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CORRECTING FOR THE EFFECTS OF THE 
IONOSPHERE ON RF TRANSMISSIONS AS USED 
IN THE SATRACK SYSTEM 

It is important to the accuracy of the SA TRACK missile-tracking system that corrections be applied 
to compensate for ionospheric effects. This article contains a background description of the SATRACK sys
tem and discusses how corrections based on ionospheric models and on two-frequency data are calculat
ed. The corrections used in the early SA TRACK system for Trident I tests and the follow-on SATRACK II 
system for Trident II tests are presented. Also examined are the merits and shortcomings of the implemented 
corrections. 

BACKGROUND 

APL has developed for the Navy's Strategic Systems 
Programs (SSP) Office a highly accurate means for 
tracking a test ballistic missile using signals from Glob
al Positioning System (GPS) satellites and ground trans
mitters (pseudosatellites). The signals are received and 
retransmitted to receiving equipment on the earth's sur
face by a "translator" (frequency/band shifter) in the 
missile. This system, known as SA TRACK, has been 
used for tracking Trident I C4 and Trident II D5 test 
missiles. Single-axis accuracy requirements for the C4 
tests were 12 m in position and 0.015 m/ s in velocity; 
accuracy requirements for the D5 missile were more 
stringent. A key element in meeting those accuracy goals 
is the application of appropriate corrections to the RF 
transmissions to eliminate the refraction effects of free 
ionospheric electrons. 

The measurement concept for the SA TRACK II sys
tem is shown in Fig. 1. RF signals transmitted by GPS 
satellites (in orbit at about 20,000 km above the earth) 
and by pseudo satellites are received at the missile and 
then retransmitted on a different carrier frequency to 
receivers on the earth's surface. These signals yield mea
surements of the distance and velocity components along 
the paths between the satellite (or pseudosatellite), the 
missile, and the common ground receiving station. The 
positions of the GPS satellites and pseudo satellite trans
mitters can be independently determined to a high or
der of precision. ' 

Thus, referring to Fig. 2, the measured range (Rm) 
data are as follows: 

R m , = p, + RR + (time error) , , 

Rm2 = P2 + RR + (time error)2 , 

Rm3 = P3 + RR + (time error)3 , 

Rm4 = P4 + RR + (time error)4 

82 

Pseudosatellite 
on earth's surface 

~ GPS satellites 

~ 

~ . 

'plMh 
Downrange support 
ship 

'p1Mh ( 
Launch-area support ship 
or ground receiving station 

Figure 1-SATRACK system elements. Signals transmitted 
from GPS satell ites and pseudosatellites are received at the 
missil e, translated to another frequency, and relayed to 
receivers on the earth 's surface. They are recorded for sub
sequent processing to determ ine the position and velocity 
of the missile . 

The time error is common (to first order) in that the GPS 
transmitter clocks are synchronized, but not with the clock 
in the receiving equipment at the earth's surface. Also, 
R R' the range between the missile and the ground re
ceiver, is common to each measured range. By differenc
ing the R m values, the following measured values can 
be derived: p, - P2, p , - P3, p , - P4' 

Those measured values, along with the values of R " 
R2 , R3, and R4 (i.e., the distances of the satellites from 
the center of the earth, derived from the known GPS 
satellite positions), yield sufficient information to sol e 
for the three-dimensional position of the missile. Simi
larly, measured range rate (Rm) from Doppler data can 
be used to solve for the velocity of the missile in three-
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Figure 2-The basic geometry used by the SATRACK sys
tem. The values of R 1, R 2, R 3, and R4 are derived from pre
cise knowledge of the GPS satellite positions. The values of 
P1 + RR, P2 + RR, P3 + RR, and P4 + RR are measured by 
the SATRACK system. 

