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ABSTRACT

A performance study for a system which uses range-limited horizons
as navigation checkpoints for an airborne vehicle is presented. This
is a continuation of performance studies previously reported for sys-
tems using actual horizons and fixed-range terrain profiles. The use
of range-limited horizons permits a single system concept to be used
at all vehicle altitudes. Digital topographic data and computer
simulations used for system performance analyses are described.
Analysis results are presented for flights at various altitudes.
Different terrain roughnesses and a range of random profile errors
and vehicle altitude errors are considered. System error limits are
selected to give suitable checkpoint detection performance and position
and heading determination errors are analyzed. The results indicate
that system operation is feasible if sufficient terrain roughness is
available at the checkpoint location. The results of an analysis of
the effects of vehicle motion during sensor scan and sensor azimuth
beainwidth are presented.
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RANGE-LIMITED HORIZON CORRELATION
FOR NAVIGATION CHECKPO INTI N G

I. INTRODUCTION

Horizon profiles are different for different viewing loca tions.
Therefore, they contain information which should be useful in deter-
mining an airborne vehicle ’s location. It has been proposed that
horizon profi les be sensed by an on-bound sensor and compared with
reference horizon profiles generated for viewing locations in the
neighborhood of the desired flight path to provide navi gation check-
point information . The horizon profiles used could be obtained from
any az imuth angle with respect to the aircraft for which a sensor
mounting position is available. Only a forward looking sensor has
been considered in system analyses . However , similar system perfor-
mance should be available with a sensor looking in any other direction.

One advantage of the proposed horizon profile comparison system
is that sensed profiles covering a long horizontal dimension can be
obtained rapidly with an azimuth scanning sensor. This eliminates
the need for a long flight path increment to obtain a profi le  with
significant data content. A second advantage is that automatic
computer generation of reference profiles is possible and requires
only topographic data. A third advantage occurs since reference
profi les  can cover a wider azimuth angular dimension than the sensed
profiles. This means that profile identification is possible even if
the aircraft heading is incorrectly known if the sens ed profile is
wi thin the limits of the reference profile angular extent and the
reference prof ile contains significant data over its extent .

The feasib ility of the proposed technique for obtaining navigation
check points is under study. Earlier technical reports1’2 have reported
on work done in analyzing the use of horizon profiles and fixed-
range , forward-sensed profiles. Horizon profiles proved to be
satisfactory for flights designed to maximize terrain masking by
being very low altitude between ridges (valley flights). Horizon
profiles did not prove to be very satisfactory at aircraft altitudes
above the majority of the surrounding terrain since they result from
terrain which is at very long ranges from the aircraft and thus have
small profile variations and are highly susceptible to radar profile
errors. To circumvent this problem , a system which used profiles
generated for a fixed range was analyzed . This system gives satis-
factory performance if the vehicle altitude is high enough so radar
shadows do not consitute more than 40% of the desired checkpoint
profile.

It was recognized that a bet ter  system concept would be one for
which the profile generated by the maximum elevation angle to the
terrain within a fixed range limit (range-limited horizon) is used .

— 1—
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At higher altitudes, such a profile is essentially a fixed-range
profile since terrain at the range limit is not shadowed for almost
all azimuth angles. At very low altitudes the resulting range-
limited horizon profile is essentially the actual horizon profile
since almost all terrain points contributing to it are at a range
which is less than the range limit. The use of range-limited horizon
profiles thus ~hou1d provide similar performance to that previously
obtained with horizon and fixed-range profiles. However, the system
is applicable to all altitudes and radar shadows do not cause a
problem. This report presents the results of an analysis of the
navigation checkpointing system which uses range-limited horizon
profiles. Also included are the results of studies of some practical
system constraints.

Analyses have been performed by using actual terrain topographic
data and computer simulations. The terrain data used for the analyses
reported here was a set of the cases previously considered which span
a range of different terrain roughness. The basic data used was
digitized topographic data generated by the Defense Mapping Agency
(DMA ) from standard 1:250000 scale United States Geological Survey
(USGS) maps . As before, linear interpolation between every third
data point (l90 .5m spacing) was used to generate the terrain model
to provide system simulations in reasonable computation time. The
basic parameters and philosophy used for the analyses is the same

• as that reported in the previous report.1 However , some changes
were made in the results format used to more clearly indicate system
performance.

This report consists of three parts. The first  part brief ly
reviews and discusses the system concepts, techniques, and parameters
for the range-limited horizon correlation checkpointing system. The
second part defines the terrain data and profiles used in the analysis,

S briefly reviews the analysis techniques, and presents performance
results. Performance is considered with no system errors, with radar
profile errors , and with vehicle altitude errors. Part three considers
the effect on system performance of two practical sensor constraints.
The first of these is the effect of motion of the vehicle while the
sensed profile is being obtained and the second is the effect of
finite sensor beamwidth. The final section in the report presents
a summary and conclusions.

-2-



II. SYSTEM CONCEPT AND PARAMETERS

This section briefly reviews the concept on which the range-
limited horizon profile comparison checkpoint system is based .
The locations from which the profi les are to be generated , the
method of comparison , and various system and performance parameters
are defined.

A. RANGE-LIMITED HORIZON PROFILES

A range-limited horizon profi le  results when the maximum eleva-
tion angle to the terrain is determined as a function of azimuth
angle for terrain within a fixed range limit . All terrain at greater
ranges is ignored . The terrain which is utilized in generating a
range-limited horizon profile is illustrated in plan view in Fig. 1.
The range-limited horizon profile generation is easily accomplished
with an off-boresight radar mechanization for measuring elevation
angle (uses phase or amplitude monopulse) since the return from each
radar pulse gives the elevation angle of the terrain with respect
to the antenna boresight (center of beam) as a function of range.
A peak angle detec tion and knowledge of the antenna bores ight eleva-
tion angles are all that are then required to determine the maximum
elevation angle to the terrain over the limited range considered .
This is illustrated in Fig. 2 where missing data indicates that the
terrain at that range is shadowed by terrain at a shorter range. The
maximum elevation angle data is obtained for each pulse as the radar
scans in azimuth and gives the desired range-limited horizon profile.

The range to most of the actual horizon profile points for many
low-altitude valley flights is less than the range limit for a
reasonable range-limited horizon profile and thus the resulting
range-limited horizon profile is essentially the actual horizon pro-
file. For flights above the majority of the surrounding terrain ,
profile points would be obtained for terrain points at the range
limit except when it is shadowed by intervening terrain. When the
range limit is shadowed by intervening terrain, then profile points
are obtained from this intervening terrain. It is obvious that the
portion of the terrain at the range limit which is unshadowed
increases as the vehicle altitude increases. Thus, the range-
limited horizon profile approaches a fixed-range profile as vehicle
altitude increases.

Range-l imited horizon profiles are referred to simply as on
horizons in the remainder of this report . This simplifies the text .
Horizons obtained without a range limit are called actual horizons
to distinguish them from the range-limited horizon profiles .

3..
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Fig. 1. Terrain Contributing to a Range-
Limited Horizon Profile.
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(a) Terrain at Range Limit
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(b) Terrain at Range Limit
Not Shadowed

Fig. 2. Single Pulse Output Signal for an
Off-Boresight Angle Measuring Radar.
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B. SYSTEM CONCEPT

The system concept has been presented in previous reports.
However, it is desirable to briefly review it here for ready refer-
ence.

The f l i ght path is first planned by using topographic data for
the mission area. The topography along the flight path is considered
in identifying checkpoints which are close enough together so the
desired fl ight path can be maintained and which have horizons with
significant data content.

A set of reference horizons which would be seen from the air-
borne vehicle is generated for possible vehicle locations with
spacing fiR along a line array which crosses the flight path at each
checkpoint location as shown in Fig. 3. For sketching convenience,
the profiles are indicated as coming from a fixed range even though
this would not be true in an actual case. The length of the line
array required is established by expected vehicle cross-track position
errors when it arrives at the checkpoint. This depends on vehicle
dynamics and checkpoint separations and has not been analyzed. The
reference horizons are generated with a digital computer from topo-
graphic data and correspond to the planned vehicle altitude and
heading. The horizons consist of digital data and give elevation
angle to the horizon as a function of azimuth angle with respect to
flight path heading as shown in Fig. 4 where 0H is the planned vehicle
heading.  The horizon sampling interval , fib , is determined by the
sampling rate required to adequately describe the horizon and must
also be compatible with on-board sensor capabilities. The reference
horizons for a particular mission are stored on magnetic tape in the
vehicle for inflight comparison with sensed horizons. The comparison
is performed in an on-board digital computer.

During flight, an on-board radar z~nsor is used to obtain sensed
horizons as often as possible (along-track spacing is fiS) along the
flight path as also shown in Fig. 3. As the sensed horizons are
obtained, they are compared with all the reference horizons in the
upcoming l ine array until identification is achieved with one of the
reference horizons in that line array (the identification criteria
are discussed in the following section). The identification specifies
the time at which the array is crossed (along-track position) and
the location along the array at which it is crossed (cross-track
position) as shown in Fig. 3. Actually, it may be desirable to make
comparisons with several upcoming line arrays to avoid the possibility
of mission abort due to a single erroneous line array mismatch.

A sensed horizon is generated with a narrower azimuth angular
extent, 0~ , than the angular extent of the reference horizons, 0R’as shown in Figs. ~3 and 4. It is compared with horizon segments
along the extent of the reference horizon to find the segment which

-6-
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Fig. 3. Horizon Comparison System Concept.
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it bes~ matches. Thus horizon identification for position deter-
mination is achieved even if the airborne vehicle heading is
incorrectly known provided the sensed horizon is within the limits
of the reference horizon angular extent . The angular offset along
the reference horizon at which identification occurs (O j for the
example shown in Fig. 4) determines the vehicle heading. Actual
f l ight path heading can be determined if the vehicle “crab” angle
is known.

C. HORIZON COMPARISON AND IDENTIFICATION

The horizon comparisons indicated above are to be performed
by the computer on-board the aircraft and must produce output values
which are measures of how well sensed horizons and segments of
reference horizons match. The comparison technique must be as simple
as possible, consistent with good horizon selectivi ty , so that
horizon comparisons can be made quickly. Various comparison tech-
niques have been studied and reported previously.2 Based on sim-
plicity and performance , it was determined that comparison of a
sensed horizon and a reference horizon segment is best performed
by computing the integral absolute difference (TAD) between the
sensed horizon with its mean value removed and the reference horizon
segment with its mean value removed . Mean values are removed to
eliminate sensitivity to sensed horizon mean value errors. A brief
description of this comparison technique follows .

If s(n) are the sensed horizon data points for a horizon of
length N and r1(m) are the reference horizon data points for the
it~ reference horizon of length M, then the lAD expres sion for the
kt segment of the ith reference horizon is

N
IAD.(k) = 

~~ 
[s(n)-p 5] - [r.(n+k-1)-~i.(k)]t (1)

n= 1

where i~~ is the sensed horizon mean value , pj(k) is the mean value
of tk.e kth segment of length N of the ith reference horizon , and

< k < M-N~-l . The value of k for which IAD .(k) is minimum identifies
the angular location along the ~th reference~horizon at which the
best match occurs between the sensed horizon and the reference horizon.

The minimum lAD value (T m) computed for one sensed horizon and
all segments of a l l  reference horizons in one line array is used
to determine if the sensed horizon was obtained from the neighborhood
of the l ine array of reference horizons. Fi g. 5 shows an example
variation of for sensed horizons taken from points along the f l i ght
path on both sides of the reference array. The value of T m as a
function of the along-track distance from the line array of reference
horizons at a checkpoint location is referred to as the horizon
comparison funct ion . As indicated a detection threshold is set and
a sensed horizon is determined to be from the neighborhood of the line

-9-
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array when I~ is less than this threshold. Thus, as sensed horizons
are obtained , they are compared with the upcoming line array of
reference horizons by determining ‘m • When tm becomes less than the
detection threshold , then it is determined that the sensed horizon
is from the neighborhood of the reference line array . The minimum
value of 1m which is also less than the detection threshold identifies
the sensed horizon which was obtained closest to the reference line
array and thus identifies the aircraft crossing time for the line
array, that is, the along-track aircraft position. The particular
reference horizon in the array and the azimuth heading angle along
it at which the minimum occurs identifies the aircraft cross-
track position and heading at the array crossing.

The detection threshold ind icated in Fig. 5 must be established
for any particular hor izon comparison so it can be determined if the
sensed horizon was obtained from the neighborhood of the reference
horizon array. The threshold must be high enough to permit check-
point identification even if there are system errors but low enough
so false identif ications will not occur. The value of this threshold
depends on the particular system parameters used , on the terrain
roughness and on the magnitude of horizon and system errors expected .

The detection threshold could be established for each flight
based on the system parameters used and the roughness of the terrain
to be encountered . However , previous analyses indicated that a
problem exists when a single threshold is used for even a relatively
short flight path (20km). The required threshold is too large
which results in difficulty in rejecting false identifications. The
problem results from the non-homogeneity of the terrain which means
that if the threshold is set to be satisfactory for all line arrays
over an extended flight path, then it is set too high for the line
arrays which produce the smaller values of ‘m (line arrays from
regions with smaller terrain variation). The result is that it is
diff icult to reject false identifications for these line arrays and
sensed horizons from other regions with small terrain variation since
the resulting 1m wi l l  be smal l .

Based on the above result, it is apparent that an adaptive
detection threshold should be used. In other words , the value of
threshold used should depend on the line array being cons idered .
This can be easily established before the flight and appropriate
threshold values stored for each line array of reference horizons .
Equivalently, the threshold dependence on the sensed horizon standard
dev iation could be established and stored for use w ith each sensed
hori zon obtained. The value of the threshold requi red is cons idered
in the performance analyses and curves presented of threshold
required as a function of horizon standard deviation .
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I). SYSTEM ANI) PERFORMANCE PARAMETERS

Both valley fli ghts and flights above the majority of the sur-
rounding terrain have been previously considered using actual horizons
and fixed-range profiles respectively. Performance results are
presented in this report for a subset of the previous analysis cases
with a system using range-limited horizon profiles (horizons).

Previous analyses have considered the system parameters of
reference profile viewing location separation, tSR, and sensed profile
length , 05,parametrically for tradeoff purposes. The performance
of a system using horizons should be similar to that using fixed-
range profiles on actual horizons in the cases considered ; therefore ,
the compromise parameters selected in the previous report(i.e.
fiR = 400m, e~ = 90°) are used for the analyses reported here . The
same sensed horizon viewing location separation , fiS = 200m, as used
previously is also used here. It is felt that it is probably a
lower limit on the spacing possible due to the antenna scan time
required . The required sample spacing for horizons is the same
as that previously established for actual horizons and fixed-range
prof i les since they will be of sim ilar form . The sample spac ing
established was 1° based on an analysis of profile frequency content.

Tradeoffs for vehicle altitude, HA , and the range to a fixed-
range profile, RF, were also established when flights above the
majority of the surrounding terrain were considered . These are not
applicable here since they were based on shadow cons iderations wh ich
don ’t effect horizons. However, most of the cases selected for
analyses here used RF = 5Km when performance for a fixed-range profile
comparison system was analyzed . Therefore , the range limit , 

~L’chosen for the performance analyses reported here has been set to
= SKin so comparisons can be made with the fixed-range profile

compar ison system.

