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Rctwccri 1964 and IC)70 the U.S. Ar111y Corps of Engineers established networks of accir- 
rate positions around thc world. Thc posltiorls were dctcrrninecl by Incans of the Geodetic 
Secor Systern. This system consists of four ground stations and a satellite. The ground 
stations transrnit radio signals to tlie satellitc, and the signals are thcn rcturned t o  the 
grourid stations. 'I he tinlc between transmission and reception of the signal at  the ground 
station is measured and used to calculate the distance between ground stations and satellite. 
111 order to convert the time mcasurcrnent into a distance it is necessary to know the wave 
velocity along the path of' which the wavc. is traveling. Thc wave velocity dcpcnds upon 
the mediurn in wliicl-i the wave is traveling.and is characterized by the refractive rndex. ' I  Ire 
refractive indcx of n medium is tlie ratio of the wavc velocity in the vacuum to the wavc 
velocity in medium. For a11 material rnedta, the refractrve index is a function of the wave 
frequency and some ptiysical propcrties of the specific niedium. The frequency dependency 
of the refractive index is callccl dispersion. 7'hc propagation of an eleotromagnctic wave in 
a dispersive rncdiurn is charactcrtzcd by the  phasc refractive indcx and the group ref'ractivc 
index. The phasc refractive indcx is derived from tlie velocity with wliicll the phase (the 
crest) of a wave propagates; the group refractive indcx is derived frorn thc vclocity with 
which the energy o r  tlie signal of the wave propagates. A tlioroi~gh atlalysis of the wave 
propagation in material zncdin Icads t o  additional concepts of the rcfractive rndex, An 
excellent book on this subject 1s Wuvc IJrnpugutiorl u t l ~ l  C ; r o ~ p  I'1'1ocitv by Leon Rrjllorrin. 
For our  considerations, hnwevcr, the conceptc of phase velvcrty and group vclocity arc 
sufficient. 

Tllc group rcfractive index n and tlie phase rcfractivc index nP arc related to  each otlicr 
g 

by Equation ( 1 ). 

The carrier frcqucncy in thrs cquation is Sc. Appleton dtld Hartree dcvcloped the expression 

for the phasc refractive indcx of a magnetoionic rnedium. The itldex is a complex functton 
and depends on the frequency of the wave, the electron dens~ty ,  thc ~nagnetic field of the 
earth, and the collisiorr Sreclucncy of electrons with ions and rnolccules. It can be shown 
that for frequencies above 700 MHz, the Appleton-1 Iartree equation can be simplified so 
that the group rcfractive indcx can be expressctl as sliow~r ill Equation (2) .  



N is the electron density. The errors resulting from this simplification arc few parts in a 
million and are decreasing with increasing frequency. 

The traveling time T of a wave betwccn two points is given by Equation (3).  

'Tl~e integral has to bc taken along the wave path between the two points. If the simplified 
group refractive index of tlic ionosphere is inserted into Equation (3) ,  the integral is split 

into two terms as shown in Equation (4). 

The terrn r/co represents thc traveling time if thc nledium betwccn the two points were 
vacuum. The sccond term represents the aclditlollal traveling timc which is caused by tlic 
presence of  the lonosphere. This term is callcd the ionospheric delay tilrle bccausc of the 
delaying influencc of the ionosphere on tlic signal.* I t  is important t o  note that  the phase 
refractive index o f  the ~onosphert: is smaller than onc and, therefore the phase of the  wave 
travels faster in the ionosphere than in vacuum. 

The SECOR signals arc transmitted on a carrier fc from the ground stations to the satellite 
and transmitted back from the satcllite to the  ground stations on two different carriers, 
af, and pf,.. The ratio of to  0 i s  t w o  t o  one. The round-trip time of the signal using the 
LY carrier 1s T,, and the round-trip tirnc of the signal using the /3 carrier is Tp. Both times 
are measured by the SECOK system and subsequently subtracted from each other. The 
timc difference AT is given by Ecluation (5)  which relates thc total electron con tent t o  the 
measured time diffcrencc and known parameters. The ionospheric delay 

time for the ol downlink can now be calculated as shown in Equation ( 6 ) .  

The precision of the ionospheric mcnsureIncnts was determined by a collocation experiment. 
Two SECOR stations were placed at a distancc of' 257 rnctcrs on an installation at  Herndon, 
Virginia, and were used to  track the same satcllite. Becairsc thc two stations were so close 

*The integral in equation (4) repre,wnts the total electron content along the wave path. 