dimensional space_ In the solutions, measurements from 
pseudo satellite transmissions can be treated in the same 
manner as transmissions from GPS satellites. If there 
are more than the minimum of four GPS satellites and 
pseudosatellites, redundant data are available, frequently 
permitting a more refined solution for position and ve
locity. The basic computations, however, assume that 
the transmissions are taking place in a vacuum, which 
they are not. A similar situation also holds for those ve
locity calculations determined from Doppler measure
ments. Thus, to achieve the missile-position accuracy 
required, the range and range-rate measurements must 
be corrected for the refraction effects of the ionosphere 
on the signals. (Similar correction must also be made 
for tropospheric effects.) We discuss below how the cor
rections for ionospheric effects on signals used in the 
SA TRACK system have been calculated, and comment 
briefly on procedures that will be implemented in the 
next available generation of GPS satellites. 

MECHANIZATION AND 
FREQUENCY SELECTION 

The original SA TRACK concept was to use a special 
constellation of satellites that would have permitted the 
selection of optimized frequencies. The concept became 
moot when the decision was made to use navigational 
GPS satellites. These satellites transmit three frequen
cies, LI (1575.42 MHz), L2 (1227.60 MHz), and L3 
(1381.05 MHz), and use the pseudorandom noise spread
spectrum phase modulation, which gives the required in
formation for determining slant range. On the early GPS 
satellites (Block I), however, only the Ll frequency is 
normally used to transmit the narrow 1.023-MHz clear 
acquisition code, while all frequencies transmit the wider 
1O.23-MHz precision pseudorandom code. Later (Block 
II and subsequent) generations of the GPS satellites will 
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also be able to transmit the clear acquisition code on the 
L3 frequency. Since the time span for the primary use 
of SA TRACK for Trident I tests occurred when the 
Block I GPS satellites alone would be available, only the 
LI frequency would be usable for SATRACK pur
poses. This was so because the bandwidth of the mis
sile's translator was limited to the bandwidth of the clear 
acquisition code spectrum, so as to have sufficient trans
lator output spectral power density. Thus, for Trident 
I tests, only one frequency could be used from the GPS 
satellites. For the pseudosatellites, however, LI and a 
second frequency could be used, and there was no re
quirement that that second frequency match one of the 
GPS frequencies. The LI /4 frequency (approximately 
394 MHz) was therefore selected because there were oth
er test range requirements for that transmission and be
cause it was well separated from the LI frequency and 
thus suited to calculating ionospheric corrections to the 
LI -frequency data of the pseudosatellite-to-missile 
links. For Trident I tests, then, ionospheric corrections 
for the pseudosatellite-to-missile links could be calculated 
using two-frequency data. For the GPS satellite-to-missile 
links, however, the only available approach was to use 
an ionospheric model. This was achieved by fitting the 
model with the measured ionospheric data, . obtained 
from the dual-frequency pseudosatellite data for the mis
sile flight time, and calculating the satellite-to-missile cor
rections based on the fitted ionospheric model. 

BASIC COMPUTATION TO CORRECT 
FOR IONOSPHERIC EFFECTS 

The satellites and pseudo satellites of the original 
SA TRACK system concept were designed to broadcast 
signals at two different frequencies. Data from one fre
quency would be used to calculate the required basic 
range and range-rate (Doppler) information, and these 
data and the additional data from the second frequency 
would be used to calculate directly the corrections for 
refraction by the ionosphere. The classical equations for 
calculating these ionospheric corrections to range-rate or 
Doppler data using two-frequency data are, to first or
der, as follows: 2 

-II il K 
illl - - - P + - M+ EI 

c II 
(1) 

and 

-12 K 
il12 - -- ilp + -M+ E2 , 

C 12 
(2) 

where ill = measured frequency shift or "Doppler 
measurement" over a measurement time 
interval, 

1 = frequency (subscripts denote frequencies 1 
and 2), 

c speed of light, 
p true (vacuum) range between transmitter 

and receiver, 
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/l.p = change in P over the measurement time in
terval, 

K constant, 
I integrated electron density along the line

of-sight path from transmitter to receiver, 
!lI change in lover the measurement time 

interval, 
E noise in the Doppler measurement (/l./). 

