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SECTION I

PROJECT RECORD



PROJECT RECORD

Operator(s) : Mr. Graham Jackson
Mr. Phil Thompson
Client 2 Mobil Exploration & Producing Services
Dallas, Texas. U.S.A.
Local Contact H Mr. Alfred Amoah
Vice-President
Mobil Exploration & Producing Services
Freetown, Sierra Leone, West Africa
Area : Sierra Leone, West Africa

Project Name/No. : Mobil, Sierra Leone/210

Project team leaves London ) 05/16/80
Project team returns London i 08/03/80
System begins field operation 2 05/23/80
System completes field operation : 07/28/80

General Project Description :

Establishment of a network of geodetic control points
suitable as base stations for offshore navigation in
Sierra Leone waters. Collected satellite data to be
GEODOP processed to maximize consistency and absolute
accuracy.
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SECTION III

FINAL RESULTS



GEODOP processing
reduced to monument

Spheroid Name
Datum
Projection

Station Name
Number
Latitude
Longitude
Height
Northing
Easting

of

FINAL RESULTS

satellite data with vertical offsets

level.

Central Meridian :

Station Name
Number
Latitude
Longitude
Height
Northing
Easting
Central Meridian

Station Name
Number
Latitude
Longitude
Height
Northing
Easting
Central Meridian

Station Name
Number
Latitude
Longitude
Height
Northing
Easting
Central Meridian

WGS-72
Geocentric

Universal Transverse Mercator

Mano Salija

1

06 Deg 56 Min
11 Deg 31 Min
38,60 meters
768,016.55 meters
220,584.46 meters
09 degrees W

Kasi

2

07 Deg 05 Min
11 Deg 44 Min

41 .80 meters
784,520.66 meters
196 ,838.81 meters
09 degrees W

Bengani

3

07 Deg 09 Min
11 Deg 53 Min

41.80 meters
792,801.35 meters
180,396.76 meters
09 degrees W

Mano Curanco

4

07 Deg 14 Min
12 Deqg 05 Min
42.72 meters
801,417.00 meters
821,983.33 meters
15 degrees W

29,052
43.149

21.598
39.329

47 .666
36.375

27.381
04.331

SecC
SecC

Sec
Sec

SecC
SecC

Sec
Sec

2



Station Name
Number
Latitude
Longitude
Height
Northing
Easting
Central Meridian

Station Name
Number
Latitude
Longitude
Height
Northing
Easting
Central Meridian

Station Name
Number
Latitude
Longitude
Height
Northing
Easting

a8 88 88 8% 40 % 40 W8

Central Meridian :

Station Name
Number
Latitude
Longitude
Height
Northing
Easting
Central Meridian

Station Name
Number
Latitude
Longitude
Height
Northing
Easting
Central Meridian

Yile

5

07 Deg 19 Min
12 Deg 19 Min
42.12 meters
811,252.32 meters
796,169.07 meters
15 degrees W

Shebar

6

07 Deg 23 Min
12 Deg 32 Min
41.32 meters
817,670.90 meters
770,761.74 meters
15 degrees W

~Cape St. Ann

7 )
07 Deg 34 Min
12 Deg 57 Min
40.19 meters
837,493.04 meters
725,821.86 meters
15 degrees W

Shenge

8

07 Deg 54 Min
12 Deg 57 Min
44,78 meters
875,612.04 meters
724,825.59 meters
15 degrees W

Cape Shilling
9

08 Deg 10 Min
13 Deg 09 Min
48.09 meters
903,961.56 meters
702,248.59 meters
15 degrees W

52.490
03.237

26.048
49,968

18.527
11.831

59.211
38.358

25.329
51.182

Sec
Sec

Sec
Sec

Sec
Sec

Sec
Sec

Sec
Sec

=22

=2

==

==



Station Name
Number
Latitude
Longitude
Height
Northing
Easting

Central Meridian :