Vehicle alt itudes, HA , chosen for the analyses here include the
altitudes previously used for the individual cases as well as an
additional altitude for flights above the majority of the surrounding
terrain. The altitudes selec ted w ill be specif ied in a later sec tion
when the f l ight paths used for the analyses are def ined.

System performance results presented in this report include the
effec t of random profile error (error standard deviation = aN) and
vehicle altitude error, AH (difference between actual and pla nned
veh icle al titude) .

In order to specify sys tem performance , several perfo rmance
indicators are defined. These include: (1) the standard deviation
of the along-track position determination error, 

~~~~ 
(2) the standard

deviation of the cross-track position determination error,

-12-
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(3) the circular error probable * , CEP , for the pos i t ion  de termina t ion
error, and (4) the standard deviation of the heading error , a0. The
probability of detection , DL)’ (probability of correct sensed profileidentif ication) and the probability of false alarm, Pp. (probability
of incorrect sensed pro f i l e  iden tif ication) are used to establ ish
the required selection threshold value and the max imum allowable
random profile error and vehicle altitude error .

* Circular error probable is def ined to be the radius of the circle
centered on the correct position in which 50% of the errorneously
determined positions lie. If the errors are Gaussian, then CEP
0.5887 (ax + Gy) as long as o~ 

and °y are similar in magnitude.3
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III . SYSTEM PERFORMANCE ANALY SIS

The theoretical performance of the navigation check point i ng
system which uses range-limited horizon profiles (horizons) was
analyzed by using the di gital topographic data defined in t h- Intro-
duction to generate sensed and reference horizons. A computer simula-
tion program was used to compare horizons and establish the desired
statistical performance data. The particular terrain cases used
are def ined, the analysis techniques are rev iewed , and the perfo rmance
results obtained are presented in the following subsections.

A. SELECTION OF TERRAIN DATA AND FLIGHT PAThS

The terrain data and specif ic flight paths chosen for the analysis
of the horizon comparison navigation chc~kpointing sys tem cons ist of a
subset of those used to analyze a sys tem using actual horizons or
fixed range prof iles. Thus some comparisons with previously obtained
results are possible. The terrain areas used came from an East
coas t area from Baltimore , Maryland to the Appalachian Mountains which
spans three standard USGS 1:250000 scale maps as shown in Figure 6a
and a Northern California area which spans three standard USGS
1:250000 scale maps as shown in Figure 6b.

A total of seven different flight paths were chosen for analysis.
The general location of these seven flight paths are indicated and
given case numbers in Figure 6. The first three cases (1,2,3) are
val l ey flights and correspond to the valley flight cases analyzed
previously and reported in Ref. 2. The last four cases (4,5,6,7) are
flights above the majority of the surrounding terrain. The corre-
spondence with case s previously analyzed are : (1) Case 4 corresponds
to Case 4 in Ref. 2, (2) Case S corresponds to Case 1 used in analyzing
the fixed-range profile system in Ref. 1, (3) Case 6 corresponds to
Case 4 used in analyzing the fixed-range profile system in Ref. 1
and , (3) Case 7 corresponds to Case 6 used in analyzing the fixed-
range profile system in Ref. 1. Sections of the map data at each of
the analysis locations are shown in Figures 7-13. The flight path
and direction are indicated as well as a dot ind icating the location
where the checkpoint reference horizon line array was centered for
system performance analysis. These flight paths and checkpoint
locations all correspond to previous analyses with the correspondences
indicated above.

The spec if ic fl ight path cases used for analys is and the terrain
statistics computed for a 12Km x 12Km area centered on the analysis
point for each case are :

-15-
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Case 1 - Flight through the wide Shenandoah River Valley in moder-
ately rough terrain in Virginia. The terrain height
standard deviation is l22m and the terrain height average
correlation length is 2667m.

Case 2 - Flight through the narrow Jackson River Valley in moderately
rough terrain in Virg inia. The terrain height standard
deviation is 135m and the terrain height average correlation
length is 1548m•

Case 3 - Flight through the narrow Trinity River Valley in rough
terrain in northern California. The terrain height standard
deviation is 268m and the terrain height average correlation
length is 2460m .

Case 4 - Flight over relatively smooth terrain north of Silver Spring,
Maryland . The terrain height standard deviation is 2lm and
the terrain height average correlation length is 2476m.

Case 5 - Flig ht over moderately rough terrain on the Wes t Virginia -

Virginia border. The terrain height standard deviation is
95m and the terrain height average correlation length is
1937m.

Case 6 - Fli ght over rough terrain near the Klamath River in northern
California. The terrain height standard deviation is 226m
and the terrain height average correlation length is 2300m.

Case 7 - Flight over very rough terrain in the Salmon Mountains in
northern California. The terrain height standard deviation
is 328m and the average terrain height correla tion length
is 2271m.

The first two valley flight cases are for terrain with approxi-
mately the same roughness. However, the valley is narrower for the
second case which results in horizons with greater var iation since
much of the terrain which contributes to the horizon is closer to
the vehicle. The valley flight cases are numbered in the order of
increasing terrain roughness. The cases for flights above the
majority of the surrounding terrain are also numbered in the order
of increasing terrain roughness and span more than an order of
magnitude change in terrain roughness.

The vehicle f lying altitudes above the valley floor used for the
valley flights were : lOOm for Case 1, 200m for Case 2, and 300m for
Case 3. These are the same as those used for previous analyses with
actual horizons as reported in Ref. 2. Higher flying altitudes
were required for the narrower valleys to provide reasonable space
for likely lateral flight path variatior~s on an actual flight .
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Iwo vehicle flying altitudes were used for all cases involving
fli ghts above the majority of the surrounding terrain (Cases 4, 5,
, , and 7). The altitudes chosen were lOOm and 500m above the maximum
terrain height beneath the aircraft flight path. The SOOm altitude
corresponds to the altitude used in analyzing the fixed-range profile
system as reported in Ref. 2; therefore , it was included here so
systtn comparisons are possible. Lower altitudes could not be con-
sidered with fixed-range profiles due to their excessive shadow
content. It was felt that the lower altitude of lOOm is of practical
interest ; therefore , it was also considered when analyzing the system
using hor izons for nav igation check pointing.

B. ANALYSIS TECHNIQUES

Except for the method used to generate profiles , the techniques
used to obtain perfo rmance data for the naviga t ion check pointing
system using horizons were identical to those used in obtaining per-
formance data to analyze the system using fixed-range profiles as
recorded in Ref. 2. Some of the methods used to analyze and present
the performance data were changed sli ghtly to permit a clearer and
more concise presentation of performance results. It is appropriate
to review the analysis techniques here to provide background for the
performance results to be presented in later sections.

1. RANGE-LIMITED HORIZON GENERATION

Horizons required for performing the system analyses were
obtained from the DMA digital topographic data defined in the intro-
duct ion . Each reference on sensed horizon needed was generated in
the same manner as described in Ref. 2 except for an additional
interpolation which is required if the horizon point results from
terrain at the range limit. Thus, for each horizon data point , the
elevation angle to the terrain was computed for points at regularly
spaced intervals along a radial line emanating from the veh icle
hor izon tal pos ition by using the f irst order terra in model (l inear
interpolation between terrain data points). The points considered
included one beyond the defined range limit , RL, as shown in Fig. 14.
The maximum elevation angle to the terra in was compu ted and was the
horizon elevation angle if it did not occur at the point beyond the
maximum range limit as shown in Fig. iSa. if the maximum elevation
angle occured at the point beyond the range limit , then the elevation
angle to the terrain was computed by first using linear interpolation
between the terrain height at this point and the terrain hei ght at
the point preceeding it in range to determine the terrain height at
the range limit. The terrain height at the range limit was then
used to compute the horizon elevation angle as shown in Fig. lSh.
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2 . ANALYS [S APPROAC H

The overall approach to the system performance analysis is
reviewed here. I)escription of some of the specific analysis detail
is deferred to be presented with the results. Analysis of system
performance was done by simulation and the Monte Carlo technique to
obtain data for statistical analysis of important system character-
istics. These characteristics include : (1) the horizon comparison
function , ‘m’ (2) the position determination errors , and (3) the
heading determination errors.

On an actual flight , the sensed horizon which identifies with
a reference horizon in a line array to give a checkpoint identifica-
tion and position determination will not , in general , be generated
from the same locations as the reference horizon as was shown in
Fig. 3. Therefore, the flight path must be moved to various positions
with respect to the reference array so the statistics of the horizon
comparison function and pos ition and heading determination errors
can be computed . If it is assumed that the terrain is approximately
homogeneous ove r the reference array area, then, as shown in F ig. 16,
it is only necessary to analyze flight path positions such that the
sensed horizon which should identify with the array (from viewing
location A in Fig. 16) is obtained from viewing locations spanning
an area which is cen tered on the center reference hor izon in the
array and has a cross-track dimension of AR and along-track dimension
of t~S. This is true since data should approximately repeat if the
sensed horizon viewing location is outside this area. It is reasonable
to assume that the flight path is equally likely to be in any of the
positions which put sensed horizon viewing location A inside the
analysis area. Therefore, a uniform distribution of such fli ght path
locations is useful for statistical analysis.

Actually, essentially the same analysis results can be obtained
by holding the flight path fixed and moving the reference l ine array
so its center viewing location spans a AS x AR area about a sensed
horizon viewing location . This method of analysis was used to minimize
cost since fewer horizons had to be generated . Therefore, to perform
the statistical performance analysis for each analysis case , 52 sensed
horizons were generated for vehicle locations at the desired vehicle
altitude and separated by 200m along the flight path defined for that
case. This is illustrated in Fig. 17. The center of the resulting
10.2Km flight path segment was located at the defined analysis loca-
tion. Reference horizons were generated for 32 line arrays of viewing
location with S reference horizons in each line array. The line
arrays were chosen so the center viewing locations in the arrays were
uniformly distributed about the center two sensed horizon viewing
locations as shown in Fig. 17. Therefore, group of lb line arrays
were closest to each of the center two sensed horizon viewing locations.
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Ihe reference line arrays were chosen to span two sensed profile
viewing locations rather than one to provide better statistical
averaging by avoiding anomalies which might result because of the
particular characteristics of a single sensed horizon .

Horizons generated from the locations just defined were compared
in a computer simulation by computing the horizon comparison function ,
1 m~ 

The position and heading differences between the sensed horizon
viewing location and the reference horizon segment viewing location
and heading which gave the minimum value for the horizon comparison
function were computed to obtain the position and heading determination
errors. The first lb reference horizon arrays were compared with
sensed horizons 1 through 51 (see Fig. 17) and the second group of
16 referenc e horizon arrays we re compared with sensed horizons 2
through 52 to obtain performance data for flight path intervals of
-4-5Km with respect to the two groups. These data were averaged to
provide mean values and standard deviations of the performance data
(e.g. horizon comparison function, pos ition errors , heading error) .

I t should be noted that no var iations of f l i ght path heading
were used. This should not greatly affect the results obtained since
reference horizons are generated to be 20° wider than the sensed
horizons so similar performance should result as long as the flight
path heading is within +10° of the planned flight path heading .

C. h ORIZON DATA

Sensed hor i zons (elevation angle , ~~, as a function of azimuth
ang le) for one of the center two viewing locations along the flight
path (location ‘2~ in Fig. 17) are shown in Figs . 18-22 for each of
the analysis cases and vehicle altitudes . To facilitate direct
comparison , the same scale has been used for all plots even though
this results in plots for relatively smooth horizons which are poorly
scaled for illustrating the detailed horizon shape.

Fig. 18 shows the sensed horizons for the three valley flights
(i.e. Cases 1 , 2, and 3). The valley is apparent in each case. It
can be seen that the valley is quite broad for Case 1. The flight
path is not very near the center of the valley horizon in Case 2 .
Ib is resulted from curvature in the valley being considered so the
valley seen 5Km ahead of the vehicle was to the ri ght of center.

Figures 19, 20, 21 , and 22 show the sensed horizons for vehicle
altitudes of lOOm and SOOm above the highest terrain po int beneath
the flight path for Cases 4, 5, 6, and 7 respectively. The horizons
obtained for an altitude of lOOm have basically the same shape as
horizons obtained at an altitude of 500m. Their mean values arc
different as expected . Differences in shape result jrim a ri ly from
the fact that more of the terrain profile at the range limit is 
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shadowed at the lower altitude so the terrain contributing to the
horizon is located at a different (shorter) range from the vehicle.

A numerical indication of the roughness of the horizons obtained
in each case was obtained by computing t h e i r  standard d e v i a t i ons ,
In order to prov i de averag ing over the anal ysis region , the mean and
standard deviation were computed by utilizing the horizon data for
the center segment (segment length equal to sensed horizon length)
of all reference horizons. The values obtained are shown on the
sensed hor izons plotted in Figs. 18-22 and also in Table I. Table I
also contains the terrain height standard deviations.

TABLE I. Standard Deviation of
Sensed Hor izons for All
Analys is Cases.

Case Flfght  °T 
__________ 

a~ (deg)

Type (m) U~_Neg. hIA=~~
Om HA=SOOm

1 122 1. 21 -- --

2 Valley 135 2.53 -- --

3 268 3.74 -- --

4 21 -- 0. 20 0.37

5 Above 95 -- 1.14 1.11

6 Terrain 226 -- 1.65 1.43

7 
___________ 

328 -- 4 .27 4 .21

It can be seen from Table I that the horizon variation increases
with increasing terrain height standard deviation as expected . For
the valley cases , another factor enters in the increaseof the horizon
variation . This factor is the narrowness of the valley being con-
sidered and is apparent in the relation between Case 1 and Case 2
since these cases are for approximately equally rough terrain hut
Case 2 uses a narrower valley. For flights above the majority of
the surrounding terrain , it can be seen that horizon variation
increases with terrain roughness as expected . The rate of increase
is not always the same since the terrain data is not r ea l ly  homo-
geneous and thus the horizon variation obtained depends somewhat on
the location from which the horizon is obtained . In general , the
horizon variation is slightly larger at the lower altitude. This
also is as expected since more of the terrain contributors to the
horizon are at shorter ranges for the lower altitude.

System performance should be closely re lated to the horizon
variat ion available. Therefore, the values of horizon standard
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deviation are used in the following performance analysis rather than
values of terrain height standard deviation for presentation of results
as a function of terrain roughness.

D. HORIZON COMPARISON FUNCTION DATA

For each analysis case, all of the sensed horizons defined
previously were compared with the 5 reference horizons in all of the
32 reference horizon arrays defined . The comparison was performed
by computing the integral absolute differenc e (lAD) for a ll sensed
horizons and segments of reference horizons to obtain data for the
previously defined horizon comparison function, I~ . The data for
the 32 reference horizon arrays was averaged as previously indicated
to determine the mean and standard deviation of the horizon comparison
function as a function of distance from the line array. Data averaged
for each point on the horizon comparison function is from an increment
of flight path distance equal to AS surrounding that point. Initial
computations of the horizon comparison function were performed with no
system errors introduced .

Figs. 23-27 show the horizon comparison functions for each of
the analysis cases and vehicle altitudes. Curves are shown for the
mean value , q,  of ‘m and for the upper and lower one standard devia-
tion variations from this mean value , ~~~ + a1 and ~lI 

- 01. Once
again , to fac i l i ta te  direct compar ison, the same scale has been used
for all plots even though this results in plots for the smoother
horizons which are poorly scaled for good determination of spec if ic
values.

Fig. 23 shows the horizon comparison functions for the three
valley flights (Cases 1, 2, and 3). The values of the horizon stan-
dard deviations for each case are also shown on the curves for a ready
indication of the horizon variations which produced the horizon com-
parison functions. It can be seen that the horizon comparison function
increases in magmitude and that its selection notch deepens as terrain
roughness increases. Thus it should be possible to tolerate more
random horizon errors for rougher terrain since the detection threshold
can be set higher.

Figs. 24, 25, 26, and 27 show the horizon comparison functions
for vehicle altitudes of lOOm and 500m above the highest terrain
point beneath the flight path for Cases 4, 5, 6, and 7 respectively.
As for the valley cases, horizon standard deviations are included on
the curves and it can be seen that the horizon comparison function
increases in magnitude and that its selection notch deepens as ter-
rain roughness increases which should provide greater immunity to
random horizon errors. It appears as if the selection notch width
does not change greatly with increased terrain roughness. It is
fe l t  that t h i s  is true as long as the reference horizons are selected
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t i -on areas which supply sufficient horizon data content to make them
good checkpoints since terrain height correlation lengths do not
v i r widely for the cases analyzed .

1.. SYSTEM PERFORMANCE

System performance was first analyzed under the assumption that
the vehicle altitude was equal to the planned fli ght path altitude
to provide baseline performance data. Analysis was performed both
with no horizon errors and with Gaussian random horizon errors which
had zero mean and values of standard deviation of up to 10. Since
both sensed and reference horizons contain random errors in an actual
system and since no detailed analysis of error sources has been per—
formed , random errors with equal standard deviations were added to
both sensed and reference horizons. Thus, performance shown as a
function of random horizon error standard deviation , aN, implies that
random errors of this magnitude were added to both the reference
and sensed horizons in generating the performance data. Actually,
both types of errors affec t system performance iden tically since the
horizon comparison function is obtained by computing the absolute
value of the di fference between sensed and reference hor izons.

1 . DETECTION THRESHOLD AND HORIZON ERROR LIMIT

The first step in determining system performance for the various
analys is cases was to determine the detection threshold required so
false line array crossing indications (false alarms) due to dips
wh ich occur in the horizon comparison function at other than the
correct line array location are fewer than an acceptable number. The
false dips are apparent in the horizon comparison functions shown in
Figs . 23-27. Horizon errors tend to increase the mean value of the
horizon comparison function , 1m’ without greatly changing its standard
deviation ; therefore, the required detection threshold was determined
by using horizon comparison functions obtained with no horizon errors.

Two false alarm definitions were postulated. The first defines
a false alarm as a detection threshold crossing indicating line array
identification when the vehicle is more than 1Km from the line array
location. The second definition is the same excep t that the distance
is inc reased to 2Km. It can be seen from Pigs. 23-27 that the primary
identification dip in ‘m covers approximately this along-track distance
so no false identification should occur if ‘m crosses the detection
threshold at distances of less than 1Km or 2Km from the correct line
array location .
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The required detection threshold was determined as follows . The
value of ‘m at any point along the fli ght path was assumed to have
an approx imate ly Gauss ian distribution . This approx imation was
verified in Ref. 2 for actual horizons as long as the standard devia-
t ion was a small fraction of the mean value and the region of interest
on the d ct r ihut ion was not too close to zero. It should lIe not isi
that 1~ values cannot have an exact Gaussian di St ri l ti t i on Si 11CC they
cannot be negative . The detection threshold required to obtain a
probability of false alarm of 

~F 
= 0.001 was then computed as

- 3.0801 for all points of I~ at distances greater than 1Km or
2Km from the line array location . The minimum threshold value
obtained for a distance greater than 1Km from the line array location
was defined as T1 corresponding to the first false alarm definition .
The minimum threshold value obtained for a distance greater than 2Km
from the line array location was defined as 12 correspond ing to the
second false alarm definition. The results obtained are shown in
Table II.

TABLE I I .  Required Detection Th reshol d
For a Probability of False
Al arm Less than 0.001.

Below Max. lOOm Above 500m Above
Terrain Height Max. Terrain Max . Terrain

Case (Valley Flights) Height Height

______ 

T
1 

17 T1 
12 T

1 
12

1 4.8 9.5 -- -- -- --

