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Re-entry plasma induced pseudorange and attenuation effects
in a GPS simulator

Donald S. Frankel*, Peter E. Nebolsine, Merlin G. Miller, and James M. Glynn
Physical Sciences Inc., 20 New England Business Center, Andover, MA 01810

ABSTRACT

Physical Sciences Inc. (PSI) is developing, with Navy SBIR Phase II funding, a hardware in the loop Global Positioning
System (GPS) receiver Testbed. A computer simulation will "fly" a re-entry body (RB) along its trajectory and compute
plasma properties that produce GPS signal attenuation and pseudo-range changes for each GPS satellite in view for the
specified day and time. (The specified day and time determine the locations of the GPS satellites relative to the RB.)
The simulation will compose digital instructions that specify GPS signal attenuation and pseudo-range change. The
instructions will be sent to a GPS signal simulator via Ethernet using UDP. The GPS signal simulator generates analog
RF electronic signals that are fed into a real, physical GPS receiver, thus emulating what would occur on an RB in flight.
The GPS receiver navigational output will be compared to the input trajectory to determine the accuracy of the GPS
receiver. Because attenuation of the GPS satellite signals will be, in general, different for each satellite, the effect of
sequential loss of signal from various GPS satellites and the degradation on GPS trajectory determination will be part of
the capability. In addition, when the RB goes into and returns from plasma blackout, the simulation can be continued to
determine the time required for the GPS receiver to acquire and establish navigational capability.
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1. INTRODUCTION

This project’s goal is to construct a hardware-in-the-loop Testbed for GPS receivers mounted on a Navy reentry body
(RB). The Testbed must simulate the high velocities and consequent rapid changes in position and altitude expected for
an RB to provide an adequate test of the GPS receivers. The GPS signal simulator’ that will be used as a part of the
Testbed is capable of these rapid updates, and also incorporates the attenuation and propagation delays encountered by
the GPS signals as they pass through the ionosphere, a low density plasma whose electron density peaks near an altitude
of 300 km. High energy radiation from the sun is largely responsible for ionization in this region. PSI’s unique
contribution to the simulator is to model the attenuation and delay caused by the plasma surrounding the RB as it
reenters the lower atmosphere.

Beginning at an altitude of about 100 km (325 kft), a reentry body encounters significant and increasing atmospheric
density. Shock heating, viscous energy transfer, and other processes raise the temperature of the atmosphere around the
RB. Temperatures above 2000 K can occur, so that a small but significant amount of ionization occurs. The partially
ionized gas is referred to as plasma. Atomic and molecular ions are factors of at least 2000 more massive than electrons,
and are therefore less mobile. Their influence may be neglected for the most part. The free electrons can have a profound
effect on the behavior of the plasma. Their effect on electromagnetic propagation will be considered here as it pertains to
GPS signals received by the RB.

To test a GPS receiver under conditions simulating an RB re-entering the earth’s atmosphere, the Testbed must be have
models of a number of phenomena. First, it must create a realistic trajectory including the RB’s position, velocity, and
orientation. Based on the RB’s trajectory, the Testbed needs to model the atmosphere surrounding the RB including the
shock-heated plasma boundary layer and base region. The temperature of the boundary layer can be modeled fairly well
without knowledge of the materials of which the RB is made. But the plasma electron density distribution is very
sensitive to the chemical composition of the materials comprising the RB’s outer covering, particularly the abundance of
alkali metals such as sodium and potassium. The Testbed must also know the positions of the GPS satellite vehicles (SV)
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on any given date at any time and must simulate their signals. The Testbed must model the gain pattern of the GPS
receiver antenna(s). All of this processing must be done in real time to create an adequate test. Finally, the Testbed must
compare the position determined by the receiver under test with the “true” position simulated by the Testbed and
evaluate the receiver’s accuracy.

In the Methodology section below, we develop the equations for electromagnetic wave propagation in a gaseous plasma
and describe the architecture of the Testbed. In the Data section we show examples of the RB wake electron density
distributions we have used and the RB motion model. In the Results section we compare these RB motion models with a
GPS receiver’s solution for its motion. The Conclusions section summarizes the lessons we have learned from
constructing and using the Testbed.