If ex = 11 /12, then solving Eqs. 1 and 2 for !lI results 
in 

K 
_ -!lI+ 

II 
(3) 

For the SATRACK system, /l.Iis a measured output 
from the system, and the desired quantity is /l.p. Thus, 
if Eq. 3 is solved for !lI, that value can be used in Eq. 1 
or 2 to solve for /l.p. The problem of noise magnifica
tion when II and 12 are not sufficiently separated can 
be noted in the term (EI - ex (2)/(1 - ex 2

). 

The classical equations for calculating ionospheric cor
rections to range using two-frequency data are, to first 
order, as follows: 

PI 

and 

P2 

where Pi 

P 

K' 
I 
I 

-

-

K ' 
P + 

112 
1+01 (4) 

K' 
P + Il I + 02 , (5) 

range measured using frequency J;, 
true (vacuum) range between transmitter 
and receiver, 
constant, 
frequency, 
integrated electron density along the line
of-sight path from transmitter to receiver, 
noise in the range measurement. 

Solving for I results in 

(6) 

Again, the value of I could be determined from the 
measured values of PI and P2, and the result could be 
used in Eqs. 4 and 5 to solve for the desired value of 
range (P) or range rate (/l.p). Because the mechanization 
of the SA TRACK system precludes very high precision in 
measuring the large value of P (thereby degrading the 
precision of Pil - Ph for any data point), the solution 
for I in Eq. 6 is inherently noisy. If, however, the values 
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of !lI derived from Eq. 3 are integrated, the result is sig
nificantly less noisy; the problem with this approach by 
itself is that the constant of integration is unknown. To 
obtain the constant of integration, curves of I versus time 
can be derived by integrating the !lIvalues ofEq. 3 and 
by computing I using Eq. 6. These values of I at com
mon times can be differenced , and the result is the 
desired constant of integration. The difference values 
contain the noise of the curve derived from range mea
surements; but, if many difference values are used and 
averaged, the result is a satisfactory value for the con
stant of integration, which permits use of the values of 
I derived by integrating!lI alues obtained with the 
quieter /l.I from the SATRACK signals. 

For those links between the GPS Block I atellites and 
the missile where only the single LI frequency is avail
able, an ionospheric model would have to be used. The 
required values of !lI and I in Eqs. 1 and 4 would be 
obtained from this model. 

EXPERIENCE 
In the final processing of SA TRACK data in a 

Kalman fIlter program, Doppler data are more signifi
cant than range data. Also, conclusions that can be 
drawn from an examination of the range-rate corrections 
for ionospheric refraction are generally applicable to the 
corresponding range corrections. Therefore we will limit 
our discussion of details about the use of two-frequency 
data and ionospheric models to calculate ionospheric cor
rections to the case of corrections applied to range-rate 
data. Some of the plots shown here represent single links 
between the GPS satellite (or pseudosatellite) transmit
ters and the missile; others are derived from differenc
ing the data from two different links. Link difference 
data are significant because they eliminate all anoma
lies and errors associated with the common link from 
the missile's translator to the ground recording station. 

Range-rate corrections calculated using Eq. 3 for Tri
dent I and II tests showed a significant difference in noise 
level because of the good separation between the LI 
and LI / 4 frequencies used in the Trident I tests and the 
poor separation between the L I and L 3 frequencies 
used in the Trident II tests. This difference can be seen 
by comparing Figs. 3 and 4. One can clearly see the in
crease in the noise in the Trident II test calculations (Fig. 
4), resulting from -the lower value of ex (=11 /12) in the 
(E I - ex E2 )/ (1 - ex 2

) expre sion for noise. The curve 
in Fig. 3 shows "typical" characteristics of the iono
spheric corrections for range rate on a pseudosatellite
to-missile link. Here, the noise Ie el is sufficiently low 
that a curve-fitting technique can be used to smooth the 
data before applying them as correction to the L )
frequency Doppler measurements. The smoothed curve 
is shown superimposed on the raw data. Figure 5 show 
the smoothed curve by itself. 

