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ABSTRACT

A system has been developed using the Navy Naviga-
tion Satellites to provide azimuth information on a worldwide
basis. This capability is particularly useful in the polar re-
gions where conventional navigation systems based on gyro-
compasses are handicapped by gyro alignment difficulties.
In this newly developed system, two antennas separated by
50 to 100 meters are used as an interferometer array to
measure the phase difference of a satellite signal. Based
on this information, it is possible to determine the azimuth
of the baseline connecting the two receiving antennas.
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FOREWORD

Precision navigation has been a problem ever since
man began to travel into unfamiliar areas. Today the prob-
lem is crucial whether it is related to driving a car on an
unfamiliar road or piloting an airplane across an ocean,
where no markers exist.

The goal of navigation can be simply stated as suc-
cessful travel from an arbitrary location to a desired loca-
tion in an optimal manner. To solve this problem the navi-
gator needs two pieces of information: his current location
and a reference direction. (It is assumed that the navigator
knows the location of his destination and all intervening dis-
turbances.) To be useful, this information should be readily
available over the total area of possible travel.

The reference direction can be defined in terms of
azimuth. Azimuth is an angle referenced to the earth's
spin axis such that an angle of 0° is called north, east is
90° south is 180° and west is 270°.

A solution to the problem of determining a reference
direction will be treated here. The proposed technique uses
the radio signal received from a satellite whose location is
known as a function of time a.ad two nondirectional antennas
used as an interferometer. This system has been demon-
strated using the Navy navigation satellites.

The interferometer method ofters many advantages
over other 'morth secking' techniques. The most common
of these methods are starsighting and north-seeking gyro
compasses. Starsighting systems are weather limited and
primarily useful at night. North-seeking gyro compasses,
on the other hand, overcome the weather and night limitations
but will not self-align in the high latitude polar regions and
are subject to drift errors. The interferometer azimuth de-
termination system overcomes the disadvantages of both of
these methods by allowing measurements on a worldwide
basis, independent of weather or time of day.
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1. INTRODUCTION

THE NAVY NAVIGATION SATELLITE SYSTEM

The Navy Navigation Satellite System (NAVSAT) de-
veloped by The Applied Physics Laboratory for the Depart-
ment of the Navy consists of four or more near-earth satel-
lites in polar orbits, tracking stations, injection staiions, a
computing center, and receiving navigation equipment. This
system employs doppler tracking for both satellite position
determination and navigation. To determine satellite posi-
tion, four tracking stations in precisely known locations ob-
serve the doppler shift of the highly stable radio signals gen-
erated by the satellite transmitter as the satellite passes over
the station. The doppler information allows the computing
center to determine the satellite's position as « function of
time. From this measured positional information, the loca-
tion of the satellite at a future time can be predicted. These
predictions are stored in the memory of the satellite by the
injection station. As the satellite orbits the earth, it contin-
ually transmits its position and precise tiine. By receiving
time and position data from the satellite and observing the
doppler shift in the sateilite signals a navigator can determine
his position.

The Navy navigation satellites are in nominal 600 nmi
circular polar orbits with periods of approximately 105 min-
utes. There are currently five such satellites with approxi-
mately equal angular separations between the orbital planes
(Fig. 1) so that the coverage is fairly evenly spread, pro-
viding reception possibilities appruximately once every 2
hours at the equator and considerably more frequently as lat-
itude incre®ses. Typically the satellite is in view for approx-
imately 15 minutes during each pass.

The ground support system consists of tracking sta-
tions that receive, record, and digitize doppler signals from
the satellites; a computing center ‘hat computes future orbits,
orbital parameters, and time ccrrections; and an injection
station that transmits these new crbital parameters and time
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NAVY NAVIGATION SATELLITE SYSTEM

Fig 1 THE NAVY NAVIGATION SATELLITES IN POLAR ORBIT
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corrections to the satellite. In addition, the U.S. Naval Ob-
servatory recovers the satellite time signals and compares
them with universal time. This information is forwarded to
the computing center for the time correction computations.

Navigation satellite data can be used to aid navigation
systems in a number of ways, such as providing survey bench
marks, or to update the inertial platforms of ships or air-

1 craft. These navigation tasks can be performed on a world-
wide basis regardless of weather.

i THE AZTRAN SYSTEM
1 Aztran, an abbreviation for "azimuth from Transit, "
- is a system that determines north reference from a single
pass of a navigation satellite. The system uses two antennas
g separated by a baseline distance of 30 to 200 meters. Be-
’ cause of the separation of the antennas, there is a transmis-
/| sion path length difference from the antennas to the satellite.

From Fig. 2 it can be seen that the path difference may be
computed from the equation:

Path difference = D * cos (EL) - cos (Az -Az )

5 sat ant”’
When the signals from the two antennas are compared, there
is a phase difference caused by this path length difference:

Phase difference = (27D/X\) *cos (E_ ) cos (Az_ -Az ),
L sat a

nt

where X is the wavelength of the received signal.

As the satellite moves across the sky, there are
changes in the path length difference and the corresponding
phase angle. This phase change is measured between time
A and time B and is equal to:

mD .. g N
9 = D {lcos (E. )cos(Az_ -Az )] -Tcos(E. )cos(Az -Az }
A L ant s

sat B IC at ant)J;\ §
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In this equation (since the observer's and satellite's positions
are known) the only unknowns are D, the antenna separation,
and the antenna baseline azimuth (Az,:). By making repeated
measurements over fixed time intervals during a satellite

pass, the baseline azimuth and antenna separation are deter-
mined.

APPLICATIONS

Possible applications of such a system are numerous.
Accurate azimuth information, easily obtained in the field,
could be used for gun fire control and for mobile missile
field sites. This capability would free the missile crews
from their dependence on presurveyed sites for this informa-
tion and guaran.ee its availability day or night, regardless
of weather. Another possible application is in the alignment
of inertial platforms. Aztran would be particularly useful
in the polar ragions where an inertial platform will not self-
align and must be referenced to an external azimuth source.
Ships at sea and aircraft are other potential users.
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2. THEORY OF OPERATION

ORBIT CALCULATIONS

The Navy navigation satellites transmit a message
containing the predicted Keplerian elements of the satellite’s
orbit in inertial space, and a precise time mark every even
2 minutes. These Keplerian elements are then converted :
into Cartesian earth-centered coordinates, which rotate with
the earth such that a fixed point on the earth has fixed x-y-z ;
coordinates. !

cle (PCA) circumscribing the ellipse. Point O' is the center
of the circle and the ellipse. Point O is at one focus ol the
ellipse which is the origin of the u-v coordinate system and
the geocenter. The distance A is called the semi-major L
and B is called the semi-minor axis. Also:

Consider the ellipse (PSA) shown in Fig. 3 with a cir- ]
1

where € is called the eccentricity of the ellipse and can vary
from O (for a circle) to 1 (for a straight line).

If this ellipse represents the orbit in the u-v plane
then O is the center of the earth and S is the position of the
satellite at some arbitrary time t. The time at which the sat-
ellite is at its lowest point or perigee (point P) is called tp

The angle E as shown in Fig. 3 is called the accentric
anomaly. The mean (average) motion of the satellite is de-

fined as:
o2
B
F where T is the orbital period of the satellite. The mean angu-
lar motion (M) is the average angular motion in radians since

i the last time of perigee:

, - 7-  Preceding page blank
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Therefore, given Ao, €, n, and t,, the u-v coordinates
of the satellite at S can be found as a function of time as fol-

lows:
M(t)=n. (t-tp)
E (t) = M (t) + € sin M (t) .
Then:
u(t) Ao * [cos E(t) - e].
a | A Vi-€ sinE® (1)

Equation (1) would hold true for an unperturbed orbit
about a spherical mass. The orbit of an earth satellite does
not remain in an unperturbed orbit due to variations in the
gravitational field, air drag on the satellite, and the effects
of other solar bodies (primarily the sun and moon). There-
fore, some of the orbital parameters which were treated as
constants must be made functions of time, and cross-plane
terms must be added.

Consider making the u-v plane into a right-hand Car-
tesian coordinate system by the addition of a w axis. Out-
of-plane variations are then solely in this axis.

In the Navy navigation satellite system the semi-major
axis and the eccentric anomaly are treated as func.ions of
time. A cross-plane term, n(t), is also introduced. The

coordinates of the satellite in the u-v-w frame can now be
found as follows, given Ao, LA(t), €, n, tp’ AE(t), and n(t):

M(t) = n(t - t )
p

E(t) = M(t) + € sin M(t) + 2E(t)

A1) = A + 1A(t)
(o]
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u(t) A(t) - [cos E(t) - €.
vi) ] = 1A - V1 - €2 sin Et) (2)
t w(t) n(t)

The u-v-w coordinate system can now be transformed
into an eqrt h- centered nonrotating coordinate system. De-
fine the N'-Y'-Z’ coordinate system as having the origin at
the center of the earth and the positive Z axis pointing north
along the earth's spin axis. The X'-Y’ plane lies in the equa-
torial plane and the positive N’ axis points toward Aires (y).
This coordinate frame is fixed in inertial space.

Figure 4 shows the u-v-w and the X'-Y'-Z’ coordi-
nates. The origins of the two systems coincide and the v
axis lies in the N’-Y ‘plane. The longitude of the ascending
node (Q,) is the angle measured in the equatorial plane from
the po=1t1\e N’ axis to the negative v ax»3. The orbital incli-
nation (i) is the angle measured from ihe positive Z' axis to
the positive w axis. The argument of perigee (w) is the angle
from the ascending node to the point of orbital perigee. .

Given the preceding parameters defining the satellite's

orbit, Eq. (3) is the transformation from the u-v-w coordi-
nate system tothe X'-Y’'-Z’ system:

cosi) -sinti) 0 1 cos(w) -sin(w) 0 u -
2in(Q n=<(C) 0 0 costi) -sin(i) sinfe) cos(w) O] - |

1 0 sin(i)  cos(i) 1 w (3)

/

1 Figure 5 shows the relationship between the ¥-y'-2
coordinate system and the desired X-Y-Z frame which is fixed
with respect to the earth's surface. The origins and Z axis

of the two systems are coincident. w, is the earth's angular
rotation rate. The X-Y plane and the X'-Y’ plane are both
equatorial and rotated by Ay, the Greenwich hour angle. If
the angle B8 is defined as Ag- we (t - tp), then:

[ra—
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Fig.4 THE u-v-w and X'-Y'-2' COORDINATE FRAMES
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Fig.5 THE X'-Y'-Z' AND X-Y-Z COORDINATE FRAMES
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X cos(8) -sin(B) O X
Y'| =|-sin(B) cos(B) 0 Y’
Z 0 0 1 Al | (4)

SATELLITE MESSAGE

During each 2 minute interval a Navy navigation satel-
lite transmits 19 message words used for navigation. The
first 8 are called ephemeral words and conrtain variables for
the 3 past 2 minute intervals, the current interval, and the

next 4 intervals. The variables contained in each ephemeral
are:

tk - the time of the interval,

-\Ek - the variation in the eccentric anomaly,
..Ak - the variation in the semi-major axis, and
nk - the out of plane distance.