2 14 .1  22 . 2 - —  - -  - -  — -

3 31.8 32.9 -- --  --  --

4 -- -- 2.8  2.8 3.4 4 . 6

5 -- — —  14.9 14.9 13.7 13.8

6 -- -- 45.6 49.4 33.6 33.6

7 -- --  69. 4 6 9 . 4  [ 63.8 63.8

Table II shows that there is little difference between the two
false alarm definitions for flights above the majority of the surround-
ing terrain. This could be anticipated by observ ing, from Figs. 24-27 ,
that dips which contribute the false alarms are in general outside
the 2Km distance for these cases. The same is not true for the
val ley f l i ghts since the horizon shape changes much more rapidly.
ihe data shown in Table II are plotted as a function of the horizon
standard deviation in Figs. 28 and 29. The curves show that the
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detection threshold required for fl i ghts above the majority of the
surrounding terrain is not very sensitive to altitude for the two
al titudes cons idered. Also , as noted above, ‘F~ is similar to 12
except for the valley flights.

Once the detection threshold was obtained , then the max imum
allowable random horizon error was obtained for each of the analysis
cases to determine the system sensitivity to random horizon errors.
The following method was used to determine the maximum allowable random
horizon error. First ‘m data was obtained for the system using hori-
zons to which random horizon errors with standard deviations of

= 0.125°, 0.25°, 0.5°, and 1° were added. The mean and standard
deviation of the minimum 1m value (values which correspond to line
array identification) were computed for each value of random horizon
error. The gaussian distributive assumption for Tm values was again
used and the detection threshold which gives a probability of detec-
tion of P0=0.99 was computed as + 2.330i. These threshold values
are shown as a function random horizon error standard deviation for
the valley flight cases (1, 2, and 3) in Fig. 30 and the flights above
the majority of the surrounding terrain in Figs . 31 and 32. The re-
quired detection thresholds as established by false alarm performance and
shown in I’able II were then used with the detect ion threshold curves as
established by detection performance and shown in Figs. 30-32 to determine
the maximum allowable random horizon error, °NM• The results are
shown as a function of the horizon standard deviation in Figs. 33 and
34. At vehicle altitudes above the majority of the surrounding ter-
rain , the random horizon error which can be tolerated decreases
rap idly below horizon standard deviations of 1.5° to 2°. When horizon
standard deviations of less than 1° are encountered , the maximum
standard deviation permissible for the random horizon error is less
than 0.1° which would be very difficult to achieve with a practical
system. Thus, from a practical standpoint, it appears that checkpoint
locations need to be chosen in areas of rough terrain to prov ide
suffic ient horizon variation to overcome random prof i le errors. The
maxinum random profile error permitted for val ley f l i ghts is more
severely limited than for the higher altitude flights. The require-
ment is relaxed considerably in these cases if the second false
alarm definition (i.e. false alarm region outside +2Km along flight
path wi th  respect to the line array location) can be used . Use of
such a defini t ion requires that a larger block of data be considered
in making a decision as to whether a valid line array crossing has
been detected and means that the minimum checkpoint spacing must be
larger (2Km instead of 1Km) to avoid mismatch. Actually, the minimum
checkpoint spacing is probably not too important prac t ica l ly  s ince ,
in a practical  case , checkpoints wi l l  usual ly  be chosen much far ther
than 2Km apart.
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2. POSITION DETERI4INATION ACCURACY

Vehicle position determination error at a line array crossing
(chcLk point identification) was obtained by computing the along-track
and cross-track distances between the viewing locations of the sensed
horizon and the reference horizon which , when compared , gave the
minimum value for the horizon comparison function . These two horizon
viewing locations would be identified as corresponding by the horizon
comparison system. The vehicle heading determination error was
computed as the difference between the actual flight path heading and
the azimuth angle of best profile match for the two horizons . The
position and heading errors were computed for all 32 reference profile
arrays to obtain data for the computation of position and heading
error mean values and standard deviations . Computations were per-
formed both with no random horizon errors and with random horizon
errors with standard deviations of 

N 
= 0.125°, 0.25°, 0.5°, and 10.

The mean values computed for along-track and cross-track position
errors and for heading errors were quite small and followed no
significant pattern . It can be expected that these mean values
would approach zero if a very large number of individual error compu-
tations were made and averaged. Therefore, the mean value results
are not reported here.

The values obtained for the standard deviations of: (1) the
along-track position error , ax, (2) the cross-track pos ition error ,
a~ , (3) the heading angle error, °e.  are shown in tabular form in
Append ix A ( L~l1=O indicates vehicle altitude is equal to planned flight
altitude) for all cases analyzed and all random horizon errors con-
sidered . Also shown are the values for the position circular error
probable . CEP. The data shown in Appendix A has been used to generate
the curves shown in Fi gs. 35-37 which present system error performance
as a function of terrain roughness as measured by the horizon standard
deviation. The solid curves shown on these figures are the error
performance obtained when no horizon errors exist. Dots indicate
the error performance obtained when maximum allowable random horizon
errors , as determined in the previous sect ion , are encountered . The
value of the random profile error standard deviation , °NM’ is indicated
in brackets beside each dot . The error performance that results when
the random horizon error standard deviation is 0.25° is also shown
by an x when this random horizon error standard deviat ion is less
than the maximum allowable random horizon error. This has been
included to indicate how the error performance varies when the random
horizon erro r increases.

It should be noted than no interpolation is used between po i nts
of the horizon comparison function or between points of lAD curves
obtained for individua l reference horizons . Therefore , position and
heading accuracy is limited because of the discret e spacing between
v iewing locations and heading angles which can be identified as
vehicle positions and headings. The minimu m position error standard
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de~ iations which can be obtained with a uniform distribution of
possible fli ght path locations with respect to a line array are 56.8m
in the along-track direction and l13 .ôm in the cross-track direction .
These ninimum position errors give a minimum CEiP of lOO.3m. -rhe
minimum possible position error in the cross-track direction is twice
as large as that in the along-track direction since the reference
horizon viewing location spacing used was twice as large (400m) as
the sensed horizon viewing location spacing used (200ni). The minimum
head i: i~ e r ror  is more d i f f i cu l t  to compute since it depends on both
the azimuth angle discrete spacing along a horizon (1 °) and the
v iti ~in~ position location discrete spacing. The minimum possible
value for heading has not been computed since heading determination
is not the primary function of the system.

The data shown in Fi gs. 35-37 indicates that position accuracy
is a p p r o x i m a t e l Y  as good as po ssib le (CEP sl ightly greater than lOOm)
when no i n t e r p o l a t i o n  is used for flights above the major i ty  of the
surrounding terrain and when there are no random horizon errors.
Position accurac y is slightly poorer for the valley fhghts in
modera te ly  rough terrain . Except for r e l a t ive ly  smooth ter ra in ,
p o s i t i o n  accuracy  does not deteriorate very much (CEP approximately
l2Sm) for fli ghts above the majority of the surrounding terrain if
the standard deviations of the random horizon errors are l imited to
the smaller of the maximum allowable error or 0.25°. The position
errors for the valley flights are more sensitive to random profile
errors giving a CEP of approximatel y 200m with the maximum allowable
random horizon errors. This is expected since it was previously
shown that the horizon comparison function is more sensitive to random
horizon errors for the valley fli ghts.

The heading accuracy shown in Figs. 35-37 is in the range from
1. 75° to 2° for all cases when no random horizon errors are included .

• Once again , random horizon errors only have a minima l effect for
• fli ghts above the majority of the surrounding terrain. However ,

heading accuracies deteriorate to approximately 2.5° to 3° for valley
fli ghts with maximum allowable random horizon errors.

It can he seen that only moderate position and heading accuracies
are achieved with the system . They could be improved if interpolation
were used to reduce the effect of discrete spacing between horizon
viei~ing locations and azimuth samples. It should also be noted that
the heading and cross-track errors should be highly correlated . This
means that accuracy could be improved if two comparisons were made
(e.g. one sensed horizon from in front of the vehicle and one sensed
horizon from behind the vehicle) and the horizon sensing geometry
used in computing vehicle position and heading. Analysis  of these
system re f inemen t s  is desirable in further  work .



3. PERFORMANCE COMPARISON OF RANGE-LIMITED HORIZON AN I)
FIXED-RANGE PROF ILE SYSTEMS.

It can be expected that the system utilizing range-limited hori-
zons should have performance which is comparable with a system
utilizing actual horizons for valley fli ghts since the range-limited
horizons and actual horizons should be nearly the same . Likewise ,
the system u t i l i z i n g  range-limited horizons should have perfo rmance
which is comparable with a system using fixed-range profiles for
flights which are at a sufficient altitude above the majority of the
surrounding terrain since the range-limited horizons should be nearly
the same as fixed-range profiles (i.e. few shadowed points on the
fixed-range profiles).

The data previously computed for valley flights using actual
hori zons (repor ted in Ref. 2) are not in a form for direct comparison
with the data presented here for range-limited horizons since the
analys is techn iques used have evolved somewhat since it was obtained .
However , general performance correspondence can be noted by referring
to the summary of results in Ref. 2.

Direct comparison of performance results obtained fo r fl ights
at an altitude of 500m above the maximum terrain height beneath the
aircraft flight paths are possible for systems using range-limited
hor izons as reported here and systems us ing fixed-range profiles
as reported in Ref. 1. Actuall> the performance data presented
in Ref. 1 are for different fixed-ranges in some of the cases. How-
ever , they can be used for performance comparison since the com-
parisons presented here are presented as a function of prof i le
standard deviation .

An example of range-limited horizon and fixed-range profile
• similarity when the range-limit is equal to the fixed-range is shown

in Fig. 38 (example data for Case 6). It can be seen that the
unshadowed profile points at the fixed-range (5Km ) are also present
in the range-limited horizon . The differences in the two profiles
are the shadowed po ints at the f ixed ran ge which are f i lled in by
l inear interpolation (as indicated by dashed lines) for the fixed-
range prof i le sys tem and are filled in by the intervening (shadow ing)
terrain points for the range-limited horizon . The standard deviation
for the range-limited horizon is sli ght ly larger than that for the
fixed-range profile in this case.

Fig. 39 shows the horizon comparison functions for Case 6 when
range-limited horizons and fixed-range profiles are used . It can
be seen that the horizon compar ison funct ions are quite similar as
expec ted.

The standard deviation of the maximum allowable random profile
error , a~~, which gives P

0~~
0.99 and P

~
< O.O0l is shown in Fig. 40 as

- _
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a func tion of terra in roughness (as specified by profile standard
deviation) for systems using range-limited horizons and fixed-range
profiles. It can be seen that the limit on the allowable random
profi le error is similar for the two sys tem concepts . The sys tem
which uses range-l imited horizons appears to be somewhat more sensitive
to random profi le errors. This is particularly true for profil es
with standard deviations less than 1.75°. The linear interpolation
which is used to fill shadowed data point for the fixed-range profiles
tends to smooth them somewhat which may contribute to the reduced
random prof il e error sens itivity.

The position and heading accuracies obtained with a system
using fixed-range profiles are shown in Fig. 41. This figure includes
the data shown in Ref. 1 and additional data for = 0° and a N = 0 .25 °
so the results are compatible with those previously presented (in
Fig. 37) for a system using range-limited horizons. It can be seen
that the position and heading accuracy is quite similar for systems
using range-limited horizons and fixed-range profiles from this higher
veh icle al titude. In fact, the data has not been plotted on a single
set of curves for comparison since it would be difficult to distinguish
the data for the two system concepts. The only points on the curves
shown in Fig. 41 which are greatly different than those in Fig. 37 are
those for the roughest terrain with the maximum allowable random
profile error. These accuracies are poorer for the system using range-
limited horizons. However , the performance is similar for random
profile errors with a standard deviation of 0.25° and prof iles of this
accuracy are desirable anyway if the sys tem is to be useful over a
range of terrain roughness. Therefore, the pos ition and head ing
accuracy achievable with the system which uses range-limited horizons
can be considered to be comparable to that achievable with the sys tem
using fixed-range profiles.

In general it can be concluded, as expec ted , that range-limited
horizons are as satisfactory as fixed-range profiles for comparison to
determine vehicle position on flights at sufficient altitude above
the majority of the surrounding terrain. In addition , as was men-
tioned earl ier , a system which uses range-limited horizons can be
used at all altitudes whereas a system which uses fixed-range profiles
is limited to higher altitudes by the profile shadow constraint .

F EFFECT OF ERRONEOUS VEHICLE ALTITUDE

On an actual flight, the vehicle altitude will differ somewhat
from the planned flight path altitude. Therefore , the sensed hori zon
v iewing locations will be at a different altitude than the viewing
locations used to generate the reference horizons. This means that
sensed and reference hor izons wi ll  be sl igh t l y- different even if
they are taken from exactly the same horizontal position.
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The horizon comparison system has been analyzed with sensed
horizons generated from a different altitude than the reference
horizons to assess the effect of a difference (called altitude error)
between the vehicle altitude and the planned flight path altitude .
Case 4 (relatively smooth terrain) was not considered in this analysis
since the analys is results presented in the prev ious sec tion indicated
that the maximum allowable random horizon error is too small to be
practical  in this case even if no altitude error is considered .

The analys is of the altitude error effec t was perfo rmed by
generating sensed horizons for flight paths at different altitudes
than the altitude used to generate reference horizons. The analys is
techniques previously outlined were used to obtain performance results
like those shown in the previous section. The results are shown
below plotted as a function of altitude error , M-I. The range of
altitude errors considered were : (1) +200m to -9Om for Case 1 which
is a valley flight at lOOm above the valley floor , (2) + 75m for
Case 2 which is a valley flight at 20Gm above the valley floor,
(3) + 20Gm for Case 3 which is a valley flight at 300m above the
valley floor , (4) +200m to -90m for flights at lOOm above the maximum
terrain height beneath the flight path , and (5) + 200m for flights
at 50Gm above the maximum terrain height . The performance results
obtained were used to indicate maximum allowable vehicle altitude
error, HM, which does not severely affect system performance.

The f i rs t  perfo rmance parameter determined as a function of alti-
tude error was the maximum allowable random horizon error. The
required detection thresholds for the various analysis cases were
defined to be those which were established for vehicle flight at the
planned altitude to give a false alarm probability which is less than
0.001 as shown in Table II. These values of required detection
threshold are the proper ones to use since threshold values would
be determined prior to a flight based on the planned vehicle flight
path and the reference horizons used . As indicated earlier, it is
desirable to use the thi~eshold va lue T 1 for f l ights above the majority
of the surrounding terrain and the threshold value T2 for va l ley
flights. Therefore, these are the detection threshold values which
were used in the analysis of the effect of altitude error.

The next step in obtaining the maximum allowable random profile
error is the determination of the detection threshold needed , as a
function of random horizon error , to obtain a probability of detec t ion
of 0.99. An example of a plot of these needed thresholds is shown in
Fig. 42 for Case 6 with a planned flight path altitude of lOOm above
the maximum terrain height beneath the fl ight path. Similar plots
for the remainder of the analysis cases are shown in Appendix B.

The maximum allowable random horizon error which permits a maxi-
n&’m probability of false alarm of 0.001 and a minimum probability of
detection of 0.99 was established as a function of altitud e error by
using the data in Table II and the curves in Appendix B. The results
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are shown in Fig. 43 for the valley flight cases , in Fi g. 44 for
f l i ghts at lOOm above the maximum terrain hei ght beneath the flight
path and in Fi g. 45 for f l i ghts at 500m above the maximum terrain
hei ght beneath the f l igh t  path.  It can be seen that , in general ,
the maximum al lowable random horizon error decreases more rap idly
with increasing al t i tude error for lowe r vehicle a l t i t udes .  Case 1
is an exception. For this case , the valley is very broad and flat
(see horizon profile shown in Fig. 18) so the horizon profile is
basically a fixed-range profile with little variation . Thus, it does
not change much with changing viewing altitude.

It is apparent from Figs. 43-45 that the maximum allowable random
horizon error must be decreased from the value determined in the last
section (value at AH=O in Figs. 43-45) if the vehicle altitude is to
be permitted to vary from the planned altitude. Reasonable selections
of maximum allowable random horizon error standard dev iations , YNM ,
with their approximate associated maximum allowable a l t i tud e errors ,
AIIM, have been obtained from Figs. 43-4! and are shown in Table III.

TABLE III. Maximum Allowable Random Horizon
Error Standard Dev iation and
Associated Maximum Allowable
Altitude Error.

lOOm Above 500m Above
Valley Flight Max. Terrain Max. Terrain

___________________ 
Height HeightCase AIIM a

NM ~~M °NM AII
M

_______ 
(deg) (m) 

- 
(deg) (m) (deg) (m)

1 0.065 
+100 

- - - -

2 0.1 - - - -

I ÷ 160
-135

+ 35 >÷2 00
S - - 0.075 

- 40 ~~~ <- 200

6 0 3 
÷115 

0 
+100- - -100 -140

7 >+200 >÷200
- - 0.6 -100 <-200

Several of the maximum allowable altitude errors are shown as >÷200m
or <-20Gm . These were the largest altitude errors considered so true
maximum al lowable a l t i tude errors were not determined in these cases.
It was felt that altitude errors of more than 200m were not really of
interest for a practical system.
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Fable  I l l  shows that , in general , cons ide rab le  veh ic l e  a l t i t u d e
var ia t ion  is permiss ib le  with  a moderate decrease i~ the maximum
a l l o w a b l e  random horizon error. Most cases analyzer  permit more th an
+lOOm variation in vehicle altitudes. One exception t~ this is the
case which eval’ ’ttes a flight through a narrow valley in moderately
roug h t e r r a i n  (~.ase 2). In this case , the narrowness of the v a l l e y
impl i e s  considerable change in the sensed horizon shape as veh icl e
a l t i t u d e  changes . Case 3 also is for a narrow v a l l e y . h owever , in
this case , the valley structure is so dominant (as shown by the hori-
zon p ro f i l e  in F ig .  18) that vehicle altitude changes are not as
troublesome . A second exception is noted for the case which  anal y z e s
a f l i ght over moderately rough terrain (Case 5) at an a l t i tu d e  of
lOOm above the maximum terrain hei ght beneath the flight path. In
this case , a significant position of the horizon is obtained from
terrain contributors at a range which is significantly less than 5Km.
The result is that the profile shape changes more rap idly with vehicle
altitude changes.

The effect  of a l t i tude  error on the other performance parameters
(i.e. position and heading determination errors) was also computed .
The computations were performed in the same manner used for the
system when no altitude error was included as discussed in the previous
section. Thus, values for along-track position determination error
standard deviation , 

~~ 
cross-track position determination error

standard dev iation , 0y’ position circular error probable , CEP , and
heading determination error standard deviation , 00,  were computed for
system operation wi th  random horizon errors of various standard
deviations and altitude errors spanning a range of values.

The performance data obtained is shown in tabular form in Appen-
d ix C. The data shown in Appendix C and Appendix A (data for H=O)
have been used to generate the smoothed curves shown in Figs. 46-49.
These curves present system performance degradation (in terms of CEP
and 00) as a funct ion of a l t i t u d e  error for each of the analysis
cases and planned vehicle altitudes. Similar plots for and
are shown in Appendix D. Each plot consists of two curves. The
first curve shows the performance of a system operating with no ran-
dom horizon errors (i.e. ON=O). The second curve shows the perfor-
mance of a system operating with the maximum allowable random profile
errors as previously defined in lable 111 . Also shown are dashed
lines at the maximum allowable altitude error values , i~H~1, which
correspond to the maximum allowable random profile errors is also
previously defined in Table III. It can he seen from the figures
that little position or heading determination performance degradation
is experienced over the maximum allowable altitude i~rrors previouslydef 1ned for fli ghts above the majority of the surrounding terrain .
~-1orc performance degradation is apparent for the valley fli gh ts.
This is particularly true for the fli ght through a narrow valley in
moderately rough terrain (Case 2 )  and , when maximum a l l o w a b l e  random
horizon errors arc considered , for the fli ght through a wide valley
i;1 moderately rough terrain (Case 1).

— 7 1 -



65°

4 .

~ 
.~.~~~~
:N

= O

.:.

:_
._#
l/
_t

~ 

