-of-sight TEC through the 
Sheeley-Tu (Sheeley et al. [2001]; Tu et al. [2006]) plasma-
sphere model. The total contribution appears to be at the 0.1 
TECU level. 

FIG. 3 illustrates the daily variations of the plasmasphere 
contributions. The lines represent the means of the plasma-
phere contribution and the error bars represent the 1-sigma 
range of the plasmasphere contributions. Thus, it can be seen 
from FIG. 3 that the daily variation of the mean is minimal 
and the 1-sigma variation each day is similarly of order 0.1 
TECU. In a simplistic model, it may be assumed that the 
background TEC between COSMIC and the GPS satellite in 
the upward looking, high-latitude measurements, is 0.5 
TECU, with errors of order 0.1 TECU. This estimate is likely 
to be slightly large by a few tenths of TECU and is intended to 

8 
compensate for the fact that there is a double bulge in FIG. 2 
in which the plasmasphere is sometimes larger by 50% or 
more. 

Applying this process, a daily estimate of the receiver bias, 
5  B,.. can be computed. To eliminate potential data errors and 

variabilities, the actual bias used is a 10-day running average 
of the daily estimates. It is also not unlikely to have entire days 
which do not meet the filtering criterion. For these missing 
days, the global bias average (for all days) is used in place of 

10 the daily estimate in the 10-day average. 
FIG. 4 shows the 10-day average biases for three of the 

COSMIC satellites between Oct. 1, 2010 and Oct. 24, 2010. 
More specifically, FIG. 4 illustrates the daily variation of the 
bias estimates for antenna 0 of COSMIC satellite number 4 

15  (04.0), antenna 1 of COSMIC 1 (01.1) and antenna 1 of 
COSMIC 6 (06.1). The right axis shows the number of data 
arcs available each day for the bias estimate. The histogram of 
FIG. 4 shows the number of arcs of data that satisfy the 
filtering criteria. The variabilities for satellite 4 and 6 appear 

20 to be of the order of 1 TECU but the estimated value seems to 
be stable. Satellite 1 shows a bimodal behavior. This is sus-
pected of being due to a real discrete change in the hardware 
bias. 
Discussion 

25 The improved performance of the multipath weighted lev-
eling can be seen in FIG. 5. Thus, FIG. 5 illustrates histo-
grams of the difference between P r  and Lr  using a new mul-
tipath weighted leveling scheme 502 and the old elevation 
angle weighted leveling scheme 504 for Dec. 21, 2006 in 

3o accordance with one or more embodiments of the invention. 
In other words, FIG. 5 shows the histograms of PrLr  after 
leveling is applied for the data from Dec. 21, 2006. The new 
histogram 502 is the new multipath weighted leveling. The 
old histogram 504 indicates the elevation weighted leveling 

35 used in GIM for ground-based GPS data. From the width of 
the histograms, the new weighting technique 502 levels the L r  
combination consistently closer to the P r  combination than 
does the elevation angle weighted approach. This is as 
expected, as the new leveling weights are designed to mini- 

4o mize the variance of this distribution. Table 1 below tabulates 
the RMS difference for each panel of FIG. 5. 

TABLE 1 

45 	COSMIC MULTIPLATH BASED ELEVATION ANGLE BASED 

1 6.1 TECU 6.8 TECU 
2 4.0 TECU 4.4 TECU 
3 6.4 TECU 7.1 TECU 
4 6.5 TECU 7.3 TECU 

50 	5 4.2 TECU 4.8 TECU 
6 6.5 TECU 7.2 TECU 

As shown, Table 1 illustrates a consistent improvement of 
about 0.5 TECU or more across all satellites. 

55 	The final result of the levelingibias removal procedure is 
shown in FIG. 6. FIG. 6 shows the leveled and unbiased data 
from COSMIC 1 on Oct. 22, 2010. This figure contains all of 
the connected phase arcs for one day. The tight structure 
shows the leveling algorithm is consistent from arc to arc. The 

6o approach of the slant TECU measurement to zero as elevation 
angle increases shows the biases are also being appropriately 
computed. 