The next 11 words received do not change with each 2 minute
interval. They are:

tp - time of satellite perigee,

n - mean motion of the satellite,

w - the argument of perigee at tp'

w - precession rate of perigee,

€ - orbital eccentricity,

Ao - semi-major axis,

Qo - right ascension of ascending node at tp‘

= 18 =
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2 - precession rate of node,

Ci - cosine of the inclination,

>

Si

Figure

sages received trom the satellite. A minimum of three in-
tervals is required to solve the navigation equations for the
latitude and longitude of the observer and the difference in
the frequencies of the satellite and receiver oscillators.
This last quantity is not predictable and must be a variable

of the solution.

be observable for seven or eight 2-minute intervals.

The set
lows, where k
and Tk is the ¢

tl\ . VI k = tp - i

I\Ik =n - tk =

g = + € gi + 4 -

Ek Mk sin Mk Ek

= +

Ak AO _sAk !

r- T ] -
. >
uk Ak (COS Ek )
2

- = ! = g i

Vi Ak 1 sin Ek (5)
[ %%y ' |

Equation (3) is
Eq. (3) and (4)

w

1
£

k o}

o

longitude of Greenwich at tp' and

sine of the inclination.

"
D
o

6 is an example of a sequence of 2 minute mes-

. s e ——

A satellite pass of maximum duration will

of orbital elements is then arranged as fol- 1
represents a 2 minute interval during the pass, |
orrect time at a 2 minute time mark:

then transformed into the X-Y-Z frame using
for each interval where:
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More information concerning the details of the solu-
tion of the navigation equations can be found in Technical
Memorandum TG €19-1, Program Requirements for Two-

Minute Integrated Doppler Satellite Navigation Solution edited
by J. B. Moffett.

AZIMUTH EQUATIONS

In this section the equations arc developed which allow
the determination of the azimuth of a line connecting two an-
tennas. The relative positions of the two antennas can be in-
terpreted in terms of azimuth angle or in earth-fixed coordi-
nates.

Recall the earth fixed X-Y-Z coordinate system from
the previous section where the center of the earth was the or-
igin, the equator lay in the X-Y plane and the Greenwich me-
ridian lay in thr X-Z plane (Fig. 7). If 0 is the geodetic lati-
tude and A is tle geodetic longitude, then:

Re

5 pre= + Ilt} cos © cos \ (6)
l “cos 4 (1-f) sin" ¢

‘ e + Ht} cos 0 sin A (7)

g 2 o
l_cos o+(1-f)25i1124‘>.:% ‘

_‘ Re(l-f)2

. 3 5 2 3 +Htl sing |, (8)
l_oos o+ (1-f)" sin 0]

where (X, Y,, Z,) are the coordinates of the navigator on
the earth's surface whose latitude and longitude are respec-
tively ® and A, Re is the equatorial radius of the earth, [t
is the observer's height above the reference ellipsoid, and
f is the coefficient of flattening of the reference ellipsoid.
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{Xn. Yn, Zp)

-

Fig.7 EARTH-CENTERED CARTESIAN COORDINATE SYSTEM

SLAVE ANTENNA
(Xp+AX, Yo+ AY,2,+A2)

AZIMUTH

]

NAVIGATOR
(Xn, Yn. Zp)

Fig.8 RELATIVE LOCATION OF THE TWO ANTENNAS

- 17 -
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Assume that the position of a satellite is known in the
earth fixed coordinate frame and is (Xg, Yg, Zg). Then the
slant range from satellite to navigator can be expressed as:

*
SR = [ (X -X )2+(Y -Y )2+(Z =&, )2]‘
S n § m S n
= 3 2+ X 2+ zZ 22
et net net v (9)
where
N = (N -Y ), etc.
net S n

Let the second antenna be located at (.'\'n + AX, Yn i AN, Zn
+ 'Z) (Fig. 8), at an azimuth angle 6 from North, and with
an antenna separation D. Then:

2 2. %
=(;.\’2+n' * g~ (10)

The difference in slant range from the sateilite to
the two antennas ( LSR) can then be calculated:

LSR - :[xq-(\n+'.\')j2+[\' * Y, o \)J +[7 (Z % /)]2“’ SR

|

ey ot . 2 2| &
[R5 = &) ] =it s 0E E B - 4
. B RIS ST L B ‘ SR . (11)

Expanding this results in:

2
SR = [SR” - 2(X AX + Y AY + Z LZ)+ 1)2]% -
net net net

9
Neglecting (D7) gives:

)
SR=SR[1 - — (X AN+ Y LY + 2 AZ)]%—
SR2 net net net

- 18 -
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Taking the first term of the binominai expansion gives the

following:
1
2SR = SR - =— (X < .
1'1; SR = SR SR ( it AX Ynet AY + Znet AZ) - SR
, ASR = l (X X+ Y \'Y + Z AZ) (12)
) B A net = net |

The only remaining problem is to determine AX, LY,
and AZ in terms of the antenna separation and azimuth. Let
the antenna separation be D, the azimuth angle be 8, and the
difference in antenna heights above the reference ellipse be
AH.

B i A T e m i

The in-plane distance between the antenna locations

(Dplane) is:

- (0% - st)?
plane

From Figs. 9 and 1) and the preceding definitions, it
can be shown that:

=N = -D (sinv _cos) cosH +sind sin® )+ llcogx cosh (13)
plane n n n n n n n
Y =-D (sinv sinX cos B -cos) sinh )+ _lcosod sinA (14)
plane n n n n n n n
2Z.:= 1D cos® cos B +Apllsino . (15)
plane n n n

These expressions for 4X, 4Y, and AZ can be substi-
tuded back into Eq. (12), giving :

D
SR = }ane AN cos A + Y sinA)sino - 2 cos ¢ jcos B
Sk net net net

+ (X sinA - Y cus A) sin 6}
net net

(5] [P— ; . : 9
- Ll A+ C+ 7
SH - (.\net cos \nm sin A) cos = sin®J (16)
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AH
SLAVE ANTENNA

MASTER ANTENNA

Fig.9 MASTER-SLAVE ANTENNA IN-PLANE GEOMETRY

Y

=

X
Fig. 10 EARTH-REFERENCED MASTER-SLAVE ANTENNA GEOMETRY
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» The path length difference between the two antennas
(ASR) can be expressed in wavelengths as NA, where A is the
wavelength of the fregquency being received and N is the num-

* 1 ber of cycles. If another measurement were taken at a later
time, LSRg = Nzl.

It is not convenient to determine the actual value of
N. Therefore, the change in phase with time is determined
I by measuring the phase change between times t; and tg.
This gives:

—\SRZ = uSRl = (N2 < Nl))\

j The process is repeated far as many time intervals as possi-
2 ble during a satellite pass in a manner similar to the satel-
lite location technique. Using this method, it never becomes
necessary to know the original Nl; knowledge is required of
only the phase differences.

APPLICATIONS
14
There are a variety of solution forms to the problem,
{ depending on what information is known and what is needed,
’ as listed below:
Minimum
| Required
Possible Known Solution Number of
Annlication Variables Variables Intervals
| Directions in earth- None AX, AY, 02 3
fixed coordinates
for aligning D AX, AZ or
navigation platforms &X, £Y or 2
AY, AZ
Azimuth determination  &H Azimuth (8), D 2
AH, D Azimuth (9) 1

- 91 =
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Because the quantities being measured in each inter-
val are not exact, but are corrupted by noise, it is desirable
to obtain more data intervals than required. It will be shown
in a later section how dramatically the results improve with
increasing number of data points.

Assume that one wishes to solve for X, AY, AZ in
earth-fixed coordinates. Also assume that there were a to-
tal of m intervals during which phase changes were measured
and the positions of the satellite at the fiducial marks were
known.

The solution of the problem involves an iterative
least squares fit to the data; therefore, initial estimates of H
2N, 2Y, and _Z are necessary. From these, estimates of
-SR can also be obtained.

To recall Eq. (12):

1 ‘ ]
s L " ...a" + (4 .:. + [
SR SR (\net e net " Znet Z)

Therefore:

~

3 (“SR) _ _ ~ et
3 (:X) SR

3(-SR) _ _ Xnet
3 (4Y) SR

@ (-SR) _ _ Znet
e (-2Z) SR

For the m intervals, a mean square error may be defined by:

m
F{.X,2Y,2Z)= £ [N ) - (28R
k=1 k

, 2
k- =SR]

In order to obtain a least squares fit, it is required that:

- 929 =
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gF o r iy .
3 (AX) d(bY) 3(dz)

To solve these equations, a C matrix may be constructed
from the initial estimates of X, AY, and AZ; the measured
values of N; and known positions of the navigator and satel-
lite:

C(k,1) =N X - (3SR _- LSR_ )

1
3 (ASR). 3 (ASR)
Cik, 2) = amc)k 1 amc)k-1
3(:SR), 3 (4SR),
Ck3) =3G9y " 3060
3(3SR)_ 3 (LSR)
Clk4) = 3T3Zy " 36z

giving a C matrix of the form:

(C(1,1)  C(1,2)  C(1,3)  C(1,4) |
C(2,1) : A
{c}-= 3

cM,1) cM,2)  C(M,3)  C(M,4)]

From the C matrix a new matrix is defined whose terms are:

m
L N LR -
Ai,] k=1 ki kj

where

i=2, 3, 4, and
j=1,2, 3, 4.

