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ABSTRACT

An improved ionospheric delay correction model for a transionospheric
electromagnetic pulse (EMP) is used for estimating the total-electron-content (TEC)
profile of the path and accurate ranging of the EMP source. For a known pair of time
of arrival (TOA) measurements at two frequency channels, the ionospheric TEC
information is estimated using a simple numerical technique. This TEC information is
then used for computing ionospheric group delay and pulse broadening effect
correction to determine the free space range. The model prediction is compared with
the experimental test results. The study results show that the model predictions are in
good agreement with the test results.

1. INTRODUCTION

One of the important functions in using satellites is to provide accurate measurements
of the ionospheric total electron content (TEC) and also the range between the source
of the electromagnetic pulse (EMP) and the satellite. Figure 1 represents the
simplified block diagram for three channel sensor/receiver system on board the
satellite. The RF module for each channel consists of a bandpass filter and a amplifier.
The output of the RF section is down-converted using a local oscillator and passed to
the IF section where it is further amplified and filtered. The signal is then passed on to
the detection module which consists of a gaussian filter and a log-video amplifier
(LVA). The output of this detector is passed to the TOA processor for time-tagging
and TOA computation.

The EMP undergoes a group delay t  as they pass through the ionosphere according togd

the first order approximation given by

(1)



where k•134.45 and f = center frequency. An EMP signal is composed of many
frequency components and the highest frequency components are the first to arrive,
followed by successively lower-frequency components. Consequently, the signal
arriving at the satellite is a chirped waveform of microsecond or longer duration. The
TOA for the signal is not defined as the delay of the center frequency but the leading
edge of the dispersed signal is time-tagged for TOA measurement. One of the
important issues concerning the accurate measurement of the ‘true’ TOA, therefore, is
to account for the pulse broadening due to ionospheric dispersion. In the improved
TOA correction model [1], the ionospheric delay of the center frequency component
of the “frequency group” is first computed to account for the ionospheric group delay
and then the pulse broadening effect is compensated resulting the final value of TOA.

The main objective of this paper is to present the numerical technique for estimating
TEC and the range of EMP source using the improved TOA model which takes into
account not only the group delay of the pulse but also the pulse broadening effect due
to pulse dispersion. TOA is a nonlinear algebraic function of TEC for a given set of
frequency and the receiver hardware parameters. Given a pair of TOA’s measured at
the upper and lower frequency channels, an iterative numerical technique is used to
estimate the TEC from the time difference of arrival (TDOA) which is the difference
between the two TOA’s under consideration. This TEC value is then used for
computing the corrected TOA that represents the free-space range.

The TDOA model is presented in Section 2. Two simple numerical techniques are
described and their applications to computing TEC from the nonlinear algebraic
equation of TDOA as a function of TEC arc presented in Section 3. The validity of the
model is tested against the reported test results in Section 4.

2. TOA MODEL

For accurate free space range measurement, the ionospheric delay correction is
required for TOA of a transionospheric EMP. The ionospheric delay correction
involves the group delay and the pulse broadening effect due to ionospheric
dispersion. The group delay is well established [3,4]. The pulse broadening effect,
however, is not very well modeled nor documented as of today. The problem,
therefore, is to extract the information for the pulse broadening due to ionospheric
dispersion from the signal envelope of the receiver output shown in Figure 1. This can
be done using envelope detection approach with Gaussian curve fitting and estimating
the exponent parameters of the Gaussian envelope output [1].

The expression for the pulse broadening )t which represents the projection of the
time-tagging of 1/3 and 2/3 peak threshold of the leading edge of the Gaussian



waveform can be easily deduced from the F-width of the the Gaussian envelope
output. In the satellite receiver system, the peak value of the signal is first detected
and the instantaneous times of 1/3 and 2/3 threshold arc tagged respectively to result
the linearly extrapolated zero-crossing time, )t = 2t  –t  as illustrated in Figure 2.1/3 2/3

The more accurate approach to modeling the TOA, therefore, should include a
correction term that accounts for the pulse broadening effect. The total EMP
propagation time from the source to the satellite therefore should include the pulse
broadening effect in addition to free space delay and the ionospheric group delay as
given by Eq. (2).

(2)

where,

R  = the range from the source to the satellite in meters0

f = center frequency of the pulse in Ghz
c = speed of light in meters,/nsec
k = e /(4B e m)•134.452 2

0

TEC = total electron content in units of 10 eclectrons /m18  2

)t = pulse broadening projection in nano-second
b = one-half SAW filter half-power bandwidth in GHz

It should be noted, however, that the ‘measured’ TOA is not exactly that for the
nominal channel center frequency because the TOA measurement involves the 1/3 and
2/3 level crossing time-tagging of the leading edge of the disposed pulse.

In order to determine the ionospheric delay correction, the value of TEC is first
determined. Two techniques are commonly used to compute the ionospheric delay.
The first technique utilizes the broadcast ionospheric electron distribution profile,
which is derived from empirical data, to compute the ionospheric delay. This approach
is not very practical because the most common world TEC model [3] undergoes day to
day variation. The second technique commonly referred to as dual-frequency method
utilizes the time difference of pulse arrival (TDOA) obtained from the TOA
measurements at the high and low frequency channels.

The times of arrival of an EMP at the upper (TOA ) and lower (TOA ) frequency1    2

channels are,
(3)



where f , f  = center frequencies for upper and lower channels. The TDOA for the1  2

channel-pair is then given by,

(4)

Let

                       (5)

TDOA given by Eq. (5) consists of two terms, the linear term resulting from the
ionospheric group delay and the second term attributable to pulse broadening which is
a nonlinear function of TEC. Two numerical techniques for estimating TEC from this
TDOA model will be presented next.