One may consider the total error of these slant TECU 
measurement derived from COSMIC GPS signals. Hwang et 

65 al. [2010] have shown that the multipath error for COSMIC is 
of the order of a few cm. Using an upper limit of 4 cm, this is 
equivalent to 0.4 TECU. From experience with both ground 
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10 
and space based data, the systematic error of the leveling 	ponents described herein all comprise logic and/or data that is 
algorithm may be approximated to be 2 TECU. Adding this 	embodied in/or retrievable from a tangible (e.g., non-tran- 
error to the bias error of 0.5 TECU, the total error of these 	sient) device, medium, signal, or carrier, e.g., a non-transient 
slant TECU measurements are estimated to be 2.1 TECU. 	data storage device, a data communications device, a remote 
Hardware Environment 
	

5 computer or device coupled to the computer via a network or 
FIG. 7 illustrates a hardware system utilized in accordance 	via another data communications device, etc. Moreover, this 

with one or more embodiments of the invention. Satellite 702 
	

logic and/or data, when read, executed, and/or interpreted, 
represents the constellation of four or more satellites (or 	results in the steps necessary to implement and/or use the 
fewer satellites in certain situations) configured to transmit 	present invention being performed. 
time and positioning information necessary to determine a io Logical Flow 
location of a receiver. 	 FIG. 8 is a flow chart illustrating the logical flow for esti- 

Space-borne receiver 704 and ground based receiver 706 	mating ionospheric observables using space-borne observa- 
are both configured to receive the information transmitted 

	
tions in accordance with one or more embodiments of the 

from satellite constellation 702 and use such information to 	invention. 
determine a location. Ground based receiver 706 and/or pro-  15 	At step 802, space borne GPS data of ionospheric delay is 
cessor 708 may also receive such information from space- 	obtained from a satellite. Such space-borne GPS data is 
borne receiver 704. Processor/computer 708 is configured to 	obtained via COSMIC. 
further process the signals from ground based receiver 706 

	
At step 804, the space borne GPS data is combined with 

and space-borne receiver 704 as described above. More spe- 	ground-based GPS observations. 
cifically, processor 708 is configured to combine the GPS 20 	At step 806, the combination is utilized in a model to 
observations from receivers 704 and 706 and use the combi- 	estimate a global 3D electron density field. Such utilizing 
nation as a backbone for a modeling system that is used to 	may include phase leveling the space borne GPS data. Fur- 
estimate the global 3D electron density field. 	 ther, the phase leveling may utilize an unbiased level of pseu- 

Processor 708 may be a computer having general and/or 	dorange code ionospheric observable to set a level of a carrier 
special purpose hardware processors and a memory (e.g., 25 phase ionospheric observable. The utilizing step may also 
random access memory [RAM]). Such a processor may be 	estimate bias of a satellite and a receiver (e.g., by taking cross 
coupled to, and/or integrated with, other devices, including 	correlations between multiple different ground based GPS 
input/output (I/O) devices such as a keyboard, a cursor con- 	measurements). The bias estimation may further tabulate the 
trol device (e.g., a mouse, a pointing device, pen and tablet, 	smallest measurement of an arc that passes through a filtered 
touch screen, multi-touch device, etc.) and a printer. 	30 region of the ionosphere, average the smallest measurements 

Output/results from processor 708 may be presented on a 	over a course of a day, and subtract from the average a com- 
display (that may be integrated into/with processor/computer 	ponent for/representing the ionosphere and plasmasphere 
708) or provided to another device for presentation or further 	contributes (e.g., to determine a daily bias for the receiver). 
processing or action. In one embodiment, such a display 	The actual bias for the receiver may consist of a 10-day 
comprises a liquid crystal display (LCD) having a plurality of 35 running average of the daily biases. 
separately addressable liquid crystals. Alternatively, the dis- 
play may comprise a light emitting diode (LED) display 

	
CONCLUSION 

having clusters of red, green and blue diodes driven together 
to form full-color pixels. Each liquid crystal or pixel of the 

	
This concludes the description of the preferred embodi- 

display changes to an opaque or translucent state to form a 40 ment of the invention. The following describes some alterna- 
part of the image on the display in response to the data or 	tive embodiments for accomplishing the present invention. 
information generated by the processor from the application 

	
For example, any type of computer, such as a mainframe, 

of the instructions of a computer program and/or operating 	minicomputer, or personal computer, or computer configura- 
system to the input and commands. 	 tion, such as a timesharing mainframe, local area network, or 

The processor/computer 708 may also optionally comprise 45 standalone personal computer, could be used with the present 
an external communication device such as a modem, satellite 

	
invention. 

link, Ethernet card, or other device for accepting input from, 	In summary, embodiments of the invention provide a new 
and providing output to, other processors/computers 708. 	processing system for COSMIC data. This new system uses 
Processor 708 may be configured to execute a computer pro- 	the information in the multipath combination to provide a 
gram/instructions stored in memory or permanent storage 5o TEC level based on variance reduction of the PrLr  combina- 
that cause the processor 708 to perform the steps necessary to 	tion. This level is more accurate than an alternate weighting 
implement and/or use the present invention or to load the 	scheme, i.e. the elevation based weighting scheme used by 
program of instructions into a memory, thus creating a special 