Station Name
Number
Latitude
Longitude
Height
Northing
Easting
Central Meridian

Station Name
Number
Latitude
Longitude
Height
Northing
Easting
Central Meridian

Cape Sierra

10
08 Deg 29 Min
13 Deg 17 Min

57.88 meters
939,529.65 meters
687,481.53 meters
15 degrees W

Mondo

11

08 Deg 40 Min
13 Deg 14 Min

61.30 meters
959,858.08 meters
693,173.33 meters
15 degrees W

Korimaw

12

08 Deg 54 Min
13 Deg 14 Min

39,36 meters
984,765.99 meters
693,625.58 meters
15 degrees W

45.145
48.561

45.962
39.432

16.577
20.811

Sec
Sec

Sec
Sec

Sec
Sec

£

=Z
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SECTION IV

STATION INFORMATION






STATION INF

Station Name :
Station Number 2
Dates Occupied (Mo/Day/Yr) :

Eccentricity (Monument to Anten
Horizontal :
Bearing
Vertical (up +)

Station Latitude
Longitude -
Height s
Northing :
Easting 3

Antenna Latitude
Longitude
Height
Northing
Easting

Spheroid Name

Datum

Projection :

Central Meridian :

e

Source of Coordinates :

GEODOP processing of satel

ORMATION

Mano Salija
1
07/17/80 to 07/25/80

na)
N/A
N/A
1.20 Meters

06 Deg 56 Min 29.052 Sec N
11 Deg 31 Min 43.149 Sec W
38.60 meters

768,016 .55 meters

220,584.46 meters

06 Deg 56 Min 29,052 Sec N
11 beg 31 Min 43.149 Sec W
39.80 meters

768,016 .55 meters

220,584.46 meters

WGS-72

Geocentric

Universal Transverse Mercator
09 degrees W

l1ite data in free adjustment.



Site Description :

At the very boundry between Sierra Leone and Liberia on
a sand spit at the mouth of the River Mano.

Location :

Six miles southeast of Sulima and about one mile from
Mano Sulija on the Sierra Leone boundry with Liberia.

Access :

Using Land or Range Rover from Freetown via Bo,
Koribundu, Bandajuma, Poturu and Zimi to Sulima then
onto the beach southeast for six miles to final sand
spit of Sierra Leone, or via helicopter.

Marker :

A galvanized two inch iron pipe set in a cement block
0.5 meters x 0.5 meters and inscribed on top, "Station

1".

General :
The sand spit of Sierra Leone intrudes into the Mano
River to the north in an easterly direction of a sand

spit of Liberia to the south which is itself leading
westerly in an overlap.



STATION 1 rJ
MANO SALIJA

SCALE 1"2100 M

ﬁ“ SIERRA LEONE

..._s.ﬂ_ND 7Y
___\BA\R\_\\\ ALL @,
BEACH = PALMS
- ~

Y —
\ 4 \ ER
STATION RV

| =) MANO
AT L ANT/C —_— —

/6’/ SAND BAR ==

gL

0CEAN

SU—— ———NCS



STATION 1 - MANO SALIJA

General view (marker in center of
Looking east (trees on

picture).
left) is Liberia.

Iron pipe set in cement
inscrjbed "Station 1".



STATION INFORMATION

Station Name
Station Number
Dates Occupied (Mo/Day/Yr)

Kasi

2
07/12/80 to 07/17/80

Eccentricity (Monument to Antenna)

Horizontal
Bearing
Vertical (up +)

Station Latitude
Longitude
Height
Northing
Easting

Antenna Latitude
Longitude
Height
Northing
Easting

Spheroid Name

Datum

Projection

Central Meridian

source of Coordinates :

# se se

N/A

N/A

1.72 Meters

07 Deg 05 Min 21.598 Sec N
11 Deg 44 Min 39.329 Sec W

41 .80 meters

784,520.66 meters
196,838.81 meters

07 Deg 05 Min 21.598 Sec
11 Deg 44 Min 39.329 Sec
43.52 meters

784,520.66 meters
196,838.81 meters

WGS-72

Geocentric

==

Universal Transverse Mercator

09 degrees W

GEODOP processing of satellite data in free adjustment.

Nearby Geodetic Monument :

with

Secondary Trigonometrical Point 116X1.
Coordinates supp

Station 2.
in Freetown.

Latitude
Longitude
Northing
Easting
UTM

Identical

20.96 Sec N
38.08 Sec W

07 Deg 05 Min
11 Deg 44 Min
784,429 meters
196,871 meters
Zone 29

lied by Land Surveys office



Site Description :

On a sand bar by the beach, backed by 1low bush and
after palm trees. No other topography of note.