This gives three simultaneous equations:

< §8 <
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21
A31+ A

+ . X AY =
A A22 d(.&"\.)+A23 d(L1y) + A24 d(2Z) =0

N ) + LY A =
39 d(aX) A33 d(oY) + A34 d(1Z) =0

A\ e X AV
A42 d(LX) + A43 d(-Y)+ A

41 4d(.-’_Z)=0

4

From these three equations, d(1X), d(1Y), and d(2Z) can be

found.
If a new matrix is defined:
Bi1 7833 %5 Y3 By
Pt - Agg Agq " Ayz Boy
Byy =493 334 7 A33 Aoy
Blo =830 A 44 " Ay Agy
Bog = A0 A44 ™ A4 Aoy
Byg = Agp Agy ~ Agy A9y
Bz =39 A3~ Ayp A33
Byg = fgp Ay3 ~ Ay Ao
Byg = 499 333~ 439 93

and:
B = Agg Byym gy Byy v A, By

then:

(=2, Bz + Agy Byg - Ay By

T — T MRy e ww, pRe——
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The estimates of AX, AY, and 4Z are then updated:

= { +
AXnew A}\old d(8X)
AY =AY + d(AY)
new old
AZ = AZ +d(pa2).
new old

¢ |d(aX)], 'd(aY)|, and |d(AZ)| are all less than a predeter-
mined breakout criterion, then:

AX, .. = AX

fix new
AY .. =AY

fix new
82 . . ENZ

fix new

Otherwise, the new values of 4X, 4Y, and 4Z are used as
improved estimates and the iteration process is repeated un-
til the breakout criterion is satisfied.

Now assume that the antenna separation D is known
by some other method (such as surveying) to a high degree of
accuracy. From the relationship:

D = [(AX)Z + (AY)Z + (AZ)Z:\% X

it can be seen that only two independent variables exist in
this solution. As an example, assume that AY and 4Z will
be found. Then:

2

X = D% - (oY) - (a2t

et

) . 2 2 2.2 ,
ASR = - (}‘net [D”- (aY)"- (0Z2)" J° + Y oo 0¥ *Z . 02
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3(ASR) 1), “net 1)
3()Y) SR | net 32 Gyl (uz)1? ]
3(Z) " TSR | Tnet T 7 9 0k

The Taylor series expansion of F(1Y, 1Z) then becomes:

m 3(ASR, - LSR, )
o, I k k-1
F(aY,; 3Z) = AN - (£S5 = - Y
(¥, 3Z) k_s_=1 [ kk ( Rk qu_l) S CY) d(ZY)
A o {
(SR, _SRk_l)d(V)2 .
e(LZ) 5 i -
and the solution proceeds in a similar manner: j

Ctk,1) = N, - (3SR - 1SR, )

T 3(1SR), : 2(3SR)__,
v a(LY) d(LY) “

3 (<SR), b 3(ASR), _,
3(rZ) d3(2Z)
m

o1 =kz:,1 Cxe Skl

C(k,3) =

where .
i=2, 3, and {

j=1, 2, 3,

A21 + A22 day) + A23 d(pZ) = 0

A31 + A32 d(sY) + A33 d(rzZ) = 0

- 26 -




THE JONNS HOPKINS UNIVERSITY
APPLIED PHYSICS LABORATOR'f

i | SPvacE Lason
¢ i o

31 23 21 33
' d(aY) =
3 ? (Rgg 33 - Agy Ay3)
= _(A21A32'A31A22)
. | LIRS | vy ey vowrw
‘ 22 "33 32 23
4 = +
new AYold a(ay)
q AZnew ) AZold )
If |d(aY)| or |d(aZ)| are greater than the predetermined
] breakout criterion, then the iteration is repeated. Other-
wise,
’ 0Z,. = AZ
: fix new
4 Lﬁfix ) AYnew
‘ 2 2 2 %
A X = a = A
MXp (D™ - (2Y) fix (0Z) fix)

AZIMUTH DETERMINATION

Recalling Eq. (16):

.]
A = - A Y A i + i =
SR [(\net COS A + Ynet sinA) cos ¢ Znet sin @) SR

D
lane .-
+ -p-ane - : . ]
SR tL(I\net cos A + Ynet sin A) sin @ - Znet cos ©J cos 8
+ (X sinA - Y  cosAj sin 6}
net net

P

From the expression for SR, the partials with re-
spect to Dp)ane and 6 can be computed:

L
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3 (LSR) 1 £

—— = — ([(X +Y i -7
X }* 3R H(\net cos \ \net sin y\) st 7net cos Y] cos 6

plane
X = . '
+IN , sin Y, oy €O8 Al sin 8} (17)

d (ASR) ')J)lzme
d (8) SR

. [(x"

{LX sinA - Y cos A} cos 0 L
net net

cos A+ Y ginA) sine¢ - Z cos ) sin 6} . (18)
et net net

If we make the following definition:

C(¥E, 1) = .\*kk - (_SR, - .SR )

k k-1
3 (-
s b = ( SR)k ) a(ASR)k_1 8
' 3 (D ) (D ) g
plane plane
d (L 3 (.S
. ( SR)k ) ( R)k_1
3(8) 3(8) 5
it follows that:
m
g = EC .~C.. =
L5 ki kj -
where |
i=2, 3 i
ji=1, 2,3 .
! Bgyt Agp 4Dy )+ Agg d(8) =0 .
A+ + =
431 \32 d“)plane) A33 d@) =10

Solving for d(D ) and d(8):
plane

C

- 28 -
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o [A A 21 ]
plane [‘\22 ]
4(0) = [‘*21 Agg ~Agy Azz]
[Agy A33 = Azejj
plane new - Dplane old d d(Dplane)
= +
enew eold d(8)

If | d(Dplape)| or [d(6)| are greater than the predeter-
mined breakout criterion, then the iteration is repeated.

Otherwise:

Dplane fix Dplane new

If the antenna separation (D) is known, then the cal-
culation is somewhat simplified and only the azimuth angle is
a variable of solution.

Again from Eq. (18):

3 (ASR) plane .
R I {[X L A cos \] cos 6

-[(X ,cosA+Y _ sin))sino- Z , cos ¢l sin 8}
net net net

The function F is now only dependent on 6:

m
3 (SR, - ASR, )

_ . ) _ k k-1
F(e)-étukx (8SR - LSR_,) Y

d(8)12

The C matrix then becomes:

- 29 -
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C(k,1) = N A - (3SR, - ASR, )

32 3 (:
(:SR), 3 (:SR)

Ck,2) 37" "~

From which:

k=1 Ck22

A2 d(e) =0

Therefore:

d(8) = -Al /A2

The estimate of 6 is then improved:

new 2 9old HaEl)

If |d(@)| is less than the breakout criterion, then
Bsix = Ohews Otherwise the iteration repeated.
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3. HARDWARE DEVELOPMENT AND INITIAL TESTS

INITIAL TEST CONFIGURATION

The initial Aztran tests employed two APL transloca-
tion backpacks as satellite receivers. These units (Fig. 11)
received the 400 MHz satellite signals on antennas separated
by about 50 meters. Both receivers were driven by the same
5 MHz local oscillator to provide phase coherence between
the two 32 kHz in':rmediate frequency outputs.

The phase difference between the two 32 kHz outputs
was measured by the phase comparator. A flip-flop was
turned on by the negative-going zero crossing of one 32 kHz
IF and turned off by the negative-going zero crossing of the
other. The flip-flop's output was then integrated over many
cycles producing an analog voltage proportional to the phase
shift between the IF signals and fed to a strip chart recorder.

Results

A number of satellite passes were received using this
configuration. The phase was recorded on a strip chart and
the 2 minute time marks were superimposed over the phase.
To determine the number of phase counts during a 2 minute
interval, the charted sawtooth wave forms were counted be-
tween the time markers and recorded.

From a survey, the azimuth of the antenna base line
was determined and compared to the computed results. The
errors in various passes are plotted in Fig. 12 against the
number of usable 2 minute data intervals received. As can
be seen, the errors were strongly dependent on the number
of intervals, indicating a great deal of noise in the data.

Many intervals had to be discarded because one or
the other of the receivers would occasionally lose the satel-
lite signal. If this happened for even 1 second then the data
from the entive 2 minute interval had to be discarded. This
initial test configuration demonstrated the system concept:

=31
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Fig. 11 SETUP FOR INITIAL AZTRAN TESTS
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however, it became apparent that if mo~e accuracy were de-
sired, better use would have to be made of the available data.

IMPROVED TEST CONFIGURATION

There were two basic problem areas in the initi:l
test configuration. The first problem was the large amount
of usable data which was being discarded when the receivers
would lose the signal for a short interval. This problem was
minimized by changing the measurement intervals from 2
minutes to 15 seconds. Thus only 15 seconds of data would
be lost if a receiver were to momentarily lose the signal.
Shortening the measurement interval required a knowledge
of the satellite position every 15 seconds instead of every 2
minutes. These coordinates were obtained by a fourth order
Lagrangian interpolation of the 2 minute interval X-Y-Z co-
ordinates.

The second problem involved data reduction. In the
original system, it was necessary to manually read the strip
chart recording and estimate the true phase from the noisy
phase recording. It became desirable to automate the entire
process, which would allow data collection on a 24 hour basis.
To solve this problem, use was made of an available Honey-
well H-21 computer. This is an 8k computer with 18-bit
words which was already interfaced to the APL backpack re-
ceiver to perform the navigation calculations.

A different phase comparator was built that gave a
digital measure of the phase difference in the signal. On
command from the computer, one counter would count the
number of 1J MHz clock pulses occurring in one complete
cycle of one of the 32 kiiz IF outputs. Another counter would

! simu'taneously count the number of 10 MHz clock pulses oc-
- curring between negative-going zero crossings of the two IF
i nutputs. These two counts were transferred to the computer
and a ratio of them taken giving the percentage phase delay
b | to an accuracy of about 2°.

{ The computer sampled the phase up to 100 times per
second and then fed these samples through a second order

- 34 -
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digital filter. The filter predicted the next phase measure-
ment and the error in the prediction was used to generate a
correlation value. When a significant difference between the
measured and predicted phase appeared, it was assumed that
one or both of the receivers had lost the signal and the par-
ticular data interval was disregarded.

The value of the filter's output was stored every 15
seconds and used in the Aztran calculations. Figure 13 is
a flow chart of the steps involved in generating the filtered
phase output.

During a satellite pass the computer stores the satel-
lite message and the doppler counts used for navigation. Si-
multaneously the computer digitally filters the measured
phase and stores the output of the filter every 15 seconds.

At the conclusion of the satellite pass, the computer executes
the navigation calculations and prints the results. The stored
values from the digital filter for every 15 seconds during the
pass and the satellite's N-Y-Z coordinates are then punched
on paper tape for later processing. When a roll of paper tape
is accumulated (usually in about 3 days), it is transferred to
magnetic tape and used as an input to the Aztran calculations
program. This PL/I program (listed in Appendix ) computes
the azimuth and separation, or just the azimuth if the antenna
separation is known.

Figure 14 shows Aztran equipment installed in a van.
On the left is the teletype that prints the results from the
computer, which is to it right. In the equipment rack (top
to bottom) are the phase measuring interface, paper tape
reader and punch, and one of the two satellite receivers.
On the table to the right is a strip chart recorder and the
second receiver.