2. METHODOLOGY
2.1 Propagation of electromagnetic waves in a plasma, neglecting collisions

The approach presented here follows closely the material developed in some published texts.>>* All of the results derive
ultimately from Maxwell’s Equations govemning the electric and magnetic fields and their interaction with charged and
neutral particles.

We are concerned primarily with the propagation of GPS signals through the plasma surrounding an RB as it reenters the
Earth’s atmosphere. As is the case for any electromagnetic wave, the GPS signal’s properties may be modeled by
considering its electric field. The electric field vector of an electromagnetic wave is usually modeled as a complex
amplitude, Eo(x, t) multiplied by a complex phase factor.

B(%,1)=Eq (%, t)explik - % - iort) (1)

where X is the three dimensional position in space, the complex wave vectork has magnitude 27/A, and o is the angular
frequency of the wave. In free space, k0202 =2, where ¢ is the speed of light. The dependence of k on o is called the

dispersion relation. It plays a key role in describing propagation in a medium other than vacuum. For plane
electromagnetic waves in a dielectric medium,

k=2 )

where ¢ is the dielectric constant. The dielectric constant and other important plasma properties depend on a parameter
known as the plasma frequency, o, given (in mks units) by
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where n. is the electron number density (cm™), and q. and m, are the electron charge and mass, respectively. The plasma
frequency is equal to the GPS L, carrier frequency (1575.42 MHz) for n. = 3x10'°, The value of n. for which o, = o is
called the critical density, because if the density rises above this value, the wave will not propagate in the plasma.

For a cold, homogeneous, isotropic plasma, the dispersion relationship is

Kk =—r P 4)



Note that if ® <, the wave vector is imaginary. This occurs above the critical value of n, corresponding to a wave that
does not propagate. The corresponding high frequency dielectric constant is

g=1-—L (5)

In an isotropic medium, the refractive index n is given by
g=n’ (6)
Regardless of whether collisions are included, the phase velocity of a wave in a dielectric medium is
v, =ofk (7
while the group velocity, the velocity at which energy and information are transmitted is
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If collisions are neglected,
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We may express these velocities in terms of refractive indices such that

n,,=¢/Vp, - (92)

In Figure 1 we plot the phase and group refractive indices, n, and
n, respectively, of Eq. (9a), for @ =2n-1575.42 MHz, the GPS L,
carrier frequency, as a function of n,, the electron number density.
Note that when n > 3x10'°, ®, >0, and the velocities become

imaginary. In this case, the wave does not propagate in the
plasma. We show below that this result is modified by the effect
of collisions.

Refractive Index

2.2 Electromagnetic wave propagation in a plasma including
collision effects

---| —— Phase Index

— - Group Index
A major effect of electron collisions with other particles in the 04— R EEEE = i
plasma is to allow absorption of energy from the wave. The wave b ;':c?n 3 1.1
e

vector becomes complex, and the wave amplitude diminishes as it

propagates through the plasma. The simple model of the (angular) Figure 1. Phase (solid line) and group (dashed line) indices
collision frequency is given by of refraction as a function of electron number density,

n/cm?, for the GPS carrier wave frequency. The effect of
o, =nnc,/kB-T-m 10)

collisions has been neglected.
where n, is the number density of neutral species, o is the collision cross section, kg is Boltzmann’s constant, and m is
the electron mass. Near T = 1000 K, o, = 10''p, where p is the pressure in atmospheres.



When collisions are included, the dielectric constant may be expressed as
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As before, n, the refractive index, is the square root of the complex dielectric
constant. The real and imaginary parts of n are p and y, respectively. The real
part of n is related to the phase velocity of the wave as before, v, = ¢c/Re(n).
A graph of Re(n) as a function of the electron number density is shown
below in Figure 2. Note that phase velocities actually exceed the vacuum
speed of light, but this does not violate Special Relativity because the phase
does not carry energy or information. The real part of the refractive index
reaches a minimum when the electron number density is such that o, = @gps. 0.01
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Figure 2. Real part of the refractive index
vs. log number density (cm™) at the GPS