To see the effectiveness of these range-rate corrections, 
comparisons can be made with the final range-rate data 
produced by the Kalman filter (which is supplied with 
all SA TRACK data, data from the instrumentation in 
the missile, initial conditions data, and other data af-
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Figure 3-A plot of the raw range-rate corrections for the ef
fects of transmission through the ionosphere. Corrections 
were calculated using L1 and L1/4 frequency transmissions 
from Trident I tests. A smoothed curve has been fitted 
through the data. 
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Figure 4-A plot of raw range-rate corrections for ionospheric 
effects. Corrections were calculated using L1 and L3 fre
quency transmissions from Trident II tests. 

fecting the missile trajectory)_ Kalman-filter data repre
sent the best estimate of the missile's position and 
velocity, and so are considered to be the data that most 
closely represent "truth." In Figs. 6 and 7, difference 
data are plotted to eliminate any errors introduced by 
unknowns in the common downlink from the missile to 
the recorder on the ground. 

Figure 6 shows a plot of the residual remaining when 
the Kalman-filter range-rate results for two pseudo
satellite-to-missile links are differenced (subtracted one 
from the other) and this result is then differenced with 
the corresponding difference data from SATRACK mea
surements before ionospheric corrections. The residuals 
plotted in this figure generally represent the errors result
ing when there is no compensation for the effects of the 
ionosphere on the signals used to obtain the range-rate 
measurements. Other errors, of course, are included, 
resulting from system noise, inaccuracies in other com
pensations, and the fact that Kalman-filter data are only 
the best estimates of truth. The degree to which the 
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Figure 5-A smoothed curve fitted through the raw calcu
lated corrections shown in Fig. 3. 
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Figure 6-Difference-data residuals for two pseudosatellite
to-missile links with no ionospheric corrections. 
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Figure 7-Difference-data residuals for the links in Fig . 6, af
ter applying ionospheric corrections. 

residuals represent the result of ionospheric effects on 
the signals can be seen by comparing the plot in Fig. 
6 with that in Fig. 7. Both figures show plots of the same 
data, except that the SATRACK-measured range-rate 
data in Fig. 7 have been corrected for ionospheric ef
fects using corrections calculated by Eq. 3 _ The dramatic 
reduction of the residuals shown in Fig. 7 is clear evi
dence of the effectiveness of the calculations made to 
correct the range-rate data for ionospheric refraction. 

For Trident I tests (and Trident II tests, until a con
stellation of Block II GPS satellites is available), there 
were no two-frequency data for the GPS-satellite-to
missile links, so it was necessary to use a model of the 
ionosphere to calculate the corrections for signal refrac-
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tion. Two different approaches to ionospheric model
ing were used. One model is a complex function of 
latitude, longitude, altitude, time, season, and solar ac
tivity; the other is a simpler, spherically symmetrical 
model fitted with the vertical profile data derived from 
calculations using the two-frequency data from pseu
dosatellite links with an exponential decay function for 
the region of the ionosphere above the maximum height 
of the measured data. Better results were obtained with 
the simpler model, probably because it was fitted with 
data from the pseudosatellite links. This made it more 
accurate, for the limited volume of space under consider
ation and for the exact time of the test, than the more 
complex model, which is better suited for applications 
covering a larger volume of space. The simpler model 
provided better results than the complex model even 
when the complex model was fitted with the data from 
the pseudosatellite links. When either model is used, the 
M values are derived from the model to calculate the 
refraction effects of the ionosphere on range-rate mea
surements. 