SRS

FFigure 15 is a photo of one of the two .\ztran antennas.
& It is o 10 foot tall volute wound for 400 \MIlz. This antenna
; was designed to have uniform coverage in the upper hemi-
sphere and aitenuate sharply any reflections from below the
horizon in order to reduce phase errors.

oduced |
m luilou:? s
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Fig. 15 AZTRAN-VOLUTE ANTENNA
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Results

Tests were run using the improved test configuration
for various filter parameters listed in Fig. 13. From the
tests, it was determined that the following appeared to be
optimum values:

i K =0.8
; v

4 K =0.03 ,
% p

with a sample rate of 12 samples per second.

i With these values fixed, groups of passes were re-

b -4 ceived and analyzed for different values of the constant

,1 FSHIFT. Table 1 lists the results. In part A, it can be seen

: that the rms error in azimuth and separation is fairly con-
stant for values of FSHIFT less than 9. In this calculation,
azimuth and separation were both variables of the solution.
In the azimuth solution, one of the groups of passes was ana-

; lyzed solving only for azimuth. The separation was deter-

a mined by a survey. The rms error in this instance was
about half that obtained in the azimuth and separation solu-

’r‘ tion. This again indicates that there is a great deal of noise

Al in the data since mest of these passes had six or seven good
2 minute intervals.

s BO -
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Tl e e




THE JOHNS HOPKINS UNIVERSITY
APPLIED PHYSICS LABORATORY

SILVER SPRING MARYLAND

Table 1

Results of Computer Filtered
Aztran Passes

AZIMUTH AND SEPARATION SOLUTION

F FSHIFT Antenna Azimuth |Antenna Separation Number of
| (meters) Passes
E Mean rms Mean rms
6 73° 0.316' | 1.63" 51.899( 0.072 6
‘ 7 73°,0.094' [ 1.64' | 51.846] 0.115 9
. 8 739 0.463'| 1.69" 51,868 0.099 16
o 3% 1.907" | 8. 834" 51.829] 0.214 13

AZIMUTH SOLUTION

FSHIFT | Antenna Azimuth Number of
Passes
Mean rms
8 73° 0,705 0.88! 17

- 40 -
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4. CONCLUSIONS

"

The tests run to data have given very encouraging
initial results. The theory and system concept have been
proven to be practical. If the system errors can be further
reduced to about 20" of arc (a factor of three improvement),
then the system can compete with north- seeking gyro com-
passes in the equatorial and mid-latitude regions.

Multipath errors from ground reflections and track-
ing filter errors appears to be the dominant problems. An
error analysis of the Aztran system (Appendix B) indicates
that improved accuracies should be achievable if the phase
measurement errors can be brought under control and the
antenna separation accurately measured. As the System
exists, without improvements, it is still an unique tool for
polar navigation offering the only true all weather azimuth

measuring system which exhibits no singularities at or near
the poles.
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Appendix A

AZTRAN COMPUTER PROGRAM

The following is a listing of the PL/I program used
to solve for antenna azimuth and separation. The inputs to
the program include navigator's position, satellite position
as a function of time, estimates of azimuth and antenna sep-
aration, and the measurements of phase change during the
satellite pass.
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PL/T CPTINIZING COMPILER AZTRAN: PROCEDURE OPTIONS (NAIN) BREORCR ;

SOURCE LISTING

STAT LEVY NT

IAZTRAN: PROCEDURE CPTIONS (MAIN( RECRDER:
(Vad AZTRAN NAVIGATION PRCGRANS/

0 |

|

2 1 0 | DCL (ONSOURCE,ONCHAR| BUILTIN; |

3 1 0 IDCL(XNE1(O:64( ,YNET(0:64|,ZNET(0:64)| FLCAT(15) ; |

4 1 0 |IDCL(XS(C:b4|,YS(D:€U),25(0:64|| FLCAT(15(; |

) 1 0 (DCL(SR(0:64| ,DSR(0O:64| ,DSFD(0:64|,DSRAZ(0:6U1) FLOAT(1%); |

6 1 0 IDCL(C(0:63,3 ,A(2:3,3(1 PLOAT(1S); |

7 1 0 |DCL(IN,YIN,ZN,BLATN,BLONG,E,!,G) FELCAT(15I: |

8 1 0 |DCL PHASE(0:63|,TEST(0:61),D(0:63) ,DEL(0:63| ; |

9 1 0 IDCL (DA(7%( ,TI(751 ,AZID(75| ,AZIR(75)) INIT(O); |

10 1 0 (DCL (SEE(7S|,INT(751,AZIND(75),AZIAN(751) INIT(O); |
11 1 0 IDCL WOGCOD CHAR(B0| ,BAD CHAR (J(; )
12 1 0 DCL (AZ,AZACT,AZD,AZER,AZEST,CACT,LAZ) ELOAT (15); |
13 1 0 |DCL (DCPLAN,DELTH, CEST,DPLAN,P,HT, R, RE, WAVE) PLOAT(1Y) " |
| /° L¥4 |

14 1.0 RE=6178140; /SEARTH'S R°JIUS IN REIE.Se/ (
15 1 0 | NAVEs, 74948234 /OUAY_  <«GTH AT GWOONHZ, ‘NETEES) ¢/ |
16 1. 0 r=0,003353229; /®EARTH'L COEZPPICIENT OF PLATIENING®/ |
17 10 BREAK=.0001; /®BREAKCUT LINITe, |
19 1.0 | pP=1; /® PASS NUNBER®/ |
| /° s/ |

19 1 O |ON ENDPILE(TAPEY| EBEGIN; 1
20 2 0 PUT SKIP LIST('END CF PILE'); |
21 2 0 GC TO ND; )
22 2 0 END: |
23 1 0 |ON CCNYERSICN BEGIM; |
24 2 0 ¢ PUT SKIP LIST(ONCHAR,CNSOURCE); |
25 2 0 pC I=1 TO 10; |
26 2 1 GET PILE(TAFEV| SKIP EDIT(NOGOOL) (A (80)); )
27 2 1 1 PUT SKIP LIST(NOGCOO| ; |
28 2 1 END; |
29 2 0 | BLANK=0; |
30 2 0 ¢ GO T0 LCAD; |
31 2 0 | END; |
| VAd ./ |

| VAd L4 |

32 1 € GET LIST(AZACT,AZEST,DACT,DEST,DELTHI|; |
| /®AZACT=SURVEYED AZINUTH,USE O IP UNKNCUNe/ |

| /OAZEST=ESTIAATEC AZINUTH®/ |

|  /®AZACT € AZEST IN DEGREES AND PRACTICNS®/ |

| /DACT=SURVEYED SEPARATION, USE O IP UNKNONN®/ |

| /ODESTsESTINATEL SEPARATICN®/ )

( /®DELTH=HT OF SEROTE ANTENNA ABOVE AASTEZR®/ |

( /®ALL CISTAMCES IN AETERSS/ |

( /° 74 )

33 1 0 (GET LIST(BLATN,BuLOBG,HT); |
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PL/T OPTIAIZING COMPILE®R AZTRAN: PROCECURE OPTIONS (MAIN) REORDER;

STNT LEV BT

/®BLATN=SURVEYZL LATITUDE IN DEGREES OF MASTER ANTe/
/°*BLCNG=SURVEYEL LONGITUDE IN DEGREES CP MASTER ANT®/
/°HT=HT IN RETEES OF MASTER ANT ABOVI GEOID®/

6u 1 0 100 I=0 10 56;
65 1 1 {GET FILE(TAPEY| SKIP EDIT(PHASB(I) (D(I)I (P(7),R(II,F(6.)}
66 1 1 |ENC;
| /*SCALE EHASE®/
67 1 O (PHASP=PHASE/1000;

| |
| |
| |
Ju 1 0 GET LIST(THRESH|; |
i ’° o/ |
35 1 0 ({BESTART: X5:0; |
36 1 0 1 15:0; |
3 1.0 25:0; |
38 1 0 IAE=9; |
39 1.0 | BLANK:=0; |
| /° ¢/ |
i /®ROUTINE TO SEAW™H POR START OPF PASS ON NAG TAPEZS/ |
t /° o/ |
] (Y] 1 0 {LOAD:z GET PILE(TAFE1| EDIT(EAC) (A(N): | .
u1 L | IP SUBSTR (BAD,1,1]=* ' THEN DO; |
42 L BLANK=ELAVKe1; |
43 11 GET PILE(TAPE1| SKIP (1| : |
uu 11 GC 10 LOAD; |
4s 1 1 END; |
46 10 i ELSE DO; |
47 1 1 IF BLANK>T THEN DO; |
] 48 1 2 DDAY=BAD; |
49 v 2, @ GET PILE(TAPEY EOIT(TTIME) (X(3),F(4)); |
$0 1 2 BLANK=0; |
51 1 B2 1 GO 10 OK; | -

52 12 END; |
53 11 ELSF DO; |
sy V.2 | BLANK=0; |
55 1 2 GET PILE(TAPEY| SKIP(1); 1
56 12 GC TO LOAD: |
$7 1 7 END; |
58 1 1 END; |

59 1 0 10K: CA(PI=CDAY; | -
60 1.0 TI(FI =1TIAE; |
| /* L4 |
| /® READ IN THE XYZSey |
| lAd L4 |
61 1 1D0 I=0 TD 56 BY B; |
62 11 GET FILE(TAPE1| SKIP EDIT(XS(I| ,YS(I|,25(I)) |
| (E(13,8) ,X(3) JE(13,80,X(31 ,E(13,681); |
63 1 1 |END; |
t /° o/ |
{ /®READ PHASE AM({ CORBELATION®,/ |
| /° o/ |
|
|
|
|




it

-

68
69
70
N

72
73
T4
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17
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PL/I CPTIRIZING COAMPILER

STAT LEV T

OOOO N NMINa O OO

o000 [-X-X-]

-t st 2O

[-X-R=X-]

AZTRAN: PNOCEDURE OPTIONS (NAIN REORDE";

i  /SSEARCH POR LAST STORED PHASE INTERVAL (=DD)e/

IDO 1263 TC 0 BY -1;

1 17 DII)>D THEN GO TO D1Y;

IEND;

IDY: DD=8®TRUNC(I/8);
/° A4

| /¢PINBD GCOD PHASE INTERVALS AND CCAPUTE DIFPERENCESS/

i /° L 74

IDO I=DD TO 2 BY -1;

i I? (CII)>THRESH|D(I)=0| THEN DO;

| PHASE (1] =999;

| ZAP=ZAP*1;

| END;

| BLSE PHASE(I)| =2 #ASE(I- 1) ~FHASE(I) ;

| IF AES|PHASE(I'|>15 THEN PHASE(1)=999;

|ENC;