The absorption coefficient per unit length in the plasma is given by

o= 21‘/8— (12) frequency and the indicated pressure.
c
10 T T T
or in other words, the absorption coefficient is ®/c times the " N — 0.01 atm ]
imaginary part of the refractive index. A graph of the § | |.._.. 0.001 atm P B
absorption coefficient as a function of log electron number 2 01F..... . 0.0001 atm T
density for several values of atmospheric pressure is shownin 8§ 0.01}- /G —
Figure 3. Note that absorption rises abruptly as the electron ('C) . oy i
number density approaches the critical value, 3x10' cm™. %_ 1'104
g 1.10 -
Let us consider the case of a uniform slab of plasma having a é 1.10% |z —
constant electron density surrounded by vacuum. The 1106 L. = )
reflection coefficient from its surface is given by . : ; "
110 8 9 10 11 12
(}’l _ 1)2 + X2 2 Log Number Density/cm™3
=57 (13) Figure 3. Absorption coefficient as a function of electron
(’*" + 1) X number density for three values of the ambient pressure.

Figure 4 shows a semi-logarithmic plot of the single surface reflection coefficient as a function of electron number
density for several values of the total pressure.

By combining the reflectivity and absorption results, we may derive an expression for the total transmission of
clectromagnetic energy through a uniform slab of plasma. The model will include reflective loss at the first surface,
absorption loss through the plasma, transmission and internal reflection at the second surface, transmission back to the
first surface, and so on. The result is

T= (l = r)2 exp(— 2OLL) (14)

1-12 exp(— 4OLL)
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Figure 4. Plasma reflection coefficient as a
function of electron number density for
three values of the ambient pressure. Note
the rapid rise in reflectivity as the number
density approaches the critical value.
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Figure 5. Plasma slab transmission in dB as a
function of slab thickness for several
combinations of electron number density
and total pressure. In the legend, “3.05(10),
1(-4)” means an electron density of
3.05x10'" cm™ and total pressure 10*

where r and o are the reflection and absorption coefficients, respectively,
and L is the thickness of the plasma medium. If the reflection coefficients at
the two boundaries are different, perhaps because of the presence of an
antenna, then r* becomes 11,, etc. Figure 5 shows a graph of transmission as
a function of plasma thickness for several combinations of electron number
density and total pressure.

Attenuation, (absorption and reflection losses which eventually cause loss of
signal lock), is one major effect of the reentry plasma on the usefulness of
GPS for RBs. The other major effect is the pseudorange change. The plasma
reduces the group velocity of the GPS signal through the plasma. The delay
in GPS signal reception at the antenna translates into an additional range
error. The group velocity may be expressed via the group refractive index,

N - 4
oo 20-iz)

where n2 = ¢ and the other symbols have been defined above. Figure 6
shows a graph of n, for two values of the total pressure.

(15)

When the GPS signal traverses the plasma surrounding the RB, its velocity is
reduced, as shown in Figure 6, above. The additional time required for the
signal to reach the GPS antenna is processed into a change in pseudorange,
contributing to the error in RB position. The pseudorange change attributable
to the RB plasma is

dr = (n(L) - 1)dL

where dL is a differential length over the ray path through the plasma.
Similarly, the attenuation in signal power is given by dP :—oc(L)PdL . To
illustrate the magnitude of these effects, we will initially approximate the
integrals by treating n and o as constants over the path. Figure 7 shows a plot
of pseudorange change vs transmission for a 10 cm path. The plasma
electron density varies from 10° (at the top of the trace) to 6.3x10'° (at the
bottom) in this figure. At higher electron densities, the pseudorange change
varies very little, while the transmission continues to fall precipitously.

atmosphere.
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00 0' 5 : ' 15 Figure 7. Transmission vs. pseudorange change for a 10 cm thick

Figure 6. Group refractive index as a function of X = ((1),,/0))2
for two values of the total pressure. Above X = 1, the index
becomes less than unity, but the wave does not truly propa-
gate. Therefore, no violation of Special Relativity occurs.

plasma slab at total pressure 0.01 atm. At the top of the trace,

n. = 10°. At that density, transmission =1 and pseudorange change
=~ (. At the bottom of the plot, n. = 6.3x10'°. This is greater than
the critical density, and the electromagnetic wave no longer
propagates but rather is reflected from the first surface.



