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PREFACE 

This report was prepared by the Research Triangle Institute, Research 
Triangle Park, North Carolina, under Contract NASl-15833. The work has 
been administered by the Avionics Technology Research Branch of the Flight 
Electronics Division, Langley Research Center, National Aeronautics and 
Space Administration. Mr. W. E. Howell served as Technical Representative. 

Program studies began on 23 May 1979 and were completed on 22 July 1980. 
Mr. R. D. Alberts served as Laboratory Supervisor and Mr. W. H. Ruedger 
as Project Leader. Dr. N. G. Staffa assembled the data pertaining to the 
ionospheric considerat~ons, Dr. D. R. Da1uge performed the ranging simula
tion and Mr. J. V. Aanstoos provided the data link structure definition, 
the collision avoidance system functional description and compiled the CAS 
survey contained as Apperdix F. 
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1.0 INTRODUCTION 

The Research Triangle Institute (RTI) has, under contracts NASl-14302 
and NASl-147l9, investigated various aspects of the potential avionics 
capability which may become available to general aviation by exploitation 
of the Global Positioning System (GPS). GPS is a satellite-based navigation 
system being developed by the Department of Defense and having accuracies 
on the order of ten meters in position and one-twentieth of a knot in 
velocity, both in three dimensions. GPS also has the capability for providing 
the user a very precise time estimate. 

As a part of the effort completed under the more recent contract 
(NASl-147l9), RTI has defined conceptual approaches wherein GPS may be used, 
with an appropriately configured data link, to enhance general aviation 
avionic functions encountered in the terminal area and on approach. During 
the current study, RTI has further examined the extent of this enhanced 
capability. Functions specific to this study are approach and landing 
guidance and collision warning. 

One effort of this study explored the feasibility of using differential 
GPS to obtain the precision navigation solutions required for landing. The 
study established that the concept is sound and developed an experimental 
program with the objective of demonstrating this concept. Other effort, of 
comparable emphasis, generated the foundation and guidelines involved in the 
use of GPS, with an associated data link, to provide collision avoidance 
and/or warning. This effort examined the collision avoidance/warning concept 
through the development of a functional system specification. The develop
ment of an experimental program to demonstrate the validity of the concept 
will likely be the subject of a still-to-be-defined future study. 
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2.0 STUDY OBJECTIVE 

The objective of this study was to evaluate the feasibility and 

resultant potential for general aviation of operation of GPS in a 
differential mode. The feasibility of differential mode operation is 
approached through an examination of ionospheric effects by a literature 
search and through simulation. The potential for general aviation is 
explored through an examination of the terminal area capabiiities afforded 
by the precision of differential operation. 
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3.0 DIFFERENTIAL GPS CONCEPT 

3.1 I:ntroduction 

This section provides a discussion of considerations involved in the 
feasibility demonstration of GPS in a differential mode, as applied to the 
landing problem, and of considerations in configuring the associated data 
link to use the GPS for collision avoidance and/or warning. 

During a previous study [3-1], several promising concepts were developed 
using navaids in conjunction with a data link. The observation that the 
major error source in the GPS error budget is due to the ionospheric delay 
correction process, and observing that for Omega, ionospheric uncertainities 
are compensated by operation in a differential mode, leads to the concept of 
differential GPS. The elements of GPS in a differential mode are shown in 
Figure 2-1. The focal point of the system is the monitor station, which 
~ypica11y would be located near the runway, and which consists of a high 
performance GPS receiver and a data link to local users. Since the monitor 
station may be very accurately surveyed into position, any deviation in 
position from the survey as observed by the monitor-located GPS receiver is 
an indication of offset due to system or propagation error (at the monitor). 
With the assumption that these offsets are both temporally and spatially 
correlated, as will be discussed further in the following paragraphs, they 
can be used by other dynamic users to correct their position fixes. The 
offset information can be provided in the form of pseudorange corrections, 
code position corrections, four-dimensional position corrections, etc. The 
mechanism for providing this data to the user implies the specification of 
a broadcast type data link. 

Spatial correlation is required in that the observed ionospheric group 
delays at the monitor and at the user locations need to be nearly the same. 
This requires that the total electron count in the "monitor transversal" 
and in the "user transversal ," as shown in Figure 2-1, be equivalent. 
Preliminary review [3-2] of the literature indicates that spatial variation 
of the ionosphere is on the order of hundredSof kilometers, which is the 
right order-of-magnitude for the application. Also note that if the monitor 
is at the runway threshold, spatial variation effects tend to zero as touch
down is neared. This then alludes to the feature" available with differential 
GPS, which is the use of stand-alone GPS en route with graceful 
transition to differential mode for increasing precision during approach 
and landing. 
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Consideration of the degree of temporal correlation is required in 
that the monitor must first measure and then relay these offsets to the 
user. This results in a finite time delay before the data may be applied 
in a corrective manner. This means that ionospheric turbulence must be 
stable over periods co~parable to the delay time and the navigation update 
rate. Again, the literature tends to support this [3-3], although much of 
the electron density sounding data available represents averages taken over 
relatively long (on the order of minutes to hours) time windows. 

Provided these considerations are in accord, the concept of differ
ential GPS provides a way to reduce, and~possibly eliminate, the error 
associated with the ionospheric delay correction and, in doing so, may 
provide a measure of relative code position (i.e., code offset is the 
correction factor elected). This then gives rise to a mechanization which 
can hopefully provide two-channel, P-code performance with a single-channel, 
low-cost configuration. A major task under this study is the development 
of an experimental program ·':0 demonstrate thi s performance. 

3.2 Differential GPS Considerations 
The following paragraphs discuss various considerations associated 

with the differential GPS concept and reflect aspects which influence concep
tual design as well as performance evaluation. The list is not exhaustive 
but merely representative. Table 2-1 lists the topics to be covered. 

Performance Improvement - As mentioned previously, the major contribution 
of error in the GPS pseudo-range computation is that of the ionosphere group 
delay calculation. Table 2-2 shows a compiled error budget as given in [3-4]. 
Assuming these errors to be uncorrelated and taking the RSS, one obtains an 
RMS error of 4.04 meters. Further assuming that differential mode can drive 
the ionospheric error to zero and repeating the calculation, a RMS error of 
2.7 meters is obtained. Carrying the calculation still further and postula
ting that all bias and Markov errors can be compensated for in the differen
tial mode, an RMS error of 1.43 meters can be calculated. It should be re
marked that this line of argument is not intended to validate accuracies on 
the order of a Ii.eter but rather to provide the stimulus (in the form of poten
tial performance) for a demonstration and evaluation of the achievable perform
ance in differential mode. 
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Table 2-1: Differential GPS Considerations 

Performance Improvement 
User Convenience 
Reliability 
Size of User Community and Compatibility with a High-Density Collision 

Avoidance System 
Monitor Correction Broadcast Rate 
Overspecified Constellation Broadcast (as Aid in Constellation Update) 
Optimal Constellation Prediction-Based on Monitor Measurement of 

Ionospheric Conditions 
Monitor Fault Detection and Alarm 
Use of Tracking Antennas for Monitor 
Monitors Linked to Provide Ionsopheric Survey 
Performance vs. Range fro~ Monitor 
Combination of Differential and Standalone Inputs 
Monitor Provision of Code Offset as Acquisition Aid 
Monitor Assist During Dropouts and in Multipath 
Monitor Location 
Handover Concept 
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Tabl e 2-2 GPS NAVIGATION ERROR SUMMARY [3-4] 

Error Contributor Pseudorange Statistics Notes 

Satell ite Ephemeris 1.5 meter Bias Uncorrelated be-
tween Satellites 

Satellite Group and Clock 1.0 meter Bias Uncorrelated be-
tween Satellites 

Pseudorange Noise 1.0 meter Markov Evaluated at 
CINo = 30 db 
for P-Code 

Range Quantization 0.226 meter t~/hite Noi se 

Range Mechanization Error 1.0 meter White Noise 

Ionospheric Dual Frequency 3.0 meter Markov Eval uated at 
CINo = 30 db 
for P-Code. No 
Averaging 

Tropospheric Residual 1. 0 meter Bias Evaluated at 5° 
evaluation and 
zero altitude 

Multipath Error 1.0 meter White Noise 
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User Convenience - For the user to effectively utilize the equip
ment, it is important that the transition from normal GPS navigation to 
differential navigation be transparent to him. It is important, however, 
that he know in a very positive manner under which mode he is currently 
operating. It is further important that the user be alerted in case of 
transition from differential to normal mode so that he can be aware of 
the reduced accuracy during critical segments of his flight profile. 

Reliability - As voiced in previous studies, the reliability/graceful 
degradation afforded by a multichannel receiver reconfigurable to a lower 
performance profile in the case of failure is a distinct GPS advantage 
over other approaches. The extension of this to GPS in a differential mode 
simply involves considering the impact of the reconfiguration of the monitor 
receiver on the accuracy of the ionospheric correction update. 

Size of the User Community and Compatibility with a High Density 

Collision Avoidance System - Since the differential concept involves deploy
ment in the terminal area, user community size is significant only for the 
handful of heavily congested air terminals. It should be added that 
differential mode likely has its highest cost/benefit for the smaller, 
more poorly instrumented air fields where high traffic density is not a 
problem. The need for landing support and collision avoidance still is 
a requirement for these terminals. as well. 

Monitor Correction Broadcast Rate - With a four-channel receiver, the 
monitor can presumably transmit ten correction updates a second. This is 
much faster than either of the requirements of landing or collision avoid
ance. A bound on how slowly the correction can be updated can be obtained 
from the four-second update on current surveillance radar instrumentation. 
Note that the traffic density does not impact the update rate in that the 
aircraft do not have to be individually addressed for update transmission. 

Constellation Broadcast - As an aid in acquisition, it is possible 
to broadcast the current optimal constellation set. This would reduce user 
equipment complexity (i.e., he would not have to evaluate the geometry) at 
the expense of negating stand-alone operation. The optimal set of satellites 
could be predicted based on both current ionospheric conditions as well as 
GDOP factors. 
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Monitor Fault Detection and Alarm - An important feature of the monitor 
receiver is fault detection and subsequent alarm broadcast. Consideration 
should be given the measure of signal quality and the calculation of monitor 
error for broadcast in addition to an all-out fault. Provision for some 
degree of fault-tolerance would be easily accommodated by a four-channel 
reconfigurable approach 

Use of Tracking Antennas for Monitor - To achieve a high signal level 

so as to minimize monitor induced error, tracking or rotatin§ antennas would be 
beneficial. This would significantly increase monitor cost possibly at 
the expense of optimal constellation prediction. 

Monitors Linked to Provide Ionosphere Survey - As an aside to the main 
theme of the study, it should be mentioned that, a5 is pointed out in a 
subsequent section, global data defining the behavior of the ionosphere at 
L-Band is virtually non-existent. The network of differential GPS monitor 
stations, properly instrumented would provide an excellent laboratory for 
recording the behavior of the ionosphere both spatialiy and temporally. 

Performance Versus Range from Monitor - The accuracy with which the monitor 
update a user equipment output is a function of user distance from the 
monitor site. This develops into a paradox in where to site the monitor. 
Best accuracy likely would result in a landing situation with the monitor 
at the threshold. However, this results in maximum dynamic range require-
ments on the user equipment. As the monitor is moved away from the runway, 
both the geometry and ionosphere spatial de-correlation affect performance. 
It will be recommended in later sections that the monitor be mounted in 
a van and this consideration be the theme of an experiment. 

Combination of Differential and Standalone Modes - In certain situations 
, 

the differential mode can introduce errors which may degrade performance 
over that achievable with standalone mode. A way to monitor this to avoid 
degradation is to compare the correction offset with the error budget of 
the user equipment and to flag the condition when the correction exceeds 
some fraction of the specific user equipment error. This requires the 
user to communicate his receiver configuration to the monitor and some 
degree of additional processing to occur at the monitor. This now impacts 
the limitation on total capacity in that the monitor ;s now required to 
address each user aircraft uniquely. A simplistic approach would be the 
use of a maximum range from the monitor for which differential mode is 
valid. Since the user knows the co-ordinates of the monitor he is using, 
this computation could occur autonomously in the user aircraft. 
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Monitor Provision of Code Offset as Acquisition Aid - It is likely that 
since the monitor continuously tracks the code, it could broadcast a 
predicted code offset based on estimated user position as a code acquisition 
aid. 

Monitor Assist During Dropouts and MUZtipath - Although nothing of 
particular innovation surfaced during the course of this study, the avail
ability of the monitor station should not be overlooked in providing support 
during user dropouts and in multi path conditions. 

Handover Concept - The correction handover from monitor to user can be 
considered in two categories. The first would apply correction within the 
receiver mechanization and would require hardware modification. Examples 
include carrier phase offset, code delay offset, or pseudo-range error. 
These are probably the most accurate but also have significant hardware 
impact. The second is to apply correction by using local position offset 
and performing the correction with software after uncorrected user position 
has been estimated by the receiver in the aircraft. This is less accurate 
but its simplicity of implementation makes it an excellent candidate for 
an experimental program. 
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4.0 IONOSPHERIC CONSIDERATIONS 

4.1 Introduction 

This section presents those considerations in establishing the feasi
bility of GPS in a differential mode from the point of view of the 
variability of the ionospheric propagation group delay. As has been stated 
elsewhere, the position error must be well correlated spatially and temporally 
in the satel1ite-user-monitor geometry. The following discussion attempts 
to establish this correlation by characterizing the ionosphere at L-band 
through the conduct of a review of relevant literature and then the utili
zation of these data as the parameters in a ranging simulation which 
produces spatial and temporal error over an ensemble of conditions. 

The literature review produced the following nominal parameters as 
representative of ionospheric conditions: 

Spatial Gradient: 1015 E/M2 per 100 KM 
Maximum Disturbance Density: 1017 E/M2 

* TID. Propagation Velocity 
1200 M/SEC MAX 
100-150 M/SEC Nominal 

From this it can be concluded that the ionosphere can be characterized by 
slow moving electron densities on the order of 1015 E/M2 or less. 

Utilizing these data in the ranging simulation, the following 
observations were made: 

1. Range error is fairly insensitive to geometry (i.e., a factor 
of two over the cases examined) 

2. The range error is linear with electron density 
3. The best results occur at 90 0 elevation which is in concert 

with good vertical accuracies. 
4. Nominal electron densities produce residual range error of 

less than one meter. 
These observations support the conclusion that ionospheric effects do not 
preclude operation in a differential mode. The following paragraphs 
discuss these points in more detail. 

*Traveling Ionospheric Distribution 
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4.2 GPS Ranging Errors as a Function of User Distance from Monitor 
Station and Time from Correction Update 

A user of the GPS will find his position by computing his distance 

from several satellites. Distances are computed by measuring differences 
in time from when the signal was sent to when received and multiplying by 

c, the speed of light. However, the signal speed changes slightly as the 
signal passes through the ionosphere and the troposphere. This creates a 
time delay which is interpreted as an increase in distance or path length 
of the signal. Thus, there is an error in computed position. This error 

could be corrected by using information sent to the user from the nearest 
monitor station. The monitor station, knowing its own true location, also 

computes its location from the satellite signals in the same manner as the 
user. The difference between computed and known positions is sent to the 
user to be used as a correction to his computed position. The accuracy of 
this correction depends on how nearly equal are the signal delays experi

enced by the monitor station and the user. Spatial variations in the 
ionosphere or troposphere cause the correction to be in error for the user 
since user and monitor are IIlookingll through different sections of the 
atmosphere. One would expect this error to increase with the distance from 

the monitor station. Likewise, if the characteristics of the atmosphere 
were changing in time, the error in the correction would also be increasing 
with'the time from its last computation. 