IPHASE|0) =999;

IPHASE(1)=999;

IIF DC-ZAP<2C THEN GO TO ENDD;

IINTIP| =CC-ZAP;

| /° 174

|  /CINTERPOLATE FROM 2 MIN INTERVALS TC 15 SBC INTEZGVaLS*/

i /° L 74

{CALL INTERP XS, DD);

ICALL INTEFPIYS, LL);

ICALL INTERP|ZS, DD);
/‘ [ ]

1 /®CCPEUTE NAVIGATOR®'S POSITICN®/

| £ &y

| R=RE/SCRT(COSD (BLATN)®®2¢ (1) ¢020SIND (BLATN)*92);

{IN= (RO¢HT) *COSL (BLATN| *COSD(BLCNG) ;

|YR= (RO HT) ®CCSD (BLATN| *SIND (BLONG) ;

1ZU= |8% |1-F| ®®2+HTV oSIND (BLATN) ;

/’® L4
/®COPEUTE SLANI RANGESS/
/® s/

00 k=0 1C DC;

INET (K| =XS|K| =XN;

INET|K)=YS(K| =TK;

IWET (K| *ZS(K)=2N;

SR(K) =SQORT (INET (K) @24 YNET (K) *®24 ZNET (K)**2) ;
END;

/’° */
/°CORPUTE THEONITICAL EHASES/
/¢ L4
1DEL=D;
ITEST=0;

|IP AZACT=0 THEN GC TO 221;
1IFP CACT=0 THEN GO TO 221;
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PL/T C2TIAIZING CORPILER

STAT LEY NT

101
102

103
1Cu

106
107
108
1C9
110
ARD ]
112
113
14

116
17

118
119
120
121
122
12)

124
125

126
127
128
129
130

11
132

- s s

oo

-0

oo o -t et OO s s - -

—ed - b 2 O

SConooo

- O

IDPLAN=SCRT ([ACT®®2-DELTH®®2) ;
1AZ=AZACT;

| /* ¢/
| /®CORFUTE PARTIALSe/
75 ./

[
DC k=0 T0 IC;

E== (INET |K)*COSC(BLONG) ¢ YNET (K) ®SIND (BLONG)) *SIND (b ATN)

¢ /NET (K) ®CCSD(RLATN) ;

¢INETIK) *SIND(ELATN)) ;
7=~ KNET (R)®SIND (BLCNG) *YNET (K) *COSD(BLONG) ;

|

|

|

| W ( (XNET (K)*CCS  (BLONG) sYNET (K) ®SIND (ELONG)) ¢COSD (BLATH)
[

[

[

LSA (K) DPLAN® {E£®COSD(AZ) *GOSIND(AZ)) /SR{K) ¢HSDELTH/SR(K) }

1END;

ITEST (D(=999;

iCO k=1 10 OL;

| T"ST(K) = (DSR(K-1) ~DSR(K)) /WAVE;
| CEL (K| ~PHASE(K) -TEST(K) ;

| “F PHASE (K| ®999 THEN DEL (K)=0;
1LND;
| . e/

1221: PUT SKIP EDIT('DAY ',DDAY,’
TOAGFUIC oA FIU) ,A);
IPUT SKIF(D)
IPUT SKIF tLST(' K XS YS
| T.PHASE DELTA PHASE CORRELATICN
I0C K=0 1C DL;
| 21= SYRT (XN®e2eYNGO24ZN002) ;
22=SORT(XS (K| ®®20Y5(K)®02e25(K)*®2);
232 (22000-71002-SE(K)®02)/ (s%21°5B(K)) ;
EL=ATANC(22/SQRT)1-23%¢2)) ;

TInE *,TTINE, 'GAT’

ELEVY);

AZTRAN: PROCEDURE OPTIONS (AAIN) REORLED;

)

S

. PHASE

(P(2) B (14,2) (P (14,2) P (16,2) ,F(11,4),1(3) ,P(B,4),X(%),P(8,4),

|

)

|

IPUT SKIF EDIT(K,X¥S (K),YS(K),2ZS(K),PHASE (K),TEST (K),DEL K),D (K) ,EL)
[

[

K(8),P(8), (), ¥(5,M) )3

(ENC;

(PUT PAGE;

{ ’° Wt

| ’® 87,

( /®SOLVE FOR AZTFUTH AND SEFARATION®/
{ /’° e/

1PUT LIST('AZIAUTH AND ANTENNA SEPARATION ITENATION');

1PUT SKIE(3);

IAZ=AZEST:
{OPLAN=SCRT(CESTO®2-LELTHe#2) ;
11=0;

| /® 174

) /®COAPUTE PARTIALS®/

{ /° L7

| START: 0O K=0 10 0D;

|

Re= (IMET (K) *COSD(BLONG) ¢ YNET (K) *SIND (BLONG) ) *SIND (B.ATNH)
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PL/1 OPTIBIZING COBPILER BZTRAN: PRCCELCURE OPTIONS (NAIN) REOBLE";
STHT LIV MT
| ¢ZNET (K) *CCSD (BLATN) §
1) 1 1 ] H'((lNET(K)‘COSD(BLONG)OINBT (K)‘SIND(!LOIG))‘COSD(B' ATH)
\ ¢INET(K) *SIND(BLATN));
136 1 1 | G==XNET(K)®SIND (BLONG) ¢YNET (K) *COSD(BLONG) ;
138 1 1 | CSRD(K) = {E®COSD (A2) *GeSIND(AZ)) /SR(K) ;
' 136 1 1 | DSRAZ{K: -DN.AI‘(-B‘SIND(AZ)OG‘COSD(AZH/SR(K):
137 1 1 i DSR {K> sDELAN® {Z*COSD (A2) OG‘SIND(AZ))/SI(K)OH‘DILTI/SI(K) H
138 1 1 jEND;
| /* o/
] /®COREFUTE C WNALRIX®/
| /7 o/
139 1 0 1a=0;
140 1 0 icsC;
w1 1 0 b0 K=0 10 DD-1;
12 1 1 |IP PHASEIR¢1)=999 THEN GO TO OUT;
143 1 1 ICIK,H-FHAS!(KO‘I)‘IAVBODSR(l01) -DSR(K):
1uu 1 1 IC(K,ZD=ISMZ(K01)-ESMZ(K);
145 1 1 JC(K,3) *CSAD §K*1) =DSRD Ik} ;
16 1 1 | CO mM=2TO 3
wr 1 2 pc J=1 TO J3;
14R 1 3 ] A(H.J)ll(H,J)’C(K,H)‘C(K,J);
149 1 k| END;
150 1 2 1 END;
15¢ 1 1 |OoUT: ENL:
| /° 7
{  /°CCEPUTE AND TEST RESIDUALS®/
| ’° o/
152 1 0 IDAZ=(A(2,31 A0, 1) =A(2,11%A(3,3))/(A(2,2)°0(3,3)=M{2,3)*A (3, Q));
153 1 0 |DAZ=ST ° T8epAZ;
15 1 0 jDDP®/ SO (2,2 =R (2,11 (3,2)) /(A (2,3)*A(3, ) =M (Z,2*0 (3,30
155 1 0 D@’ +DDPLAS;
156 1 0 1AZ=a.
157 1 0 (I=Ie13
158 1 0 jIP I>2D THEN GO TO ENDD; /¢TOC NANY ITEBATIONS®/
159 1 0 JIP ABS(LAZI>FREAK 1HEN GO TO STARTS
160 1 0 IF ABSILOFLAN)D>O0.Y THEM GC TC START;
[ /° o/
161 1 0 |1SIGHNA=0;
92 1 0 jDDE=CD;
153 1 0 (PUT EDIT('F RESIDUAL ITERATION NORB.N',Z) (A,P(J)):
164 1 0 DO K=0 10 Di=1;
165 1 1 {(PUT SKIP EDIT(R,C(K,1)) {P(2),X(5),P(18,8));
166 1 1 i SIGHASSIGNA® (C(K,1)) **2;
167 1 1 IP CIK,1)*0 THEW PDC=DDD-13
168 1 1 IENWD;
19 1 0 {SIGNA=SQNT(SIGEA/DDD)
170 1 0 {PUT SKIP(d);
171 1 0 |AZD*TRUSCIAD);
172 1 0 |AZID(P)*AZD;
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PL/1 CFTIBIZING CCMPILER AZTRAN: PROCEDURE OPTIONS (MAIN) BEGRLEK;

STIAT LEV B7

SUNETIR) o CSDYBLATIN] ;

H* | {XNETIK) ®CCSL(PLONG) ¢YNET |K) *S INC (ELONG)) ¢COSD (BLATH)
SINET IK) *SIND |BLATN) | *OELTH/LPLAN;

Ge-XNET|K) ®*SINU |BLONG) sYNET|K)®CCSO(BLONG);

OSFAZIK) *DFLAN® |=E®SINC(AZ| 9G*CCSLIAZ))/SH(K);

DSR IK) *DFLAN® |HOE®COSD |AZ) *G*SIND |AZ) ) /SR(K) ;

173 1 0 |AZM:=€7*ADS|AZ-AZD) ; {
174 1 0 JAZIM|P)-A2Y; |
175 V0 |PUT SKIF EDIT|'AZIPUTH ',AL,* DIG ,AZN,Y AIBY, |
1 I EL, A F)T,4) ,4) |

176 1 0 IPUT SKIF EDIT|*SEPARATICN ', SQRT (CPLAN®® 24DELTH®®2),* REIZRS?) |
| LA, EI2,30,A05 {

177 1 0 ISEENE) =SCRTIDPLAN®®20DELTHO®2) ; 1
174 1 0 IPUT SYIF; 1
! 179 1 C IiF AZACT:D THEN GO TO 222; 1
13D 1 0 |AZIRTAI®(AZACTI-AZ); 1
181 ¥ 0 )PUT SKIP EDITI'AZIMUTH ERKOR CLAZER, BINY) (AP (9,7) ,4); 1
182 1 0 §1222:!F LACT:=0 THEA GO TO 227; |
18) 1 0 |PUT SAIF EOIT|'SEP. ERROR ' CACT-SCRT (CPLAN®®24DELTHe® ) ,* NZTERS®) |
1 1A FIT, 00,00 1

| /e °/ 1

1 /*TEST POR 3 SIGMA RESIDUALS®/ 1

1 /° L7 |

184 10 g2 Ja=C; 1
165 1 € ICO K°92 3C 2C-9; {
186 1 % IIF AESICIK,1)|>3°SIGMA THEN DO 1
187 1 FHASEIR® 1) »999; 1
188 1 2 Jd:=JJe1; 1
| 149 12 JENL; ]
190 1% JEND 1
194 1 0 JPUT SKIF EDIT|*) SIGAA STRIP=*,30SIGRA) (A,F(6,4)); |
192 1 0 JPUT SKIfI2: !
193 T G 11P JJ>) THEN GO 10 START; 1
' 194 1 0 1IP CACT-0 THEN GO 10 TALLY; 1
195 Y 6 J7UT PAGE; 1
1 ’° o/ {