2.3 Testbed architecture

Our approach to creating the GPS signals is to employ the CAST Navigation simulator. Our Testbed must therefore
communicate to the CAST simulator the date and time of the test and all of the RB trajectory properties that affect the
received signal. This is be an iterative process. The date and time of the test first must be transmitted to the CAST
simulator. The simulator responds by transmitting to the Testbed the almanac data of the satellites at that time. Then the
Testbed must calculate the positions of the SVs and all of the other parameters affecting transmission of the GPS signals
to the RB: the antenna gain pattern, RB orientation, and plasma electron density distribution. Given the then known
positions of the SVs and the RB, the line of sight (LoS) from the RB to each SV can be calculated. By combining the
LoS geometry with the antenna gain pattern, with the plasma electron density distribution, and with the electromagnetic
propagation equations, the Testbed can estimate

the attenuation and pseudorange change for each [motace = |
SV’s signal. The Testbed then transmits these data EE
to the CAST simulator. The CAST simulator uses ~ ‘o——peeee ;
the relative positions of the RB and the SVs to i _ i _ ¥ oy T
choose the 10 best SVs to use. The CAST | anenmacan - posma | 3] opssateite | | oPs Recaver |
Simulator then transmits the simulated GPS | Ptemfie b Traiectory fie | ooy e | Amanac - f MEswes B
Signals from these 10 best SVS tO the GPS receiver .......... l .......... ; l ........... v St | |V S ‘ .......... ................... 8
under test. : : ops signal |
RBFlight [ GgpsLos [ Generator
) . Data Table | Effects : s
Figure 8 shows the overall architecture of the GPS et b S
Receiver Testbed, including the GUI and the main GPS Receiver |
modules of the testbed, the CAST Navigation Acquracy |
simulator, the trajectory module, and the LOS il : Save to Dik
Effects module, which calculates attenuation and LAY,
pseudorange change. i
GPS Position
vs. Input

As mentioned in Subsections 2.1 and 2.2 above,

the plasma surroundmg th'e RB during atm.osp her i Figure 8. GPS Receiver Testbed Top Level Design. User input to the GUI
re-entry affects transmission of the GPS signals in chooses the date and time of the simulated mission and the source of
two important ways: attenuation and pseudorange the trajectory and flow field data, i.e. whether the default missions or
change, which were shown to be the result of the one that is user-supplied. These data are added to the Flight Data Table,
plasma’s complex refractive index. Calculating which is a central resource for describing the mission and conducting
these effects is the responsibility of the GPS LoS the simulation.

Effects Module, as shown in Figure 9.
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we then introduced trajectories typical of re-entry conditions.” Similar trajecto}ies were used both with and without
including the effects of plasma propagation. Initial conditions for these cases are given in Tables 1 and 2 below. Gamma

is the angle between the velocity vector and the local horizontal.

Table 1. Initial Conditions for Trajectory Cases Neglecting

Plasma Effects

Table 2. Initial Conditions for Trajectory Cases Including

Plasma Effects

Parameter Value Parameter Value

Case Trajectory 1 Trajectory 2 Case Trajectory 1 Trajectory 2
Date 19 Oct 97 19 Oct 97 Date 19 Oct 97 19 Oct 97
UTC 0Oh:0m:20s 0h:0m:20s UTC Oh:0m:20s Oh:2m:0s
Trajectory file  |kepler-1030 case 23.trj Trajectory file | case 23.t1j case 23.trj
Antenna dsf.ant dsf.ant Antenna dsf.ant dsf.ant
SV motion ON ON SV motion ON ON
RB motion ON ON RB motion ON ON
Plasma effects | OFF OFF Plasma effects | ON ON
Attitude mode | EULER EULER Attitude mode | EULER EULER
Initial position | 66.7 E; 135 W, Initial position | 135 W; 135 W;

36.2 N; 65N; 65 N; 65N;

1,161 km alt. 3800 kft alt. 3800 kft alt. 3800 kft alt.