~~~~~~~~ 
= 0.

‘ b C -  I o~~~~O 
___________

I I °N °
2 1  I 

-~~

I I I
L I I I I 

_ _ _ _ _ _ _ _ _ _ _ _ _

— 100 0 100 200 —100 0 100 200
Altitude Error AU (m) A l t i t u d e  Error AU (m)

(a) Case 1 = 1. 21 °

200 4 -

-a = 0.1

~~ I 
100

~~~~J y~~= 0  I

I I I ‘N ° 1
- - I I 0 , I

I I i  I I II I I i i  i I ~1 
~-50 0 50 -50 0 50

A l t i t u d e  E rror All (m) A lt i t ude  Error All (m)

(b) Case 2 a = 2 .53 °
p

200 . 4

-a
= 0 . 2 °

1
100 ~~~ ~:::1::;::

I I (3~~~~ O
LU 0
U p I I

i i  I I I I I i 1 .
-200 -100 0 100 200 -200 -100 0 100 200

Altitude Error All (m) A l t i t u d e  Error A h i (m)

(c) Case 3 a = 3.74 °p
Fi g. 46. Position and Heading l)et e r m i n a t i o n  Accuracy as a

Function of Altitude Error for Valle y I-lights.

-72-



300 - 6 -

200 . 4..
-a

= 0.075 °

,_. 
~~ 2 . 

= 0.075°

~ 
100 0~~~~O 

—

~~- I I
LU I ‘I) I N
U I 0 I

I i i i  I I I  I I I I I  I I I  I
-50 0 50 -50 0 50
Altitude Error AU (m) Altitude Error AU (m)

(a) H
A 

= lOOm Above Max. Terrain Height , o~ = 1.14 °

300 - 6 -

C

200 - —s 4 .
J \ = 0 ~ l 

= 0 . 1

100 - 
- o _ 2 

_____________

-.

0

I I I I I

~200 -100 0 100 200 -200 -100 0 100 200

Altitude Error Al-I (m) Altitude Error ~h I (in)

(b) H
A = 50Gm Above Max . Terrain Height , a = 1.1 1°

Fig. 47. Position and Heading Determinat ion Accuracy as
a Function of Altitude Error for Case 5.

-7 3-



300 — 6 -

C 200 . = 0 .3 ° 4 -I) -a

= 0.3 °

100 O
N O I  2 _  I 

—

U

I I  I I _________________

-100 0 100 200 -100 0 100 200

Al t i t ude  Error Al-I (m) A l t i tud e Error AU (m)

(a) HA = lOOm Above Max . Terrain h e i ght , = 1.65 °

300 . 6 -

00200 -
-a

O
N

= O
~~

2

2 . N = 0. 2 °

100 ______________ -~~~~~~

J O N O

I I
I I I  I I I I i

-200 -100 0 100 200 -200 -100 0 100 200
Altitude Error Ak-I (m) Altitude Error AU (in)

(b) 11
A = 500m Above Max. Terrain Height , a = 1.43 °

Fig. 48. Position and Heading Determinat ion
Accuracy as a Function of Altitude
Error for Case 6.

I

—74-



3OO~~ 6—

200 — 

= 

— -

~~~~ 

=

100 — 2 -

.1.)

_________________ I I I I I
-100 0 100 200 -100 0 100 200

Al t i tude  Error AH (m) A l t i t u d e  Error Al-I (m)

(a ) HA = lOOm Above Max. Terrain Height , a = 4 .27 °

300 .. 6 ...

200 —
_ -aC

a — 0 5 °
______________ 

a N

lOO ~~~ — - -

aN
GN O

I I I I I I ~~J
-200 -100 0 100 200 -200 -100 0 100 200

Altitude Error Al-I (in) Altitude Error AU (in)

(b) HA = SOOm Above Max. Terra in  Hei ght , a~ = 1.21°

Fig. 49. Position and Heading Determination
Accuracy as a Function of Altitude
Error for Case 7.

-75-



In general , the analysis of altitude error effec ts has indicated
that it is feasible to use reference horizons generated for the planned
flight path altitude even if the actual v -hicle flight altitude is
somewhat d if ferent  from planned . This is particularly true for
f l i ghts above the majority of the surrounding terrain.
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IV.  EFFECT OF PRACTICA L SENSOR CHA RACTERISTICS

Two radar sensor idealizations have been used to simplify and
reduce the cost of the simulations used for system analysis. It was
felt that these idoali zat ions w u u l d  not grout ly ut ftct t h e  det.erin i liii -

tion of system feasibility and basic performance.

The first idealization used was that each sensed horizon was
obtained from a single vehicle position. On an actual flight , the
vehicle moves an increment along the flight path during the period of
time required for the sensor to scan the horizon. Thus, all sensed
horizon points are not generated from the same viewing location .

The second idealization used was that the radar azimuth beamwidth
was infinitesimal so individual terrain points could be sensed and the
elevation angle to them measured . An actual radar has a f in i te  beam-
width determined by its frequency and antenna aperture . Thus, the
elevation angle data processed by the radar is ac tua l ly  a weighted
average of the return from all terrain points in the az imuth  beamwidth
which are illuminated by a radar pulse at the same time (i.e. are
at the same range). This sec tion cons iders the effec t of these
idealizations by showing performance results obtained with simulations
which model the practical radar characteristics.

A. VEHICLE MOTION DURING SENSOR SCAN

The first practical sensor characteristic considered was the
vehicle motion during a sensor scan . The model required to analyze
the effect of this characteristic , the analysis cases considered ,
and the analysis results obtained are discussed in this sect ion.