1 /° o/ {

| /®AZINUTH ITERATICN,RUST KNOW DACT®/ {

| VAJ o/ 1

196 1 0 JAZIT: PUT SKIP LIST|'AZIMUTH ITERATICN'); |
197 1 0 I1:0: !
198 1 0 |PUT SKIF(4); |
199 1 0 DPLAN-5.FT|LACT®@2-DLLTH®® | ; 1
200 1 0 1AZ=AZEST, |
1 /° o/ {

| /¢CORPUTE PARTLALS®/ {

1 /e o/ (

M Y 0 IBEGIN: [0 K:2 10 DL; (
202 LI B E== |XNET |K}@CCTL|DLONG| 9YNET |K) ®SIND (ELONG)) *SIND (B: ATN) i
]

{

{

{

|

|

~
[=]
&
-
-
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PL/I CPTIBIZIRG CCHPILEK AITRAN: PROCEDURER OPTIORS (BAIN BREORERI;

SIAT LEV BT

207 T v |DSR(KI=CPLAN®(ReBOCOSD(AZ) *G*SIRD(AZ))/SR(K);
208 T v IEND;

|

|

| ’° o/ |
| /SCCREUTE C MATRIX®/ |
| /¢ L7 |
209 Y 0 |A=0; )
20 v 0 IC=0; |
1 2% Y 0 DO K:0 10 DCL=-1; . |
i 212 % 1 |IP PHASEIK®1):999 THEN GO TO OUTT; \
¥ 213 % Y |CU(K, 1) *EHASE(K*%) *RAVE*DSR (K* 1) -DSR (K) ; |
218 %V |C(K,2)sLSFA2(Ke1)~CSRAZ (K); |
215 Y 1 1AL, 1) =A(I, N C (K, VIOC (K, 20 s |
216 %V 1A(Z,202A(2,2) ¢C(K,2)¢%2; |
297 % Y |OU1TT: EMD: |
| /° L7 |
|  /SCOPFUTE ARD TEST KESIDUALS®/ |
1 | ’° , %/ |
3 218 1 0 |DAZ=+57,295780A(2,Y)/A(2,2); |
| 219 1 0 |AZ=AZelAZ; |
220 Y 0 |I=IeV; |
22% %Y 0 |IF I>20 THEN GO TV TALLY; |
222 Y O (1P ABS(CAZ)>BREAK THZN GO TO EEGIR; |
| ’° LY |
i 223 Y 0 |SIGWNA=0; |
26 Y 0 100D=DD: |
225 Y O |PUT SKIP(M: |
226 % 0 | PUT EDIT(K BESIDUAL ITERATIOR WURLER®,I) (A, 2 (D)) |
227 % 0 DO K=0 10 DD-9; |
228 Y 1 |PUT SKIF EDIT(R,C(R, M) (P(2),X(5),P(14,8)); )
229 v v SIGRA=SIGHA® (C(K,V))®®2; |
230 v v IP C(K,1)*0 THEZR DDDaDDL~1; )
23 Y %Y IENC; |
4 232 Y 0 |SICHMA=SCR1(SIGMA/NLD); \
i 2)3 Y 0 \PUT SKIEI2); |
§ 238 Y 0 |AZC=TRUNC(AZl: |
5 235 Y 0 IAZIND(F):=AZL; |
| 216 1T C IAZN-60%ABS(AZ-AZD); |
3 237 Y O |AZIRM(P|=AZN; |
i 218 Y G IAZER60®(AZACT=AZ, ; |
239 Y 0 (PUT SKIP EDIT(*AZIMNUTH ',A2L,' DEG ', AZH," AIRY) \

| (AP0 4,2 (7,8),0); |

5 280 Y O TP AZACT:0 THEN GO TO 228 )
4 289 % O |PUT SKIP EDIT(®AZINUTH ERBOR CLATER,' NIR') (AP (9,8),A); |
-4 | Vad 0/ |
F | /°TIST POR ) SIGMA BESIDUALSS/ )
# | /9 o I
202 Y 0 1228: JJ=0; |

203 % C |DO K0 T0 DD-%; |

288 1YV | IP ABS(C(K,1))>IeSIGMA THER DO; )
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PL/1 CPTIMIZING COMPILER AITRAN: PROCEDUSE OPTICNS (MAIB RECRCER;
STAT LEZV aT
:
WS 1 2 | PHASE(Ke1) =999,
4b 1" 2 RREN SIS I
67 1 I |ENC:
JUR 1 1 JEND,;
<49 1 o] |PUT SKIP EDIT('I SIGHMA STRIE**,3¢SIGMA| (A,P(6,4));
250 1 G |PUT SKIE(II;
<51 1 [ IIF JJ>C THEN wC TC PEGIN;
52 1 ¢ JTALLY: popen;
250 1 0 4IF £>75 THEN P=75;
25 1 0 |ENCL: PUT PAGE:
255 1 0 GO TO RESTAFT;
] i /° LV
1 ’° '/
| /®LAGRANGIAN INTEFPOLATION ROUTINES/
] /*THE CRDER CF INTERPOLATICN VARIES WITH THE NUABER OF INTERYALS®/
) /° o
254 1 C ITNTERP: PROCEDURE(ARKAY, CC) PECBDER;
2517 2 ¢ |OCL ARRAY(0:64| FLCAT(15) CCNNECTECL;
258 2 0 | DO M=0 TO CC-d BY 8;
5% 2 1 | CC K=ms1 70 Me7,
M0 2 I IF W>R THEN L:=M-8;
PR 20 R ] IF M>CC-16 THEN {=CC=24;
2 2 2 IF MI16 THEK L=0;
PR < 3 ] DO I=L TO LeZ4 BY 8,
Jtu P | TERM=1;
1 52 3 1P IsL THEN DC;
me 2 4 | DO J=1+8 TC Le2u BY 8;
WA 2, 50 TERW=TERA® (K-J)/ (1-J) ;
JFR 2 3 ] END;
B2 Wy END;
i 2 3 ELSE DO,
277 2 4 DO J=L TC I-8 BY 8,1¢8 TO Le24 oY 8;
272 2 5 ] TERM=TERM® (K=J)/ (1-J) ;
7302 s END;
274 2 U ] END;
275 2! 3 ] ARRAY (K) =ARFAY (K) *TERM®ARRAY (1) ;
16 P 3 ] END;
1 2 12 | END;
279 2 v | END;
2719 2 o +CNC INTERP;
2R0 * w  IND: TUT PAGE:
Rt 1 [o} ICN EFACEF SYSTEM;
A2 1 0 |PUT EDIT('LAT °*,BLAIN,*LON * ,ELONG,*HT *,HT|
k1 i (A, F(9,8) X150, 0, F (9,40 X(3),0,E(7,2));
| 2913 1 C |PUT SKIF EDIT(*AZACT *,AZACT,'DACT *,DACT,*DHR *,DELTH)
| (A B(9,9), 0050 oA, P (7,20 ,K(501,A,P(7,3));
284 1 [} ] PUT SKIP EDIT(*THRESH °*,TRRESH) (A, P(5));
285 1 0 |PUT SKIF(Zl;:
r 286 1 [} {PUT SKIF EDIT(*DAY TIing INT AZIROTH SEPARATION AZIAUTH

Y
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PL/T OPTINIZING COAPILEN

STAT LEV NT

207
280
289
290

an
292

- b b b

- s

-000

(-2~

AZTRAN: PROCEDUNE OPTIONS (MAIN) REONDEA;

1ONLY?( (b);

(PUT SKIP EDIT('DEG AIN',*OETERS',*DEG WIN') (X(19) A,X("3),4,X(7),4)}
IPUT SKIF(2);

{DO I=1 T0 P~

IPUT SKIP EDIT(OA(T(,TIAL{ LNT (L ,AZID(I( ,ARIN(I),SEP(I),ASIND(I),
IAZIRB(I() AP (30 PUT) L PU6{ 4P (T{, PO, 8(,P(11,3),P(9(,P(0,4));

{END;

(PIZ01: XND A2TNAN;
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Appendix B

AZTRAN ERROR MODEL

SUMMARY

A mathematical error model of the Aztran system has
: been developed to study the limiting accuracies of the system.
Reasonable measurement uncertainties were selected, and
used as inputs to the model. Based on these uncertainties,
a 50 meter baseline system should be able to achieve an ac-
curacy of about 50" to 60" of arc rms and a 100 meter base-
line system should approach 25" of arc rms in the mid lati-
tudes. The values vary somewhat with the azimuth angle of
the antenna and the pass geometry.

Uncertainties of 20 meters rms in latitude and longi-
tude and 4 meters in height were used for the navigator's po-
sition. This degree of accuracy is obtainable by averaging
a small group of refraction corrected passes. The error in
the navigator's position contributes almost nothing to the
total system error and could be 10 to 100 times greater in
magnitude before it approached the value of some of the other
errors.

An rms value of 8 meters in positional uncertainty
was assumed for the satellite in each of the three Cartesian
coordinates at any one fiducial mark. This value of 8 meters
is combined sa.ellite orbit prediction error and H-21 com-
puter conversion error from Keplerian to Cartesian ele-
ments. No error correlation was assumed from measure-
ment to measurement. The position errors contribute little
to the system error and could be as much as a factor of 10
larger before they would begin to become significant.

Two diffeient pairs of uncertainties were used for
estimates of the antenna separation and height difference.
For the first pair 3 cm and 1 cm were used, respectively.
At this measurement accuracy, these uncertainties tended
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to be the dominant error source for a 100 meter baseline
system.

The second set of uncertainties were 1 cm in separa-
tion and 0.5 cm in height difference. These values require
considerably more precise measurement techniques but are
still feasible. In this case the antenna measurement errors
were significant for a 50 meter baseline system, however in
a 100 meter baseline system the dominant error source was
the phase ~1easurement error.