	
GIM. Using the correctly leveled phase connected arcs from 

purpose data structure causing the processor/computer 708 to 
	

COSMIC, a relative receiver differential bias can be esti- 
operate as a specially programmed computer executing the 55 mated. The process of leveling and bias estimation has an 
method steps described herein. Such a computer program 	error of order 2.1 TECU. 
may also be tangibly embodied in memory and/or a data 

	
With a processing system in place, it is now possible to 

communications devices, thereby making a computer pro- 	systematically assimilate COSMIC GPS measurements into 
gram product or article of manufacture according to the 	a model such as 7PL/USC GAIM. Such at tool can be utilized 
invention. As such, the terms "article of manufacture," "pro-  60 to systematically include COSMIC measurements on a daily 
gram storage device," and "computer program product," as 

	
basis. It has been shown that such inclusion leads to improved 

used herein, are intended to encompass a computer program 	profile structures and better global data coverage. 
accessible from any computer readable device or media. 	The foregoing description of the preferred embodiment of 

Of course, those skilled in the art will recognize that any 	the invention has been presented for the purposes of illustra- 
combination of the above components, or any number of 65 tion and description. It is not intended to be exhaustive or to 
different components, peripherals, and other devices, may be 

	
limit the invention to the precise form disclosed. Many modi- 

used with the processor/computer 708. Generally, the com- 	fications and variations are possible in light of the above 
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teaching. It is intended that the scope of the invention be 
limited not by this detailed description, but rather by the 
claims appended hereto. 
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What is claimed is: 
1. A method for estimating ionospheric observables using 

space-borne observations, comprising: 
obtaining space-borne global positioning system (GPS) 

data of ionospheric delay from a space-borne satellite 
receiver; 

obtaining ground-based GPS observations; 
combining the space-borne GPS data with the ground-

based GPS observations; and 
utilizing the combination in a model to estimate a global 

three-dimensional (3D) electron density field. 
2. The method of claim 1, wherein the space-borne GPS 

data is obtained via the Constellation Observing System for 
Meteorology, Ionosphere and Climate (COSMIC). 

3. The method of claim 1, wherein the utilizing comprises 
phase leveling the space-borne GPS data. 

4. The method of claim 3, wherein the phase leveling 
comprises utilizing an unbiased level of a pseudorange code 
ionospheric observable to set a level of a carrier phase iono-
spheric observable. 

5. The method of claim 1, wherein the utilizing comprises 
estimating a bias of the space-borne satellite receiver and a 
second receiver. 

6. The method of claim 5, wherein the bias is estimated by 
taking cross correlations between multiple different ground 
based GPS measurements. 

7. The method of claim 5, wherein the estimating the bias 
for the second receiver comprises: 

tabulating a smallest measurement of an arc that passes 
through a filtered region of the ionosphere; 

averaging the smallest measurements over a course of a 
day; and 

subtracting, from the average, a component for the iono-
sphere and plasmasphere contributions, to determine a 
daily bias for the second receiver. 

8. The method of claim 7, wherein the bias for the second 
receiver comprises a 10-day running average of the daily 
biases. 

9. A system for estimating ionospheric observables using 
space-borne observations comprising: 

(a) a processor having a memory; 
(b) an application executing on the processor, wherein the 

application is configured to: 
(1) obtain space-borne global positioning system (GPS) 

data of ionospheric delay from a space-borne satellite 
receiver; 

(2) obtain ground-based GPS observations; 
(3) combine the space-borne GPS data with the ground-

based GPS observations; and 
(4) utilize the combination in a model to estimate a 

global three-dimensional (3D) electron density field. 
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10. The system of claim 9, wherein the space-borne GPS 
data is obtained via the Constellation Observing System for 
Meteorology, Ionosphere and Climate (COSMIC). 

11. The system of claim 9, wherein the utilizing comprises 
phase leveling the space-borne GPS data. 	 5 

12. The system of claim 11, wherein the phase leveling 
comprises utilizing an unbiased level of a pseudorange code 
ionospheric observable to set a level of a carrier phase iono-
spheric observable. 

13. The system of claim 9, wherein the utilizing comprises io 
estimating a bias of the space-borne satellite receiver and a 
second receiver. 

14. The system of claim 13, wherein the bias is estimated 
by taking cross correlations between multiple different 
ground based GPS measurements. 	 15 

15. The system of claim 13, wherein the estimating the bias 
for the second receiver comprises: 

tabulating a smallest measurement of an arc that passes 
through a filtered region of the ionosphere; 

averaging the smallest measurements over a course of a 20 

day; and 
subtracting, from the average, a component for the iono-

sphere and plasmasphere contributions, to determine a 
daily bias for the second receiver. 

16. The system of claim 15, wherein the bias for the second 25 

receiver comprises a 10-day running average of the daily 
biases. 
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