Location :

On the eastern end of Turners Peninsula on the south
coast of Sierra Leone, one mile from the village of
Kasi on Lake Mape.

Access :

Used helicopter but beach believed drivable from
Station #3. Flew overhead Kasi village situated on
eastern end of Lake Mape then 210 degrees for exactly
one mile to beach.

Marker :

A cement filled metal drum erroded halfway up. Set up
by D.O.S. as the secondary trigonometrical point
number 116 X 1. Height is 4 feet, diameter 2 feet.
Inscribed : 116 X 1

General :

No obstruction, Minimum antenna height for horizontal
navigation.
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STATION 2 - KASI
CEMENT TRIG STATION POINT 116X1

TURNERS PENINSULA, SIERRA LEONE

ot




STATION INFORMATION

Bengani
3
07/09/80 to 07/12/80

Station Name
Station Number
Dates Occupied (Mo/Day/Yr)

Eccentricity (Monument to Antenna)

Horizontal : N/A
Bearing : N/A
Vertical (up +) 3 0.50 Meters
Station Latitude s 07 Deg 09 Min 47.666 Sec N
Longitude : 11 Deg 53 Min 36.375 Sec W
Height s 41.80 meters
Northing : 792,801.35 meters
Easting H 180,396.76 meters ,
Antenna Latitude : 07 Deg 09 Min 47.666 Sec N
Longitude : 11 Deg 53 Min 36.375 Sec W
Height : 42.30 meters
Northing % 792,801.35 meters
Easting g 180,396.76 meters
Spheroid Name : WGS-72
Datum s Geocentric
Projection . Universal Transverse Mercator

Central Meridian 09 degrees W

Source of Coordinates :

GEODOP processing of satellite data in free adjustment.



Site Description :

Oon a sand bar by the sea, backed by low bush and then
palms.

Location :

On the beach 2 miles from the village of Bengani, 7 1/3
miles from Mesima/Senehun, travelling east.

Access :

Use a Land or Range Rover from Freetown to Bo, Pujehan
and Gbundapi. From there use the Ministry of
Agriculture ferry south on the Malen and Waanje Rivers
to Mesima/Senehun. Then via the beach eastward 7 1/3
miles to the site, or via helicopter.

Marker :

A galvanized steel pipe inset into a round cement block
0.5 meters x 0.5 meters and inscribed on top, "Station

3",
General :

No obstruction. Minimum antenna height for horizontal
navigation.
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STATION 3 - BENGANI
Cement and iron pipe inscribed "STATION 3".
Turners Peninsula, Sierra Leone




STATION INFORMATION

Station Name Mano Curanco

Station Number ) 4
Dates Occupied (Mo/Day/Yr) : 07/04/80 to 07/09/80

Eccentricity (Monument to Antenna)
Horizontal : N/A
Bearing N/A
Vertical (up +) 2.33 Meters

Station Latitude 07 Deg 14 Min 27.381 Sec N

Longitude : 12 Deg 05 Min 04,331 Sec W
Height : 42.72 meters
Northing s 801,417.00 meters
Easting : 821,983.33 meters

Antenna Latitude . 07 Deg 14 Min 27.381 Sec N
Longitude s 12 Deg 05 Min 04.331 Sec W
Height - 45.05 meters
Northing $ 801,417.00 meters
Easting : 821,983.33 meters

Spheroid Name 2 WGS-72

Datum 3 Geocentric

Projection : Universal Transverse Mercator

Central Meridian 15 degrees W

Source of Coordinates :

GEODOP processing of satellite data in free adjustment.

Nearby Geodetic Monument :

Secondary Trigonometrical Point 114Xl. Identical with
Station 4. Coordinates supplied by Land Surveys office
in Freetown,

Latitude > 07 Deg 14 Min 26.73 Sec N
Longitude 2 12 Deg 05 Min 03.08 Sec W
Northing : 801,324 meters :

Easting s 822,028 meters

UTM Zone 28



Site Description :

A grass covered sand bar by the sea backed by low brush
and then palms.