In the current Aztran system the phase is sampled
100 times per second by the computer in a second order dig-
ital filter. The maximum phase frequency being followed is
about 1 Hz. Sources of phase error are jitter in the receiver
phase-locked loops, multipath reflections, and sampling error.
A value of 0.01 cycle of phase error was selected as the rms
measurement error. This is not to imply an error of 0,01
cycle per phase sample, but that the smoothed output from
the digital filter (which is stored every 15 seconds) will have
this rms error. Due to the high sampling rate (1500 samples
between stored values), the error from stored value to stored
value was assumed to be uncorrelated.

wi
The second section is a development of the equations

used in the error model and the final section discusses the
results of the model in more detail and their implications. -

e

ERROR ANALYSIS EQUATIONS

In the Aztran system, a signal path length difference
exists between the two antennas. This difference is deter-
mined by measuring the phase difference in the two received
signals:

LSR = N2, (B-1)

where:
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ASR is the slant range difference,
N is the number of wavelengths, and

A is the wavelength of the received signal.
Recalling Eq. (12) of this report:
ASR = (X-AX + Y'AY + Z:4Z), (B-2)

where, in Cartesian coordinates:

& = Xsatellite -xnavigator } Xs ) Xn
¥ E Ysatellite -Ynavigator ) Ys ) Yn
= Zsatellite ) Znavigator : Zs ) Zn
From Eq. (10) of this report:
D = (1.\.X2 + AY2 + Azz% . (B-3)

where:

D = the antenna separation and
2
D =/D%- @’ .
plane

From Egs. (13) through (15) of this report:

X =-D [(sin¢ cosA cos 8 + sinA sin 6
plane
+ _Hcos¢p cos A (B-4)
ALY =-D (sinY sin A cos 6 - cos A sin 6]
plane
+ 3H cos ¢ sinA (B-5)
LZ =D cos¢ cos 8 + pAH sino , (B-6)
plane
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where:

¢ = navigator's latitude,
A = navigator's longitude,
8 = baseline azimuth angle, and

-H = antenna height difference.
From the preceding equations, SR can be defined as:

_SR = flo, A, HT, .\'s, Y ,Z, D

s LH: e) (B"7)
s s plane

The true ASR can be expressed in terms of a Taylor expan-
sion atout the nominal value:

'SR, = _SR +£(Q-(p)+_a_f(x-)\)+--...
) n 3o 't n At n

t

¥ of of
A =3 — A — +
z_SRn Ee= 6o + Y 6 SHT 6HT

The measured SR can be expressed in terms of the true
value and the measured phase error:

o

_\SRm = 3,5Rn+ 360

6 (phm)

By subtracting the nominal value from the measured value,
the true value drops out:

i : A : ' ]
LSR -SSR e 6(p!.m) - &3 . (B-8)
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During a satellite pass, many measurements are
| made. An estimated azimuth angle is then improved in an
iterative least squares sense to drive the nominal ASR to the
same value as the measured ASR. Equation (B-8) now be-

comes:
3f sp = A et o 9 :
* 2560 =355 00ph ) -[55. - . 3ol [ 60 | . (B-9)
6
| oan]

In a similar manner, the antenna separation error sensitiv-
ity can be determined:

3 f A 3f of af 3t A cn |
B—I-)GD—SGO 6(phm)-[a—‘oa—>\-- 3 GJ 66 | . (B-10)
oA
6LH

Assume that during the satellite pass, n separate
measurements are made, each representing a data interval.
Eq. (B-9) now takes the form

- ey .

arl Parl 2, ar | [T 7]

38 S N EyYY bo

af 3P 3, af

=2 A 2°2..._2

37 b8 760 ﬁ(r)hm)2 3o T (DY . (B-ll)
5f_‘ Bfn afn afn
._ﬁ: -ﬁ(phm)n—‘ _SF'SX' Th 5:H
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Let Eq. (B-11) be represented in matrix notation as:

b 4 A » . . 4
&GG—SGOE—K—E—' (B-12)
Using Eq. (B-12) and estimates of the various errors (¢, A, ,
3 A < - ! 6phm) an error in 66 can be determined to be
66=_13‘-(3L60-E-K-ER)- (—3—) (B-13) -
F R R 1
However, *he desired result is not the error from a o
single pass for a given set of biases but the statistical vari- -y
ance for a pass given an estimated variance in the error 3
sources.

This becomes:

2
567 - R :(—\—{;)3 MM+ K- :1-:n~g_15‘.~x": ‘R (-I—) (B-14)
T - ="' T \mr'R

In Eq. (B-14)[M - M'] is the measurement error
variance matrix which is diagonalized, implying no correla- ;
tion from measurement to measurement. Similarly (ER -
EB‘] is the diagonalized error variance measurement, again
i assuming no correlation from error source to error source.

From Eq. (B-14) the system seusitivities to each var-
iable can be derived and a total error budget can be deter-
! mined. The only remaining problem is to calculate the par-
tial derivatives of f. Recalling Eq. (B-2):

1
_:‘ = L= "._*'"+ "'.’+ <)
SR SR (X X+Y 'Y+ Z-3Z)

Therefore, the partial derivative of 2SR can be written as:

——Q:R ‘-———'(L.'\R)(\ LNHY YL
1 SN« e SN ped Y it CBEY . B e ‘5;7.) i’
“ER (—; \+.\ai +—3—i.,\ +\—.3-i—+?v,/ﬂ~/,5i , (B 15)
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where i is one of the variables®, A, Xgs Yg, Zg, D, AH, 6.
Recalling Eq. (9) from this report:
2 =
1/SR = (X" + Y2 + zz) J ,
so that:
d(1/SR) 1 . AX 3Y
3 = - 3 x—T+Ya}+z%?— , (B-186)
SR i
N=X =X |,
s n
X = Xs ~-(R+ HT) cos® cosA , (B-117)
! 1 where:
F 2 2 2 . -%
! R =Re: [cos“@+ (1-)° sin“e0l™* ,

Re = equatorial earth radius,
¢ = navigator's latitude,
A = navigator's longitude, and

HT = navigator's height above the reference ellipsoid.

From Eq. (B-17) it can be seen that:

3K _
5 - !
s
ar
% = - cos® cosA
T
X
— = (R + i A
30 (R I{T) sin® cos
3
+B— - . (£f-2) - coszw sin® cos A
2
Re
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=(R + HT) cos® sinA

=Y -Y
S n

=Y - (R +H_.) cos® sinA
S T

Therefore:

oY
ER §
S

av
S-I?— - cos® sinA
T

3Y . :
—= = (R +
e ( IIT) sin® sin A

+__I3_3_ « f + (f-2) coszo sin® sinA
Re
Y

—==- (R + HT) COS CcOoS A

= 4
S n

zZ - [R(l-f)Z+H ] sine®
s T
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- p——t
32 2
i [(R(1-f)" + HT] cos ©
3
2
+—B—2- (1-f)" - 1. (£-2) sinzw cos ¥
Re
08X =-D (sin® cos A cos 8+ sin)X sin 6)
plane
+ AH cos® cosA (B-20)
~
a—;———:}— = - gin® cosA cos B - sinix sin 8
plane
d3_.X _D (sin® cos A sin 8 - sinA cos 6)
>6 plaae
3N
-B—Eﬁz cos® cosA
3AX , .
—5—=-D cos® cosA cos 8 - LHsino cosA
o} plane
a—;—L=D (sin@ sin\ cos 8 - cos A sin 6)
dA plane
- _H cos® sinA
1Y =-D ( sin® sinX cos 8 - cosA sin 6)
plane
4+ 2H cos ¢ sini . (B-21)
a 7
a—b—§—= - sin® sinA cos 8 +cosA sin®8
plaue
ALY . . . '
— =D (sin@ sin XA sin §+ cos X cos A) 4
3 plane
Y .
i cos @ sinA
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ALY
= =-D cos ® sinA cos 6
© plane
-2Hsin® sin A
{ 4
Y i (si A 6+ sin\ sin 8
PN sl sin © ccs cos sin A sin 6)

+ A cos © cos A

AZ =D cos © cos 8+ JH sino (B-22)
plane

YA

3D
plane

= cos¢@ cos B

(oY)
N

-D coso sin 6

o 1€

o
1L
N

sin ©

W
l/
—
—_—

w
L-
N

=== - p sin® cos 8+ AH cos o
%) plane

RESULTS

The results of tl,» error analysis for various passes
has been tabulated to show the total rms error and the con-
tribution from each error source (in seconds of arc) for
antenna azimuths from 0°to 90°. The pass geometry is de-
scribcu for each pass. The error values chosen were 20
meters in latitude and longitude, 4 meters in height, 8 meters
in the satellite's X, Y, and Z coordinates and 0.01 XA in mea-
surement noise.

Table B-1 shows the results of a few passes over
APL's Howard County facility with a 100 meter baseline for
antenru measurement errors of 1 cm in separation and 0.5
cm in height difference. Table B-Z2 shows the same passes

PR e L — e —
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over APL with a 50 meter baseline and antenna measurement
errors of 1 cia in separation and 0.5 cm in height difference.
As can be seen by comparing Tables B-1 and B-2, azimuth
error due to errors in antenna separation, height difference,
and phase measurement vary inversely with antenna separa-
tion, and the others remain constant.

Figures B-1 through B-4 show the rms azimuth error
in seconds for various antenna azimuths and pass elevations.
From these graphs it can be seen that the key to system
improvement lies in decreasing the antenna separation mea-
surement error to 0.1 cm or less. This accuracy requires
laser ranging but is certainly possible.