The difference in the signal delays .experienced by the user and moni

tor station can be expressed as a distance by multiplying by the speed of 
light. This is an implied satellite ranging error. The increase of this 

error with distance from the monitor station will be expressed as a gradi
ent in millimeters per kilometer. Likewise, the increase with time from 

last computation will be expressed as a rate in millimeters per second. 
These atmospheric effects on the use of GPS are similar to problems 

experienced by aperture synthesis radio telescope systems. In both cases, 
the extraterrestrial radio sources are being IIviewed ll from different 
positions on the earth's surface through different sections of ionosphere 

and troposphere. A major difference is that telescopists are concerned 
with phase velocity and phase differences while GPS is affected by changes 

in signal velocity and signal delay. However, telescope experience is very 
valuable since phase velocity and signal velocity are simply related. 

12 



A very useful paper by Hinder and Ryle [4-1J describes all atmospheric 
sources of error affecting long baseline radio telescopy. This treatment 
has served as a guide for evaluating all possible phenomena affecting the 
use of GPS. Ot~er applicable literature was also searched to verify or 
modify their conclusions as they apply to GPS. Rare incidents which would 
cause large errors in use of GPS were also sought. Time variation in the 
atmospheric effects as applied to GPS were also deduced from the body of 
literature studied. 

Tropospheric Effects 

In the troposphere, phase velocity is. independent of wavelength. Since 
this implies no dispersion, a group velocity and path length equal to that 
reported for phase is assumed. Differences in path length of an extra

terrestrial signal passing through the troposhere to two receivers some hori
zontal distance apart are due to three effects: 

Small Scale IrreguZarities - These vary in size from 300 to 1200 meters 
and may cause differences in path length up to 6 mm on a summer day. The 
effect is usually smaller, expecially at night or in winter. Thus, an 
intrinsic error of 6 mm is set for any stations separated by more than 
300 meters. 

Large ScaZe Weather Systems - These are associated with gradients of 
pressure and humidity which could cause path length errors as much as 
20 mm/100 km for certain orientations. Hinder and Ryle surmise that even 
larger gradients may at times exist. They also surmise that ground-based 
measurements could be used to correct such errors to within 20%. Since 
the initial estimate, .2 mm/km, is much smaller than possible ionospheric 
effects, it seems unnecessary to correct for them. Furthermore, it could 
be expected that the maximum gradient exists only at the front, and the 
total error over a long baseline is less than the product of the gradient 
times the baseline. 

CUrvature - This effect occurs because two separated receivers do 
not acquire a source at the same elevation angle. Thus, path length 
through the troposphere is different. The difference in path length 
through the troposphere increases drastically at low elevation angles. 
This is seen in Table 4-1 taken from Hinder and Ryle. 

13 



Table 4.1: Differential Path in mm Due to the Curvature of the Atmosphere 
for a source ~t an Azimuth Along the Baseline. 

Baseline (km) E1 evati on (In Degrees) 
5 10 20 45 

1 38 11 3 1 
10 380 110 28 5 

100 3800 1100 280 50 
For radio te1escopy, Hinder and Ry1e estimate that a correction could 

be made to within 10% of these path differences. This, however, implies 
a simple tropospheric model and knowledge of the elevation angle of the source. 

Ionospheric Effects 

Range Error and EZectron Content - At frequencies above 1 GHz, the 
index of refraction for radio waves in the ionosphere is everywhere real 
and less than 1. Thus, the phase velocity is greater than c. The group 
velocity, however, is less than the spegd of light. It can be shown, however, 
that in the range of frequencies and electron densities of interest, the 
group velocity is smaller than c by the amount that the phase velocity 
exceeds c (Appendix A). 

The difference in path length experienced by the signal or phase in 
traversing the ionosphere is proportional to the total electron content in 
a column along the ray path. For the phase, Hinder and Ryle give: 

L = -4.5 X 10- 16 2 Q meter/(m2 electrons/m2) 
where L is phase path increase and Q is columnar electron content. 
This gives 

L/Q = -16.2 cm/10 I6 electrons/m2 

for Ll = 1.575 GHz (A = .190 m)* 
and L/Q = -26.6 cm/10I6 electrons/m2 

for L2 = 1.2325 GHz (A = .243 m)* 

The formula cited by Phi1co-Ford [4-2J for change of signal path 
length (R): 

R = (1.32(Iv/f2)/10I6 electron/m2) ft (GHZ)2 
gives the same absolute lengths where Iv is the total content and f is 
the frequency. Thus, it is evident that phase difference measurements, when 

*Ll and L2 are the dual frequencies associated with the GPS; 
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expressed a~ length, can be taken over directly to this work with, at 
most, a scaling by the ratio of the square of wavelengths. 

Ionosphe~ic Va~iations. Variations in total electron content as a 
function of horizontal position (gradients) or time (rates) may cause the 
computed position correction to be in error for the user. The range error 
associated with these rates and gradients can be expressed in millimeters 
per second from the time of last measurement and millimeters per kilometer 
horizontal distance from the base station. Sources of these variations are 
irregularities, diurnal variations, solar flares and geometrical factors. 

Irregularities. Hinder and Ryle divide irregularities into small, 
medium and large scale. The medium and small scale irregularities are 
responsible for radio star scintillations and spread F. They also 
include the medium scale tt'aveling ionospheric disturbances (TID). 

The most extensive study of irregularities of size from 10 km to over 
400 km was done by J. E. Titheridge [4-3]. The most interesting result 
of this study was that the change of total integrated vertical elec
tron content with horizontal distance was not a function of the size of 
the irregularity. Hinder and Ryle, citing Titheridge and other investigators 
claim these gradients are between .5 and 2 x 1015 electrons/m2 per 100 km. 
This would give a maximum range error of 53 mm/100 km at 1.23GHz. Examining 
Titheridge's paper shows that this gradient is the slope of the line fit
ting the logrithmic plot of electron content vs. size of the irregularity. 
It could easily be expected that the average gradient be twice that number 
Moreover, within the first quartile of the size group of irregularities 
centered on 420 km are electron conte~ts of 1.7 x 1016 electrons/m2. 

Assuming this change occurs vlithin 200 km gives a gradient of8.5 x 
1015 electrons/m2/100· km or 2.3 mm/km at 1.23GHz. He reports 
that 92% of the irregularities had electron contents under 1016 

electrons/m2, but allows that he has seen changes of 1017 

electrons/m2• Since the size of this irregularity is not known, it 
is uncertain as to what was the maximum gradient seen out of the 2650 
irregularities studied, but 10 mm/km might very well be possible. 
This is confirmed by isolated incidents in some other studies done 
with arrays of radio telescopes. Warwick, Davis and Spencer [4-6] re
port a phase difference of 3 radians at 962MHz over 24 km near Jodrell 
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Bank. This translates into a gradient of 4 mm/km at 1.23GHz. However, 
J. P. Hamaker [4-7] in his paper reporting measurements of phase gradients 
over a 1.3 km array displays a graph of phase gradient vs. time for April 7, 
1971. Gradients of 13 mm/km at 1.4 GHz are seen. This would translate to 
17 mm/km at 1.23GHz. However, he notes that such large gradients have not 
been seen in studies by Warwick et ale with their 24 km baseline. Al
though Hamaker is quite unsure of what conclusions to draw, it may be that 
such large gradients do occasionally exist, but on a scale less than 15 km. 
Yet, it could be that large scale, large gradient phenomena exist, but 
only very seldom. 

Titheridge's study was limited by the extent of the ionosphere he 
could observe - about 1 ,000 km. Larger structures have been observed 
[4-1] and their velocities measured [4-7,4-10]. These velocities span a 
range of 400 to 760 m/sec. These are north to south travelling waves; 
whereas, the smaller scale sizes are generally characterized as east-west 
travelling. Little information on these ~isturbances is available. 
Garriott et.a1. [4-4] display a profile of electron content vs. time of 
day after an ionospheric storm. A decrease of 1.4 x 1017 electrons/m2 

out of 8 x 1017 electrons/m2 is attributed to a travelling ionospheric 
disturbance. The gradient associated with this TID can be estimated from 
the time of passage and a guess at the velocity. Estimating 2 hours from 
the graph and using the slowest speed measured by Chan and Villard [4-5] 
(1,450 km/hr = 403 m/sec) gives a gradient of about 5 x 1013 e1ectrons/m2/km 
or 1.3 mm/km. Thus, it is quite possible that the largest horizontal 
gradients are seen in the medium to small scale irregularities and not in 

the large scale TID. 

Summarizing available information on horizontal gradients in electron 
content due to ionospheric irregularities, it seems that almost all 
gradients would be less than 10 mm/km at 1.23GHz with the possibility 
that on very rare occasi ons, 1 arger gradients may occur. In stati ng 
this number as a maximum gradient, it should be noted that most of the 
time gradients of less than one-half that value would obtain. 

When any of these irregularities travel in a horizontal direction, 
the vertical electron content changes in time. The rate of this change 
is the product of the horizontal gradient and the velocity. Measurements 
of velocity have been made by several observers [4-10 through 4-14] 
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and range up to 1,200 m/sec, but with 'averages around 100 to 150 m/sec. 
Unfortunately, no attempt has bee~ made to correlate size and magni
tude with speed which might better limit maximum rate. Taking a.more 
likely 800 m/sec velocity and a maximum gradient of 10 mm/km gives an 
expected maximum rate of 8 mm/sec. Notice must be taken that 5 mm/km 

.x 150 m/sec , 0.75 mm/sec is much more likely to be experienced. 

Diurnal Variations. The quantity of ionization is directly due to the 
action of solar radiation and is a strong function of the solar zenith 
angle. Thus~ horizontal gradients of vertical electron content exist 
as well as a rate of change as the earth moves under the ionization 
pattern. Hinder and Ry1e report that maximum rates of 1013 

2 e1ectrons/m /sec occur shortly after dawn. The profile of Garriott 
et a1. [4-4], mentioned previously, shows rates as high as 7.4 x 
1013 e1ectrons/m2/sec occurring after an ionospheric storm, 
while other profiles show rates about 5 x 1013/m2/sec. More-
over, using Martyn's [4-8] maps of maximum. electron density contours and 
deducing the total vertical content vs. maximum density ratio from 
vertical electron density profiles [4-15], a rough calculation (Appendix 
B) yields approximately 1.4 x 1014 electrons/m2/sec at the equator 
for one area of one of the maps. 

Taking all these factors into ccns1deration,-a choice of 1014 

electrons/m2/sec may be taken as a rare maximum of diurnal gradient 
in a solar active year, and 5 x 1013 electrons/m2/sec a more 
typical maximum. Dividing these rates by the tangential speed of the 
earth at 30° latitude (.4 km/sec) yields gradients of 2.5 x 10

14 

~nd 1.3 x 1013 e1ectrons/m2/km or 6.7 mm/km and 3.4 mm/km at 
1.23GHz. The rate of change in range for these maxima would be 2.7 
mm/sec and 1.4 mm/sec. Thus is seen, as in the case of ionospheric 
irregularities, a degree of uncertainty. The rates and gradients 
produced by each effect are, to the degree that they are known, ap

proximately of the same magnitude. 

Solar Flares. A source of sudden change in columnar electron content 
is solar flares. Garriott, da Rosa, Davis and Villard [4-16] have docu-
mented five events i~ which the total electron content changes about 2 
x 1016 e1ectrons/m2 in two minutes. The total change was about 
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5%. At 1.23 GHz this corresponds to a rate of change in range of 4mm/sec. 
This rate does not continue for more than two minutes, however. 

Geometric Effects. As with the troposphere, because of the curvature 
of the earth two separated observers look through different thicknesses 
of ionosphere at the same source. Hi nder and Ry" e report the magn itude of 
this effect as a function of elevation angle fol' a source in the direction 
of the line between observers. Reproduced here from their data is the 
differential path computed for wavelength = 24 Cnl. Also given are values 
for intense ionization conditions. 

Table 4-2. Differential Path vs. Elevation (A = 24 cm) 

E1evati on 

typical 

maximum 

1.2 mm/km 

12 mm/km 

10 0 

1.7 mm/km 

17 mm/km 

20 0 

1.4 mm/km 

14 mm/km 

45 0 

.5 mm/km 

5 mm/km 

This effect, of course, has a cosine dependence cn the azimuthal angle 
of the source from the connecting baseline and a variation with azimuth due 
to whatever d~urn~l or latitude gradient that may be present. 

The other variations in total vertical columnar electron content men
tioned previously must all be multiplied by a geometric factor due to the 
increase in path length through the ionosphere with increase in zenith 
angle. Appendix C gives a table of this increase computed from a simple 
slab model. Because of the height and curvature of the ionosphere, this 
factor is at most 3 and is less than 2 for zenith angles less than about 

Q 0 

65 or elevation angles greater than 25 . 
Swnmary 

Tropospheric effects are negligible when compared to ionospheric 
effects, except when the source is viewed at low elevation angles along 
the line separating the viewers. Gradients of 40 mm/km are then possible. 
This translates to a signal delay difference of 0.13 nanoseconds per 
kilometer of horizontal separation. This effect could be accounted for to 
10% of this value by employing a simple mG~c1. 

Absolute maximum gradients and rates due to the ionosphere are given 
in Table 4-3 for 1.23GHz as deduced from the sources mentioned. Delay 
differences in nanoseconds (ns) are also given. 
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Table 4-3. Ionosphere Variability from Various. S,Qurces 

~ Gradient Rate 
Irregularity 10 mm/km .03 ns/km· 8 mm/sec .026 ns/sec 

7 mm/km .02 ns/km 3 mm/sec .01 ns/sec 
4 mm/sec .013 ns/sec 

Diurnal 
Flare 
Curvature 17 mm/km .06 ns/km (10° elevation, azimuth along' 

baseline) 

The geometric effects (curvature) could be accounted for to within 20% 
by a simple model, if necessary. It is also believed that these numbers 
reflect conditions which occur only rarely. If more information were 
available and the appropriate correlations made betl'leen occurrence, time of 
day, solar cycle, etc., a good statistical study would probably show gradi
ents and rates of one-half to one-fifth these values to be usual. 

SpatiaZ CorreZation 

In an attempt to address the notion of spatial correlation, the fol
lowing comments were exerted from a work by Klabuchar and Johanson [4-19] 
relating to correlation distance of mean daytime content. 

Correlations in total electron content (TEC) were calculated for pairs 

of stations having separations of from 1,500 to 5,000 km as shown in Figure 4-1. 
This was done both for stations oriented east and west (longitudinal separation) 
and stations oriented north and south (latitudinal separation). Simple linear 
relationships between separation and average correlation are 

R = 1 - .0001d/kilometer 
where R is the linear correlation coefficient and d is the separation. 
For north-south the relation is 

R = 1 - .000165d/kilometer. 

These correlations predict improvement in prediction over using monthly 
means. The percent reduction in uncertainty is given by 

p = % improvement = 100 [1-(1-R2)~]. 

The percent of improvement, the correlation necessary and the distances over 
which that correlation obtains are given in Table 4-4. As a che~k on the results, 
data WilS gathered from graphs of monthly correlations for four pairs of sites. 
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Error bars also appeared on the graph so that weighted least squares linear 
fits of the data could be made. When this was done for east-west data using 
only the data supplied, the intercept at zero distance was .942 : .01 and the 
slope was (-.669 ~ .04) x 10-4/km . This is in agreement with the slope of 
the line in their figures and indicates that the distances calculated in 
Table 4-4 might be slightly pessimistic. 