1 . SYSTEM MODEL AND ANALYS I S METHOD

Vehicle motion during the radar sensor scan period causes a
change in the sensed horizon viewing location while the horizon
is being obtained . This change and the resulting change in the  1o~a-
tion of the range l imit are shown in exaggerated form in Fi g. 50
(actual distance of vehicle motion is typically much less than the
range l imit). Points of the sensed horizon which are obtained at the-
range l imit wil l come from slightly different terrain positions ‘s
shown in Fig. 50 and points of the sensed horizon which come from
other than the range limit will be at sli ghtly different azimuth
angles and ranges. All of these effects cause the sensed horizon to
change sl ightly.
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The effec t of vehicle motion was ana lyzed  by chang ing the simula-
tion so horizons could be generated from viewing locat i ons which
change during the horizon scan . To reduce cos t , the ana lys is was
performed only with Case 6 at a fl ight path altitude of lOOm above the
max imum terrain height beneath the flight path. This case is a mid-
range case as far as terrain roughness is concerned and it was felt
that results from it would be indicative of the general effect of
vehicle motion during the sensor scan . Typical veh icle and scan
parameters were assumed for the simulation . These were a vehicle
veloc ity of 26Om/sec . (approximately Mach 0.8) and a one direction
scan time of 0.75 sec . Thus , the vehicle travels 195m during the
scan time . For the analysis , sensed horizons were assumed to be
obtained only on one scan direction (left to right) therefore , tha
d istance between sensed hor izon v iewing locations was increased to
400m to permit time for the reverse scan and scan turn around . The
distance between sensed horizon viewing locations could be cut in
half if both direc tion scans were used ; however, this complicates
things slightly since horizons obtained from the same starting point
wil l  d i f fe r  sl ightly for scans in the two directions. System require-
ments to utilize both direction scans are indicated after the perfor-
mance results for one direction scans are shown .

Since a lar ger sensed horizon spacing is used here , performance
results will be different than those previously indicated for Case 6.
This is primarily due to the increased discrete separation of sensed
hori zon view ing locations which: (1) increases the needed detec tion
threshold for a detection probability of 0.99, and (2) increases
the along-track position determination error since sensed horizons
which should correspond to the reference horizon line array come from
a larger distance increment in the along-track direction . Thus,
Case 6 was simulated for stationary horizon viewing locations with a
sensed horizon viewing location spacing of AS = 400m to obtain base-
l ine data for comparison purposes.

2. PERFORMAI.JCE EFFECTS

One of the center sensed horizons obtained with a stationary
viewing locations (same horizon as shown in Fig. 21) is shown in
Fig. Sla. The sensed horizon obtained with the vehicle moving at the
defined vehicle velocity during the sensor scan is shown in Fi g. 5lb .
Very little difference can he detected between these two sensed
horizons. Therefore, it can be expected that system performance
should be similar with either.

Three different horizon comparison function plots (each con-
sisting of the curves of the mean , p~ , and the + one standard
deviations from the mean , ÷ u~ , t~ 

- o~) are shown in Fig. 52.
The first plot is the baseline case for comparison which uses sensed
and reference horizons generated from stationary viewing locations

S - -  — 
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Fig. 51. Sensed Horizons for Case 6
with Stationary and Moving
Viewing Locations.
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and centered on an azimuth angle of 00 with respect to the planned
fli ght path. This case is denoted (S,0°)f(S,O°) where the notation
indicates lRef.)/(Sens.) horizon generation characteristics . The
l e t t e r  S indicates  a s ta t ionary  viewing location and the ang le
indicates the azimuth angle of the center of the h o r i z o n .

The second plot is for sensed hor izons  generated w i t h  a m o v i n g
viewing location. In this case, the reference horizons were also
generated with the same v iewing  l ocation motion.  In other  words ,
the vehicle velocity and scan rate were assumed to be known prior
to the flight and these data were used in generating reference
horizons. It was assumed that the actual flight path was in the
same direction as the planned flight path so both reference and
sensed profiles were centered on an azimuth angle of 0° with respect
to the planned flight path. This case is denoted (M,0°) / ( M / 0°).

The third plot was obtained by using sensed horizons generated
with the moving viewing location described above and reference hori-
zons generat ed with stationary viewing locations. This case is
denoted (S ,0°)/ (M ,0°). It was included to determine the system
performance degradation which would occur if sensor motion data were
not considered in generating reference hor izons .

The horizon comparison function plots for (S,O°) / ( S ,O°) and
(M ,0°)/ (M ,O°) are very similar. The horizon comparison function plot
for (S,0°)/ (M ,O°) is similar in shape to the other two but has wider
v a r i a t i o n  which is pa r t i cu l a r ly  not iceable at the line array crossing
location. Therefore , it can be expected that system performance is
not degraded by a moving sensed horizon viewing location us long as
the reference horizons are generated with the same type of v i e w i n g
location motion but that system performance is degraded if reference
hor izons  are generated from s ta t ionary  locat ions .  The spec i f ic
performance parameter comparisons are shown later in this section .

The effect of vehicle fli ght in other than the planned fli ght
path d ir e c t i o n  is ind ica ted  before the spec i f i c  performance parameter
comparisons are shown and discussed so this effect can be included
in the discussion . Fli ght at other than the planned fli ght path
direction would not affect system performance if horizons could he
obtained at stationary locations. This would be t rue as long as
the d i rec t ion  difference did not exceed one-half the d i f f e r e n c e  in
the reference and sensed horizon lengths since a segment of the
reference horizons would then be obtained with the same geometric
conditions as the sensed horizon . Ilowever , horizon viewing locations
do change with a change in fli ght azimuth ang le for horizons generated
with a moving viewing location . This change and the resulting change
in the- location of the range limit are shown in exaggerated form in
Fi g. 53 (actua l distance of vehicle motion is typ icall y much less
t h a n  the  range limit). The result of these changes is a sli gh t l y
changed horizon. Since reference horizons are generated for the
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planned flight path direction, and sensed horizons are generated for
r the actual flight path direction, then the reference horizon segment

and senseu horizon which should compare are not generated with the
same geometric conditions. Performance degradation results if they
are too dissimilar.

One of the center sensed horizons obtained for the analysis
case when the vehicle was moving at the defined velocity in a direction
which was 50 left of the planned flight direction during the sensor
scan is shown in Fig. 54a. It can be seen that this horizon basically
contains the horizon shown in Fig. Sib with 50 removed from the right
end and 50 added to the left end as expected. Essentially no differ-
ence can be noted in the shape of the overlapping portions of these
horizons. Thus, it can be expected that system performance is not
seriously affected.

Fig. 54b shows one of the center sensed horizons obtained for
the analysis case when the vehicle was moving at the defined velocity
in a direction which was 10° left of the planned flight path direction.
Again, essentially no difference can be noted in the shape of the
overlapping portions of these horizons and system performance should
not be seriously affected.

Figure 55 shows horizon comparison function plots for the above
defined two different flight path angles (5 0 and 10°) with respect
to the planned flight path direction. These horizon comparison func-
tions were obtained by using reference horizons generated for viewing
location motion at the defined vehicle velocity along the planned
flight path. The two cases considered are denoted as (td,0°)/ (M,5°)
and (M ,0°)/(M,l0°). It can be seen that the horizon comparison func-
tion shape changes somewhat since a different set of sensed horizons
are obtained along the changed vehicle flight path. However, the
selection notch characteristics are very similar to those shown for
(M,0°)/ (M ,0°) in Fig. 52 so it can be expected that performance should
not change to a great extent for the values considered for vehicle
flight path angle differences with respect to the planned flight path
angle used for referer~ce horizon generation.

The first performance parameter determined for system performance
comparison was the maximum allowable random horizon error. To obtain
it, the required detection threshold, 11, for each of the analysis
case variations indicated above was first determined to give a proba-
bility of false alarm of less than 0.001 for points along the flight
path which are greater than 1Km from the line array location. These
values are shown in Table IV. Then the detection threshold needed,
as a function of random horizon error, to obtain a probability of
detection of 0.99 was determined. The plots of these needed detection
thresholds are shown in Fig. 56 for the various analysis case varia-
tions. The data from Table IV and Fig. 56 were used to determine the
maximum allowable random profile errors which permit a maximum probabil-
ity of false alarm of 0.001 and a minimum probability of detection of
0.99. The results are shown in Table V.
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TABLE IV. Required Detection Threshold, T1,
For Moving Horizon Viewing Location
Variations of Analysis Case 6.

Hor. Gen.
Method ~S,0) (M,02 (S,O°) (M,0°) (M,0°~

(Ref)/(Sens) (S,0 ) (M,0 ) (M,0°) (M ,5~) (M,10 )
43.0 43.2 29.0 50.8 41.5

TABLE V. Maximum Allowable Random Horizon
Error, a~~, for Moving Horizon
Viewing Location Variations of Case 6.

Hor. Gen.
Method (S,0°) (M,0) (S,0°) (M,O°) (M,0°~

L(Ref)/(Sens) (s,o~) ~M,O ) (M,0°) (M ,5°) CM, 1O )
o~~ (deg) 0.270 0.27 0 -- 0.37° 0.19 0

It can be seen from Table V that the allowable random horizon
error is the same if horizons are generated with the same character-
istics i.e.[(S,0°)/(S,0°) and (?4,0°)/ (M ,0°)] regardless of whether
stationary or moving horizon viewing locations are used. The large
standard deviation of the horizon comparison function in the selection
notch which occurs when sensed horizons generated with moving viewing
locations and reference horizons generated with stationary viewing
locations (as shown in Fig. 52) are compared makes it impossible to
tolerate any random horizon error. In fact, the required detection
threshold for a probability of false alarm of 0.001 is too small to
permit a probability of detection of 0.99 even if there are no random
horizon errors. This clearly points up the desirability of generating
reference horizons with the moving viewing locations established by
planned vehicle velocity and sensor scan rate.

Table V also shows that there is some effect due to a mismatch
between planned and actual flight directions when moving viewing loca-
tions are considered. Part of the difference shown undoubtedly results
from the fact that the sensed profile set is different which changes

• the required detection threshold. The data do show however that
• reasonably small degradation of the allowable random profile error

probably results for planned and actual flight direction mismatches
• • of the magnitude considered .

The along-track position determination error standard deviation ,
ax, cross-track position determinat ion error standard deviation , °y’position circular error probable , CEP , and heading determination error
standard deviation , °~ 

were also computed for each of the analysis
case variations for comparison. The computations were performed in
the same manner as indicated earlier in sections III .  B and III .  E
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and the results are shown in tabular form in Table VI . In general,
performance shown is similar for all cases. There is approximately a
12% increase in position CEP for smaller values of random horizon
error when sensed horizons generated with moving viewing locations are
compared with reference obtained with stationary viewing locations.
This again points to the desirability of generating reference horizons
with the moving viewing locations established by planned vehicle
velocity and sensor scan rate. The decreasing along-track position
error with increasing flight direction mismatch shown in the table
results from the reduced (by the cosine of the angles) sensed horizon
viewing location spacing in the planned flight direction (i.e.
113.2 = 113.6 cos 5° and 111.9 = 113.6 cos 10° are the smallest
possible along-track error standard deviations as determined by the
discrete sensed horizon spacing). This reduction occurs since the
along-track and cross-track directions are defined with respect to the
planned flight path direction. The reduced cross-track error evident
for the (M,0°)/(M,lO°) analysis case variation is probably a result
of increased horizon variation as shown in Fig. 54b.

In general, it can be concluded that analyses in previous sections
using stationary horizon viewing locations present an adequat e picture
for system feasibility and theoretical performance determination.
Also, it can be concluded that reference horizons should be generated
with moving viewing locations corresponding to the planned vehicle
flight to give best system performance. It should be noted that such
reference horizon generation would only be correct for sensor scans
in one direction. Sensor scans in the opposite direction are generated
with slightly different geometry. Since it is desirable to use sensor
scans in both directions to reduce the sensed horizon spacing, then it
would be desirable to store two sets of reference horizons for each
line array. The first set would be for a sensor scan from left to
right and the second set would be for a sensor scan from right to
left. Each sensed horizon could then be tagged with the scan direction
used to obtain it so comparison could Le made with the appropriate
set. If reference storage is limited then it may be possible in some
cases to generate reference horizons for stationary viewing locations
so they would give compromise performance for the two directions of
scan.

• B. FINITE Sr NSOR BEAMWIDTh

The second practical sensor characteristic considered was a finite
sensor beamwidth. The model required to analyze the effect of this
characteristic, the analysis cases considered, and the analysis results
obtained are discussed in this section.



TABLE VI. Position and Heading Determination
Errors for Moving Viewing Location
Variations of Analysis Case 6.

for. Gen . O M (deg)
Method Parameter

(Ref.)! (Sens~J ___________ 
0.000 0.125 0.250 0.500

0 (m) 113.6 113.6 121.8 124.4

(S,O°)/(S,0°) a~(m) 141.4 156.1 253.7 264.0

CEP(m) 150.1 158.8 221.1 228.7

~ 
(deg) 1.771 1.930 3.191 3.146

o
~
(m) 113.6 113.6 113.6 113.6

(M,O°)/ (M ,0°) a~(m) 160.1 160.1 138.5 264.0

CEP(m) 161.1 161.1 148.4 222.3

a
~ 
(deg) 1.951 1.949 1.741 3.187

a
~
(m) 113.6 113.6 113.6 113.6

(S,O°)/(M,0°) 
a~(m) 195.1 195.1 278.2 236.9

CEP(m) 181.7 181.7 230.7 206.3

a
~ 
(deg) 2.444 2.286 3.621 2.850

a
~
(a) 113.2 113.2 113.2 118.0

(M,0°)/(M,5) a
1
(m) 160.6 160.6 147.6 199.0

CEP(m) 161.2 161.2 153.5 186.6

o
~ 
(deg) 2.016 2.016 1.886 2.537

111.9 111.9 111.9 120.0

(M,0°)/(M,1O°) a
1
(a) 132.0 133.8 123.8 215.9

CEP(a) 143.6 144.6 138.8 197.7
08 (deg) 1.586 1.586 1.497 2.709
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1. SYSTEM MODEL AND ANALYSIS METhOD

If a radar transmitter uniformly illuminates its antenna, then it
transmits energy and receives return energy in a beamwidth of approxi-
mate ly

AID rad. (2)

where 0B is the beamwidth between one-half power points, A is the
transmitted energy wavelength, and D is the antenna aperture dimension.
Energy is received at the same time from all terrain points at the
same range in the entire radar azimuth beamwidth. Thus, the return
obtained to be used for elevation angle measurement is a composite of
the return from all the illuminated terrain points. The measured
elevation angle is therefore a weighted average of the elevation
angles to the terrain within the radar azimuth beamwidth as illus-
trated in Fig. 57. The average is a weighted average since the antenna
gain across the azimuth beamwidth is not constant and since the terrain
reflectivity may not be constant over the illuminated area. Figure 57
is exaggerated in that the azimuth beamwidth shown is quite large with
respect to the length of the terrain profile variations (terrain pro-
file correlation length) shown. In an actual case, the beamwidth
should be narrower so the average elevation angle measured would
closely approximate the actual elevation angle to the terrain. The
previous analyses assumed that the azimuth beamwidth was very small
with respect to the terrain profile correlation length so the average
elevation angle measured was essentially the actual elevation angle
to the terrain. This section considers the effect of practical
azimuth beainwidth by analyzing system performance with various azimuth
beamwidths. Different terrain roughnesses are considered since terrain
roughness affects the antenna beamwidth required.