3. NUMERICAL TECHNIQUES FOR ESTIMATING TEC AND RANGE

TDOA as given by Eq. (5) is a nonlinear algebraic function of TEC for a given set of
frequencies and receiver hardware parameters. After TDOA is obtained from a pair of
high and low channel TOA measurements, the value of TEC can be computed from
Eq. (5). Since Eq. (5) involves a term that is a nonlinear function of TEC, an iterative
numerical technique is used to solve for TEC instead of analytical approach. The
resulting TEC value is then used to correct the ionospheric effect which represents the
group delay as well as the pulse broadening. Once the ionospheric correction is
determined, the free space range can be computed by subtracting the correction from
the raw TOA measurement according to Eq. (3).

Two numerical iterative methods, Interval-Halving and Secant, were used in this study
to solve for TEC from Eq. (5). Both techniques are especially suited for single-valued
functions with one real root.

A. INTERVAL-HALVING METHOD

This is a useful technique because of the ease of programming and its generality for
finding a real root despite of its relatively slow convergence properties. The computer
time for an iteration could be lower than other numerical methods. The convergence
rate could be improved by careful selection of starting interval.

A nonlinear algebraic equation in variable x is represented by f(x) = 0. A real root of
the equation is the value of x for which the function f(x) crosses the horizontal axis.



The method of Interval-Halving applied to our present case is based upon finding an
interval within which the curve TDOA = f(TEC) crosses the horizontal line f(TEC) = C
and then repeatedly dividing by 2 the interval on which the intersection occurs. The
rate of convergence is determined directly from the way in which each new
approximation is made. After k iterations the interval within which the root is located
will be (½)  times the original interval. The k  approximation can have an error of nok      th

more than (½)  times the initial interval on TEC. This approach requires the initialk

TEC interval {TEC , TEC } such that the root lies within this interval, and therefore, a1  2

special attention must be directed to the optimum initial interval of TEC to result the
least number of iterations.

The high TEC(•3.0) case will be assumed as the worst case scenario for estimating
the initial interval. As discussed earlier, TDOA consists of two terms, a linear and a
nonlinear with respect to TEC. For high TEC scenarios, the expression )t given by
Eq. (2b) can be approximated by a linear function of TEC and TDOA can be
represented by two linear terms as given by Eq. (6), each with slopes of m  and m1  2

respectively.

(6)
where,

Figure 3 shows the plots of TDOA  (group delay), TDOA  (the correction term for1   2

pulse broadening effect), and TDOA which is the difference of TDOA  and TDOA .1  2

The plots show the geometric interpretation of estimating the starting interval of
iterations. For a known TDOA value equal to T  an estimate to the lower end of the3

interval can be made by using only the first term in Eq. (6), and this point is
represented by TEC , corresponding to the operating point Q '. As depicted in Figure1       1

3, the upper bound of the interval should be higher than TEC  that corresponds to the3

point Q . The value of TEC  can be computed analytically from Eq. (6) and the upper3     3

limit, TEC , then, should be set somewhat higher than TEC  for the iteration. The2         3

analysis shows that TEC  is about 5.5% higher than the value of TEC  for 149.103         1

MHZ and 138.95 MHZ channel pair, indicating TEC  could be set around 6% higher2

than TEC .1

B. SECANT METHOD

This method is based on approximating the curve in the vicinity of a root by a straight
line. Two starting values of x  and x  are chosen to start the iteration sequence. These1  2



starting values are chosen to lie close to the root if possible for faster convergence.
The method of selecting starting values for Interval-Halving could be applied for
Secant method as well. The superior convergence properties of Secant method
generally make it more attractive than Interval-Halving method.

4. RESULTS

Table 1(A) shows the mean values of TOA’s predicted from the laboratory bench test
[2] for TEC values of 0.1, 0.3, 1.0, and 3.0 10  electrons/m  for high (149.10 MHZ),18 2

medium (138.95 MHZ), and low (128.72 MHZ) channel frequencies. The channel
gaussian filter half-power bandwidth of 2 MHZ is assumed. In the bench test, the
dispersed signals from the Dispersive Signal Generator (DSG) are hardwired to the
receiver RF input terminal to simulate the dispersed EMP arriving at the satellite re-
ceiver under different ionospheric TEC conditions. The signals are time-tagged and
processed for TOA measurements.

A computer program for TDOA model has been set up for estimating TEC values. A
set of raw TOA measurements for a channel pair, High/Medium or High/Low, are
inputs to the program and the program outputs the estimated TEC. Table 1(B)-1(C)
tabulates the TEC values predicted by Interval-Halving and Secant methods
respectively and the number of iterations needed for the desired accuracy. The results
indicate that the model predictions closely approximate the TEC values used in the
laboratory bench test. Since the TOA’s presented in Table 1(A) represent the mean
values of the experimental measurements and the hardware parameters such as the
filter bandwidth and the threshold levels associated with the bench test might have
been different from the exact specifications, the model predictions are not expected to
be exactly equal to the bench test results. The number of iterations needed for each
case is around 10 for Interval-Halving method and 2 for Secant method. The computer
program is also set up to output free space range between the EMP source and the
satellite.

5. CONCLUSION

A new improved TOA correction model is used for predicting the TEC profile and the
range between the EMP source and the satellite. The Interval-Halving and Secant
methods were employed for the study because of its simplicity in programming and its
applicability to the type of function we are concerned. The validity of the TOA model
is tested by generating the TEC values using raw TOA measurements obtained under
different TEC environments. The theoretically predicted TEC values are compared
with the TEC values used in the laboratory bench tests. The study results show that
the model predictions arc in good agreement with the bench test results. A technique



for estimating the starting values for the iterations is discussed. The results show that
much faster convergence can be obtained using Secant method than Interval-Halving
technique.
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