A listing of the computer simulation used to generate
the data in Tables B-1 and B-2 is given in Fig. B-5.
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PL/I OPTIAIZING COAPILER AZAL: PROCEDURE OPTIONS (MAIN}

SOURCE LISTING

STAT LEV NT

AZAL: PNOCPDURE CPTIONS (BAIN);

DCL XS (8),YS(8),25(8);

DCL PX(A) ,PY(P) ,PZ(8);

DCL PDX(8),PDY(B),PDZ(B);

DCL FR (A) ,SAZ (B) 3

DCL RR(A) ;

DCL X (8,R8) PLCAT;

DCL KER(8,8) PLOAT;

DCL RTX(B);

DCL RTKER(8):

DCL LAT PLOAT;

DCL LON FLOAT

DCL M FLOAT;

DL MT? PLOAT;

DCL N(2) CHAR(S) INIT('NCBTH®,’SOUTH*):
DCL E(2) CHAR(8) INIT(®EAST’,'VWEST');

g
DOODDOO0O0OODIOOOO0O o

1

|

|

|

|

|

[

|

|

1

1

1

|

|

|

[

|

1

] Vad CONSTANTS o/
| RE=61781uD;

] WAVE=, T49UB8234; /OUAVELENGTH AT 4WOONHZ., o/
| F:1,298,22;

t FP=(1-F)%®2;

1 DTR=ATAN (1) ZATAND(1); /°*DEG T0O WADIANS ¢/
1 NTHR=DTR/60; /® NIN TC PADIANS e/
| RTS=60/0TR; /% RADIANS TO SECONDS®/
1 DCL PL{0:9) ImIT(-1,0,0,0,0,0,0,0,0,1);
| PI=0;

\ PY=0;

1 P2:0:

1 PDX~0;

1 PDY=0;

| pPL2=0;

I

1

|

1

1

|

|

1

|

1

1

|

|

0O0ODO0O0O0ONOODDPNDOOO

/’® INPUT DATA ¢/

GET LIST (LAT,1CN,HT)

GET SrIP LIST(D,DH):

GET SKIP LIST(ER,M);

PUT SrI» EDIT(' Y,’LAT’,’LON’,*HT’,*XS",*Y1S?,%257,D’, 0H, N*)
(RQV1) A X(6) ,2(A, B (BY) 8 (A R(9)), A0 R(10),A,R(9),A};

PUT SKIP FOIT (PR, M) (R(191,2(P(7,3),X{8)) ,6(F(5,3),2(6)),0(8,2));

PUT SKIP (H):

PUT EDIT(’LAT=’,TRUNC(LAT) ,*CEG.*,60°ADS (TRUNC (LAT)=LAT))
(RQ10), A, P (4) ,B(V),A,P(0,8),3(N),N;

PUT SKIP(Y)

PUT EDIT(*LON=*,TRUNC(LON) ,*DRG.*,60°ABS (TRONC (LON)~LOB})}

Fig.B-5 LISTING OF AZTRAN ERROR ANALYSIS SIMULATION
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PL/T OPTIMRIZING COMPILEN AIAL: PROCEDORE CPTIONS (MAIN);
STAT LEY BT

IR110),8,716) , B (V) ,A,P(8,4),2(1) oM

/¢ COAPUTE PARTIALS o/

!

! [}
80 1 0 | PUT SKIP EDIT(HEIGHT=® HT,*N. ") (X(100,4,P(7,2) ,X(V),4); :
11 0 PUT SKIP EDIT(*De®,D,* M.%) (K{10),4,P(6,2) 0l : 1
82 1 0 PUT SKIP EDIT(*DHe®,DN,* &.%) (K(10) 4o P (6 oh) ; |
3 1 0 PUT PACE: '
“w o1 0 ENIY) SERIY) /NE;
s 1 0 ER |2) = ER §2) /{COSD (LAT) * B2 ; !
a6 1 0 | R=MOWAYE/)60; :
|
| 7 ey !
47 1 0 | BRIT:DO Is1 TO 8; |
a8 1 1 GII SKIP LIST (XS(1),TYS(I),28(I})); |
“9 1 1 ENI; (
SO 1 0 CLAZCOSD ILAT) ; !
1 1 0 CLC=COSD(LON) ; {
$2 1 0 | SLA®SIND(LAT) ; !
3 1 0 SLO=SIND|LOM) ; !
sS4 1 0 | N=RE/SQNT |CLA®O2eppegLA®e?) ; !
s 1 0 I < (ROKT) SCLACLO; :
s6 1 0 | TN=|ReHT) OCLAOSLO; .
7 1 0 IN: (ROPPOHT) *SLA;
S8 1 0 PX{|1) 5 (ROKT) OSLAGCLOGROOIOPS (P-2) OCLASO 208 LAGCLO/RE 02 ; :
59 1 0 PE(2) s TN; :
60 1 0 P 13)=-CLASCLO; 1
61 1 0 PX(U)=; |
62 1 0 | PY (V)= (NOHTIOSLAGSLOGR®®I@Po (9= 3) 6CLAGS20SLAGSLO/RR®e2; '
6) 1 0 PY(2) =-IN; |
66 1 0 | PY{))s-CLA®SLC; |
65 1 0 | PY(S)=1;
66 1 0 PZ(1)=~{NOPPeRT) SCLACRO SIS PPo P (P=2) 0SL 2SO 20CLA /A RO02; :
67 1 0 PZ(3)=-SLA; ;
66 1 0 PZ(6)=1; ;
|
69 1 0 | DO AZ=0 TO 90 BY 10; :
0 01 1 $17+0; .
M K:0; '
7201 1 RP=0; i
7301 1 CA=COSD(AZ) ; '
7% 01 1 SASSIND (AZ) ; i
% 1 1 DEs-De (SLA®CLOSCASSLO®SA) +DHOCLASCLO; |
7% 1 1 ) DY=-D® |SLA®SLCPCA=CLO®SA) ¢ DNOCLAOSLO; ;
71 1 D2=D®CIASCASDAOSLA; .
| i
0

M 1 1 PDEA®DS (SLASCLOOSA-SLASCA| ; :

B I PDYASD® (SLA®SLCOSA+CLOSCA) | :
.80 1 1 PDZA=-DOCLA®SA; :

81 1 1 PDE (1) ==De (CLASCLO®CA) ~DHOSLASCLO;

82 1 1 PDI (2) ==DY;

Fig. B-6 LISTING OF AZTRAN ERROR ANALYSIS SIMULATION (cont'd)
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conpILER AZAL: PROCEDURE OPTIOBS (MAIW) §

PDE(7) ==SLASCICOCA=-SLO®SH;
PDR(®) =CLA®CLO;
PDY(1) ==LeCLA®SLO®CA=DHOSLA®SLO;
PDY(2) =DK;
POY(7) == SLA®SLOSCACCLO®SA;
POY(H) =CLA®SLC;
PDZ (1) *=DOSLASCA*DHOCLA;
PDZ(7) ~CLA®CA;
PDZ(8) =5LA;
DO =1 To 8;

E=ES(T)=AN;

TeYS(I)=UN;

Te2S5(2) =2N;
SA=SCRT(Ree s '0.].20.2' $

/¢ CORMPUTE ELEVATION oy
A-KOXNsYOTNGZOZN;
B=SReFTeeQ /R ;
EL D) “ATAND(A®B/ (B8 2-p0e2)) ;
IF TL(I) <D THEN GO TO AM;

/* COMFUTY AZIAUTH oy

A=3E® (YT (1)@ XN-XS (I)O0N);
BZS(1) SRES®2-ZNO (XS (I)SANeYS (X)OTRe2S (1) o2 M ;
SAZ(I) “ATAND(A/B) ;
ATZS(1) /SYPT RS (1) ®@2e 7S () 002035 (1)0e2);
I=ABS(SLA) ;
TF ACE THEN SAZ(I):SAZ(I)e180;
IP SAZ(I)<O THEW SAZ(I)=SAZ(I)*360;
BE(I) - =(BOPORASYSPDYA+ZOPDT L) /SH;
90 J=1 To 8;
A=(RODEeYODToZODZ) *(NOPR (J) ¢+ TOPY (J) +29 P2 (J)) /SROe]);
8- (X%PDE(J) *PR(J) *DESTOPDY (J) ¢FT (J) *DTe2OP DL (J) *P3 (J) *D2) /30 ;
Kil,J) hA-8;
END; /% END J ey

MA: END; /® END T oy

/SCORPUTE PASS LINITS (GENW} oy
99 I8 TO O BY -91;
1P EL(I)<0 THEN GO TO BB
Z%p;
BB: Gr1e9;
50 I:5 ™0 9;
IP ZL(D)CO THEW GO TO CC;
END;
€C: N=I-1;

/®CORPUTE PP TRASSPOSE RRe/
aTR=0;

LISTING OF AZTRAN ERROR ANALYSIS SIMULATION (cont'd)
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Fig. B5 LISTING OF AZTRAN ERROR ANALYSIS SIMULATION (cont'd)

AZTAL: PEOCEDURE CPTIOES (®8AlIR);

DO I=G TO H;
RTR:RTRORR () 002;
ENLC;

/¢ CORPUTE RMIK o/
RTK=0;
DO J=1 TO §;
DO I=G TO HW;
RTR(J) sBTK(D) ¢ER(I)*K (. ,d) 3
BNC:
END;

/¢ CONPUTE K BE BRET KT ¢/
KER=0;
D0 J=G TO H;
DO I=G TO HW;
DO INDEX=1 TO 8;
KER(J,I) =RER(J,T) oK (J,IRDEX) ¢ PO (IEDRX)*® 20K (1,IRDEX):
END;
BNC:
ENC;

/% ADD WNEASURERIRNT ELkOES ¢/
DO I=G T2 H;
RER(I,TI=RER(I,I)en002;
ENC;

/* COMPUTE BTKER ¢/
RTRER=0;
DO I=G TO H;
DO J=G TO H;
BTKER(I) =RTKER (1) oBR (J) *XER (J.1);
ENC:
END;

/¢ COMPUTE DAL o/

DAZ:=0;

DO I=G TC H;

DAZrCAZORTIKER II)oRB(I);

ENC;

DAZ=RTS®SQRTIDAL) /RTH;

I? A2>0 THEN GO TO DD;

IP ISAZ(G)>90)E(SAZ(G)<270) THER AVe2; BLSE AleY;
1?7 SAZ(G) <180 THER A2es1; BLSE A2%2;

IP (SAZ(H)ID>90)6(SAL(R) C270) TIEN AJ=2; ELSE Aded;
I? SAT(H) <180 THEN A&=1; BLSE ANe2;

BLCA=0;

DO I=G TO H;

IP EZL(I)>BLCA THEW BLCAeRL{I)"

- - ————— " - - - - -
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PL/1 OPTIAIZING CORPILER AZAL: PROCEDURE CPTIONS (MAIN);
STAT LEV NT

147 END:

PUT SRIP(2);
PUT EDIT(N(AY) ,E(A2),* TO *,N(AJ),E(AY),* PASS ELEVATION AT CA IS*
¢ELCA,? DEG.*) (X(10) ,6(A) ot (5,1) ,A);
PUT SKIDP(2):
PUT EDIT(*ANT',*ERROR IN SECONDS PER VARIABLE®, *RESY)
(N013) A, X (9),0,X(66(,A(;
PUT SKIP ZOIT(*AZ*,OLAT','LON’,*HT®, 08¢, 9787,9280,0D0,0DKe,0g,
TTOTALY(
(X011) A, 2(6) ,2(A,X(8)),8 (A, 2(9)),A,2(¢10) ehoX(9) A, X(8),h);
PUT SKIP;
PUT SKIP EDIT (AZ,RTSOABS(RTROFR/RTR) (RTSON/SURT (0TR),DAL)
(X(V1(,P(2),3(1),10(2¢3),0108,1)));
?ND; 7% 10D Aoy
PUT SKIP (u(;
60 TO ReT;
END AZAL:

T  am - oo = -

Fig.B-5 LISTING OF AZTRAN ERROR ANALYSIS SIMULATION (cont'd)