Location @

Oon the beach near (500 yards) the two villages of Mano
and Kuranko which are situated on the River Waanje at
its closest to the sea. The 1land area is Turners

Peninsula.
Access :

Use Land or Range Rover from Freetown via Bo, Pujehan
and to Gbundapi. From there use the Ministry of
Agriculture ferry on the Malen and Waanje Rivers to
Mesima/Senehun and then either via inland path
(motorable) or beach (motorable) west 8 miles to Mano

and Kurankoo, or by helicopter.

Marker :

The marker is identical to secondary trig point "114 X
1" which consists of a cement filled column comprising
two metal drums welded together, 6 feet high and 2 feet
in diameter. There are no inscriptions on the marker.

General :

No obstructions. Minimum antenna height for horizontal
navigation.
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STATION INFORMATION

Station Name : Yile
Station Number - 5
Dates Occupied (Mo/Day/Yr) : 06/25/80 to 07/04/80

Eccentricity (Monument to Antenna)

Horizontal : N/A
Bearing : N/A
Vertical (up +) ) 0.50 Meters

Station Latitude 07 Deg 19 Min 52.490 Sec N

Longitude : 12 Degq 19 Min 03.237 Sec W
Height H 42.12 meters
Northing : 811,252.32 meters
Easting J 796,169.07 meters

Antenna Latitude : 07 Deg 19 Min 52.490 Sec N
Longitude : 12 Deg 19 Min 03.237 Sec W
Height H 42.62 meters
Northing : 811,252.32 meters
Easting ) 796,169.07 meters

Spheroid Name s WGS-72

Datum : Geocentric

Projection H Universal Transverse Mercator

Central Meridian 15 degrees W

Source of Coordinates :

GEODOP processing of satellite data in free adjustment.



Site Description :

On a sand bar ridge on the beach with 1low bush and
palms to landwards.

Location :

About 25 miles from Mesima/Senehun and 15 miles from
the western end of Turners Peninsula.

Access :

Using Land or Range Rover from Freetown via Bo, Pujehan
and then to Gbundapi, from there using the Ministry of
Agriculture ferry south on the Malen and Waanje Rivers
to Mesima/Senehun on Turners Peninsula. Then via the
beach motoring west past Station 4 (Mano Curanco) to
the site, or by helicopter.

Marker :

A galvanized 22 inch steel pipe set into a round cement
block 0.5 X 0.5 meters and inscribed on the top :

"Station 5".

General :

No obstructions. Minimum antenna height for horizontal
navigation.
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STATION 5 - YILE

Cement and iron pipe

inscribed "STATION 5".

Turners Peninsula, Sierra Leone




STATION INFORMATION

Shebar
6
05/31/80 to 06/07/80

Station Name

Station Number
Dates Occupied (Mo/Day/Yr)

Eccentricity (Monument to Antenna)

Horizontal : N/A
Bearing i N/A
vertical (up +) : 0.50 Meters

Station Latitude s 07 Deg 23 Min 26.048 Sec N
Longitude s 12 Deg 32 Min 49.968 Sec W
Height 5 41 .32 meters
Northing : 817,670.90 meters
Easting s 770,761.74 meters

Antenna Latitude - 07 Deg 23 Min 26.048 Sec N
Longitude 3 12 Deg 32 Min 49,968 Sec W
Height $ 41 .82 meters
Northing : 817,670.90 meters
Easting $ 770,761.74 meter

Spheroid Name s WGS-72 .

Datum s Geocentric

Projection H Universal Transverse Mercator

Central Meridian 15 degrees W

Source of Coordinates :

GEoDOP processing of satellite data in free adjustment.



Site Description :

Site located on open ground with some palms; a
cultivated area.

Location :

Approximately 1 1/2 kilometers from Mania village on
the extreme southernly part of Sherbro Island.

AccesSs @

From Freetown to Bonthe via light plane (scheduled) ,
then via speedboat (50 Leones Pe€er day) ¢to Mania

village, 7 miles south. Enroute a visit to the
paramount chief at Yyoni village, Mr. George J.R.
Brandon, is suggested. Mr. Burrah-Kallah, section

chief at Mania, will guide you to the marker.

Marker @

A galvanized steel pipe set into a 0.5 X 0.5 meter
round cement block and inscribed on top : "station 6".

General :

Secondary trig marker No. 106-1, known to be washed
away. Maximum horizontal antenna required is 40 feet.
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STATION 6 - SHEBAR
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STATION INFORMATION

Station Name : