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ABSTRACT

The earth’ s ionosphere can cause serious problems for
many radio applications: DOD C31 and navigation sys-
tems and commercial applications such as communica
tions, radio astronomy and navigation. They can al be
seriously affected by ionospheric disturbances. Distur-
bance effects such as amplitude fading and phase scintil-
lation limit the ahility to coherently integrate weak sig-
nals. One solution, which reduces the effective data
capacity of the channd, is the use of time-interleaved
modulation schemesin which datais sent repeatedly to
ensure its error-free reception. Another solution is to use

alternate resources during the times of predicted signal
outages due to scintillation fading. However, these pre-
dictions are generaly based on monthly climatology and
are poor for a specific time in a particular region due to
the variability and dynamics of the earth’ sionosphere. A
more real-time and local solution is required

GPS signa s provide an excellent means for measuring
scintillation effects on a disperse global basis because
they are continuoudly available and can be measured
through many points of the ionosphere simultaneously.
GPS signas are themselves affected, but because of the
spread spectrum properties of the signal, tracking
through disturbances with a GPS receiver is usualy pos-
sible with reasonably wide bandwidth tracking loops. and
scintillation parameters can be extracted There are GPS
applications, however, such as surveying where inte-
grated carrier phase measurements are used, in which
scintillation can easily disrupt operationa activities [l].

This paper presents the result of a Small Business Inno-
vative Research (SBIR) Phase | study and testing of a
software-modified commercial C/A code receiver to per-
form this function. The result isadesign of alow-cost,
portable lonospheric Scintillation Monitor (ISM) being
developed on afollow-on SBIR Phase |1 project.

INTRODUCTION

In the past_ the monitoring of ionospheric scintillation
using satellite radiated signals has primarily been on an
experimental basis. Specialy designed satellites have
been launched for that purpose [2]  In more recent years,
the signals radiated from the GPS satellites have been
used with success, but mostly experimental [3. 4].
Although GPS signals provide an excellent means of
operationally monitoring ionospheric scintillation, it has

* This paper is based upon the results of US Air Force Contract No. F19628-92-C-0139, Phase I, and upon the work to be

performed under Contract No. F19628-93-C-0065, Phasell.



been done on a limited scale. This is because off-the-
shelf GPS receivers do not provide the phase and ampli-
tude information required for scintillation parameter
extraction. Specially modified receivers have to be used.

In the past, dua frequency P code receivers have been
used (experimentally) measuring differenced L1/L2
phase measurements. This differencing cancels al other
svstematic effects such as satellite motion, clocks, selec-
tive availahility and the troposphere. Unfortunately, the
cost of these receivers and the looming threat of Anti-
Spoof (A-S) encryption of the P code has prevented this
exploitation on an operational basis. Codeless cross-cor-
relation receivers that will operate with A-S encryption
present are available, but their measurements are either
far too noisy or are too bandwidth limited to be of use for
ionospheric scintillation monitoring

In the studies and testing reported here. the systematic
effects are removed by high-pass filtering LI only meas-
urements rather than differencing LI and L2 phase
measurements. This solution takes advantage of the lat-
est commercial GPS receiver technology and provides a
local monitoring system that is practical for low-cost
deployment in large numbers in a theater battlefield envi-
ronment, as well as for commercial satellite communica:
tions.

The use of a low-cost commercial GPS receiver is kev to
this program. Not only is the cost of such a receiver
much less than that of military type receivers, but crypto-
keys are not required for its operation. Even if one were
to use a commercia dual frequency P code receiver with
code encryption capabilities added, the logistic costs and
procedures for using crypto-keys would impair the use-
fulness in large numbers and in remote areas. Of course,
the requirement for these keys would make it virtualy
impossible for use in commercia applications.  Since
codeless cross-correlation receivers that overcome the P
code encryption are too noisy, we are |eft with no alter-
native but to use the single LI frequency modulated with
CIA code.

The key to using a single frequency is the ability to
remove the low frequency systematic effects.  Upon
undertaking this study, it was suspected tha_ for an off-
the-shelf commercial receiver, the receiver oscillator’s
phase noise could not be removed by filtering, and by far
would dominate what would be expected of phase scintil-
lation variations. All other systematic effects should
easily be removed, including Selective Availability (SA).
Mostly, this was found to be true, athough more testing
is needed to verify that SA is totally removed. Fortu-
nately, by replacing the standard temperature compen-
sated crysta oscillator (TCXO) with a high qudity oven-

controlled crystal oscillator (OCXQ). this dominant effect
is reduced to desired levels.

The ability to extract amplitude scintillation parameters
was aso studied and tested. The use of a single fre-
quency does not impair the ability to do thisat dl. This
is how it is usualy done. In fact, since the GPS C/A
code signal is 3 dB stronger than the P code signdl, its
use provides an advantage, although multipath fading
effects could be more significant. However, the receiver
chosen for this testing, the NovAtd Model 951
GPSCard™, is known for is multipath mitigation capa-
bility [5].

The Phase Il effort of this program has just begun. Dur-
ing the Phase | effort, data was collected and the scintil-
lation analysis was performed off-line. During the Phase
|1 effort, an inexpensive portable C3I lonospheric Scintil-
lation Monitor (ISM) will be devel oped to measure and
provide, in real-time, parameters of the ionospheric
scintillation environment.

PHASE | ANALYSIS

The systems engineering activity performed during the
Phase | activities includes the following:

1) The derivation of the algorithms used in
determining phase and amplitude scintillation
parameters for the ISM

2) Analyss of predicted performance of the ISM,

3) Results of testing the algorithms and performance
of the ISM.

The key results of the analysis and testing are the follow-
ing:

1) A high performance low-phase noise reference
oscillator is reguired when using a single frequency
GPS receiver to monitor ionospheric phase scintilla-
tion,

2) Care must be taken to insure minimal signal
multipath for the determination of low level ampli-
tude scintillation.

3) The feasihility of using a modified low-cost, but
high performance, commercial GPS receivers for
ionospheric scintillation monitoring is proven.

First phase scintillation measurement algorithms and
performance are discussed. Then, amplitude scintillation
measurement algorithms and performance are discussed.



Phase Scintillation

Phase scintillation monitoring is traditionally accom-
plished by monitoring the standard deviation, o ,,, and

the power spectrum of detrended carrier phase from sig-
nals received from satellites, which in this case are GPS
satellites. In the Phase | effort, determination of power
spectrum parameters, namely the spectral slope (p) and
spectral strength (T), was not performed. However, the
capability of recording raw detrended phase data for off-
line spectral analysis is provided. The o,,'s are com-

puted (off-line), however, over 1, 3, 10, 30 and 60 second
intervals every 60 seconds. The 1, 3, 10 and 30 second
interval o,,'s are then averaged over the 60 second

interval. These five values are stored on atile and dis-
played for each satellite along with a time tag, the satel-
lite PRN number and azimuth and elevation angles and
the latitude, longitude and altitude location of the moni-
toring site. These later values are intended to determine,
off-line, the lonospheric Penetration Point (IPP) The
option to record raw detrended phase data, at a 50 Hz
rate. can be selected by the operator. The raw phase data
has a noise bandwidth of 15 Hz. Raw phase data (not
detrended) are always recorded, but only on a temporary
basis. The data isovewritten during subsequent collec-
tion periods.

In this section, the algorithms for phase detrending are
described.  Since the receiver used on the Phase | effort
of this program, the NovAtd Model 951 GPSCard™,
uses a small low-powered TCXO as its timing reference,
the possibility of phase scintillation monitoring contami-
nation existed. Thus, testing and analysis was performed
to determine the effects of oscillators. It was found that
the TCXO phase noise obscures the effects of low level
phase scintillation. Through testing with an Oven Con-
trolled Crystal Oscillator (OCXO0), it was found that the
OCXO phase noise does not obscure the effects of low
level phase scintillation.

Phase Detrending Algorithms In the use of GPS in the
past for experimental scintillation sensing, detrended
carrier phase data was computed from differenced LI and
L2 measurements. Then, the effects of integrated dop-
pler due to satellite motion, satellite clocks (including
SA), user clocks and the tropospheric delay cancel in the
differencing. LI only carrier phase data includes all
these effects. In case of the differenced LI and L2 meas-
urements, the only remaining effects are that of the iono-
sphere itself and unwanted multipath, which is limited to
less than one fourth of a carrier cycle. This is aso the
goal for detrended LI measurements.

The method used for detrending passes the phase meas-
urements through a high-pass filter, which removes all
low frequency effects below its frequency cut-off. This
method has been used in the past by ionospheric scintil-
lation researchers [2]. The GPS satellite doppler dynam-
ics are much less than the satellite observed in that study,
suggesting that this type of detrending should work even
better using GPS. A question remains, however, whether
or not SA and the user's clock effects could be removed
successfully.

Digital High-Pass Filter Implementation. A sixth-order
Butterworth filter with 2 0.1 Hz 3dB cutoff frequency
was used to filter out the low frequency data similar to
that used in [2]. There, the input data was sampled at
100 samples-per-second (sps), but sampling at 50 spsis
sufficient for the 15 Hz noise bandwidth. The filter has a
form in the s-plane as shown in Figure 1, where [6]
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Figure 1. Sixth-Order Butterworth Filter
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Thisfilter isimplemented in the time domain using the
equations presented in Appendix I.



Using Detrending Phase Algorithms with Measured
Data Raw integrated phase data was collected from
seven satellites on 3 November 1992. The purpose of
this collection was to test the detrending algorithms as
well asto determine the effects of the TCXO phase noise
on the detrended data.

Figure 2 shows a plot of the detrended phase residuals
using a 0.1 Hz filter cutoff frequency for two different
satellites (PRNs 18 and 16), each having a different
received C/N,. The time scale is arbitrary since the
data from the two satellites were not collected at the same
time. The standard deviation of the phase over the
period of the plots is aso indicated, which are on the
order of that experienced at L-band during active scintil-
lation periods reported in [2]. Obvioudy. this is not
acceptable as scintillation could not be monitored. The
predominate phase noise is due to the TCXO flicker
noise. To verify this, the simultaneous accumulated
phases between two different satellites were differenced
and detrended, which eliminated the common effects of
the TCXO. This detrended phaseis plotted in Figure 3
for PRNs 18 and 27. Note that the noise is now nearly
white and at a much lower level, even though it is the
sum of the noises of two independent signals. There il
appears to be some lower frequency component, which
could be a combination of multipath, the satellites’ fre-
quency references or SA, which do not cancel. The stan-
dard deviation is only 0.0775 radians, a quite acceptable
level, which also verities that the detrending does remove
dl systematic effects, at least over the periods observed.
Although this differencing provides excellent results, the
method is not as desirable in determining scintillation
characteristics from individual satdllites, since the IPP of
the disturbance is not readily determined. However. by
differencing between a number of satdlites, the IPPs
could be inferred through a process of elimination. This
is a point to be considered in the future for the purpose of
reducing hardware costs.
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Figure 2. Detrended Phase Noise with a Fil-
ter Cutoff Frequency of 0.1 Hz for Two Satellites
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Figure 3. Detrended Differential Phase Between Two
Satellites

Oscillator Phase Noise Evaluation It was obvious that

something had to be done to eliminate this TCXO flicker
noise. One solution is to use a better oscillator. How-
ever. TCXOs with better phase noise characteristics are
not available. especialy those of the size present on the
NovAtd GPSCard™. OCXOs do have better phase noise
characteristics. One such oscillator was analyzed to ver-
ify that its performance would be acceptable to this appli-
cation. This oscillator is a Vectron OCXO specialy
designed for operation with the GPSCard™, although it
operates external to the GPSCard™.

Predicted Oscillator Performance. Figure 4 presents the
predicted high-pass filtered phase noise spectral density
of both the TCXO and the OCXO at the GPS LI fre-
guency. Also shown are the high-passed phase noise
densities due to therma noise at C/N, s of 30 and 50 dB-
Hz and high-passed SA. Note that the phase noise den-
sity of the TCXO far exceeds that of thermal noise, while
the phase noise density of the OCXO is comparable.
Furthermore, the phase noise density of the OCXO is
generally two orders of magnitude lower than that of the
TCXO. These spectral densities were derived from the
respective oscillator specifications.
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Figure 4. Predicted Spectral Density of Dctrended
Oscillator, Ambient Phase Noise and SA

The standard deviations of the phase for the spectral
densities of Figure 4 were determined by integrating over



the interval shown extended to the receiver’s tracking
loop noise bandwidth of 15 Hz. The resulting one sigma
phase noise values are shown on the graph. Note that the
TCXO and thermal noise values am compatible with that
obtain in the analysis described above in Figures 2 and 3.
Also note that the OCX O value is quite acceptable for
monitoring phase scintillation at L-band [2].

Measured OCXO Performonce. Phase data using the
OCXO was collected and analyzed. The results are pre-
sented here. Figure 5 shows detrended phase using the
OCXO for data collected from PRN 11 on 24 November
1992 as compared to the data using the TCXO presented
above for PRN 16. Note that the high level phase noise
evident with the TCXO isno longer present, Thereis
still some low level low frequency oscillations It is sus-
pected that these oscillations are due to a combination of
multipath and the OCXO. Since SA is not present on
PRN 11, it is not due to SA. Some of the oscillations
correlate with suspected multipath presented later. The
RMS phase errors are indeed at least an order of magni-
tude less than those using the TCXO, which was pre-
dicted. They are also at acceptable levels for phase
scintillation measurements.

Summarv_Detrended Phase Results The 1, 3, 10, 30
and 60 second interval o, 's over a 27 minute collection
period for satellite PRN 11 are plotted in Figure 6 and
compared to the theoretical o,, This value is the root-
sum-squared of the predicted phase error due to the
OCXO phase noise and thermal noise, which. for that
collection period, is mostly the OCXO phase noise. The
[-second o,,'s are generally less than the theoretical
value. Thisis because the OCX O phase noise is domi-
nated by lower frequency noise - probably flicker noise.
Also, the 10-second &, 's are lower in value than the 3-
second o, s, indicating that the flicker noise is partialy
eliminated in the linear detrending process. The 30 and
60-second ¢ ,,'s are nearly the same that is probably due

to multipath.
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Figure 5. Detrcnded Phase Noise Comparing TCXO
and OCXO Performance
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Figure 6. Summary of Detrended Phase Standard
Deviations using an OCXO

The Effects of SA Unfortunately, as indicated above. the
only data analyzed during the Phase | program when
using the good oscillator, happened to not include the
effects of SA. These effects will be studied further during
the Phase IT activities. However, using spectrd analysis
based upon spectral characteristics of SA measured by
others [7], the effects of SA on the measurement of phase
scintillation can be predicted. The results of this spectral
analysis are shown in Figure 4. Those results indicate
that the effects of SA are less than, but close to. those of
the OCXO. Also, the two satellites differenced in Figure
3 both had SA on. The phase noise plotted in that figure
would verify the analysis prediction. However, that is too
little data tc come to a sound conclusion. More testing
has to be performed for that.

Amplitude Scintillation

Amplitude scintillation monitoring is traditionally
accomplished by monitoring the index $S4. The $4 index
is derived from detrended signal intensity of signals
received from satdlites. Signal intensity is actually
recelved signal power, which is measured in away that
its value doesn’t fluctuate with noise power. Thus, it
can't be based upon signal-to-noise density or ratio.
Also. it is imperative that the receiver’s noise Automatic
Gain Control (AGC) be disabled when these measure-
ments are taken so that the AGC doesn’t alter the meas-
ured signal intensity. Since the $4 index is normalized,
the recelver’'s absolute gain is not important, as long as it
isrelatively constant during the deuending period. Itis
also important that the intensity measurement be linear
with respect to the signal power over its entire range.
including deep scintillation fades.

$ measured at L-band needs to have the effects due to
ambient noise removed, since the ambient noise at the LI
frequency trandates to a relatively high $4 at lower fre-
quency VHF and UHP frequencies. It is desired that the



resulting S4 value be less than 0.05 for all received signal
levels above -139 dBm.

The S4 values are normally computed over 60 second
intervals. In the ISM, values are stored on a file and
displayed for each satellite along with the storage and
display of the phase data as described earlier. As noted
below, the standard deviation of the code/carrier diver-
gence is also computed over the same 60 second interval
and stored as an indicator of multipath activity. The
recording of raw detrended intensity data, at a 50 Hz
rate, can be selected by the operator. The raw intensity
data has a single-sided noise bandwidth of 25 Hz.

The S4 Measurement The raw intensity measurement
having the characteristics stated above is the difference
between Narrow Band and Wide Band Power (NBP and
WBP), measured over the sameinterval every 20 milli-
seconds, where
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wherel, and @, are the 1 kHz in-phase and quadraphase
samples. If the receiver’s gain is constant this difference
is proportional to received signal power S, or signal
intensity SI. Then, the total $4. including the effects of
ambient noise, is defined as follows:
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where (.) represents the expected (or average) value over
the interval of interest (60 seconds).

S4 Detrcnding As with the phase measurements, the
intensity measurements must be detrended. The received
signal power varies due to changing range, antenna pat-
terns and multipath. According to [2], this can be done
by filtering the intensity measurements in a low-pass fil-
ter that issimilar to the high-pass filter described above
and Appendix I. The differences are as follows:

1) Thetransfer function of each filter stage is of the form

1= 2 10
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resulting in an overall frequency response of
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2) The detrending is accomplished by dividing the input
by the output of the low-pass filter as

(NBP - WBP),

S = (NBP- wep)

12)
pf &

which fluctuates around a value of 1.

3) The cutoff frequency is not necessarily the same as for
phase detrending. The capability of entering a differat
vaue for 7, for intensity detrending is included.

4) The low-pass filter used for detrending has different
time-domain eguations than the high-pass filter, and are
provided in Appendix I.

Removing, the Effects of Ambient Noise Unfortunately,
the total $4 defined in Equation 9 can have significant
values simply due to ambient noise. Since this index
would be used in practice by scaling to predict amplitude
scintillation at lower frequencies, such as VHF and UHF
any valuedueto noise at LI can swamp out low ampli-
tude scintillation that scale to significant levelsat VI-1F
and UHF. Thus, it is desirable to remove, as well as one
can, the effects of ambient noise. This can be done by
estimating the average signal-to-noise density over the
entire evaluation interval (60 seconds), and using that
estimate to determine the expected $4 due to ambient
noise. This is legitimate since the amplitude scintillation
fades do not significantly ater the average signa-to-
noise density over a 60 second time interval

Note from Equation 9 that $4 is ssimply the square-root of
the normalized variance of signal power. If thesignal-to-
noise density (S/N,) is known, the predicted $4 due to

ambient noise is

o 100 [, 500
mEASN. | 198/N, 13

Thus, by replacing the § &, with the 60 second estimate
i/if., an estimate of signal-to-noise density, we obtain
an estimate of the $4 dueto noise 54, Subtracting the

square of this value from the square of Equation 9 yields
therevised value of $4
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When there is no scintillation the value under the radica
may go dightly negative. If it does, we are truly remov-
ing the effects of ambient noise.  This problem can be
eliminated by simply setting $4 to zero in those cases.

Testing S4 with Measurement Data and the Effects of
Multipath The same data used to test the phase detrend-
ing and statistics were also used to test the S4 algorithms.
$4 was computed each 60 seconds of a thirty-three min-
ute data collection period from satellite PRN 11 on 24
November 1992. The summary results are shown in Fig-
ure 7. Note that the $4 started high and then diminished
with time. during which time the elevation angle to the
satellite became larger. Note also the difference between
the uncorrected $S4 computed using Equation 9 and the
corrected value using Equation 14. It appears that this
correction does not remove the effects of rapidly varying
multipath.
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Figure 7. Thirty-Three Minutes of $4

The Effects of Multipath on S4. Multipath affects $4
because it causes fading of the received signa due to
cross-correlation with the multipath signal. Also, delay-
lock-loop tracking errors tend to “pull” the carrier track-
ing point away from the true correlation peak, aso caus-
ing a reduction in signa correlation amplitude. Long
term effects of multipath are removed with detrending.
However, multipath from closer-in objects will give short
term effects that are observed here.

The larger values of $4 early in the collection period are
due to multipath, even though the GPSCard™ receiver
and GPSAntenna™ antenna have natura multipath
rejection capabilities [5]. Thus, care must be taken to
ensure a multipath-free environment, or the use of multi-
path mitigation instruments such as antenna choke rings.
No such care was taken in the collection of the subject
data. The antenna was placed on aroof with many mul-
tipath sources.

Variations in the code/wrier divergence. which is the
measured difference between group delay and carrier
phase advance, can be used to verify the existence of
multipath. This is because the group delay tracking BFRR
due to multipath far exceeds carrier tracking errors due to
multipath. There is also a divergence due to the iono-
sphere, but one would not expect this to be significant
over a 60 second period. Thus, the standard deviation of
the code/carrier divergence can be used as a measure of
multipath presence, given as

Gm = Vcilv_ci’
clgr .1 Bd [ 100 1)
V™ 15407 28/N U S/N,

where B, is the code tracking loop noise bandwidth. d is

the correlator spacing and /¥, is the same estimated
signal-to-noise density used in Equations 13 and 14
above. B, and d are 0.05 Hz and 0.1 chips, respec-
tively, for the Model 951 GPSCard™. The second term
under the radical removes the estimated variations due to
ambient noise [5]. The mean divergence and these stan-
dard deviations are indicated in Figure 8 for the thirty-
three minute collection period.
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Figure 8. Thirty-Three Minutes of Divergence

The standard deviation o, of Equation 15 is computed

over every 60-second interval and stored along with the
associated $4 value. Although the o ,'s are not fool-

proof indications, they do provide some indication of
multipath. For example, if the vaue is greater than. say,
1.5 cycles, the $4 is generaly greater than 0.05.

Detrended Intensity From Satellite PRN Il. Figures 9,
10 and 11 provide snapshots of detrended intensity and
divergence over this thirty-three minute period of collec-
tion. Changes in intensity are certainly correlated to
rapid changes in the divergence. In Figure 9 (Run 5), the
intensity fluctuates about 0.5 dB. The $4 is relative high
and so is the standard deviation of the divergence (Figure
11). In Figure 10 (Run 7), the intensity is rather quiet.
The $4 is very low and the standard deviation of the



divergence is aso relaively low. Figure 11 shows a sig-
nificant change in the code/carrier divergence between
those two |-minute periods. The variations correlate well
with the larger values of $4.
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Figure 11. Code/Carrier Divergence - Runs 5 and 7
PHASE Il ENHANCEMENTS

The objective of the Phase Il SBIR effort isto complete
the development of the ISM and deliver units to the U. S.
Air Force for testing in a disturbed ionospheric environ-
ment. The Phase |l unitswill be portable, operate unat-
tended and output scintillation parameters in real-time,
requiring both software and hardware enhancements.

Software Enhancements

During the Phase |1 effort, the software of the ISM will
be upgraded so that the detrending and the computation
of the RMS residuals and spectral parameters will be per-

formed in red-time for signals from up to 10 GPS satel-
lites simultaneously. RM S residuals will be computed
and stored and displayed every 60 seconds.

Phase Spectral Parameters The spectral parameters are
strength T and slope p defined such that the phase spec-

trum

o, (vI=Tv* 16)

isafit to acomputed frequency line spectrum. Thisfit-
ting is done over the frequency range 0.5 Hz <v < 10
Hz. The line spectrum will be computed using a 4.096-
point Fast Fourier Transform (FFT) on 81.92 seconds of
50 Hz phase data every 60 seconds. Every 60 seconds, a
new set of 3.000 points is combined with the last 1,096
points of the previous 60 seconds.

Scaling to Other frequencies The users of the ISM cer-
tainly want to know the effect of ionospheric scintillation
on the frequency of their application, not the effect on the
GPS system at the LI frequency. The GPS L-band meas-
urements can be scaled to the transmission frequencies of
DOD and commercial applications using scaling meas-
ures known in the ionospheric scintillation community.
The scaling for the amplitude and phase parameters are

respectively [2]

i le 1.5

S.4/)= SA(LI)[—I } 17)
_ S1

Go(f) - GO(L]) f 18)

Scaling to these various frequencies will be for display
purposes only. The users may select up to five frequen-
cies for which the parameters are to be displayed.

Hardware Enhancements

Figure 12 shows the Phase Il ISM configuration. The
ISM, except for the antenna and optiona choke ring and
optional DC-AC converter, will fit in a suitcase about the
Size of alarge brief case. The components in the suitcase
are anotebook computer, its power supply. a 5- and 12-
volt power supply to drive the OCXO and the receiver. a
NovAtd OEM GPSCard™, an auxiliary Transputer
module and a Eurocard cage.
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Figure 12. The ISM in a Briefcase

The NovAtd OEM GPSCard™ in a Eurocard format
replaces the Model 951 card used in the Phase | testing.
A Transputer module that fits in the same Eurocard
chassis will be used to provide through-put enhancement
to perform the high-speed real-time operations (and
FFT). This module contains the identical Transputer
embedded on the GPSCard™, to which it will interface
via an existing connector.

SUMMARY AND CONCLUSIONS

The feasibility of using a modified high-performance
commercial GPS C/A code receiver for ionospheric
scintillation parameter estimation has been proven.
These modifications include high-speed processing of
carrier phase and signal power measurements to obtain
phase and amplitude scintillation parameters, and the
addition of a high quality oven-controlled crysd oscilla-
tor (OCXO) as the receiver’s frequency reference. Clas-
sical ionospheric scintillation parameters were computed
from data measured in a non-scintillating environment to
show that phase and amplitude measurements provide
the quality required to scale these parameters to frequen-
cies of interest.

Plans for the Phase Il effort were presented, which
includes software enhancements for real-time processing
of signals from up to 10 GPS satdllites and the develop-
ment of a low-cost portable lonospheric Scintillation
Measurement (ISM) unit.

APPENDIX L DETRENDING FILTER IMPLEMEN-
TATION

The detrending filters for filtering the systematic effects
out of the phase and amplitude measurements are made

up of three cascaded second order digital filters satisfying
the following equations [8}:

l’il \:¢ill ¢112 j[‘ril :l rrﬂ]
i = U+ U, LD
[)‘:1:‘,“, b2 Qi Ai! £ l_ril Al
where, for the phase detrending,

U = O ksl 1.2)

isthek + 1 raw phase (accumulated doppler) sample,

Ui S Ui~ X e 1= 2.3 1.3)
and
B rar ks = Y31 ~ X3piear L4)
is the output of the cascaded high-pass filter, where Ar is
20 milliseconds. The state transition matrix and input

vector dements are given in Table 1.

The detrending of the amplitude measurements is differ-
ent in the following ways.

1) The input 6,..., Of Equation 1.2 is replaced with
(NBP-WEP), .

2) Theinput to the second and third stages are simply the
outputs of the previous stage, where

Ui = X, ke F = 2,3 1.5)

producing an output

(NBP - WBP) Xk 1.6)

ksl =

3) The input vectorsr, are different asindicated in Table
l.
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