togethcr the signals frotii each station travcl through the same ionospheric region on  their 
way to  and fro111 the satellitc. Tlie ionoslrher~c delay times measured by the stations should 
thererore bc identical. Figure 1 shows the rcsults Srorn two tracks of the collocation cxperi- 
~nen t .  The sntcllitc used was ECiRS- 13, 3 satellite in an orbital :~ltitude of about 1 100 kilo- 
rncters and near 90" inclination. The tablc contains the ranges between satellitc and ground 
stations ant1 the ionosphertc corrcction. I lie proccss of  dctcrrriining the dlstancc bctwccn 
satcllltu and ground sattion is as follows: The round-trip time of the signal using the alpha- 
carr1t.r is measured. This time is ~ ~ i u l t ~ p l ~ c c i  by the vacuum vclocity of light and divided by 
two whtcli ylclds a d~stance that is too large by the ionospticric correction. The true dis- 
tance IS obtainrd by subtracting thc ioliospheric correction fro111 the vacuurn distancc. The 
lonosphcnc correction IS obtained by dlviding tlic alphL~-carrier delay ttrlie by 3.1 18 (the 
delay tirnc 1s ~neasured in nanosccontls and the ionospheric correction is rncasured in meters). 
To  obtain the total elcctror~ content in t.lectrotis 17cr squart: metrr,  the ionospheric correc- 
tron lias to be t-nult~plicd by 4.673 X 1 OI5. Onc can scc that  the Ir for stations 0 and 4 arc 
not rtlcntlcal. 1.igure 2 shows tlic difl'errnce of the lonosphcric correction of one of the 
preceding tracks and the deviation of thc mean. The collocation experiment has shown that 
the standard deviation of  thc ~ilcasured ionosphcric correction is about *3 meters. Figure 3 
shows thc rcsults of three tracks of thc collocation expcrirncnt. The abscissa is thc elevation 
angle and the ordttiatc is the delay tinic for a 1600-MHz carrier. Please take notc of the char- 
acteristic sliapc of  curves '777 and 707. 'I'lie points wllcrc the curves reversc is a t  the maxi- 
tnum clevation angle. 

In Figiirc 4 you see the first geodetic nctwork w k ~ c h  was cstablished by SECOK, which pro- 
vides a tie bctwccn Japan and Ilawaii. Thc orbital altitudes of thc satcllitcs used in this pro- 
gram wcrc about 900  kilometers. Thc program was started in August 1964 and completed 
in July 1966. Figure 5 shows thc SEC'OII equatorial bclt nctwork. Satcllitcs of about 3800 
kilometers altitudc were used because of the large d~s tancc  between stations. Thc program 
was initiated in July 1966 and colnpleted in Apnl 1970. Figure (7 shows the rcsults of a 
track taken at the ~sla~icl  of Wuleai. I11 the graph at  thc lower left thc ionospheric corrcc- 
lion is plottccl versus tinic. Thc satcllitc 1s EGRS-3, hhicli has an orbital altitude of 'lbout 
925 kllorneters Tllc dotted line in the lower lcft graph 1s tch ionosphcric correctton multi- 
plied by satellite altttudc over range. This calculation was performed to obtain sorric exlra- 
polated valucs for the total elcctron contcnt above tht. station. Tllc graph in the upper left 
of the figure sliows the rangc to  the satellite and thc elevation angle of thc range (dotted 
line) as a f'unction of tiri~c. 'Ihe right side of the figrxrr sllows thc suborbital plot of the 
satellite orbrt. At tlrc center of the graph 1s thc loc,ltlon of thc station. 'I'his track was ob- 
served at  h: 30 a.m. Onc can see that a1 this tirnc tlic ionospheric correction is small, aroutid 
five meters. F'lgurc 7 slluws six-nilar plots. Thc track lias been observed about noon. At 
this tirric the ~onospheric corrcction is ~nuct l  larger and varies from about 9 0  meters t o  180 
meters. Figure 8 shows a four-station track in tl-ic Pacific Ocean area. Stations were l o ~ a t c d  
at Truk, Swallow, Kusaii, and Gizo. In this g ~ a p h  the tielay timc for a 1600-MHz carrier is 

plotted against the clevation angle. 'fhc local titnc of tlie track is about 9:00 p.rn The 
curves appcar to be Fairly well corrclluted. 1 4  igure 0 shows a similar w t  o r  curves, but taken 
about 6 a.m., local time. 
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Figure 6. Results of' EC;KS-3 taken at  the island of Woluai. 
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Figure 7. Results of' tracks similar to those in Figure 6. 
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Figure 8. Results of  a four-station track in the Pacific Ocean area. 
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Figure 9. Curves similar to those in Figure 8. 
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Figure 10. Ionosphcric dclay times measured at a four-station track during the equatorla1 belt operation 
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Figure 13.  Results obtained frotn the station at Woleai. 
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Figure 14. Diurnal rcgion of vertical total electron count from about 70 nleasurements 

taken in the Pacific area between September 1965 and January 1966. 



Figure 15. Typical example of noisiness of curves with respcct to elevation angle, time of day, 
geographic location, and season. 
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Figure 16. Another example of noisiness with sarne variable as those in Figure 15. 



Figure 17. Plot of a satellite path 
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Figure 18(a). Total electron content calculated along tlie direction alpha (F~gure 17). 
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Figure 18(b). Total electron content calculated along the direction alpha (Figure 17). 



I -- ...... 
6 -  " -  .......... SO. 

P *a. J.71 

Figure 18(c). Total electron content calculated along the direction alpha (Figure 17). 
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Figure 18(d). Total electron content calculated along the direction alpha (Figure 17). 
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Figure 18(e). Total electron content calculated along thc direction alpha (Figure 17). 