.~ |Initial speed 2.5 km/s 1.89 km/s Initial speed 1.89 km/s 1.89 km/s

Initial azimuth | 49.8° 180° Initial azimuth | 180° 180°
Initial gamma  [-55.8° (ascending) |-60° (ascending) Initial gamma  |-60° (ascending) -60° (ascending)

3.2 Base region electron density distributions

While boundary layer flows can be calculated with relative ease, most Navy re-entry bodies have the GPS antenna on the
base of the RB. Calculating the electron density distribution in this very complicated flow region was beyond the scope
of this project. We instead used published results® of plasma calculations for a reentry body trajectory at 35, 40, and
45 kft altitudes. A 10 by 20 point overlay grid was placed on the density contour maps and the plasma density at each
point was read from the graph. These points were then entered into a text file in the format required for electron density
data: x (axial) distance, y (radial distance from x axis), z (0), and the density. Cylindrical symmetry is assumed for these
data, hence z distance is redundant. The z dimension is nevertheless retained in the file format to allow for
unsymmetrical distribution cases. Typical electron density calculations are shown in Figure 10.

4. RESULTS

4.1 Stationary cases

The results of the stationary cases may be illustrated by the results shown in Figure 11. In this simulation, the RB was
located directly over the north pole beginning at 01 h UTC. As is evident from the figure, almost 10 minutes elapse
before the GPS receiver locks onto the GPS signal. Once it has locked on, the error in latitude and longitude are less than
1 meter. The arrow indicates one anomaly that is often observed. Occasional discontinuities in the time base occur,
namely, the time reported by the receiver jumps back about ten seconds. It is not known at this time whether the GPS
Simulator or the GPS receiver is responsible for the discontinuity. Probably the best way to find out is to use a different
receiver. The other anomaly illustrated by the figure is the occurrence of latitude values greater than 90 degrees.
Differences in receiver and simulator altitude are 25 m or less. The larger difference is probably due in large part to the
different geoid models used by the simulator and the receiver.

4.2 Moving RB trajectories neglecting plasma effects

The tests with stationary targets described above allowed us to confirm that the system functions properly aside from
occasional peculiarities in the receiver’s output. We then turned our attention to tests using RB re-entry trajectories. In
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Figure 10. Base region electron density contours for an RB at four altitudes.
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Figure 11. Recorded latitude vs. time for a static antenna over
the North Pole. The thick line is the CAST Simulator’s output,
which we will refer to as the “true” position. The thin line is

[T

the “Golden Receiver’s” solution for its position. Note that
600 seconds elapsed before the receiver locked on to the GPS
signal and achieved a navigation solution. After lock-on, the
difference between the receiver’s position and the “true”
position is very small. The arrow indicates a discontinuity in
the time base. Note that the receiver reports latitudes greater
than 90 degrees.

keeping with our approach of testing new features one at a
time to help isolate any problems that might arise, we first
ran re-entry tests neglecting plasma effects. Figure 12
shows a plot of longitude vs. time for Trajectory 2 in
Table 1. In this case, the GPS receiver locks on after only
160 s, which is typical of all of the trajectories tested. The
GPS receiver solution follows the true trajectory very
closely until 534 s, at which time a discontinuity in the
time base occurs. The receiver stays locked on until the
trajectory ends at 926 s. Figure 13 is a plot of the latitude
vs. longitude for this same case. Since no kink appears in
this plot, it is clear that the only discontinuity in the
receiver’s output is in the time stamp.

4.3 Trajectories including plasma effects

The tests with re-entering targets described above allowed
us to confirm that the system functions properly with RBs
in motion, aside from repeatable discontinuities in the
receiver’s output time base. We then turned our attention
to testing the plasma transmission effects modules. We
used the initial re-entry trajectory conditions listed above
in Table 2. The two cases including plasma effects differ

only in the starting UTC time: Trajectory 2 begins 100 s later than Trajectory 1. The delay was introduced to help
understand the nature of the time base discontinuity observed in prior tests.