To make use of these results to predict possible absolute error, one 
needs to know the absolute uncertainty associated with prediction of TEe 
by using monthly means. 
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Figure 4-1~ Linear relation of correlationvs. east-west distance 

[4-19]. 
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Table 4-4. Extrapolation of [4-19] to Small Separations and High Values 
of Correlations 

fractional 
predictive 
improvement 

0.2500000 
0.3000000 
0.3500000 
0.4000000 
0.4500000 
0.5000001 
0.5500001. 
O.6()0()()O1. 
O.65000()1 
O.7()()()()Ol 
0.7500001. 
0.8000001 
O. 8~:';OOO()1 
O.9()()0002 
O.95()()()02 

l.O()OOOO 

necessary linear 
correlation 
coefficient 

0.66:1.4378 
0.7141.429 
0.7599342 
0.8000000 
0.8351647 
0.8660254 
0.8930286 
0.91651.~52 

0.9367498 
0.9539393 
0.9682459 
0.9797959 
O.98El6860 
0.9949B74 
0.9987492 

1.000000 
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E-W separation 
kilometers 

2B5El. !'572 
2400.658 
:WOO.OOO 
1648.353 
1.339.746 
1.06<J.714 
034.8483 

460.6074 
317.~:';4:l4 

202.040·7 
113.1397 
50.12572 
12.50B03 

O.OOOO()OO 

N-S separation 
kilometers 

2()~j:l. • (392 
1."732.468 
14::54. ~.)44 
:1.212.12:1. 
999.0020 
B:l.l.9670 
648·.:51:1.4 
:i05.9.'S86 
383.334i3 
279.:1.560 
192.44<»3 
122.4489 
68. ~56n'j4 
30.37922 
"7. ~580627 

o.OOOOO()O 



4.3 . Differential GPS Ranging Simulation 

OVerview 

A GPS user and a nearby monitor station receive the satellite ranging 
signal. The monitor, knowing its true range from the satellite, can 
provide the user with a good estimate of ionospheric delay, with which 
the user estimates his range. He will be in error because 1) his 
calculation occurs slightly later than that of the monitor station and 
2) his position is slightly different from that of the monitor. 

In the simulation, spatial and temporal ionospheric variations are 
simulated by introducing an anomaly into a baseline ionosphere comprising 
several spherical shells of uniform electron density. Refraction at the 
shell surface interfaces and delay within the shells are simulated using 
vector ray-trace methods. The satellite-user path contains the anomaly, 
while the satellite-monitor path does not. This is shown geometrically in 
figure.4-2. 

In the 

and Vp Vg = C2 

where Vp = phase speed of light 
(used in refraction calculation) 

Vg = group speed of light 
(used in delay calculation) 

C = speed of light in vacuum 
N = electron concentration 
e = electron charge 
v = signal frequency 
m = electron mass 
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Range Error 
1 
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Daytime Maximum During Sunspots 
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Surface Offset (Between Wand WO Disturbance) 

Figure 4-2. Simulation geometry. 
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Note that 

C C2 

C - V - Vp C -~l Ne 2 g = = 1 = 1 - --z 
C C V lTV m p 

is the error in range per unit path length caused by using the speed of 

light in vacuum instead of the true group speed in the delay calculation 
(for straight-line paths). This expression may be approximated by a 
Taylor's series: 

2 
where X = ~ 

lTV m 

C - V 
---~g = .5X + .375X2 + .3l25X3 + .2734375X4 

C 

-4 Note that X < 10 ,even for the very large concentrations which occur 
during the day at the peak of the sunspot cycle. 

Inte~seation of a Veator with a spherical SheZZ 

A vector of the form 

where rr is a' unit vector intersects a spherical shell of radius R , centered 
s 

at the origin at a distance p, which may be determined by solving 

R ,2 
s 

24 



The solution is the smaller root of 

2 Ap + Bp + C = a 

where 
-+- -+-

A = U e U 

B =2U e it a 
C=iteit _R 2 

o 0 s 

On a digital computer, best accuracy i5 obtained by solving for p as 

p = 2C 
----;:::;=== 

-B +JB2 - 4AC 

A Vector Description of Refraction 

~~ Refractive interface 

Figure 4-3, Refraction Geometry 
In figure 4-3, U is the unit incidence vector and f is the unit 

refracted vecto~~ The vector N is the unit normal on the side opposite U. 
The vector equation of refraction ;s 

where V is a unit vector of the form 

-+- -+- b+N '! = aU + 
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These conditions imply that 

and that 

(When the critical angle is exceeded, the root in the expression for b 
is undefined and the ray underg?es. total internal reflection.) 

.phe I tJtzospheT'ic Mode 7, 

The Earth is modelled as spherical in the ranging simulation and 
the ionosphere is modelled as consisting of several concentric shells 
of distinct, uniform electron densities. 

These densities were chosen to simulate daytime during a sunspot 
maximum (see Figure 4-4). 

Specifically, the altitudes and electron densities were: 

ALTITUDE (km) 3 DENS ITY (eL cm l 
60 - 100 400 

100 - 160 220000 
160 - 240 500000 
240 - 320 3000000 
320 - 400 2700000 
400 - 500 2100000 
500 - 600 1700000 
600 - 700 1500000 
700 - 800 1400000 
800 - 900 1200000 
900 - 1000 1150000 

1000 - 1500 190000 
1500 - 2000 100000 

The effect of satellite elevation on ionospheric delay depends upon 
the specific patterns of altitudes and densities. For near 90° elevation, 
the effect of the multi-layer ionosphere is essentially the same as that 
of a single layer with the s~me total electron content. 
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Figure 4-4. 
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4.4 :Simulation Results 

The simulation was run for the set of parameters shown in Table 4-5. 
A summary of the results is given in the following figures. Tabular re

sults are contained in Appendix D. 

Table 4-5. Differential GPS Parameter Set 

ALTITUDE 100 - 300 - 900 km 

THICKNESS 100 - 300 - 900 km 
15 16 17 2 

TEC 10 - 10 - 10 elm 

OFFSET o - 10 - 100 km 

ELEVATION 5 - 10 - 30 - 90 degrees 
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SimuZation Program 

A flow chart of the simulation program is shown in figure 4-5. A 
program listing is included as Appendix E. 
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Figure 4-5. Differential GPS ranging simulation flowchart. 
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Figure 4-10. Range error at 90° elevation. 
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4.5 Conclusion 

To reiterate the observations regarding the previous discussion as 
outlined in the introduction to this section: 

1. Range error is fairly insensitive to geometry (i.e., a factor 
of two over the cases examined). 

2. The range error is linear with electron density. 
3. The best results occur at 900 elevation \>/hich is in concert 

with good vertical accuracies. 
4. Nominal electron densities produce residual range error of 

less than one meter. 
The conclusion then is that operation in a differential mode is 

feasible. A proof-of-concept experiment is therefore recommended. 
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5.0 DATA LINK REQUIREMENTS 

5.1 Introduction 
In order to assess the data link requirements in differential mode for 

support of collision avoidance and landing, a typical TCA scenario needs to 
be postulated. The scenario selected here is a mid-size air terminal with a 
major portion of its operations being general aviation. This is in contrast 
with high density terminals where nearly all operations, are commercial. The 
latter choice would not be realistic in that the data link requirements which 
would result would not be representative of general aviation. A candidate 
terminal area which has the necessary mix of operations for proper analysis 
of data link requirements is the Raleigh-Durham airport in North Carolina. 

Table 5-1 shows a forecast through 1990 of operations, general and 
commercial, for RDU as projected by the FAA, [5-1]. The data shown in Table 
5-1 are established by defining an operation to be that performed by aircraft 
that: 1) operate in the local traffic pattern within sight of the airport; 
2) are known to be departing for, or arriving from, flights in local practice 
areas located within a twenty mile radius of the airport, or 3) execute simu-
lated instrument approaches or low passes at the airport. An aircraft operation 

is counted for both a landing and a takeoff. 

Table 5-1. Aviation Operations Forecast - RDU [5-1] 
(In Thousands) 

Air Transport and General 
Year Carrier Commuter Aviation Total* 

1981 36 18 151 205 

1982 37 19 152 205 
1983 38 21 158 208 

1984 38 22 161 217 

1985 39 24 166 221 

1986 40 24 179 243 

1987 41 26 186 253 

1988 41 27 193 261 

1989 42 28 201 271 

1990 43 30 209 282 

*These values differ from those cited in [5-1] based on 
the above data in that they do not include a local and 
itinerant mili'tary airc,raft. The differences are on the 
order of 5%, the above totals being low. 
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Using the 282 Kilo operations per year and assuming uniform distri
bution of operations throughout the year and traffic availability between 
6:00 A.M. and 12:00 Midnight, one can calculate an hourly density of approx
imately 43 operations per hour. Assuming the coverage area to be the twenty 
mile radius given above, an aircraft at 175 knots spends approximately 7 
minutes in the terminal area. This says that while any given aircraft is 
in the terminal area there is on the average 
surveillance. Assuming that peak operations 
greater than the average and assuming a DABS 

5 other aircraft under 
are an order-of-magnitude 
link characteristic (i.e., 112 

bit messages at a 4 Mbps rate), one could achieve approximately 1,400 two
way link operations with each aircraft every 4 seconds. This ignores guard 
bands for propagation delay but does demonstrate ample time for support of 
the collision avoidance aspects of the differential mode. This ·~urther 

implies that the actual link definition is probably dictated not by col
lision avoidance but by the demands of landing. 

An aircraft during approach and landing at 100 knots traverses 169 
feet a second. At the highest GPS update rate of 10 per second, the air-

craft moves 16.9 feet between updates. The data link, to be effective during 
landing, should probably be capable of supporting a data rate based on 
this update rate (note that typical single and dual channel GPS receivers 
do not handle this rapid a solution rate - a difficulty to be resclved). 
With the assumptions stated above the link would have to provide round
trip messages to 50 aircraft every 0.1 second (this does not imply 50 
aircraft landing simultaneous but simply guarantees homogeneity of the 
link over the ensemble of users). This results in a required link capacity 
of 500 messages per second. This says then that the data link poses no 
great problem with respect to capacity and in fact is compatible with DABS 
parameters. 

5.2· TDMA Data Link 
DABS has been selected for discussion above in that it is an in-place 

system and from an experimental or proof-of-concept-validation point-of
view is probably the most likely candidate for use with differential 
GPS. However, given that an idealistic desirable feature is operative 
without the need for ground-based instrumentation (other than the 
differential monitor), it becomes apparent that a TDMA structured 
link could perhaps more easily support the system. This idea gathers 

38 



mor.e credance when it is remembered that the GPS clock could provide 
the synchronization which is an integral part of such a concept. 

Tuward this end it is approp~iate to review t~e ANTC~117 itanda~d 
for data links utilized in supporting Collision Avoidance systems, and 
to conceptualize a TOMA link. While the standard is directed at CAS, it 
is only a matter of message rate scaling to support landing functions. 
The following parag~aphs pursue this concept. 

Considerations for a TD~ Data Link 

The following paragraphs describe relevant considerations of a TOMA 
data link to support a GPS based Collision Avoidance system. These were 
extracted from the ANTC-117 (Rev. 10, 1971) standard for TOMA links. 

Communication Range: 

[A-2-a-(1)] 
danger. II 

II - . •• detect all aircraft which present a potential 

[A-2-h-(5)] - Reliable communication range must be commensurate with 
speed capability and allow adequate time for IIprocessing time, pilot 
and aircraft reaction times and obtaining of the required safe 
separation. 1I 

.. 
Capacity: 

I 

[A-2-d-(1)] - II ••• aircraft will be in line of sight of other 
participating aircraft in constantly varying quantity as high as at 
least 1,000 in number. II 

[A-2-f-(1)] - liTo provide an acceptable system capacity margin for an 
airspace users, four frequencies ••• will generate 2,000 slots every 
three seconds. 1I 

FrequencieS' and BandlJidth: 
[A-2-f-(1)] - liThe center frequencies utilized are 1600 MHz, 1605 MHz, 
1610 MHz, and 1615 MHz. II Total band width is IIfrom 1592.2 MHz to 
1622.5 MHz. II 

Performance: 

[A-2-h-(4)] - liThe CAS must function in a normal manner during all 
i n-fl i ght maneuvers and in the presence of rough and smooth terrai n, 
and man-made objects. 1I 
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Protection Against Co-Slot Occupancy: 

[B-1-c-(4)] - II ••• each aircraft system will stop transmitting and 
listen for one epoch in its own message slot on a random basis such 
that, on an average, co-slot occupancy is detected within forty 
seconds. Listening for co-slot occupancy should not occur during 
successive epochs nor during hazardous encounters until the encounter 
is past. 1I 

Protection From Line of~ight Inte~fePBn~e 

[B-1-d-(1)] - IIA pm'ier budget analysis of a cooperating system 
designed to warn of a collision threat at 40 nm indicates that under 
some conditions ••• the system could possibly react to signals at 
six hundred miles. 1I 

[B-1-d-(2)] - Recommends IIfrequency shifting following the slot data 
period rather than increasing the slot period to include all or a 
portion of the line of sight transit time. 1I 

5.3 TDMA Data Link Characteristics 

Information to be put on data link for the collision avoidance 

function: 

Data 
Preamble 
Position: x, y, z 
Velocity: Vx ' Vy , Vz 
Identification 
Capabi 1 ity 
Maneuver intent 

TOTAL 

40 

Bits (min-max) 
o - 16 

48 - 60 

24 - 36 

o - 20 

o - 8 

o - 8 

72 - 148 



Total propagation and guard time required i:.j jJr0tec>~ i1::;~'ii'1st 

line of sight interference from range X: 

M!!!!!l Time (ms:) 
200 1.25 
400 2.50 
600 3.75 

The amount of guard time required per slot can be reduced by using more 
than one frequency and shifting the frequency after each slot. However, 
the minimum propagation time per slot should be 1.25 mS, to allow detection 
(;f -:;1:;t occupancy by an aircraft at a range of 200 miles or more. 

I~-· 

1 2 3 4 •.• 

DATA 

3 seconds 

t seconds 

PROPAGATION AND 

GUARD TIME 

Figure 5-1. TDMA link m:ssage format. 
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The parameters and comments for the message format shown in figure 5-1 
are discussed in the following paragraphs: 

"N" is the number of time slots in the data link, or its maximum capacity. 
Its choi ce is affected by the communi cati on range and ttte traffi c density (of 
the target period. A margin of additional slots helps to reduce the incidence 
of co-slot occupancy and associated problems. ANTe-lll suggests 2,000 slots. 

liT" is the epoch length., or cycle time. Each aircraft will update and 

transmit its data once every T seconds. In choosing T, a trade-off is involved: 
a shorter period allows more frequent updating of threat evaluation parameters 
which increases accuracy and reduces the threat volume, while a longer period 
allows a lower data rate and/or more data and/or longer guard time. ANTe-lll 
suggests T=3 seconds when four frequencies are used. For a one-frequency sys
tem, guard time must be increased to protect against line of sight inter
ference. 

"t" is the length of each time slot, and is equal to T/N. 

lit II is the period of time alloted for data transmission in each slot. 
d 

The resulting data rate is b/td bps, where b is the number of bits in the data. 

"tp II is the combined propagati on and guard time. It is the propagati on 
delay from an aircraft at the desired maximum communication range plus addi
tional time to guard against line of sight interference from aircraft at 
greater ranges which can occur due to fluctuations in the actual communication 
range. The necessary per slot guard time can be reduced by utilizing this 
technique, the entire subsequent slots which are on different frequencies can 
be considered to be part of the guard time. ANTe-lll suggests using four 
frequencies. The minimum reliable communication range should be at least 
40 nm. ANTe-lll claims that a system designed for such a goal can produce 
line of si ght jnterference' from a range of 600 nm. "under sume conditi ons ". 
The probabiiity of error in the received message from such line of sight ·in
terference as a function of guard time should be considered in choosing tp 
and deciding whether the frequency shifting method is worth the extra cost. 
and complexity it adds to the system. 
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6.0 USER EQUIPMENT DEFINITION 
The user equipment shown in figure 6-1 is configured to support an 

experimental demonstration/evaluation program. Operational hardware would 
not include the instrumentation module. Dependent on the extent of pro
cessing specific to diffel'entia1 mode operation and data link forwarding 
which could be performed in the GPS receiver navigation processor the 
central processor could also be deleted. The control and display for an 

operational system would consist of a conventional GPS oper~tor ~ane1 wit~ 
the addition of those additional features necessary to establish the data 
link. 

In the configuration shown, the central processor has a relatively 
simple role of forwarding collision avoidance information for input to 
the data link and of general interface with the display and control panel 
and with the instrumentation module. The level of sophistication of the 
processor is probably on the order of a DEC PDP 11/03 with limited memory 
running under the RT-ll operating system. 

The control and display portion of the system consists of the nor
mal GPS receiver controls and some technique for communication with the 
processor. A TI Silent 700 could provide this function and has the ad
vantage of providing hard-copy output for in-flight documentation of test 
procedures. 

The instrumentation envisioned consists of some technique for computer 
compatible mass storage such as a Kennedy Instrumental Tape Recorder and some 
form of strip chart recording for in-flight performance assessment. Para
meters to be recorded include signal quality, position and velocity (either both 
before and after correction or corrected and correction factor), general house
keeping and flight-documentation, and routine parameters from the normal flight 
instrumentation such as barometric pressure, etc. 
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Figure 6-1. Conceptual user equipment configuration. 



7.0 MONITOR STATION DEFINITION 

The monitor station is configured with a four-channel receiver, VHF 
data link, and necessary instrumentation to support experimental verifi
cation. An important consideration is the receiver type selected for the 
monitor station. It is interesting to contrast whether the receiver 
should be as sophisticated as possible so as to account for the ionospheric 
propagation delay as accurately as' pcssible or should resemble user equip
ment so as to calibrate out other uniform system errors. The latter was 
rejected as a possibility in that in general degraded performance would 
be encountered simply due to receiver design. With the four channel re
ceiver, solutions from single frequency and dual frequency could be com
pared and the ionospheric delay uplinked directly to the user equipment. 

Figure 7-1 indicates a candidate monitor station configuration. The 
emphasis has been placed on a station design which would support an ex
perimental program rather than an operational configuration. It is an
ticipated that the station adopt the role of a laboratory and, as mentioned 
previously, be housed in a van to provide mobility both for experi-
mental and logistical reasons. 

The central processor provides the functions of data processing 
and system control. It is conceived to be a PDP-ll/34 like minicomputer. 
It provides for such functions as signal quality monitoring, selection 

of differential or stand-alone operation, constellation prediction, data 

link formatting, etc. Interface between an instrumentation package and 
the central processor is provided by a control and display module. This 
module would implement the human interface with the machine providing 
digital readouts of selected parameters, keyboard interface, and possibly 

a con display. 
The instrumentation package provides two functions. The higher 

pri ority of the two being on-·l ine mass storage of system performance. 
Data s.tored includes bothsystem related and ancillary data. System re-

lated data includes traffic descriptive data such as arrival/departure 
time in TeA, flight profiles, time history of the correction vector, SNR 
time history, etc. Ancillary data required for performance interpretation 
includes such variables as wind speed and direction, temperature and humidity, 
barometric pressure, local time for general data synchronization, etc. 
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Figure 7-1. Conceptual monitor configuration. 
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Data rates and volume are expected to be such that magnetic tape or 

floppy disk are viable cost-effective media. These also provide an 
easy media for transporting the data to other computational facilities. 
The inclusion of a strip chart recorder would be useful for on-site 
review of performance time histories. 

It is anticipated that the monitor station generally be unattended 

but serviced (i.e. tapes changed, etc.) on a daily basis. During cer
tain select experiment phases, operator presence would be desirable. 
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8.0 EXPERIMENT DESIGN 

8.1 Introduction 

This section presents a discussion of the elements of a proof-of
concept validation experiment. The discussion is relatively general 
although some quite specific issues are addressed and recommendations 
presented. Included is a statement of the issues defined for differential. 
mode operation, functional definition of the experimental systems involved 
in the demonstration of landing and collision avoidance as derived from 
differential mode, and some further comments on the actual conduct of 
the evaluation/demonstration. 

8.2 Differentia1GPS Experiment ~ Issues 

The prindpa1 iss.ues. of the study can be loosely categorized into 
one of the following: 

1) Correctabi 1 ity 
2) Monitor Hardware 
3) Data Format 
4) User Processing 
5) User Hardware 

Each of these categories is treated in detail below. 

COrTec:ta15iUty 

/\mong the vari ous forms of error data that '~ou1 d be used (pseudo
range, position,ionospheric delay mode1).wh,ich correl~tes best with 
the data at the user's position and can be used conveniently for correc
tion? 

A remote user aircraft at ranges up to 150 km from the monitor must 
be simulated. This remote unit should include a representative general 
aviation GPS antenna, a high performance GPS receiver and a low cost GPS 
receiver. The pseudorange error, position error and ionospheric delay 
should be stored digitally on magnetic tape for later analysis. Signa1-
to-noise ratios should also be recorded. The same data are recorded simul
taneously at the monitor location. Correlation studies should answer the 
question of which data about which satellites are to be transmitted. The 

48 



remote units would be situated at several ranges from the monitor and also 
at different headings from the monitor to determine the differential GPS 
monitor's coverage area. 

The monitor's performance as a pseudolite at various ranges could also 
be tested. 

Any factor which renders the monitor or user equipment inoperable or 
unreliable should be recorded with the error data. Such factors would in
clude multipath, shading, noise, signal dropout or equipment failure. 

Moni to!' Ha'l'duJaPB 

The simulated remotely-located aircraft could also be ·used as a test 
vehicle to determine optimum monitor location for reception and trans
mission (a separated transmitter and receiver could be tested; the receiver 
is positioned near the runway for" terminal accuracy and the transmitter is 
at a distance to reduce interference and multipath and also to reduce 
dynamic range requirements for the"differential link receiver). 

Part 1 of the experiment will show whether a rotating directional 
antenna, transmitting bearing-dependent correction data, is worthwhile. 
If it is, this concept will be tested. 

If the monitor is to be used as a pseudolHe, a transmitting system for 
that purpose should be tested. The response pattern of the user's antenna 
would be a critical factor for this test. " 

Data Fomat 

Other than the basic questions of waveband and encoding method, the 
important issue here is the update rate for each type of data transmitted. 
Part 1 of the study will determine what these are to be. The update rate 
must be high enough to retain good accuracy", but the user's update rate is 
not likely to be very high. The update rate should also be chosen to smooth 
the transition from a stand-alone mod~ and also that from one satellite con
stellation to another (if a satellite constellation is chosen; this seems 
very likely). 

49 



Use!' P1'ocessi!1f} 

Given that the nature and format of the data have been decided, the 
principal remaining problem is the user1s transition protocol (stand-alone 
to differential mode, constellation to constellation, differential mode 

dropout) . 

The monitor and user will not always select the same constellation 
of 4 satellites, even if the choice is based solely upon SOoP, Thus, the 
user receiver may be required to accept a handover of data for a new con
stellation from the monitor. At the threshold of the coverage area, the 

user receiver should probably weight stand-alone data and differential data, 
so that simultaneous or alternating modes of operation are required. 

While one constellation is being used, updates could be done as each 
satellite1s pseudo-range is measured but if the constellation ranges, the 
pseudo-ranges for every satellite in the constellation must be determined 
before a fix is obtained (3 satellites might be used after acquisition). 

The transition problem is alleviated if the user receiver is accepting 
only the parameters of an ionospheric model from the monitor to supplant 
those stored in the receiver. These parameters would not change as quickly 
as the pseudo-range or position corrections, and so could be used in case 
of monitor dropout. These ionospheric model data could be used at long ranges. 

The test should determine whether stand-alone parameters can be con
veniently overridden by signals from the monitor or directly by the user. 
The user update rate should also be examined. 

Other possible add-ons to be tested are a Kalman filter to IItrack ll 

satellites for improved accuracy and a weighting algorithm to minimize ex
pected error at the bo.undary of the coverage area. 

Use!' Haz.duJazte 

The items to be decided here are the receiver modifications required for 
differential-mode use, the display hardware and, especially, the satellite 
antenna and differential mode antenna design (to avoid dropouts). 

50 



The modifications must make the transition from stand-alone mode possible, 
but cost must be held to a minimum. A tradeoff may be necessary. 

The display should be capable of indicating stand-alone and differential 
mode estimates of position in convenient units, so that malfunctions are 

easily recognized. 
The antenna systems are expected to present a problem (dropouts, perhaps 

mu1tipath, low signa1-to-noise ratio for desired sate11i~es etc.). Univer
sality of the design is an important consideration. 

8.3 Differential GPS Validation During Approach and Landing 
Functiona Z De fir..i tion 

Figure 8-1 is a functional block diagram of a GPS -based guidance 
system for approach and landing. Note the high degree of commonality between 
this system and the GPS nagivation and collision avoidance functions. The 
same GPS receiver can be used for all three functions, and the data processing 

tasks required may share the same microprocessors and memory. Figure 8-2 
illustrates one approach to designing the hardware for such an integrated 
system. 

The operation of the approach and landing function is straightforward. 
The GPS receiver provides updates of the aircraft's position and velocity. 
These vectors are compared to a stored digital representation of the desired 
approach path. This path will have been computed from the desired approach 
profile and data specifying the exact location and orientation of the runway. 
These data can be transmitted to users via the same data link which provides 
differential GPS correction factors. The deviation from desired path is 
computed for each update of actual position, and this information is used 
to drive a display which commands the pilot to fly up, down, left, or right. 
Enough information is available to drive a more sophisticated display, if 
desired, but its cost would be prohibitive to most general aviation users. 

The accuracy of this system depends not only on the accuracy of the GPS 
updates, but on the frequency with which the updates are provided as well. 
For the single-channel GPS receiver, the update rate is one per 3 seconds. 
In those three seconds, an aircraft travelling at laC knots which is 3 degrees 
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off course will drift 25 feet away from the desired path. While this degree 
of accuracy is sufficient for category II landings, it would be desirable to 
achieve a higher update rate for the purpose of presenting a smooth sequence 
of correction commands to the pilot. This can be accomplished by producing 
intermediate position updates computed by extrapolation of the previous vectors 
based on a constant acceleration assumption. 

Experiment Concept 

An experimental configuration to validate the concept of differential 
GPS for approach and landing should include the airborne experimental user 
equipment describea in section 6 (see Fi9ure 6-1), the experimental monitor 
station described in section 7 (see Figure 7-1), and a radar tracker at a 
research facility such as NASA-Wallops Island. 

A key point in the conduct of these experiments is the ability to 
transition from stand-alone GPS to differential mede and on to one approach 
profile. Toward this end, all flight segments from enroute to approach 
should be exercised. 

The procedure will consist of several approaches by the experiment 
aircraft, beginning from beyond the outer marker, and ending in a touch-and
go landing. Each of several approach profiles will be used, with the pilot 
navigating by stand-alone GPS to the start of each profile, then relying 
on the precision approach and landing system to guide the plan to the runway 
threshold (simulating a category II landing). Data will be recorded on tape 
throughout each sequence both in the airborne instrumentation module and 
in the ground station, as described in sections 6 and 7. 

The post-experiment analysis will primarily compare the time histories 
of the aircraft's actual position (as measured by the radar tracking system) 
with those of the GPS-derived positicn, both before and after the transition 
to differential mode. The errors observed will be compared to predicted 
values, and to those permitted for a safe category II landing. 
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8.4 V~DDe4ential GPS Validation DO~ Co~~on Avo~danee Sy~tem 
Functional Ve6lnltion 

Figure 8-3 shows a functional block diagram of a GPS-based CAS for 

general aviation. The heart of this system is a low-cost GPS receiver 
of the IISpartan ll type described in [8-1]. The salient features of this 
receiver are unaugmented accuracy in the range of 30 to 100 meters, time 
between updates of the navigation solution of 3 to 6 seconds, and time to 
first fix of approximately 2 minutes. Velocity is derived by differencing 
of successive position measurements. The output consists of three-dimen
sional position and velocity data in a convenient coordinate system, and 
precise GPS system time. 

The position and velocity data is used by the threat evaluation sub
system and is transmitted to other aircraft (and possibly the ground-based 
ATC system) via the data link. The message to be transmitted is encoded 
by the message formatter, and may also include such additional information 
as identification, capability, and maneuver intent. 

The operation of the transmitter and receiver is controlled by the 
data link control subsystem. If the data link utilized ;s of the TDMA 
type discussed earlier, the controller is responsible for the selection 
of a vacant time slot in which to transmit and implementation of schemes 
to minimize the likelihood of co-slot occupancy. It receives a signal 
from the receiver indicating whether or not the current time slot is occu
pied. Timing and synchronization is derived from the GPS system time 
output and is disseminated by the data link controller. 

The receiver detects and decodes data transmitted by other aircraft 
or from the ground. Ground-transmitted messages may include differential 
GPS correction factors and automated warnings or advisories generated by 
the ATC system. In a TDMA data link, some time slots may be reserved for 
such messages to insure that they are not interfered with. When available, 
the differential GPS correction factors are sent to the GPS receiver for 
use in improving the accuracy of its position estimates. Error detection 
and correction may also be performed in the receiver section, if the de
sign incorporates these features. If an uncorrectable error is detected, 
no data for that time slot is passed on. 
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Threat Evaluation 

The threat evaluation subsystem is responsible for determining 
whether the aircraft is on a potential collision course and generating 
appropriate commands to the pilot for avoidance of the hazard when such 
potential exists. These commands may be positive or negative in nature, 
either requesting a maneuver in a particular direction (up, down, left 
or right) or specifying that a given maneuver must not be made. Most of 
the other independent-type collision avoidance systems' can only issue 
vertical escape maneuvers, due to the fact that the only directional in
formation available to them is the relative altitudes of the conflicting 
aircraft. However, in a GPS-based system, the precise positions and veloci
ties of intruding aircraft are known. Thus, bearing and directional velocity 
information is available for use in selecting a more appropriate escape 
maneuver. 

Threat evaluation will probably be implemented predominantly in 
software on a fast microprocessor system. This design will reduce costs 
and allow for easy implementation of automatic built-in test. 