The effect of finite sensor azimuth beamwidth was analyzed by
changing the horizon generation computer routine used in the pre-
viously discussed analyses to model the effect of return from all
points within the azimuth beamwidth. To do so, it was assumed that
the radar antenna was uniformly illuminated so its two-way voltage
gain pattern as a function of azimuth angle, 0, measured from the
radar azimuth bores ight was approximately given by

sin(2.780/08) 2G(O) = 2
~
78O/0B 

(3)

where O
~ 

is the desired azimuth beamwidth between the one-half power
points. It was assumed that the terrain reflectivity was constant.
Therefore , the amplitude of the return from individual terrain points
was assumed to be only a function of the two-way voltage gain to that
point. No gain variations were assumed in the elevation direction
since the elevation beamwidth is broad so essentially no gain varia-
tion will be apparent at the segment of horizon profile illuminated
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at one time. Horizon errors which result from nonconstant terrain
reflectivity were assumed to be contained in random horizon errors
added to the horizons during system analysis. It was assumed that the
radar system used a frequency of 17.0 GHz. and elevation phase mono-
pulse with the monopulse receiving antenna horns spaced by 1.0 cm. to
obtain elevation angle measurements.

The amplitude and phase of terrain returns at each receiving
antenna horn were computed for range positions separated by 30m along
radial azimuth lines separated by ~O i and spanning the total azimuth
scan angle. Radar shadowing was ignored since later peak detection
essentially removed shadowed data. The spacing ~~ was chosen to
give n radial lines within one azimuth beamwidth where the value of
n used was different for different beamwidths. The geometry indicated
above is illustrated in Fig. 58 for ~~ 0B/4 which gives n = 5.

Complex addition was used to combine the n returns within the
azimuth beamwidth for each range at each possible azimuth location
of the radar beam. This gave the total return at each antenna horn
for each range and possible beam azimuth location. The phase differ-
ence between these two total returns was then used to determine the
individual sensed elevation angles at each range as a function of
the radar azimuth scan angle. The data obtained had an azimuth
spacing of ~O i as shown diagramatically in Fig. 59 for a single rangeand A01 = 0B/4.

An actual radar sensor averages several individual sensed eleva-
tion angle measurements to obtain a sufficient signal-to-noise ratio.
Therefore, the individual elevation angles determined were averaged
for an interval surrounding the desired data azimuth locations
(desired data spacing equals t~e deg.). The interval chosen was theazimuth beamwidth, 0B since averaging will typically be done over a
beainwidth in an actual system to obtain maximum return from the
desired terrain point (i.e. maximum signal-to-noise ratio). This
averaging is also illustrated diagramatically in Fig. 59 for a single
range and AO = 0B/2. The resulting measured elevation angles were
peak detected as a function of range for each desired azimuth data
location to determine the measured elevation angle to the range-
limited horizon as a function of azimuth angle.

It can be seen that many computations are required to generate
one range-limited horizon with the finite sensor beainwidth model.
Actually, computation time was considerably reduced by identifying
the approximate range locations for the range-limited horizon and

• using a reduced search in range. The cost of using this model is
still quite high so system analysis with this model was done with a
bare minimum of cases.

After horizons had been generated by using the finite sensor
beamwidth model, then system analysis was performed which was identi-
cal to that previously described. The only differences were that a
flight path of 6Km instead of 10Km was used and 3 reference horizons
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instead of 5 were used in each reference line array . This signifi-
cantly reduced the required computation cost since it required the
generation of only 60% as many horizons. The previous analysis
showed that the system performance data was generally obtained from
this portion of the flight path and line array so negligible degrada-
tion of analysis results occurred due to the use of the reduced set
of sensed and reference horizons.

To keep costs reasonable, only Cases 5, 6, and 7 were considered
and then only for a vehicle altitude of 500m above the maximum terrain
height beneath the flight path. These three cases span those above the
majority of the surrounding terrain which were previously shown to have
reasonable performance. The highest altitude was chosen to reduce
radar shadows at the range limit. Thus the horizons generated were very
nearly fixed-range horizons which are much less expensive to generate
since much less range searching is required. Limiting the finite sensor
beainwidth analysis to these cases does not cause a problem since a
finite sensor beamwidth will affect the other cases considered earlier
in a similar fash ion so comparative resul ts obtained can be cons idered
to be general .

2. PERFORMANCE EFFECTS

One of center sensed horizons obtained for Case 6 is shown in Fig.
60 for sensor beamwidths of 0° and 1°. The same horizon is shown in
Fig. 61 for sensor beamwidths of 2° and 4°. Similar horizons for Cases
5 and 7 are shown in Appendix E. In all cases, the radar measuremen ts
were averaged over one beamwidth and the data was sampled at 1° inter-
vals. Some smoothing of the sensed horizons i.s apparent when sensor

* beamwidths of 2 0 and 40 are used. However, the smoothing effect is
minimal since the antenna beamwid th is much narrower than the most
significant horizon variations. Consequently, it can be expected that
system performance should not be greatly affected by beamwid ths of the
magnitude chosen.

Three differen t horizon comparison function plots (each cons isting
of the mean , ~~~~ and + one standard deviation from the mean are shown
in Fig. 62. Similar plots are shown for Cases 5 and 7 in Appendix E.
The first plot in Fig. 62 is for the baseline case used for comparison
which uses sensed and reference horizons which are both generated with
beamwidths CO B and 0BR respectively) of 0 0 . The second plot is for sensed
and reference horizons which are generated with beamwidths of 4° (1° and
2° beamwidth cases are not shown since they are very similar) . The
third plo t was ob ta ined by using sensed hor izons generated with a 4°
beamwidth and reference horizons generated with a 0° beamwidth. This
case was included to determine the effect on system performance if
sensor beamw idth was not considered in genera ting reference hor izons.
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All the horizon comparison functions shown in Fig. 62 are quite
similar. In general , there is a slight decrease in the average function
value away from the line array location when both reference and sensed
horizons arc generated with wider beamwidths. A slight increase in the
average function value at the line array crossing location is noted when
a wider antenna beamwidth is used for the sensed horizon only. This is
as expected since horizons are smoother for wider sensor beamwidths.
Thus, a poorer hor izon fit is expected at the line array crossing if
both reference and sensed horizons are not smoothed and the tAD is
smaller for smoothed dissimilar horizons. The change in the horizon
comparison function is small enough so little effect on system perfor-
mance is to be expected for the range of sensor beamwidth values con-
sidered . Specific performance parameters are considered below.

The first performance parameter determined to be used for system
performance comparison was the maximum allowable random horizon error.
To obtain it, the required detection threshold , T1, for each of the
analysis cases and beamwidths indicated above was first determined to
give a probability of false alarm of less than 0.001 for points along
the f l ight path which are greater than 1Km from the line array location .
The values obtained for T1 when the beamwidths used to generate sensed
and reference horizons were the same are shown in Fig. 63 as a function
of sensor beamwidth. Fig. 64 shows the same data when the beamwidth
used to generate the reference horizon was 0°. Little effect of sensor
beamwidth on the required detection threshold is noted for the range
of beainwidths considered. The effect increases for increasing terrain
roughness as is expected since smoothing has the greatest effect on
the rougher terrain. A larger effect is noted when both sensed and
reference horizons are generated with the same beamwidth. This is as
expected due to the reasoning indicated when discuss ing the hor izon
comparison functions.

To determine the maximum allowable random horizon error by using
the required detection threshold determined above, the detection thresh-
old needed , as a function of random horizon error, to obtain a proba-
bility of detection of 0.99 was determined. Plots of these needed
detection thresholds are shown in Fig. 65 for Case 6. Similar plots
for Cases 5 and 7 are shown in Appendix E. The data from Figs. 63, 64,
and 65 were used to determine the maximum allowable random horizon
errors which permit a maximum probability of false alarm of 0.001 and
a minimum probability of detection of 0.99 for Case 6. Similar deter-
minations were made for Cases S and 7. The results are shown as a

• function of sensor beamwidth in Figs. 66 and 67. Little sensor beam-
width effect on the maximum allowable random horizon error is noted for
the case where the reference horizons are generated with a beamwidth of

• 0°. Greater effect is noted when both the sensed and reference beam-
widths are generated with the wider beamwidths. This is basically
because of the reduction in the lAD value away from the line array in
this case which results in the decreased threshold previously noted.
The data shown in Figs. 66 and 67 indicate that sensor beamwidths of
up to 2° have negligible effect on the maximum random horizon error
allowed . The effect becomes more noticeable with a beamwidth of 4°.
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The aiong-track position determination error standard deviation , ax,
the cross-track position determination error standard deviation , a,,,
position circular error probable, CEP, and heading determination e~ror
standard deviation, a0, were also computed for each analysis case and
beamwidth considered . The computations were performed in the same
manner as indicated earlier in sections III. B and III. E. The results
for all cases and all horizon error standard deviations considered are
shown in tabular form in Appendix E. The results for Case 4 are plotted
for °N = 00 and °N = as a function of sensor beamwidth in Fig. 68
for sensed and reference horizons generated with the same beamwidth
and in Fig. 69 for reference horizons generated with a beamwidth of 00.
Similar results for cases 5 and 7 are shown in Appendix E. The results
show that the sensor beamwidths considered have little effect on • the
position and heading determination errors. This is as expected since
the earlier sensed horizon plots showed that the most significant features
of the horizons were retained when smoothing due to the wider sensor
beamwidths were considered. This is true since the beamwidths are still
much smaller than the angu lar extent of these significant features.

In general , it can be concluded that analysis in previous sections
using sensor beamwidths of 00 present an adequate picture for system
feasibility and theoretical performance determination since sensor
beamwidths which are wider than might normally be expected do not
cause very much change in system performance. Essentially no effect
was noted on position and heading determination performance. Some
degradation of allowable random horizon error magnitude was noted.
This degradation increased in general with increasing terrain roughness.

The analysis indicated that 2° sensor beamwidths are certainly
feasible and that even 40 sensor beamwidths are probably usable. This
results in considerably decreased antenna size from that indicated in
Ref. 1 (0.9m) since a 1° sensor beamwidth was assumed necessary there.
Sensor beamwidths of 2° and 40 would reduce the required antenna length
to 0.45m and 0.225m respectively.
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V. SU~44ARY AND CONCLUSIONS

The feasibility of utilizing horizon profiles as navigation check-
points has been under investigation. Advantages of using horizons for
checkpointing are: (1) the speed with which they can be obtained which
provides flight path flexibility, (2) the simplicity of reference
horizon generation which can be performed automatically in a computer
with only topographic data, and (3) the fact that checkpoint identifi-
cation is possible even if the vehicle heading is incorrectly known
within limits.

Previous reports have documented the results obtained when actual
horizons and fixed-range terrain profiles were used. Actual horizons
proved to be satisfactory for very low-altitude flights between ridges
(valley flights) but were not satisfactory for flights at higher alti-
tudes above the majority of the surrounding terrain since they were
obtained from too long a range. The long range gave horizons with
reduced variation which gave system performance that was very
susceptible to horizon errors. Fixed-range terrain profiles proved
to be satisfactory for higher altitude flights but were not useful for
very low altitude flights since too large a percentage of the profile
at the fixed-range was shadowed.

The analysis reported here has considered a system which uses
range-limited horizons. These are horizons generated only by terrain
data within a fixed range limit. At very low vehicle altitudes, these
range-limited horizons are essentially actual horizons. At vehicle
altitudes sufficiently above the majority of the surrounding terrain ,
these range-limited horizons are essentially fixed-range terrain pro-
files. Thus, the system utilizing range-limited horizons gives per-
formance similar to a system utilizing actual horizons at very low
vehicle altitudes and to a system utilizing fixed-range terrain pro-
files at higher altitudes. This single system concept can be used
for all  fligh t altitudes .

The ~‘~~1yses reported were performed by using a computer simulation
of horizon comparison for several flight paths over terrain of different
roughness. Both the sensed and reference horizons used in the analysis
were generated from digital topographic data obtained from the Defense
Mapping Agency. The reference horizon viewing location spacing along
a check point l ine array; ~R , and the sensed horizon scan width , Os’
were selected to be those values previously chosen in the fixed-range
terrain profile trade-off analyses (i.e. ~R = 400m, O. = 90°). The
range limit was chosen to be 5Km to be compatible with the previous
analysis of a system using fixed-range terrain profiles so comparisons

* 
could be made. Vehicle altitudes considered included lOOm and 500m
above the maximum terrain height beneath the flight path for flights
above the majority of the terrain and reasonable heights above the
valley floor for valley flights. Random horizon errors and vehicle
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altitude errors were introduced to assess their impact on system per-
formance and thus to determine their maximum allowable values. The
analysis procedures used were identical to those previously used in
analyzing a system using fixed-range terrain profiles . Some changes
were made in the format used for the results to more clearly and
concisely indicate system performance.

System performance was determined in terms of: ( 1) the maximum
allowable random horizon error standard deviation , °NM’ (2) the maximum
allowable vehicle altitude error, OHM, (3) the along-track position
determination error standard deviation , 

~~ 
(4) the cross-track position

determination error standard deviation, a
~
, (5) the position determina-

tion circular error probable , CEP , and (6~ the heading determination
error standard deviation, GO . Performance results were determined first
for a system with no altitude error (i.e. no discrepancy between actual
and planned vehicle altitude) and are summarized first .

The maximum allowable random horizon errors which give a proba-
bility of false alarm of less than 0.001 and a probabil ity of detection
of greater than 0.99 for flights above the majority of the surrounding
terrain was determined to be greater than 0.10 for horizons with stan-
dard deviation , a

~
, greater than 1.1°. For relatively smooth terrain

approx. 0.2° or 0.3°) the maximum allowable random hor izon error
is quite small and precludes practical system operation . The maximum
allowable random horizon error increases rapidly (from approx. 0.1° to
approx. 0.4°) as the horizon standard deviation increases from 1° to
2°. It was considerably less for the valley flights (0.1° at o

~ 
= 1 .5 0

)

and increases less rapidly with increasing horizon standard deviation.

The checkpoint position determination accuracy was analyzed and ,
except for relatively smooth terrain, gave a CEP of approximately 125m
for flights above the majority of the surrounding terrain if the random
horizon error was limited to be the smaller of the maximum allowable
value or 0.250. For the valley flights, the CEP is approximately 200m
when the maximum allowable random horizon error is encountered . It
should be noted that no interpolation between horizon comparison function
points (200m spacing along-track and 400m spacing cross-track) was used
so a large portion of the position error encountered is due to discrete
match poin t quan tization. Pos ition performance could be improved by
using interpolation .