Figure 12. Longitude vs. time for Trajectory 2 shown in
Table 1. The open circles are the CAST simulator’s
output. The solid line is the receiver’s navigation
solution. Only every fiftieth point of the simulator’s
output has been plotted. The CAST Simulator’s output
begins at t = 20 s. GPS receiver lock-on occurs near
170 s. The true longitude and the receiver’s solution are
very close until the time discontinuity indicated by the
arrow near t = 534 s. The GPS receiver maintains lock
until the trajectory ends at t =926 s

©  Simulator
—— Receaiver

Figure 13. Latitude vs. longitude for Trajectory 2 shown in
Table 1. The open circles are the CAST simulator’s
output. The solid line is the receiver’s navigation
solution. Only every fiftieth point of the simulator’s
output has been plotted. The CAST Simulator’s output
begins at t = 20 s. GPS receiver lock-on occurs near
170 s. The true longitude and the receiver’s solution are
very close. The GPS receiver maintains lock until the
trajectory ends at t = 926 s.

A plot of the longitude as a function of time for this case is shown in Figure 14. The same time base discontinuity as in
previous cases is apparent at t = 534 s. A plot of latitude vs. longitude is shown in Figure 15. There are no kinks in the
plot in Figure 15, showing clearly that the receiver’s error is only in the time base. The essential difference between the
results with and without the plasma effects can be seen by comparing Figure 14 to Figure 12. When the plasma effects

Figure 14. Longitude vs. time for Trajectory 1 listed in
Table 2. The open circles are the CAST simulator’s
output. The solid line is the receiver’s navigation
solution. Only every fiftieth point of the simulator’s
output has been plotted. The CAST Simulator’s output
begins at t = 20 s. GPS receiver lock-on occurs near
100 s. The true longitude and the receiver’s solution are
very close aside from the time discontinuity indicated by
the arrow near t = 534 s. The receiver loses lock at
t=2869s.

O  Simulator
—— Receiver

Figure 15. Latitude vs. Longitude for Trajectory 1 listed in

Table 2. The open circles are the CAST simulator’s
output. The solid line is the receiver’s navigation
solution. Only every fiftieth point of the simulator’s
output has been plotted. The CAST Simulator’s output
begins at t = 20 s. GPS receiver lock-on occurs near

100 s. The true longitude and latitude and the receiver’s
solution are very close throughout the trajectory. The
receiver loses lock att = 869 s at an altitude near 24 km,
rather than at the end of the trajectory, as it did when
plasma attenuation effects were neglected.

>



are included, the receiver loses lock before the end of the trajectory at an altitude near 24 km. Loss of lock is precisely
the behavior expected when plasma attenuation occurs. Results using Trajectory 2 in Table 2 were very similar. Notably,
the time base discontinuity still occurs at t = 534 s, even when the trajectory begins at t = 120 s rather than t = 20 s.
Therefore the discontinuity must be associated with the time of day, rather than the duration of the trajectory.

The results discussed above may be summarized as follows

®  Achieving GPS lock can take several minutes.
GPS latitude and altitude solutions are accurate to within 1 m or less.

® Altitude discrepancies are larger than latitude and longitude errors. The differences are close to what might be
expected for the different earth geoid models used by the CAST simulator and the receiver.

® Time stamp discontinuities occur in the receiver at certain times of day for both stationary and moving receivers.

¢ Oddities can occur in a receiver’s output, at least for special cases such as latitude = 90.

® The trajectory code used must be validated during re-entry.

®  When plasma effects are neglected, GPS navigation solutions are maintained until the end of the trajectory.

®  When plasma effects are included in the simulation, GPS navigation solutions end at altitude = 24 km. 1

5. CONCLUSIONS

Our primary conclusion from the work performed to date is that the GPS Receiver Testbed is now ready for thorough
testing. More detailed conclusions we draw from the results described above may be stated as follows.

® Ethernet communication between the Testbed and the CAST Simulator works correctly to transmit or receive
messages containing almanacs, trajectory data, and loss and delay data representing plasma propagation effects.

®  GPS receiver control instructions are being sent properly by the Testbed and receiver position solution data are
being received and parsed properly.

® The Testbed’s graphical user interface functions as it was designed to give the user control over the simulation.

® Using trajectory and plasma data files created off-line gives the user a great deal of flexibility in creating a
simulation.
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