For each new set of data from the receiver, the collision potential 
is evaluated using the algorithm diagrammed in Figure 8-4. First, relative 
position and velocity vectors are computed by subtracting the corresponding 
absolute vectors. The magnitudes of these relative vectors are then com
puted, giving the relative range and range rate. The direction of each 
vector is also computed, giving the direction of the relative velocity and 
the bearing of the other aircraft. The relative range r and range rate r 
are tested using the "tau criterion" suggested by ANTC-1l7. If r + .t < R, 
then a conflict has been detected. The parameter R is the minimum accept
able approach distance, and. is a time constant which represents the warn
ing time. This test simply determines whether or not the two planes in 
question will be closer than the distance Rafter. seconds, if th2 present 
courses are maintained and accelerations are ignored. Since accelerations 
may exist and the velocities may be changing, the threat volume ~ust be in
creased to allow for an extra margin of protection. In the algorithm dis
cussed here, this is done by varying the parameter R. If the acceleration 
capabilities of the aircraft are available, this information can be used 
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to determine how much extra margin is needed. Thus, encounters with higher 
performance aircraft would result in greater threat volumes. The "capability" 
used for this purpose need not be the absolute maximum possible acceleration 
which the plane can attain but may be a limit to which the pilot will adhere, 
either by regulation or by convention. This limit may vary with altitude 
and location so that, for example, the terminal area limits would be more 
restrictive than elsewhere. Alternatively, the actual instantaneous 
accelerations of the aircraft could be measured and transmitted over the 
data link. This data could be used in the tau criterion test directly and 
only a minimal threat volume would be required. The net result of this 
extension would be to reduce the incidence of false alarms. 

If it is determined that a collision threat exists, an appropriate 
command or evasive maneuver is issued to the pilot. In addition, data on 
the threatening aircraft is stored until the conflict is resolved. This 
is necessary for proper resolution of conflicts involving more than two 
planes. In selecting an evasive maneuver, the relative positions, velocities, 
and maneuver intents (if available) of all active threats are taken into 
account. In order to prevent aircraft involved in a conflict from maneuver
ing in such a way as to sustain the coll i si on course, a "tie-breaking" de
cision can be made based on a comparison of the planes' identification codes 
and a predetermined convention. For example, in a two-plane encounter the 
one with the higher 10 number might be designated as preferring "up" or 
"right" over "down" or "left" maneuvers when other factors do not render 
the decision unambiguous. 

The output system for displaying commands to the pilot can be more or 
less sophisticated as cost dictates. Enough information is available to 
drive an elaborate traffic situation display if desired. However, a more 
appropriate display for a low-cost system might be similar to that pro
posed for the IPC function of DABS, shown in Figure 8-5. 

Compatibility with Ground-Based Air Traffic control 

As described above, the GPS-based CAS with a TDMA data link is com
pletely independent of the ground-based air traffic control system in its 
present form or that planned for the near-term future using DABS (Di<;.crete 
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Address .Beacon System). However, the addition of a monitoring facility 
on the ground to receive the messages on the TDMA data link would give the 
ATC system exact position data for all aircraft using the link, without 
having to interrogate them. This data could be used in the same way as 
position data derived from ATCRBS or DABS interrogations. Uplink messages 
which would otherwise be sent over the DABS ground-to-air data link could be 
put on the same TDMA data link, and would be displayed to the pilot if the 
GPS-CAS display unit is chosen to be compatible with DABS-IPC (intermittent 
positive control). 

If total compatibility with DABS as presently envisioned is desired, 
the TDMA data link equipment can be replaced with data transceivers that 
would act like DABS transponders except that they could reply with position 
and velocity data instead of just altitude. When not in airspace controlled 
by a DABS sensor, the system could actively emit its own interrogations for 
performing collision avoidance, similar to the active SeAS system described 
previously. This technique would be more susceptible to garble, and would 
not take advantage of the precise time reference available to GPS users. 

Experimental Concept 

An experimental concept for flight validation is shown in Figure 
8-6. Here again, the NASA-Wallops Research Runway Facility used in 
conjunction with the Terminal Air Traffic Model at NASA-Langley is 
considered as an ideal test configuration. 
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- A lighted arrow commonds a maneuver in that direction. 
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A.l PHASE AND GROUP VELOCITY 

The ionosphere is a plasma. Propagation of electromagnetic rddiation 
is influenced by the presence of free (unbound) electrons. The more 
massive positive ions have little effect. The ratio of the speed of light 
in vacuo, c, to the phase velocity, vp' is the index of refraction, n, 
and is given by 

where 

where 

n2 = 1 - (w /)2 [17J p w 

Wp is the plasma frequency 

N = number density of electrons 
e = charge on the electron 
EO = permittivity of free space 
me = mass of the electron 

The phase velocity is thus greater than c. 

Group velocity, vg, can be 

determined from the relationship [18J 

where k = 21T A 

A is the wavelength 

Since W = kc/n, the above becomes 
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furthermore by substituting 

and 

one obtains 

dn _ dn dw 
OK - dw . -dL 

~k = c/n 

an express i on as a funct i on of w • 
The terms n and v will be expressed as functions ofw, manipulations 

made and the bionomial expansion applied to show the relation between Vg 

and vp. Thus, 

becomes 

Now for wp/w«l 
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Multiplying and discarding terms in (wp/w)4 and above: 

Expression for phase velocity must be expanded in the same way for 
comparison. 

Since 

Thus, it is seen that the group velocity is less than c by the same 
(

w )2 W 
amount, 1/2 '(I"E. ,that the phase velocity is greater than c when p/w «1. 
Electron densities sometimes reach 2.5 x 105 e1ectrons/cm3 [8J giving a 
maximum wp of 28 x 106/sec • L band frequencies are on the order of 2~ 
x 109/sec making wp/w ~ 2 x 10-5, thus the above results are very 
good approximations. 
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B.l RATIO OF MAXIMUM DENSITY AND TOTAL CONTENT 

Graphs of electron density as a function of altitude are published in 

the Satellite Environment Handbook [4-15]. There are density profiles for 
night and day, high and 10\'1 solar activity, up to 1000 km. Electron 
density above 1000 km could be estimated by an exponential function which 
fits very \'/ell the portion of profile above 600 km. Maximum densities were 
read from the profiles and are displayed in the first table. Results of 
the integration of the exponential function added to the numeric 
integration of the rest of the profile are given in the second table. The 
ratio of these total columnar integrated contents to the maximum densities 
are displayed in the third table. 

TABLE B-1 
sol ar act i vity/ 

high 
10\'1 

- Maximum Density (105 

day 
20 
5 

e1ectrons/cm3) 
night 
4.5 
1.9 

TABLE 8-2 - Integrated Content (1017 electrons/m2) 
high 6.4 1.16 
low 1.2 .33 

TABLE B-3 - Ratio Total Content/Density (1011 cmmn 
high 3.2 2.6 
low 2.4 1.8 

Th~ ratios in the third table differ by less than a factor of 2 
although total content varies by a factor of nearly 20. 
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At high solar activity, the ratio varies less than 25%. This would seem to 
imply that use of the ratio 3.2 x 1011 cm

3
/ m2 could give total content from 

electron density maps at high solar activity w"ith an error less than 25% at 
any time of day with accuracy improving the clc,ser one is to noontime 
cond it ions. 

B.2 MAPS OF foF2 AND MAXIMUM GRADIENT 
D. F. Martyn in his review liThe Normal F Region of the Ionosphere" 

[4-8) has reproduced from an earlier paper world contours of foF2 for 
max;;i1um and minimum sunspot activity, equinox and solstice months. He 
states that peak electron density is given by Nm = 1.24(fo)2 x 104 

electrons/cm3(MHz)2. The fo = 8 and fo = 10 contours come very 
close together in Figure 2 of that paper (1947 Equinox) at the geomagnetic 
equator at about 6:15 local time. The difference in local time is about 17 
minutes. The respective maximum densities are 7.9 x 105 and 12.4 x 105 

electrons/cm3• Using the previously defined ratio 3.2 x 1011 
cm3/m2 gives respective columnar contents of 2.5 x 1017 and 4.0 x 
1017 electrons/m2 for an approximate change of 1.5 x 1017 

electrons/m2 in 17 minutes. This is 1.4 x 1014 electrons/m2/sec, 
or about 4 mm/sec range change at 1.23GHz. 

The speed of rotation at the equator is .465 km/sec. This implies a 
horizontal gradient of 3 x 1014 electrons/km or 8.6 mm/km. 

These gradients are very large and comparable to maxima calculated for 
ionospheric disturbances of various types. This exercise is, however, 
susceptible to errors from many sources. The contours are drawn from data 
from 64 observatories and may not be accurate in the detail they may imply. 

, 
The content to density ratio is uncertain to at best 10%. The contour 
measurements themselves are subject to irregularities in the F region, 
which have a relation to total content, but do not determine it completely 
or linearly as was herein assumed. 

This exercise is useful in estimating maximum gradients which may 
exist. It is notable that the rates and gradients found are not greater 
than those found by other methods. 
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For this purpose, the ionosphere will be modelled as a spherical shell 
of thickness t situated at a height h above the surface of the earth. In 
Figure 1 the observer is located on the surface of the earth at O. The 
radius from the center of the earth is drawn to him as are radii to the 
point of incidence of his line of sight on the bottom of the ionosphere and 
the point of incidence on the top of the ionosphere. The path length BT is 
found by finding angles i, Sand c2 as a function of the zenith angle z. 
Angle i is found by applying the law of sines to triangle OCB as is S in 
triangle OCT: 

or 

Li kewise 

sin(180° - z) _ sin i 
(R + h-r- - -R-

sin z _ sin i 
(R + h) - -R-

sinz _sinS 
(R + h + t) - -R-

Angle c2 in triangle BCT is 1800 (180 0 -i) - B = i-B. 
Length BT is then given by the law of sines 

BT _ R + h 
sTilc2 - sin S • 

The obliquity factor is the ratio of path BT to the thickness t. The 
secant of angle i is a good approximation to the obliquity factor and would 
obtain if the thickness were zero. However, the thickness and the 
curvature of the top of the ionosphere reduces the path length from that 
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computed using secant i. The angles i, Sand c2, secant i, path length and 
obliquity factor are given in the tables as a function of zenith angle. These 
are computed for thickness = 200 km and height = 300 km and also height; 250 km, 
which may be a better approximation [4-8]. 

C 

Figure C-l. Geometrical factors for computation of ionospheric 
path length. 
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TABLE C-l 

Path Length Geometry For Height = 300 km, Thickness = 200 km 

Angles in Degrees 

z 13 c2 sec i path obliquity 
(km) 

30 28.5 27.6 .903 1.14 227 1.13 

45 42.5 41.0 1.509 1.36 268 1.34 
60 55.8 53.4 2.382 1. 78 345 1. 73 

70 63.8 60.6 3.211 2.27 429 2.14 
80 70.1 65.9 4.196 2.94 534 2.67 
85 72.1 67.5 4.589 3.25 578 2.89 
90 72.8 68.0 4.745 3.37 595 2.97 

TABLE C:2 

Path Length Geometry For Height = 250 km, Thickness = 200 km 

Angles in Degrees 
z 13 c2 sec i path obliquity 

(km) 

30 28.8 27.8 .918 1.14 227 1.14 
45 42.9 41.3 1.541 1.36 270 1.35 
60 56.4 54.0 2.454 1.81 350 1.75 
70 64.7 61.4 3.351 2.34 441 2.20 
80 71.4 66.9 4.472 3.13 561 2~81 

85 73.5 68.5 4.943 3.51 613 3.07 
90 74.2 69.1 5.133 3.67 634 3.17 
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Table 0-1, Simulation Results for 100 Km Altitude and 100 Km Thickness 

TEC* OFFSET ELEVATION RANGE ERROR 
in Km in Degrees in Km 

1.0E+15 0.0 90 0.016 
1.0E+15 0.0 30 0.019 
1.0E+ 15 0.0 10 0.060 
1.0E+15 0.0 5 0.072 
1.0E+15 10.0 90 0.016 
1.0E+15 10.0 30 0.047 
1.0E+15 10.0 10 0.160 
1.0E+15 10.0 5 0.135 
1.0E+15 100.0 90 0.022 
1.0E+15 100.0 30 0.312 
1.0E+15 100.0 10 1.044 
1.-0E+15 100.0 5 0.664 
1.0E+16 0.0 90 0.162 
1.0E+16 0.0 30 0.186 
1.0E+16 0.0 10 0.599 
1.0E+16 0.0 5 0.715 
1.0E+16 10.0 90 0.163 
1.0E+16 10.0 30 0.215 
1.0E+16 10.0 10 0.702 
1.0E+16 10.0 5 0.781 
1.0E+16 100·0 90 0.168 
1.0E+ 16 100.0 30 0.481 
1.0E+16 100.0 10 1.604 
1.0E+16 100.0 5 1.323 
1.5E+17 0.0 90 2.437 
1.5E+17 0.0 30 2.793 
1.5E+17 0.0 10 8.993 
1.5E+17 0.0 5 10.733 
1.5E+17 10.0 90 2.437 
1.5E+17 10.0 30 2.825 
1.5E+17 10.0 10 9.126 
1.5E+17 10.0 5 10.825 
1.5E+17 100.0 90 2.444 
1.5E+17 100.0 30 3.120 
1.5E+17 100.0 10 10.313 
1.5E+17 100.0 5 11.593 

* TEC-Tota1 Electron Content. 
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Table 0-2, Simulation Results for 100 Km Altitude and 300 Km Thickness 

.TEC* OFFSET ELEVATION RANGE ERROR 
in Km in Degrees in Km 

1.0E+15 0.0 90 0.016 
1.0E+15 0.0 30 0.019 
1.0E+15 0.0 10 0.052 
1.0E+15 0.0 5 0.059 
1.0H 15 10.0 90 0.016 
1.0E+15 10.0 30 0.047 
1.0E+15 10.0 10 0.152 

0.123 1.0E+15 10.0 5 0.022 1.0E+15 100.0 90 0.312 1.0E+15 100.0 30 1.035 1.0H15 100.0 10 0.651 1.0E+15 100.0 5 0.162 1.0H16 0.0 90 0.185 1.0E+16 0.0 30 0.521 1.0E+16 0.0 10 0.595 1.0H 16 0.0 5 0.163 1.0E+16 10.0 90 0.214 
1. OH 16 10.0 30 
1.0E+16 10.0 10 0.623 

1.0H16 10.0 5 0.659 

1.0E+16 100.0 90 0.168 
0.480 1.0E+16 100.0 30 1.518 1.0E+16 100.0 10 1.196 1.0E+16 100.0 5 2.437 l.5E+17 0.0 90 2.781 1. 5H 17 0.0 30 

1.5H17 0.0 10 7.821 
8.922 1.5E+17 0.0 5 2.438 1.5H17 10.0 90 2.813 1.5E+17 10.0 30 7.943 1.5E+17 10.0 10 

1.5E+17 10.0 5 9.002 
2.444 1.5E+17 100.0 90 3.106 1.5E+17 100.0 30 9.026 1.5H17 100.0 10 9.672 1.5E+17 100.0 5 

* TEC-Tota1 Electron Content. 
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Table 0-3, Simulation Results for 100 Km Altitude and 900 Km Thickness 

TEC* OFFSET ELEVATION RANGE ERROR 
in Km in Degrees in Km 

1.OE+15 0.0 90 0.016 
1.0E+15 0.0 30 0.018 
1.0E+15 0.0 10 0.041 
1.0E+15 0.0 5 0.045 
1.0E+15 10.0 90 0.016 
1.0E+ 15 10.0 30 0.047 
1.0E+15 10.0 10 0.141 
1.0E+15 10.0 5 0.109 
1.0E+15 100.0 90 0.022 
1.0E+15 100.0 30 0.311 
1.0E+15 100.0 10 1.024 
1.0E+15 100.0 5 0.636 
1.0E+16 0.0 90 0.162 
1.0E+16 0.0 30 0.183 
1.0E+16 0.0 10 0.413 
1.0E+16 . 0.0 5 0.449 . 
1 .OE+ 16 10.0 90 0.163 
1.0E+16 10.0 30 0.212 
1.0E+16 10.0 10 0.514 
1.0E+16 10.0 5 0.513 
1.0E+16 100.0 90 0.160 
1.0E+16 100.0 30 0.478 
1.0E+16 100.0 10 1.402 
1.0E+16 100.0 5 1.045 
1.5E+17 0.0 90 2.437 
1.5E+17 0.0 30 2.748 
1.5E+17 0.0 10 6.191 
1.5E+17 0.0 5 6.738 
1.5E+17 10.0 90 2.437 
1.5E+17 10.0 30 2.779 
1.5E+17 10.0 10 6.303 
1.5E+17 10.0 5 6.810 
1.5E+17 100.0 90 2.444 
1.5E+17 100.0 30 3.069 
1.5E+17 100.0 10 7.288 
1.5E+17 100.0 5 7.404 