Figure 8, corresponding to Fig. 6, shows two GPS
satellite-to-missile links, and gives an indication of the 
errors introduced if compensation for ionospheric refrac
tion is not made. Figure 9 represents the same data as 
Fig. 8, except that the measured range-rate data have 
been corrected for ionospheric effects, using the simpli
fied model. Significant residuals remain in Fig. 9; they 
are generally believed to represent errors in the correc
tions for ionospheric effects, resulting from the use of 
a fitted ionospheric model rather than measured two
frequency data. 
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Figure 8-Difference-data residuals for two GPS-satellite-to
missile links with no ionospheric corrections. 
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Figure 9-Difference-data residuals for the links in Fig . 8, af
ter applying ionospheric corrections. 
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Although no GPS Block II satellites were available 
when Trident II testing began, there was a significant 
difference to consider in processing the two-frequency 
data from pseudosatellite transmitters because they trans
mitted on the L ) and L3 frequencies, which have much 
less separation than the L ) and L) 14 frequencies. 
When the single-link range-rate corrections comparable 
to those in Fig. 3 are plotted for the Trident II data, 
we obtain the result hown in Fig. 4, where the noise 
level is much higher than in Fig. 3. Therefore, the ap
proach used was first to integrate the data and smooth 
the result, and then to differentiate the smoothed in
tegrated data. Figure 10 is the result of integrating the 
data plotted in Fig. 4, Fig. 11 is the plot of the integrat
ed data after smoothing, and Fig. 12 is the result of 
differentiating the plot in Fig. 11. Thus, Fig. 12 repre
sents the range-rate corrections to be applied to the mea
sured range-rate data for the particular pseudosatellite-to
missile link at issue. The calculations resulting in the plot 
of Fig. 4 used measured range-rate data from two fre
quencies. Although we corrected these data for all known 
sources of error before making the calculations, they still 
contained errors introduced by system noise and errors 
in the corrections applied . Thus, the errors are carried 
through in the integration, smoothing, and subsequent 
differentiation. Fortunately, they do not appear to dom
inate the result, although there is a suspicion that errors 
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Figure 10-lntegrated raw range-rate ionospheric corrections 
(L1 ' L3 ) from Fig. 4. 
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Figure 11-lntegrated raw range-rate ionospheric correct ions 
(L b L3 ) shown in Fig . 10, after smooth ing. 
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Figure 12-Derivative of smoothed integrated raw range-rate 
ionospheric corrections (L 1 , L3) shown in Fig. 11 . 
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Figure 13-Difference-data residuals with no ionospheric cor
rections. 

in correcting for missile antenna-phase effects may con
tribute to a significant error during times of high dy
namic motion of the missile about its roll and pitch axes. 

The effectiveness of the range-rate corrections calcu
lated from the two-frequency measurements for the Tri
dent II tests can be seen in Figs. 13 and 14, which are 
comparable to Figs. 6 and 7 from a Trident I test. Fig
ure 13 represents the error between measured range-rate 
data and the Kalman-filter best estimates when no cor
rection for ionospheric effects is applied to the measured 
data. Figure 14 shows residuals comparable to those in 
Fig. 13 after correction. Again, it is evident that the cor-
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Figure 14-Difference-data residuals comparable to those in 
Fig . 13, after applying ionospheric corrections. 

rections applied are effective in reducing errors in the 
measured data. 

SUMMARY 

The SATRACK system for determining the position 
and velocity of a test ballistic missile depends on RF 
transmissions that traverse part of the ionosphere; cor
rection of the data for refraction of the signals by the 
ionosphere therefore is required if the desired accuracy 
of the system is to be achieved. For the accuracies 
desired, modeling of the ionosphere does not yield suffi
ciently accurate information. The use of two-frequency 
data provides a means for directly calculating the re
quired corrections for refraction by the ionosphere. Even 
when the frequencies of the two signals are reasonably 
well separated, the results contain significant noise that 
must be smoothed before the corrections are applied to 
the measured data. This noise level increr:ses markedly 
as the frequency separation of the two signals is reduced, 
significantly increasing the problem of smoothing the cal
culated corrections. Because of the characteristics of the 
ionosphere, however, sudden changes in refraction ef
fects are unlikely along the RF frequency paths used. 
Thus, smoothing of the calculated corrections is a rea
sonable operation before applying the corrections to the 
measured data. 
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