The heading determination standard deviation obtained is approxi-
mately 1.75° to 20 for all  cases without random hor izon errors . Random
horizon errors only have minimal effect on heading determination for
flights above the majority of the surrounding terrain but increase the
heading determination standard deviation to approximately 2.5° to 3°
when maximum allowable values are considered for valley flights.
Heading determina tion accuracy could be improved with interpolation
and multiple measurements.
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Comparisons of system performance with that previously obtained
for a system using fixed-range terrain profiles were considered for a
vehicle altitude of SOOm above the maximum terrain height beneath the
flight path. Results indicate little performance difference as
expected .

If the vehicle is not flying at the planned altitude for which
reference horizons were generated, then reference and sensed hor izon
differences resul t . The effect of such altitude errors was analyzed .
They produce little position or heading determination performance
degradation in most cases if held within practical limits. They do
reduce the maximum allowable random horizon error. For reasonable
maximum random horizon errors, it was determined that altitude errors
of +lOOm or greater could be tolerated in most cases. A couple of
cases were exceptions where the maximum altitude errors which could
be tolerated were in the neighborhood of 40m to SOm .

The system analyses indicated above were performed with two
radar sensor idealizations. These were: (1) horizons were obtained
from a stationary viewing location, and (2) the radar azimuth beamwidth
was infinitesimal. It was felt that these idealizations would not
greatly affect the system feasibility and performance results.
Analyses were performed with selected analysis cases to varify this
conjecture and to provide a determination of radar azimuth beamwidth
requirements.

The analysis of the effect of non-stationary horizon viewing
locations was performed by using an assumed vehicle velocity of
260m/sec and a one direction radar scan time of 0.75 sec. Results
indicate that system performance is basically the same as determined
for horizons from stationary viewing locations as long as reference
horizons are generated for moving viewing locations determined by the
planned vehicle velocity and sensor scan rate.

The analysis of the effect of a finite sensor beamwidth was per-
formed by developing a suitable system model and considering sensor
beamwidths from 00 to 40~ Cases were considered for several terrain
roughnesses and for reference horizons generated with either the sensor
beamwidth or a beamwidth of 0°. Results indicate that system perfor-
mance is basically the same as determined for horizons generated with
sensor beamwidths of 00. Performance results were not greatly dif-
ferent between cases where the reference horizons were generated with
the sensor beamwidth and cases where the reference horizons were generated
with a beamwidth of 00. Therefore, reference horizon generation does
not need to consider sensor beamwidth which provides generation simpli-
fication in a ~ractical case. Sensor beamwidths of 2° are certainly
feasible and 4 sensor beamwidths are probably usable. Sensor beam -
widths of 2° or 4° would reduce the antenna length requirement defined
in Ref. 1 (O.9m) to 0.45m or 0.225m respectively.
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APPENDI X A

TABULATED POSITION AND HEADING
ERROR RESULTS FOR ZERO

ALTITUDE ERROR
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Case # °N 0
y 

CEP

H
A 

(m) (deg) Cm) Cm) Cm) (deg)

0.000 100.8 121.8 131.0 1.80
0.125 174.1 212.1 227.4 3.35

1 0 0.250 415.6 380.2 468.5 5.97
lOOm 0.500 588.8 515.4 650.0 6.74

1.000 539.4 389.4 546.8 5.86

0.000 56.8 150.3 121.9 1.94
0.125 91.4 174.1 156.3 2.29

2 0 0.250 194.7 317.2 301.4 3.99
200m 0.500 394.7 374.8 453.0 4.88

1.000 582.0 439.9 601.6 4.72

0.000 60.9 113.6 102.7 1.61
0.125 60.9 118.5 105.6 1.64

3 0 0.250 93.1 199.6 172.3 2.69
300m 0.500 219.1 278.2 292.8 3.79

1.000 284.5 415.6 412.1 5.43

0.000 56.8 113.6 100.3 1.56
0.125 538.7 450.8 582.5 6.40

4 0 0.250 602.1 520.5 660.9 5.97
lOOm 0.500 599.5 577.0 692.6 6.42

1.000 652.0 607.3 741.3 6.27

0.000 56.8 134.4 112.6 1.80
0.125 60.9 161.1 130.7 1.98

5 0 0.250 98.2 309.0 239.7 3.63
lOOm 0.500 171.8 354.7 310.0 4.10

1.000 450.1 396.6 498.5 5.44

0.000 56.8 132.0 111.1 1.75
0.125 56.8 134.4 112.6 1.76

6 0 0.250 60.9 171.8 137.0 2.12
LOOm 0.500 91.6 220.0 183.4 2.49

1.000 240.2 369.0 358.6 4.61

0.000 56.8 132.0 111.1 1.50
0.125 56.8 133.8 112.2 1.52

7 0 0.250 56.8 168.0 132.3 1.82
lOOm 0.500 83.3 304.5 228.3 3.39

1.000 132.0 447.9 341.4 4.67

0.000 59.2 123.8 107.7 1.56
0.125 364.5 476.4 495.0 6.24

4 0 0.250 523.0 512.9 609.8 6.11
500m 0.500 575.8 561.1 669.3 6.22

1.000 666.1 623.2 762.0 6.08
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Case l °N 
a CEP

HA (m) (deg) (m) (m) Cm) (deg)

0.000 56.8 143.1 117.7 1.78
0.125 56.8 189.7 145.1 2.09

5 0 0.250 133.8 367.9 295.4 3.95
500m 0.500 332.9 554.0 522.1 5.67

1.000 392.2 532.2 544.2 5.57

0.000 56.8 118.5 103.2 1.64
0.125 59.2 118.5 104.6 1.62

6 0 0.250 60.9 123.8 108.7 1.61
SOOm 0.500 80.1 128.9 123.0 1.69

1.000 174.9 359.0 314.3 4.07

0.000 56.8 118.5 103.2 1.37
0.125 56.8 124.4 106.7 1.44

7 0 0.250 56,8 132.0 111.1 1.44
500m 0.500 73.8 291.8 215.2 3.37

1.000 157.5 427.9 344.6 4.73

-117-

I
- - - - -. — - —-a--- . 

~
-- - -



APPENDIX B

DETECTION THRESHOLD NEEDED
TO GIVE 

~D
°99 FOR VARIOUS

VEHICLE ALTITUDE ERRORS

~~ 
~~~~~~~~~~~~~~~~~
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APPENDIX C

TABULATED POSITION AND HEADING
ERROR RESULTS FOR NONZERO

ALT ITUDE ERROR

I
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Case # t~H °N a
~ 

a CEP 08
HA (m) (deg) (m) (m) Cm) (deg)

0.000 217 .7 190.1 240.1 2 •88
0.125 255,8 280.3 315.6 4.35

1 -90 0.250 415.0 376.5 466.0 5.81
lOOm 0.500 718.2 483.1 707.2 6.53

1.000 605.8 410.9 598.5 5.74

0.000 123.8 151.9 300.1 2 .25
0.125 241.5 259.0 294 •6  3.95

1 - -75 0.250 401.4 375.9 457.6 5•71
lOOm 0.500 745.5 453.7 706.1 6.10

1.000 575.5 386,0 566.0 5.61

0.000 104.7 121.8 133.3 1.79
0.125 379.9 323.0 413.8 4.70

1 -50 0.250 226.8 386.7 361.2 6.18
lOOm 0.500 507.2 352.0 505.8 5.79

1.000 408.0 408.8 480.9 6.35

0.000 98.3 121.8 121.6 1.79
0.125 251.4 261.2 301.8 4.13

1 -25 0.250 476.5 379.3 503.8 5.77
lOOm 0.500 471.8 351.0 484.4 5.86

1.000 526.6 439.2 568.6 6.88

0.000 91.3 121.8 125.5 1.79
0.125 140.8 242.3 225.5 3.81

1 25 0.250 376.7 325.3 413.3 4.98
10Dm 0.500 415.0 352.0 451.5 5.46

I 1.000 511.1 510.5 601.4 6,94

0.000 95.0 124.4 129.1 1.88
0.125 119.1 160.6 164.7 2,34

1 50 0.250 401.6 390.0 466.0 582
lOOm 0.500 482,2 392.7 515.1 5.86

1.000 533.4 500.3 608.5 6.48

0.000 95.0 124.4 129.2 1.88
0.125 112.0 18&.4 118.0 3.25

1 75 0.250 354.6 375.9 430.0 5.76
10Dm 0.500 559.3 537.5 645.7 6.99

H 1.000 606.4 466.8 631.8 6.59

0.000 94.2 123.8 128.3 1.90
0J25 129.4 206 0 197 4 3.38

1 100 0.250 372.4 304.5 398.5 4.68
lOOm 0.500 353.6 347 3 412.6 5.74

1.000 589.0 462.1 618.8 6.53
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Case # a a a CEP aN x y 0
HA (m) (deg) (in) (m) (m) (deg)

DM00 98.2 121.8 121.5 L90
0J25 297.3 282.6 34L4 4.32

1 150 0.250 214.7 403.2 363.8 6.28
lOOm 0.500 526.4 347.3 514,3 5.65

1.000 386.0 390.2 456.9 6.47

0.000 104.5 128.9 137.4 1.98
0.125 146.9 202.8 205.9 3.37

1 200 0.250 384.7 402.4 463.4 5.90
lOOm 0.500 363.2 362.8 427.4 6.05

1.000 462.4 444.1 533.7 6.80

0.000 93.1 151.9 144M L94
0.125 94.2 267.6 213.0 3.35

2 -75 0.250 186.7 323.0 300.0 4.13
200m 0.500 207 0 371.0 340.3 4.80

1.000 477.2 462.8 571.0 5.46

0.000 89.6 128.9 128.6 1.61
0.125 117.6 124.4 142.5 1.70

2 -50 0.250 156.5 295.1 265.9 3.72
20Dm 0.500 303.5 355.6 388.0 4.70

1.000 393.9 444.1 493.3 5.96

0.000 69.3 133.8 119.6 1.71
0.125 87.8 182.7 159.2 2.46

2 -25 0.250 116.2 289.3 238.7 3.69
20Dm 0.500 250.1 375.9 368.5 4.75

I 1.000 469.7 406.4 515.8 4.66

0.000 56.8 196.7 149.2 2.43
0J25 94.1 268.8 213.6 3.36

2 25 0.250 221.1 280.3 295.2 3.57
20Dm 0.500 408.3 484,4 525.5 5.94

1.000 554.1 395.9 559.3 5.40

0.000 87J 242.3 193.9 2.82
- 

‘ 0.125 110.5 238.3 205.3 2.77
2 50 0.250 143.5 329.0 278.2 4.1

20Dm 0.500 281.7 386.7 393.5 4.77
1.000 569.7 540.0 653.3 6.71

0.000 162.6 212.1 220.6 2.44
0.125 133.8 299.5 255.1 3.62

2 75 0.250 408.7 596.2 591.6 7.25
200m 0.500 475.2 524.1 588.3 6.33

1.000 492.3 514.9 592.9 6.09
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Case # Al-f a a a CEP aN x y 0
HA (in) (deg) (m) (m) (m) (deg)

0.000 l.~~.0 132.0 159.5 1.84
0.125 116.4 133.8 147.3 2.03

3 -200 0.250 126.4 226.8 207.9 3.18
300m 0.500 450.0 398.2 499.3 575

1.000 436.6 378.2 5.47

0.000 99.8 124.4 479.7 1.79
0J25 116 2 133.8 147 2 1.85

3 -150 0.250 101.4 214.0 185 7 3.01
30Gm 0.500 484.6 344.3 488.0 5.13

1.000 365.8 389.4 444 6 5.54

0.000 70.7 141.1 124.7 2.02
0.125 70.7 123.8 124.9 1.73

3 -100 0.250 121.6 18L4 178.4 2.51
300nm 0.500 290.6 336.0 368.9 4.75

L000 320.0 383.3 402.3 5.17

0.000 61.9 160.6 75.8 2.24
0.125 66.9 150.3 127.9 2.03

3 100 0.250 87.1 160.6 145.8 2.22
30Dm 0.500 177.8 291.5 276.3 4.09

1.000 1S4 4 369.0 308.1 4.79

0.000 59.2 160.1 129.1 2.21
0.125 75.1 160.6 138.8 2.19

3 150 0.250 93.1 158.6 148.2 2.15

I 
200m 0.500 160.5 306.6 275.0 4.24

L000 156.1 366.3 307.5 4.71

0.000 60.9 168.5 135.0 2.29
0.125 70.7 176.0 145.2 2.42

3 200 0.250 190.1 207.9 234.3 2.85
300m 0.500 151.2 284.8 256.7 3.84

1.000 379.1 376.5 444.8 4.98

0 000 71.8 236.9 181.7 2.63
0.125 85.9 237.9 190.6 2.69

5 -90 0.250 143.7 312.9 268.8 3.45
-
~~~ lOOm 0.500 243.3 328.2 336.4 3.92

1.000 308.7 426.3 432.7 5.33

0.000 62.2 218.1 165.0 2.41
0.125 83.3 240.6 190.7 2.62

5 -75 0.250 128.1 278.2 239.2 3.04
lOOm 0.500 177.3 304.8 283.8 3.59

1.000 193.0 497.7 406.6 6.04
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Case # Al-I a a a CEP aN x y 0
H
A (in) (deg) Cm) (in) (in) (deg)

0.000 61.9 168.0 135.3 1.97
0.125 73.8 196.7 159.2 2 .47

5 -50 0.250 139.0 235.2 220.3 2.84
lOOm 0.500 294.0 390.2 402.8 4 .77

1.000 479.9 492.4 572.4 564

0 000 60.9 141.4 119.1 1.70
0J25 60.9 189.7 147.5 2.41

5 -25 0.250 101.4 280.3 224.7 3.22
lOOm 0.500 195.0 347 .3 319,3 4.06

1.000 437.0 391.6 487.8 5.37

0.000 59.2 121.8 106.6 1.59
0.125 61.9 166.6 134.5 2.14

5 25 0.250 94.8 327.0 248.3 3.79
lOOm 0.500 119.1 323.0 260.3 3.90

1.000 180.9 473.7 385.4 5.49

0.000 56.8 138.5 115.0 L72
0.125 6L9 141.4 119.7 1.72

5 50 0.250 84.0 273.3 210.3 3.48
lOGin 0.500 453.5 389.4 496.2 3.73

1.000 409.1 512.4 542.5 5.63

DM00 66.9 171.8 140.5 2.24
0.125 75.1 158.6 137.6 1.95

5 100 0.250 87.8 257.8 203.5 3.33
10Dm 0.500 17L8 430.3 354.5 4.87

- ‘ 1.000 244.2 517.9 448.6 5.71
I

0.000 76.2 201.6 
- 
163.5 2.65

0.125 67.2 221.4 169.9 256
5 150 0.250 87.1 291.8 223.1 3.64

lOOm 0.500 191.3 369.8 330.3 4.04
- -  - -  L000 613 0 532.6 674.4 4.80

-S

0.000 70.7 221.4 172.0 2.89
a 0.125 66.0 254,0 188.4 3.05

5 200 0.250 79.3 365.4 261.8 4.09
lOOm 0.500 272.3 337.0 358.7 3.78

1.000 614,6 640,4 738,8 5.40

0.000 62.2 124.4 109,9 1.69
0.125 60.9 143.1 120.1 1.85

6 -90 0.250 60.9 143.1 120.1 1.84
lOOm 0.500 110.7 267.6 222.7 3.20

1.000 146.9 351.0 293.1 4.41
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Case # AH a N a~ 
a CEP 00