* TEC-Total Electron Content. 
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Table D-4, Simulation Results for 300 Km Altitude and 100 Km Thickness 

TEC* OFFSET ELEVATION RANGE ERROR 
in Km in Degrees in Km 

1.0E+15 0.0 90 0.016 
1.0E+15 0.0 30 0.018 
1.0E+15 0.0 10 0.045 
1.0E+15 0.0 5 0.050 
1.0E+15 10.0 90 0.016 
1.0E+15 10.0 30 0.047 
1.0E+15 10.0 10 0.146 
1.0E+15 10.0 5 0.113 
1. OE+ 15 100.0 90 0.022 
1.0E+15 100.0 30 0.312 
1.0E+15 100.0 10 1.028 
1.0E+15 100.0 5 0.640 
1.0E+16 0.0 90 0.163 
1.0E+16 0.0 30 0.185 
1.0E+16 0.0 10 0.454 
1. OE+ 16 0.0 5 0.496 
1.0E+16 10.0 90 0.163 
1.0E+16 10.0 30 0.213 
1.0E+16 10.0 10 0.555 
1.0E+16 10.0 5 0.560 
1.0E+16 100.0 90 0.168 
1.0E+16 100.0 30 0.479 
1.0E+16 100.0 10 1.445 
1.0E+16 100.0 5 1.091 
1.5E+17 0.0 90 2.438 
1.5E+17 0.0 30 2.769 
1.5E+17 0.0 10 6.817 
1.5E+17 0.0 5 7.436 
1.5E+17 10.0 90 2.438 
1.5E+17 10.0 30 2.800 
1.5E+17 10.0 10 6.931 
1.5E+17 10.0 5 7.508 
1.5E+17 100.0 90 2.444 
1.5E+17 100.0 30 3.092 
1.5E+17 100.0 10 7.933 
1.5E+17 100.0 5 8.107 

* TEC-Total Electron Content. 
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Table 0-5, Simulation Results for 300 Km Altitude and 300 Km Thickness 

TEC* OFFSET ELEVATION RANGE ERROR 
in Km in Degrees in Km 

1. OE+ 15 0.0 90 0.016 
1.0E+15 0.0 30 0.018 
1.0E+15 0.0 10 0.042 
1.0H15 0.0 5 0.045 
1.0E+15 10.0 90 0.016 
1.0E+15 10.0 30 0.047 
1.0E+15 10.0 10 0.142 
1.0H15 10.0 5 0.109 
1.0E+15 100.0 90 0.022 
1.0E+15 100.0 30 0.311 
1.0E+15 100.0 10 1.024 
1.0H15 100.0 5 0.636 
1.0H 16 0.0 90 0.162 
1.0E+16 0.0 30 0.184 
1.0E+16 0.0 10 0.418 
1.0E+16 0.0 5 0.449 
1.0E+16 10.0 90 0.163 
1.0E+16 10.0 30 0.213 
1.0E+16 10.0 10 0.519 
1.0E+16 10.0 5 0.513 
1.0E+16 100.0 90 0.168 
1.0E+ 16 100.0 30 0.479 
1.0E+16 100.0 10 1.407 
1.0E+16 100.0 5 1.044 
1.5E+17 0.0 90 2.438 
1.5E+17 0.0 30 2.757 
1.5E+17 0.0 10 6.274 
1.5H17 0.0 5 6.741 
1.5E+17 10.0 90 2.438 
1.5H17 10.0 30 2.788 
1.5E+17 10.0 10 6.384 
1.5E+17 10.0 5 6.811 
1.5H17 100.0 90 2.444 
1.5E+17 100.0 30 3.080 
1.5E+17 100.0 10 7.358 
1.5E+17 100.0 5 7.391 

* TEC-Tota1 Electron Content. 
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Table D-6, Simulation Results for 300 Km Altitude and 900 Km Thickness 

.I.E.C!. OFFSET ELEVATION RANGE ERROR 
in Km in Degrees in Km 

1.0E+15 0.0 90 0.016 
1.0E+15 0.0 30 0.018 
1.0E+15 0.0 10 0.036 
1.0E+15 0.0 5 0.037 
1.0E+ 15 10.0 90 0.016 
1.0E+15 10.0 30 0.047 
1.0E+15 10.0 10 0.136 
1.0E+15 10.0 5 0.101 
1.0E+15 100.0 90 0.022 
1.0E+15 100.0 30 0.311 
1.0E+15. 100.0 10 1.018 
1 .OE+ 15 100.0 5 0.628 
1.0E+16 0.0 90 0.162 
1.0E+16 0.0 30 0.182 
1.0E+16 0.0 10 0.356 
1.0E+16 0.0 5 0.375 
1. OE+ 16 10.0 90 0.163 
1.0E+16 10.0 30 0.211 
1.0E+16 10.0 10 0.457 
1. OE+ 16 10.0 5 0.438 
1.0E+16 100.0 90 0.168 
1.0E+16 100.0 30 0.476 
1.0E+16 100.0 10 1.342 
1.0E+16 100.0 5 0.967 
1.5E+17 0.0 90 2.437 
1.5E+17 0.0 30 2.727 
1.5E+17 0.0 10 5.340 
1.5E+17 0.0 5 5.618 
1.5E+17 10.0 90 2.437 
1.5E+17 10.0 30 2.758 
1.5E+17 10.0 10 5.447 
1.5E+17 10.0 5 5.686 
1.5E+17 100.0 90 2.444 
1.5E+17 100.0 30 3.046 
1.5E+17 100.0 10 6.384 
1.5E+17 100.0 5 6.243 

*TEC-Total Electron Content. 
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Table 0-7, Simulation Results for 900 Km Altitude and 100 Km Thickness 

TEC* OFFSET ELEVATION RANGE ERROR 
in Km in Degrees in Km 

1.0H 15 0.0 90 0.016 
1.0E+15 0.0 30 0.018 
1.0E+15 0.0 10 0.032 
1.0E+15 0.0 5 0.033 
1.0E+ 15 10.0 90 0.016 
1.0E+15 10.0 30 0.047 
1.0H15 10.0 10 0.132 
1.0E+15 10.0 5 0.096 
1. OH 15 100.0 90 0.022 
1.0E+15 100.0 30 0.311 
1.0[+15 100.0 10 1.014 
1.0H15 100.0 5 0.623 
1.0E+16 0.0 90 0.162 
1.0H16 0.0 30 0.180 
1.0E+16 0.0 10 0.316 
1.0E+ 16 0.0 5 0.326 
1.0H16 10.0 90 0.163 
1.0E+16 10.0 30 0.209 
1.0E+16 10.0 10 0.416 
1.0E+16 10.0 5 0.390 
1.0E+16 100.0 90 0.168 
1.0E+ 16 100.0 30 0.475 
1.0E+16 100.0 10 1.300 
1.0H16 100.0 5 0.918 
1.5H17 0.0 90 2.437 
1.5E+17 0.0 30 2.707 
1.5E+17 0.0 10 4.733 
1.5E+17 0.0 5 4.894 
1.5E+17 10.0 90 2.438 
1.5E+17 10.0 30 2.738 
1.5E+17 10.0 10 4.837 
1.5H17 10.0 5 4.960 
1. 5H 17 100.0 90 2.444 
1.5E+17 100.0 30 3.025 
1.5E+17 100.0 10 5.752 
1.5E+17 100.0 5 5.503 

* TEC-Tota1 Electron Content. 
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Table 0-8, Simulation Results for 900 Km Altitude and 300 Km Thickness 

TEC* OFFSET ELEVATION RANGE ERROR 
in Km in Degrees in Km 

1.0E+15 0.0 90 0.016 
1.0E+15 0.0 30 0.018 
1.0E+15 0.0 10 0.030 
1.0E+15 0.0 5 0.031 
1.0E+15 10.0 90 0.016 
1.0E+15 10.0 30 0.047 
1.0E+15 10.0 10 0.131 
1.0E+ 15 10.0 5 0.095 
1.0E+15 100.0 90 0.022 
1.0E+15 100.0 30 0.311 
1.0E+15 100.0 10 1.012 
1.0E+15 100.0 5 0.622 
1.0E+16 0.0 90 0.162 
1.0E+16 0.0 30 0.180 
1.0E+16 0.0 10 0.305 
1.0E+16 0.0 5 0.314 
1.0E+16 10.0 90 0.163 
1.0E+16 10.0 30 0.209 
1.0E+16 10.0 10 0.405 
1.0E+16 10.0 5 0.378 
1.0E+16 100.0 90 0.168 
1.0E+16 100.0 30 0.474 
1.0E+16 100.0 10 1.289 
1.0E+16 100.0 5 0.906 
1.5E+17 0.0 90 2.437 
1.5E+17 0.0 30 2.699 
1.5E+17 0.0 10 4.573 
1.5E+17 0.0 5 4.714 
1.5E+17 10.0 90 2.437 
1.5E+17 10.0 30 2.730 
1.5E+17 10.0 10 4.677 
1.5E+17 10.0 5 4.780 
1.5E+17 100.0 90 2.443 
1.5E+17 100.0 30 3.015 
1.5E+17 100.0 10 5.588 
1.5E+17 100.0 5 5.321 

* TEC-Total Electron Content. 
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Table D-9, Simulation Hesults for 900 Km Altitude and 900 Km Thickness 

TEC* OFFSET ELEVATION RANGE ERROR 
in Km in Degrees in Km 

1.0E+15 0.0 90 0.016 
1.0E+15 0.0 30 0.018 
1.0E+15 0.0 10 0.028 
1.0E+15 0.0 5 0.029 
1.0E+15 10.0 90 0.016 
1.0E+15 10.0 30 0.046 
1 . OE + 15 10.0 10 0.128 
1.0E+15 10.0 5 0.092 
1.0E+15 100.0 90 0.022 
1.0E+ 15 100.0 30 0.311 
1.0E+ 15 100.0 10 1.010 
1.0E+15 100.0 5 0.619 
1.0E+16 0.0 90 0.162 
1.0E+16 0.0 30 0.178 
1.0E+16 0.0 10 0.282 
1.0E+16 0.0 5 0.289 
1.0E+16 10.0 90 0.163 
1.0E+16 10.0 30 0.207 
1. OE+ 16 10.0 10 0.382 
1.oH16 10.0 5 0.352 . 
1.0E+16 100.0 90 0.168 
1.0E+16 100.0 30 0.473 
1.0H16 100.0 10 1.265 
1.0H16 100.0 5 0.880 
1.5E+17 0.0 90 2.437 
1.5H17 0.0 30 2.677 
1. 5H17 0.0 10 4.225 
1.5E+17 0.0 5 4.330 
1.5H17 10.0 90 2.437 
1.5E+17 10.0 30 2.707 
1.5E+17 10.0 10 4.328 
1.5E+17 10.0 5 4.395 
1.5E+17 100.0 90 2.443 
1.5E+17 100.0 30 2.991 
1.5E+17 100.0 10 5.232 
1.5H17 100.0 5 4.933 

* TEC-Total Electron Content. 
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APPENDIX E - IONOSPHERE MODEL PROGRAM LISTING 
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77 

88 

1.0' 

23 

21 

DOUBLE PRECISION U(2),V(2),N(2),RINT(2),RS(2),RT(2),PI, 
& RSAT(2),DENSITV(3S),VPHASE(3S),VGROUP(3H),ERROR(38),RADIUS(3£), 
& EARTHRADI US, FREO, TIME, DTOTAL ,llEL TAR, LATITUDE, DLEG, 0 I STANCE, DOT, 
& TOP,BOTTOM,THICKNESS,TID,RANGEERROR,OFFSET,DELTAL, 
& ALT(3),THICK(3),TEC(3),OFF(3),LAT(4) 

INTEGER ELEV(4) . 
LOGICAL UPDATE,TIDIN 
DATA EARTHRADIUS/63i5.D.0'/,FREOIl.S75D91 
DATA PI/3.1415926S3SB979323846264D.0'1 

DATA ALT/IDH.OD',388.DH,9HH.OgI 
~ATA THICK/1HH.DS,3.0'D'.OH,9aH.O.0'1 
DATA TEC/l.D15,l.D16,l.D171 
DATA OFF/Z.OS,1.0'.OZ,1HH.D.0'1 
DATA LATIH.08,2H.B29D8,61.7H508,66.486DHI 
DATA ELEV/9Z,38,lZ,SI 
CALL ASSIG~1(3, 'FILE1' ,5) 
CALL ASSIGN(4, 'GPSRANGE',8) 
[10 33 IALT=l,3 
DO 33 ITHICK=1,3 
DO 33 ITEC=1,3 
DO 33 IOFFSET=1,3 
DO 33 ILAT=I,4 

BOTTOM=ALT<IALT)+EARTHRADIUS+1.D-5 
THICKNESS=THICK(ITHICK) 

TOP=BOTTOM+THICKNESS 
TID=TEC(ITEC)*I.D-9/THICKNESS 
TIDIN=.FALSE. 
OFFSET=OFF(IOFFSET) 
DEL TAL =.0' 

REWIND 3 
READ(3,77) NLAVERS 
FORMAT< 12) 
DO 1.0' LAVER=I,NLAVERS 
REAO(3,88) RADIUS(LAVER),DENSITV(LAVER) 
FORMAT(D2H.D',D2.0' . .0'J 
RADIUS(LAVERl=RADIUS(LAVER)+EARTHRADIUS 
CONTINUE 

CALL VLIGHT(NLAVERS,FREO,DENSITV,VPHASE,VGROUP,ERROR) 
DO 21 LAVER=l,NLAVERS 
TVPE *,RADIUS(LAVER),DENSITV(LAVER) 
IF( .MOT.TIDINI RANGEERROR-H 
LATITUDE=LAT(ILAT)*PI/18.0' 
UPDATE=.FALSE. 
RT(l)=EARTHRADIUS*COS(LATITUDE+OELTAL) 
RT(2)=EARTHRADIUS·SIN(LATITUOE+DELTAL) 

RSAT(1)=2.0'.0'fJ8 
RSAT< 2 )=.0' 

5 TIHE.,g 
DTOTAL=H 
DEL TAR=D' 

R.J( 1 l=RSAT( 1 ) 
RZ(2l=RSAT{Z) 
IF{ .NOT.UPDATE) CALL NORMALIZE{RT(l)-RSAT(l),RT(Z)-RSAT(Z),U) 
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IF(UPDATE) CALL NORMALIZE(Z*RT(I)-RINT(I)-RSAT(I), 
& ZWRT(Z)-RINT(Z)-RSAT(Z),U) 

DO 2H K=2,NLAVERS 
LAVER=NLAVERS+2-K 
CALL INTERSECT(RH,U,RAOIUS(LAVER),RINT) 
DLEG=DISTANCE(RH,RINT) 
DTOTAL=DTOTAL+DLEG 
TIME-TIME+DLEG/VGROUP(LAVER) 
DELTAR=DELTAR+ERROR(LAVER)*DLEG 
RH( 1 )=RINT< I} 
RH(2)=RINT<2} 
CALL NORMALIZE(-RH(I),-RH(Z),N) 
CALL REFRACT(U,N,VPHASE(LAVER),VPHASE(LAVER-l),V) 
CALL NORMALIZE(V( 1 ),V(2),V) 
U(I)=V(I) 
U(2)=V(2) 

2H CONTINUE 

111 

99 

CALL INTERSECT(RH,U,EARTHRADIUS,RINT) 
DLEG=DISTANCE(RH,RINT) 
DTOTAL=DTOTAL+DLEG 
DELTAR=DELTAR+ERROR(I)*DLEG 
TIME=TIME+ 

& (D I STAIlCE ( RH, RI NT> -0 I STANCE (RSAT ,RI NT>+D I STANCE (RSAT J RT> ) 
& IVGROUP(l) 

IF(UPDATE)RANGEERROR= 
& lSHH*(DELTAR+DTOTAL-DISTANCE(RSAT,RINT»-RANGEERROR 

IF(UPDATE.AND.TIDIN) WRITE(4,111)BOTTOM-EARTHRADIUS-1.D-5, 
&THICKNESS,TEC(ITEC),OFFSET,ELEV(ILAT),RANGEERROR 

FORMAT(2F7.1,IPEB.l,HPF7.1,I3,F7.3) 
IF(UPDATE) GO TO 99 
UPDATE=.TRUE. 
GO TO 5 
CONTINUE 
IF(TIDIN) GO TO 33 
LAVER=NLAVERS 

16 IF{RADIUS(LAVER).LT.TOP) GO TO 17 
RAD!US(LAVER+2)=RADIUS(LAVER) 
DENSITV(LAVEP,+Z)=OEN3ITV(LAVER) 
LAVER=LAYER-l 
GO TO 16 

17 RADIUS(LAVER+2)=TOP 
DENSITV(LAVER+2)=DENSITV(LAVER) 

IB IF(RADIUS(LAYER).LT.BOTTOM) GO TO 19 
RADIUS(LAVER+l)=RADIUS(LAVER) 
DENSITV(LAVER+l)=DENSITV(LAVER)+TID 
LAVER=LAVER-l 
GO TO IB 

19 RADIUS(LAVER+l)=BOTTOM 
DENSITV(LAYER+l)=DENSITV(LAVER)+TID 

NLAVERS=NLAVERS+2 
TIDIN". TRUE. 
DELTAL=OFFSET/EARTHRADIUS 
GO TO 23 

33 CONTINUE 
STOP 
END 
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) 
DOUBLE PRECISION FUNCTION DISTANCE(Vl,VZ) 

C ORDINARY EUCLIDEM DISTANCE BEn.lEEN T\.IO POSITION VEC·roRS 
DOUBLE PRECISION Vl(Z),VZ(Z) 
DISTANCE-SQRT«Vl(l)-VZ(l»**Z+(VlCZ)-VZ(Z»**Z) 
RETURN 
END 

DOUBLE PRECISION FUNCTION DOT(Vl,V2) 
C DOT PRODUCT OF VECTORS 

C 

DOUBLE PRECISION Vl(Z),VZ(2) 
DOT=Vl (1 )*VZ( 1 )+Vl C 2 )*V2( 2) 
RETURN 
END ' 

SUBROUTINE REFRACT(U,N,Cl,C2,V) 

C C] C] C] C] C] C] [] [J [] [] [] [] [] [] [J C] tl C] C] C] [] C] C] [] [] C] C] i.] C] [] [] [] C] C] 
C VECTOR REFRACTION SUBROUTINE 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

C 

U IS THE UNIT INCIDENT VECTOR 
N IS THE UNIT NORMAL ON THE SIDE OPPOSITE 
Cl IS THE PHASE SPEED OF INCIDENCE 
C2 IS THE PHASE SPEED ON OPPOSITE SIDE 
V IS THE UNIT REfRACTED VECTOR 

THE SIDE OF INCIDENCE 

CCCC IT IS ASSUMED THAT THERE WILL BE REFRACTION INSTEAD OF 
TOTAL INTERNAL REFLECTION; THE ARGUMENT OF THE SQUARE ROOT 
\.IOULD BE NEGATIVE IN THE CASE OF TOTAL INTERNAL REFLECTION ]]]] 

C] [] [] [J [J rJ [] [J [J [] [] [] [] [] C] C] [] rJ [J [J [] [] [] CJ [] [] C] CJ [l [] [J [] [] [] C] 

DOUBLE PRECISION U(Z),N(2),V(Z),Cl,CZ,FACTOR,UDOTN,DOT 
UDOTN=DOTC U, N I 
FACTOR=SQRTCUDOTN*UDOTN+CCI/C2)w*2-1 )-UDOTN 
VC 1 )=C2ICl *C FACTOR*NC 1 )+IJ( 1» 
VCZ)=CZ/Cl*(FACTOR*N(~)+UCZ» 
RETURN 
END 

SUBROUTINE INTERSECT(RZ,U,RS,RINT) 

C [] [] [] [] [] C] [J [J [] [] [] C] C] [] [] [] [] [] [J C] [] C] [] [J C] [] [J [] C] C] [] [] CJ [] 
C 
C A LINE EXTENDS FROM RZ IN THE DIRECTION INDICATED BY THE UNIT VECTOR U 
C A SPHERE OF RADIUS RS IS CENTERED AT THE ORIGIN 
C THE LINE FIRST INTERSECTS THE SPHERE AT A DISTANCE P 
C THE POINT OF INTERSECTION IS DEFINED BY THE POSITION VECTOR RINT 
C RINT"RZ+P*U 
C 
C [] [] [J [] [] [] [] [] [] [] [] [] [] [] [] [] Cl CJ C] [J [] [] [] C] C] [] C] [] [] [] [] [] C] [] 
C 

DOUBLE PRECISION RS(2),UCZ),RINT(Z),P,SQRS,RS,RfJDOTR.IJ,RZDOTU,DOT 
RZDOTRZ=DOTCR.IJ.RZ) 
R.0"DOTU=DOT(RZ,U) 
SQRS=RS"RS 
P=CRZOOTR.IJ-SQRS)/(SQRTCSQRS+RZDOTU*RZDOTU-RZDOTRS)-RfJDOTU) 
RINT( 1 )=Rfl'{ 1 )+P*U( 1 ) 
RINT(2)=RZ(2)+P*UCZ) 
RETURN 
END 

SUBROUTINE VLIGHT(NLAVERS,FREQ,DENSITY,VPHASE,VGROUP,ERROR) 
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'.," 

, , 

c 
C C] [] (] [] [] [] [] [] CJ [J [] [] CJ [] [] [] [J CJ C] [] [J [J [] C] [] [] Cl [J [] [J [] [J [J [] 
C 
C IN THE IONOSPHERE, ELECTRON DENSITY DETERMINES PHASE SPEED AND 
C GROUP SPEED OF ELECTROMAGNETIC PHENOMENA OF A SPECIFIED FREQUENCV 
C 
C IF ONE IGNORES THE DELAV CAUSED BV THE IONOSPHERIC LAVER, A RANGE 
C DEVIAT!ON ACCRUES FOR EACH KILOMETER OF THE PATH THROUGH THE LAVER 
C 
C THE RATIO OF THE RANGE DEVIATION TO THE PATH LENGTH ~ITHIN THIS 
C LAVER IS DEFINED BV THE "VELOCITY DEFECT" C-VG. 
C THIS RATIO APPEARS HERE AS THE ARRAY "ERROR". 
C 
C [J[J [] [] [J [J [J [] [] [J [J [J [J [J [] [J [J [J [] [J [J [J [] [] [] [J [] [] [] [] [] [] [] [J 
C 
C 

DOUBLE PRECISION DENSITVC3Z),VPHASEC3Z),VGROUPC3Z),ERRORC3Z), 
& QE,ME,PI,FREQ,DIFF,C 

DATA QE/4.8ZZ98D-IZI,ME/9.1Z91D-28/,PI/3.1415926535898DZI, 
& C/299792.456DZI 

DO lZ LAVER=l,NLAVERS 
DIFF=DENSITVCLAVER)*QE*QE/(PI*FREQ*FREQ*ME) 
VPHASECLAV~R)=C/SaRTCl-DIFF) 
VGROUPCLAVER)=C*C/VPHASECLAVER) 
ERRORCLAVER)'" 

&CCCZ.734375D-l*DIFF+3.125D-l)*DIFF+3.75D-l)*DIFF+5.D-l)*DIFF 

lZ CONTINUE 
RETURN 
END 

SUBROUTINE NORMALIZECA,B,V) 
C A UNIT VECTOR V IS CREATED 
C ITS COMPONENTS ARE PROPORTIONAL TO A AND B 
C 

DOUBLE PRECISION A,B,VCZ),LENGTH 
LENGTH=SQRT(A**2+B**Z) 
V(l)=A/LENGTH 
V(2)=S/LENGTH 
RETURN 
END 
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APPENDIX F - COLLISION AVOIDANCE SYSTEMS SURVEY 
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1.0 
W 

TABLE F-l. COMPARISON Or- PROPOSED AIRBORNE COOPERATIVE COLLISION /\VOID/\NCE SYSTEM 

r---

DC/\S McDonnell- Sierra MITRE Litchford RC/\ 
Douglas C/\S C/\S C/\S VEC/\S 

CAS 

Type of Sys tem: Deacon, Time/ Time/ Deacon Deacon, Deacon 
active/passive Frequency Frequency acti ve/pass f ve 

£qu f pped . a f rcra ft 1111 /\TCROS an( similarly Similarly similarly 1\ 11 1\ TCRDS s imil arly . 
wuld receive OliOS equipped equipped equipped equipped equipped equipped 
lrotection from: .only only only only 

---------- -

Pata on intruding relative relative relative relative re I ati ve relative 
planes made altitude and a It itude and altitude and altitude and altitude and a It Hude and 
ava i lable: velocity velocity velocity velocity velocity velocity 

Subject to garble 
And interference Yes No tlo ,Yes Yes Yes 
problems? 

Re I iance on reI ies on relies on relies on no ground relies 1)11 no ground 
9round fac iIi ties: grollnd in- ground sta- modi ried reliilnce nround reliance 

terroga t ions tions for TIICI\N/DME interroga-
in terminal timing equipment tions in 
areas (pas- SyJlchroniza- for timi ng termi na 1 
sive mode) lion area (pas-

sive mode) 

Unique advantages full system timing syn- timing saturation full sys teO! excessive 
or disadvantages: is too ex- chronizatlon synchronfza- problems in too expen- false alarms 

pens ive for is not tion is not dense sive for GA 
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ANTC-117 Specification for a Cooperative 

Collision Avoidance System 

1. Threat Logi c 

A. Measurements used: 

1. range--separation distance between aircraft, computed by pulse 
timing. 

2. range rate--obtained from successive range measurements. 
3. barometric a1titude--is encoded and communicated. 
4. altitude rate--computed from successive altitude measurements. 

B. Altitude and rate info is used to reduce threat volume, then 
Primary Threat Criteria is applied: 

(Range) + T x (range rate) ~ (min. range) 

T is a time constant which takes on 2 values: 

1: a broad "T2 criterion ll is used first, and if satisfied pilot is 
commanded to limit turns and neither climb nor dive. 

2. then the more restrictive IIT1 criterion" is app1ied--if satisfied, 
alarm occurs and vertical escape maneuvers are issed. 

C. An alarm will also occur if range, is less than a minimum (3040 ft.), 

regardless of range rate. 

II. Time-Frequency technique 

A. Each aircraft mutually synchronized to a common time reference; selects 
exclusive 1.5 ms time slot (2,000 slots/epoch). 
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B. 4 frequencies used to reduce co-slot interference. 

C. Operational avoidance signal transmitted near beginning of time 
slot; 2 pulses, altitude is encoded in separation; time delay at 
reception used to compute range. 

D. Successive measurements of range, altitude give range rate, altitude 
rate. 
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Types of Cooperative Collision Avoidance Systems 

Time-frequency (TF): Uses ANTC-117 TF technique. The time division multi
plexing reduces interference, IIgarble. 1I Requires precise time 
synchronization. Not compatible with ATCRBS or DABS (Discrete Address 
Beacon Sys tern) . 

ATCRBS: Interrogates existing ATCRBS transponders. Some have passive 
mode for use in terminal areas, which listens to ground-elicited 
replies instead of issuing own interrogations. Active mode contributes 
to garble problems. Both modes very susceptible to interference. 
Protection from ATCRBS-equipped aircraft realized immediately. 

Beacon: Transponder-interrogation techniques like ATCRBS but not 
compatible \,/ith it. Does not add interference to existing ATCRBS 
system. 

DABS: Interrogates DABS transponders and uses air-air and air-ground-air 
datal ink via DABS. 

All systems can be implemented with various levels of equipment to provide 
coverage varying from full CAS protection to inexpensive equipment such 
as transponder-only systems which do not provide threat evaluation but 
provide signals which are used in the threat evaluation process by 
higher-level-equipped craft. 
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Some Particular Collision Avoidance Systems 

comments on Operation and Performance 

TF Systems: 

(1) McDonnel Douglas CAS -- Conforms to ANTC-117 guidelines; 
produces excessive number of alarms. 

(2) Sierra CAS (proposed) -- Uses ground TACANjDME stations for 
time synchronization, modified TACAN airborne equipment 
for CAS. 

ATCRBS Systems: 

(1) MITRE CAS -- Interrogates azimuthal sections using switched 
directional antennas, multiple power levels. Unsatisfactory 
in some dense terminal areas. 

(2) Litchford CAS -- Has active and passive modes. 
(3) BCAS -- Has active and passive mode for detection of ATCRBS 

and DABS equipped aircraft; air-air and air-ground-air 
data link via DABS. 

Beacon Systems: 

(l) RCA SeCANT VECAS -- Interrogates by lIaddressingli separate 
altitude layers. Has problems with range rate accuracy; 
false alarms. 

(2) Honeywell AVOIDS -- Very similar to RCA. Has problems with 
false tracks. 
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Bagnall, "Collision Avoidance: The State of the Art and Some Recent 
Developments and Analyses," Navigation. Vol. 23, no. 3, Fall 1976. 

I. Specification for cooperative CAS (ANTC-ll7) ("ATA logic") 

A. Committee (ANTC-117) formed 1966, spec published 1967, then 
revised later. 

B. ANTC-117 logic: 

(1) based on I~F measurements of RANGE & RATE (doppler) 
(2) data exchange of altitude 

C. Specific technique described: 

(1) highly stable. synchronized oscillators for one-way range 
and rate measurements. 

(2) synchronized time multiplex arrangement that eliminates 
mutual interference -- "time-frequency" technique. 

D. Primary Threat Criteria: 

- L R + Ti R - RO i or R f: Rm 

(1) T1 = 25 sec., R01 = 1/4 n.m. (1520 ft.) Rm = 1/2 n.m. (3040 ft.) 
(2) T2 = 40 sec., R02 = 1.8 n.m. (10,960 ft) 

E. Vertical Escape maneuvers only. 

II. Time-frequency (TF) Techniques 

A. Makeup of transmitted signal 

B. Time synchronization method. 
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III. Sierra CAS (Proposed) 

A. Uses ground TACAN/DME stations for synchronization and modified 
TACAN airborne equip. for CAS. 

B. Range differencing for rate estimation. 

(1) excessive error 
(2) more sensitive to mu1tipath than TF 

IV. Beacon Techniques 

A. RCA SECANT (SEparation and Control of Aircraft using Nonsynchronous 
Techniques) VECAS (Vertical Escape CAS) (full & GA) 

(1) interrogation waveform: 2-pulse, delay proportional to 
barometric altitude - (one-pulse replies) 

(2) series of altitude bands (500 ft. wide) is "addressed" by 
varying.the delay -- only transponders in the selected altitude 
band wfll respond. 

(3) frequency multiplexing & correlation also used to reduce "Fruit 
effects" (i nterference) . 

(4) VECAS cycles thru 3 steps: (for each altitude layer) 
(a) search for targets (uses IIrange binsll) 
(b) tracking & fine range measurement; uses differencing for 

range rate 
(c) altitude decoding & threat estimation 

B. Honeywell AVOIDS I & II - similar to RCA except: 

(1) no fine altitude by communication -- overlapping altitude layers 
are addressed to logically determine altitude of replying 
transponder relative to ATA criteria boundaries. 

(2) has IIghostingll problems 
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V. Other Approaches to CAS--use existing ATCRBS transponders 

A. Mitre CAS· 

(1) minimize interference by limiting number of CAS units 
(2) directive antennas & multiple power levels of interrogations 

reduce garble (& "defl~uiter") 

(3) range measured directly, ~ltitude decoded from reply 
(4) FAA tested simple version in Fall 1975 without multo power 

levels or directional antennas 

B. Litchford CAS 

(1) passive (primary) mode 

(a) receives SSR (secondary surveillance radar) interrogations 
and stimulated replies from ATCBRS transponders 

(b) measures & stores difference in time-of-arrival (6 TOA). 
(c) decode transponder message for altitude & identity 
(d) using stored data from interrogations of 2 or more 

SSR's, range & bearing computed 

(2) active mode 

(a) when less than 2 SSR's available 
(b) interrogate transponders actively 
(c) range rate from differential range 

VI. IDA (Institute for Defense Analyses) Analysis 

A. Range rate estimation using incremental ranae can have a computational 
bias error. 

(1) error increases with time between range measurements. 
(2) Sierra CAS has poor range rate accuracy 
(3) RCA has small bias error due to short time between range measurements 
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Klass, "Collision Avoidance Standard Prepared," Aviation 
Week & Space Technology, Sept. 4, 1978 

I. FAA Standard to be issued late 1978 

A. Active-type, airborne, beacon-based CAS (B-CAS) 

B. No mandatory use envisioned 

C. System will provide conflict alert and escape maneuver commands 
for equipped airplane involved in potential threat with another 
craft having only conventional radar transponder. 

D. Aircraft equipped with BCAS will be required to turn them off 
in high traffic near airports due to excessive interference 
they would cause. 

II. IFull-capabi1ity" B-CAS being developed and studied 

A. Usable in high-density terminal areas 

B. Incorporates the "best" of earlier proposed techniques: 

(1) Passive-mode 11isten-in" technique proposed by Litchford 
Electronics. 

(2) ISing1e-site" (SS-CAS) proposed by Schuchman of Stanford 
Telecom;' would install transponder at each interrogator 
site. 

(3) DABS (discrete address beacon system) ~ compatible B-CAS, 
by Koenke of FAA. 

III. DABS - each aircraft interrogated individually by its "discrete 
address" code -- 2-way data link 

--ground equipment for threat evaluation and evasive maneuver 
generation 

--ATARS= automatic traffic advisory and resolution systems 

--possible conflicts between computer's solution to a threat 
and what human controller might prefer to use 
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IV. FAA Task Force's recommendations: 

A. Fast implementation of automatic conflict alert in the ARTS-3 
terminal area systems (Automated Radar Terminal Systems). 

B. Rapid implementation of DABS (TI-built prototype is being 
tested). 

C. Increased use of radar transponders. 

D. Implementation of ATARS. 

E. Establish national standard for an active D-CAS. 
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BCAS: Beacon Collision Avoidance System 
FAA-NAFEC (1977) 

I. Passive mode 

A. Detects ATCRBS interrogations and replies from other aircraft. 
Mode C replies provide altitude.Time difference between interrogations 
and subsequent replies is used to compute parameters. Interrogations 
and replies from 2 or more ground based systems are required for range 
and azimuth computation. Threat potential is then evaluated. 

II. Active mode operation 

A. Computer-controlled interrogation sequence repeats at l-sec. intervals: 

(1) activate top antenna 
(2) xmit pair of mode C pulses 
(3) wait for all replies in range (500~S) (=32mi. radius). 
(4) xmit pair of suppression pulses from top followed by mode C 

pulses from bottom antenna 

B. Computer program correlates replies from successive interrogations to 
determine range rate and altitude rate. 

(1) track is established for each aircraft replying coherently to 
four successive interrogations. 

(2) tracks with negative range rate (closing) are updated each second. 
Positive rate tracks are discontinued. 

(3) track is "coasted" during missed replies (after 8 missed, track 
is discontinued). 

C. Special interrogation sent to each new track to determine if BCAS-equipped. 
If so, complementary maneuvers will be.coordinated in event of threat 
via BCAS air-air data link. 
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D. In event of threat, climb or dive maneuvers are issued to pilot. 
(ANTC 117 threat logic used). 

III. Systems Enhancements 

A. IIWhisper/Shout ll 
-- multi-level power xmission of interrogations to 

break up responding population into smaller groups. (Phase II) 

B. Phase III -- compatibility with DABS (Discrete Address Beacon 
System) DABS will be used for air-air data link and air-ground-air 
data link. 

C. Passive, Semi-active. and Active modes to be implemented automatically. 
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MCDONNEl DOUGLAS COllISION AVOIDANCE SYSTEM 

Operational Concept 
The ~IDEC CAS is an air-derived CAS employing time/frequency multi

plexing. Timing synchronization is provided by ground stations and through 
air-to-air relay by appropriately equipped aircraft. Each synchronized CAS 
transmits in an exclusive time/frequency slot and receives the trans
missions of other CASs in their respective slots. The information 
exchanged in this fashion includes one-I'Iay range and altitude. Range rate 
is computed from successive measurements of range. The information is used 
by the CAS to evaluate the threat of collision based on ANTC-117 logic. 

Two levels of CAS equipment are available: a full system intended 
primarily for air carrier use, and a limited system for general aviation. 
The latter system has a shorter range and cannot participate in air-to-air 
relay of synchronization signals. 

The r~DEC CAS has a Back-Up Mode (BUM) which is used when no timing 
synchronization is available. In BUM, asynchronous interrogation-reply 
techniques are used. To reduce interference in BUM, a CAS will respond to 
an interrogation only if the interrogator is within 3300 ft. of own alti
tude and has a closing range rate of greater than 117 knots. Barometric 
altitude is encoded in the interrogation, and relative range rate is deter
mined from the spacing of two successive interrogations. The response is 
one of four messsages encoded in the spacing between pulses determined by 
the altitude difference: aircraft above, aircraft belo\,l, dive, or climb. 
The chance of overl appi n9 i nterrogat ions is reduced by choosing a 6 ms 
signal-free interval out of the 3-second cycle time in which to 
interrogate. 

In the normal (synchronized) mode, the 3-second cycle or epoch is 
divided into 2,000 1.5 ms time slots. Four different frequencies are used 
(1600, 1605, 1610, 1615 MHz) to minimize co-slot interference. A range 
pulse is transmitted near the start of the time slot, follm'led by an 
altitude pulse delayed by an amount proportional to the barometric altitude 

of the aircraft. Other synchronized CAS's can compute their range from the 
propagation time of the range pulse and decode the altitude information. 
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Performance 
The computation of range rate by using successi ve range measurements 

is biased and will not ah"ays give an accurate estimate of relative veloc
i ty (range rate). The r~DEC CAS uses the di fference between current range 
and the range at six seconds previous to estimate current range rate. The 
~ias error resulting is a function of the range and the actual range rate, 
and results in an overestimate of range rate. The net result is prematul'e 
and false alarms - typically an estimated 8 to.lO percent increase in over
a 11 alarm rate. 

Otherwise, the MDEC CAS performed well by ANTC-117 guidelines. The 
nominal communication range is 126 nmi, but can fluctuate considerably due 
to the nulls and fades of the airborne antenna gain pattern such that there 
is a 10 percent probability that the range is less than 47 nmi. Timing 
standards for the full CAS are accurate to one part in 108. Under the 
best of circumstances, this will result in synchronized status being lost 
in 4.25 minutes if no synchronization updates are obtained. 

Interference in Back-Up Mode (BUM) can cause missed alarms or incor
rect decoding of the warning signal. Since BUM is only entered during lack 
of synchronization, however, it will usually be used in low-density areas. 
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RCA COLLISION AVOIDANCE SYSTEM 

Operational Concept 
The RCA SECANT (Separation Control of Aircraft using Nonsynchronous 

Techniques) equipment comes in three levels: VECAS (Vertical Escape CAS), 
for large commercial transport aircraft; VECAS-GA for smaller general 
aviation aircraft; and PWI (Proximity Warning Indicator), for aircraft that 
cannot afford a complete CAS. The SECANT equipment is of the beacon/ 
transponder type. Several techniques are employed to reduce the incidence 
of self-generated interference or "fruit" which is a problem when this type 
of system is used in high-density areas: 

1. Frequency multiplexing: Twenty-four frequency assignments are 
used; 12 above 10,000 ft. and 12 below. Of these 12, six are used 
with the top antenna and 6 with the bottom. Of the six, two are 
used for probes (interrogations) and four for replies. For each 
probe frequency, there is a corresponding pair of reply frequen
cies. These two frequencies are used for binary encoding of 
altitude on the reply. 

2. Pseudo noise correlation of replies: The interrogator transmits a 
sequence of probes, randomly sel ecti ng whi ch of the appropri ate 
pair of probe frequencies will be used for a given probe. Replies 
to this interrogation sequence will be correlated with the 
randomly selected pattern on the associated reply frequencies; 
whereas, unwanted fruit replies will not. This is used to reject 
fruit. 

3. Asynchronous interrogations: Probe transmissions are jittered 
randomly in time with an average period of 1 msec. This reduces 
fruit, since the fruit tends to be uniformly distributed in time 
relative to any asynchronous probe and will therefore not be 
mistaken for a true target. 
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4. Altitude layer addressing: Interroyations consist of two pulses 
time delay coded to "address" different altitude layers. Layers 
are 500 ft. \'/ide below 10,000 ft. and 1,000 ft. above. Only 
transponders in the addressed 1 ayer \~i1l reply to a gi ven 
interrogation. The number of altitude layers interrogated above 
and below the aircraft is dependent on its altitude and the 
direction and magnitude of its vertical velocity, so that only 
1 ayers whi ch mi ght contain threats are interrogated. 

The VECAS equipment has three modes of operation: (1) target search
ing, (2) tracking during which fine target range is measured and "range rate 
is estimated (using range differencing), and (3) data communications during 
which altitude and identity are decoded from the replies. 

Performance 
Round time, the period required to evaluate all targets, for the VECAS 

varies from less than 3 sec. to 4.26 sec. maximum. Range and range rate 
accuracies are compatible with ANTC-II7. In high density areas, the 
resulting increased fruit rate can cause false targets, missed targets, and 
incorrect range measurements. Another problem results from multiple 
targets occupying the same "range bin," in which case only one of them will 
be tracked and its accuracy \'/ill be corrupted. Bin straddling can also 
result, causing one target to appear as 2 or 3 separate targets, thus 
increasing the effective round time. The data transfer technique appears 
to be highly reliable, with an estimated 99 percent probability of 
correctly receiving a message in one try. 
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Honeywell Collision Avoidance System 

Operational Concept 

The Honeywell CAS is a beacon-transponder type of system, util izing 
asynchronous transponder ranging. The interrogation and reply waveforms 
are transmitted on the same frequency (1600 MHz). A reference 'altitude 
is coded in the delay between pulses of the interrogation waveform, which 
is used to lIaddress li distinct altitude bands. An aircraft's transponder 
will reply to an interrogation only if its altitude is within 700 ft. of 
the reference altitude. Fine altitude measurements are log.ica11y determined 
from the results of addressing several Bltitude bands which overlap. 

Range is determined from the time delay of the replies. Range rate 
is determi ned from success i ve range measUl~ements. Colli s i on threat is 
evaluated using ANTC-117 logic. Replies received within the maximum range 
limit are detected and assigned to range bins. ~poch length, or round 
time, is 3 seconds. Within each epoch a maximum of seven sets of range. 
data are obtained. These data sets are used to determine if a threatening 
track exists. The range tracking filter utilizes a technique called 
inhibit/suppression logic to eliminate false tracks generated by interactions 
of real tracks. 

Performance 

The Honeywell CAS has adequate communication range for threat evaluation. 
Alarms generated by false tracks are considered excessive. The rate of 
false alarms in dense terminal area traffic was estimated at one in five 
hours for the pilot, but about 200 per hour for the ground controllers. 
These false tracks are generated by fruit and combinations of other tracks, 
the latter being the more significant source. The inhibit/suppression logic 
which can reduce these levels can also cause genuine threatening targets to 
be ignored. Changes have been suggested which can reduce false tracks without 
the inhibit/suppression logic. Transponder blockage from real and fruit-generated 
interrogations can be serious, but changes have been suggested which can reduce 
its occurrence to an acceptable rate of 3 percent. 
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Sierra DME Collision Avoidance System 

Operational Concept 

The CAS proposed by Sierra, designated DME/CAS (Distance Measuring 
Equipment CAS), is an air-derived synchronous concept intended to exploit 
the proliferation of DME ground facilities to obtain timing synchronization, 
and to adapt DME airborne equipment to fulfill the CAS function. DME ground 
facilities would be augmented to transmit a CAS time reference signal 
(CASTRS), in addition to normal DME replies. Airborne clocks, included 
in the DME/CAS units, would be synchronized to the received reference 
after correction for the propogation delay obtained by DME techniques. 

Overall system operation is as follows. The airborne CAS synchronizes 
its clock to the DME ground station's reference signal. The synchronization 
signal provides the common timing format, for a time-division multiplexing 
scheme in which a 3-second epoch is divided into 2000 1.5ms time slots. After 
synchronization. the airborne CAS selects an unoccupied time slot for trans
mission of the CAS signal, from which other synchronized CAS units can decode 
one-way range information. Barometric altitude is encoded using pulse-delay 
encoding into the CAS signal. Range rate is obtained from the difference 
in range in successive epochs. These three measurements are used in accordance 
with ANTC-117 logic to determine collision threat potential. 

The DME/CAS frequencies are selected from the 960 to 1213 MHz band 
allocated to DME service. 

Performance 

Some potential problems with the DME/CAS concept are inters10t 
interference, overloading of DME ground transponders, threat parameter 
measurement inaccuracies, and undetected co-slot occupancy. 

Using two frequencies for the CAS function should provide adequate 
protection against interslot interference, such that adjacent time slots 
use different frequencies. DME ground transponder capacity would be reduced 
by only 3 percent if the transmission of the CASTRS is given priority over 
DME replies. Threat parameter measurement accuracies can meet the specifi
cations of ANTC-117 only if the DME ground facility standards on accuracy 
'are upgraded. The effect of the bias error introduced into the range rate 
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measurement by using the range differencing technique should be only an 8 
to 10 percent increase in overall alarm rate. The probability of undetected 
co-slot occupancy has been estimated to be 1 to 4 percent in dense traffic, 
but these occurrences could be rendered unambiguous by properly designed 
pulse decoders such that the potential threat can still be detected. 

With two frequency channels, and appropriate pulse decoders, the 
DMEICAS should have more than adequate capacity to accommodate the 297 
aircraft of the Los Angeles Basin 1982 model. 
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