HA C m) (deg) (in) (m) (m) (deg)

0.000 56.8 133.8 112.2 1.74
0.125 60.9 121.8 107.6 1.63

6 -75 0.250 61.9 128.9 112 3 1.63
lOOm 0.500 70.7 248.9 188.1 2.99

1.000 95.0 362.6 269.4 450

0.000 568 124.4 106,7 1.69
0 125 59.2 147 6 129.4 1.90

6 — 50 0.250 64.5 168.5 137.2 2.12
lOOm 0.500 84.0 220.0 179.0 2.80

1.000 116.4 388.3 297.1 4.56

0.000 56.8 147.6 120.3 1.91
0.125 59.2 160.6 129.4 2.02

6 50 0.250 62.2 168.5 135.8 2 0 9
lOOm 0.500 127.0 293.8 247.7 3.58

1.000 140.8 386.0 310 0 4.95

0.000 61.9 152.4 126.2 1.93
0.125 59.2 152.4 124.6 1.95

6 100 0.250 60.9 168.0 134.8 2.12
lOOm 0.500 88.0 284.8 219.5 3.48

1.000 146.9 425.0 336.7 5.06

0.000 60.9 143.7 120.4 1.83
0.12 5 59.2 133.8 113 6 L75

6 150 0.250 66.9 175.5 142.7 2.20
lOOm 0.500 75.9 209.1 167.8 2.56

: 
L000 115.7 428.0 320.1 5.05

0.000 61.9 141.4 119.7 1.80
0.125 62.2 156.1 128.5 1.94

6 200 0.250 70.7 156.1 133.5 1.86
10Dm 0 500 119.1 308.7 251.8 3.89

1.000 222.9 289.3 301.5 3.78

0.000 56.8 128.9 109.3 1.38
0.125 56.8 128.9 109.3 1.52

7 -90 0.250 56.8 179.2 138.9 1.96
lOOm 0.500 71.6 336.7 240.4 3.65

L OGO 135.5 445.8 342.2 4.65
I

0.000 56.8 132.0 111.1 1.41
0.125 56.8 141.4 116.7 1.59

7 -75 0.250 61.9 168.5 135.6 1.82
lOOm 0.500 71.8 238.3 182.6 2.60

1.000 112.9 412 .7 309.4 4.80
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Case l Al-I a a a CEP aN x y 0
HA (in) (deg) (m) (in) (in) (deg)

0.000 56.8 132.0 111.1 1.41
0.125 59.2 124.4 108.1 1.44

7 -50 0.250 64.5 143.7 122.6 1.59
lOOm 0.500 75.1 226.8 177.7 2.55

1.000 132.0 479.1 359.8 5.13

0.000 56.8 128.9 109.3 1.43
0.125 56.8 138.5 115.0 1~~3

7 50 0.250 56.8 186.2 143.1 2.04
10Dm 0.500 93.1 282.8 221.3 3.00

1.000 166J, 462.1 369.8 5.09

0.000 56.8 118.5 103.2 1.27
0.125 56.8 132.0 111.1 1.43

7 100 0.250 56.8 168.0 132.3 1.80
lOOm 0.500 87.1 267.6 208.8 2.95

1.000 135.4 473.1 358.2 5.09

0.000 56.8 124.4 106.7 1.32
0.125 56.8 124.4 106.7 1.38

7 150 0.250 59.2 143.7 119.4 1.56
lOOm 0.500 66.0 215.2 165.5 2.21

1.000 128.8 435.3 332.1 5.07

0.000 56.8 128.9 109.3 1.37
0A25 56.8 124.4 106.7 1.24

7 200 0.250 60.9 193.0 149.5 2.04
lOOm 0.500 80.1 272.4 207.5 3.12

I 1.000 147.6 293.9 259.9 3.55

0.000 56.8 143.7 118.0 1.74
0.125 56.8 182.7 141.0 201

5 —200 0.250 131.8 357.2 287.9 394
50Gm 0.500 268.5 519.9 464.1 5.27

1M00 355.6 501.4 504.5 5.47

0.000 58.8 138.5 115 0 1.77
OJ2S 73.8 257.8 195.2 2.78

5 -100 0.250 227.1 391.6 364.2 375
— 50Dm 0.500 272.9 470 9 420.2 5.05

1.000 244.9 505.5 441.8 5.17

0.000 60.9 132.0 113.6 1.70
0.125 660 189.7 150.5 2.08

5 100 0.250 l65 S 366.1 313.0 4 .20
50Dm 0.500 335.0 495.0 488 .6 5.64

1.000 268.1 527.8 468.5 6.21
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Case # Al-I a a a CEP aN x y 0
HA (m) (deg) (in) (in) (in) (deg)

0.000 60.9 132.0 113.6 1.60
0.125 66.0 226.8 172.4 2.42

5 200 0.250 119.1 304.5 249.4 3.16
500m 0.500 278.2 487.1 450.5 5.52

1.000 555.0 579.1 667.6 5.45

0.000 64.5 118.5 107.7 1.61
0.125 59.2 121.8 106.6 1.65

6 -200 0.250 60.9 118.5 105.6 1.52
50Dm 0.500 98.4 206.0 179.2 2.54

1.000 138.5 263.7 236.8 3.24

0.000 62.2 121.8 108.3 1.67
- 0.125 61.9 113.6 103,3 L56

6 -100 0.250 60.9 124.4 109.1 1.64
50Dm 0.500 61.9 168.5 109.7 1.98

1.000 113.4 336.7 265.0 3.95

0.000 61.9 118.5 106.2 1.64
0.125 59.2 118.5 104.6 1.62

6 100 0.250 60.9 123.8 108.7 1.61
50Dm 0.500 80.1 128.9 123.0 1.69

1.000 174.9 359.0 314.3 4.07

0.000 66.9 118.5 109.1 1.63
0.125 67.2 133.8 118.3 1.78

6 200 0.250 69.3 133.8 119.6 1.70
500m 0 500 145.4 124.4 158.8 1.77

1.000 184.9 232.4 245.7 2.94

0.000 56.8 124.4 106.7 1.45
0.125 56.8 121.8 105.1 1.44

7 -200 0.250 60.9 160.3 124.3 1.62
50Dm 0.500 73.8 258.7 195.7 2.82

1.000 133.0 432.4 332.9 4.63

0.000 56.8 123.8 106.3 1.45
0.125 56.8 133.8 112.2 1.52

7 -100 0.250 (7-.2 132.0 114.3 1.52
500m 0.500 64.5 266.1 194.6 2.81

1.000 107.8 399.2 298.5 4.54

0.000 56.8 118.5 103.2 1.35
0.125 60.9 121.8 107.6 1.31

7 100 0.250 59.2 138.5 116.4 1.58
50Dm 0.500 71.8 189 .7 153.9 2.03

1.000 158.1 447.0 356.2 4.61
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Case # Al-I a a a CEP aN x y 6
HA (in) (deg) (in) (in) (in) (deg)

0.000 62.2 121.8 108.3 1.42
0.125 62.2 121.8 108.3 1,29

7 200 0.250 62.2 134.4 115.7 1.39
SOOm 0.500 62.2 215.5 163.5 2.39

1.000 153.3 465.4 364.2 5.39
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APPEN DIX D

ALONG TRACK AND CROSS TRAC K
POSITION ERRORS AS AFUNCTION OF ALTITUDE ERROR
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Altitude Error AH (in) Altitude Error AH (m)
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0 0
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Altitude Error AH (in) Altitude Error AH (in)

(b) Case 2 a = 2 5 3 °
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b N I 0 Ia = 0
I I !  I I a I _  a I I I

-200 -100 0 100 200 -200 -100 0 100 200

Altitude Error Al-I (in) Altitude Error ~H (in)

(c) Case 3 a~ = 374°

Fig. Dl. Along-Track and Cross-Track Position Determinat ion Accuracy
as a Function of Altitude Error for Valley Fli ght s.
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Fig. D2. Along-Track and Cross-Track Position
Determination Accuracy as a Function
of Altitude Error for Case S.
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Fig. D3. Along-Track and Cross-Track Position
Determination Accuracy as a Function
of Altitude Error for Case 6.
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Fig. 1)4. Along-Track and Cross-Track Position
Determination Accuracy as a I-unc~ ionof Al titude Error for Case 7.
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Fig. El.  Sensed Horizons for Case 5 with
Sensor Beamwidths of 0° and 1° .
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Fig. E2. Sensed Horizons for Case 5 with
Sensor Beainwidths of 2° and 4°.
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Fig . E3. Sensed Horizons for Case 7 with
Sensor Bea,nwj dths of 0° and 1° .
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Fig. E4. Sensed Horizons for Case 7 with
Sensor Beainwldths of 2° and 4 ° .
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Distance Along Line Array (Kin)
Fig. ES. Horizon Comparison Funct ions for Case 5

with Various Sensor Beannvj dths .
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Fig. E6. Horizon Comparison Functions for Case 7
with Various Sensor Beamwidths.
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Case # O R °N °x ~ CEE ’
Ref BW (deg) (m) (m) (m) (deg)

0.000 56.8 143.1 117 .7 1.78
0.125 79.3 171.8 147.8 1.91

5 0° 0.250 158.5 264.0 248.7 3.03
0° 0.500 201.6 300.3 295.5 3.53

1.000 296.1 380.2 398.1 5.13

0.000 56.8 143.1 117.7 1.78
0.125 79.3 171.8 147.8 1.93

5 10 0.250 160.1 281.7 260.1 3.18
1° 0.500 210.1 300.3 300.5 3.52

1.000 312.6 380.2 407.8 5.00

0.000 56.8 150.3 121.9 1.87
0.125 78.0 174.1 148.4 1•94

S 2° 0.250 160.1 281.7 260.1 3.16
2° 0.500 210.1 300.3 300.5 3.23

1.000 312.6 380.2 407.8 5.00

0.000 60.9 141.4 119.1 1.67
0.125 96.5 186.2 166.4 2.04

5 4
0 0.250 150.1 273.6 249.4 3.06

4
0 0.500 213.6 317.0 312.4 3.41

1.000 300.3 333.1 372.9 4.54

0.000 56.8 143.1 117.7 1.78
0.125 79.3 171.8 147.8 1.93

S j
O 0.250 158.5 273.6 254.4 3.15

0° 0.500 201.6 300.3 295.5 3.53
1.000 311.0 369•6 400.7 4.81

) 
0.000 59.2 143.1 119.1 1.81
0.125 79.3 171.8 147.8 1.96

5 2° 0.250 152.3 253.7 239.0 2.81
0
0 0.500 201.6 300.3 295.5 3.30

1.000 311.0 369.6 400.7 4.81

0.000 61.9 121.8 108.1 1.57
$ 0.125 88.0 193.0 165.4 2•08

5 4
0 0.250 161.5 258.7 247.4 2.85

0
0 0.500 207.5 325.3 313.7 3.36

1.000 295.9 348.3 379.2 4.76

0.000 56.8 113.6 100.3 1.56
0.125 59.2 118.5 104.6 1.61

6 0° 0.250 71.8 124.4 115.5 1.61
0
0 0.500 93.1 176.0 158.4 1.97

1.000 141.3 258.7 235.5 3.16
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Case d 0 a a a CEP aB N x y 0
Ref 8W (deg) (m) (m) (m) (deg)

0.000 56.8 113.6 100.3 1.57
0.125 59.2 118.5 1~)-1 .~ I .59

6 1° 0.250 71.8 124 .4 115 . 5 1. 60
10 0.500 91.6 171.8 155.1 1.98

i .~:;~’o 141.3 267.6 240.7 3.29

0.000 56.8 113.6 100.3 1.57
0.125 59.2 118.5 104.6 1.60

6 2° 0.250 71.8 128.9 118.2 1.66
2° 0.500 91.6 171.8 155.1 2.03

1.000 150.3 293.8 261.4 3.47

0.000 56.8 113.6 100.3 1.57
0.125 59.2 113.6 101.7 1.54

6 4° 0.250 71.8 128.9 118.2 1.65
4
0 0.500 83.3 156.1 140.9 1.93

1.000 155.4 296.2 265.9 3.42

0.000 59.2 113.6 101.7 1.57
0.125 59.2 118.5 104.6 1.59

6 1° 0.250 71.8 118.5 112.0 1.52
0° 0.500 93.1 176.0 158•4 2.06

1.000 148.0 280.3 252.1 3.37

0.000 59.2 113.6 101.7 1.58
0.125 60.9 118.5 105.6 1.59

6 2° 0.250 70.7 118.5 111 . 4 1.52
S 00 0.500 91.6 171.8 155.1 2.12

1.000 148.0 281.7 252.9 3.45

0.000 59.2 113.6 101.7 1.58
0.125 60.9 113.6 102.’ 1.49

(1 4° 0.250 66.9 118.5 109.1 1.52
5
’ 

00 0.500 99.8 193.0 172.4 2.33
1.000 156.6 298.1 267.7 3.57

S 

0.000 56.8 118•5 1O~.2 1.37
0.125 56.8 121.8 ~0S.1 1.39

7 ü° 0.250 56.8 141.4 1~ 6.7 1.~~2
0
0 0.500 75.9 175.5 148•O 1.76

-‘ 1.000 119.0 309.0 251.9 3.57

0.000 56.8 118.5 103.2 1. 37
0.125 56.8 121.8 105.1 1 .~ 97 1

0 0.250 56.8 141.4 116.7 1.~ 2
1
0 0.500 76.2 183•2 1~ 2.7 1.81

1.000 133.0 309.0 2~0. 2 3.57
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Case d 0 a a a CEP a
B N x y 0

Ref BW (deg) (m) (m) (m) (deg)

0.000 56.8 118.5 103.2 1.37
0.125 56.8 123.8 106•3 1.36

7 2° 0.250 56.8 143.1 117.7 1.61
2° 0.500 80.1 183.2 155.0 1.90

1.000 113.6 300.5 243.8 3.45

0.000 56.8 124.4 106.7 1.38
0.125 56.8 123.8 106.3 1.34

7 4
0 0.250 56.8 160.1 127.7 1•78

4
0 0.500 83.3 232.4 185.9 2.51

1.000 128.9 308.7 257.6 3.69

0.000 56.8 118.5 103.2 1.34
0.125 56.8 121.8 105.1 1.39

7 10 0.250 56.8 141.4 116•7 1.62
0° 0.500 75.9 175.5 148.0 1.77

1.000 119.0 312.1 253.8 3.69

0.000 56.8 124.4 106.7 1.34
0.125 56.8 123.8 106.3 1.34

7 2° 0.250 56.8 141.4 116.7 1.54
00 0.500 76.2 189.7 156.5 1.78

1.000 113.6 313.2 251.2 3.63

0.000 56.8 124.4 106.7 1.37
0.125 56.8 133.8 112.2 1.34

7 4
0 0.250 61•9 176.0 140.0 1.87

0° 0.500 82.1 214.0 174.3 2.02
1.000 126.8 302.4 252.7 3.67
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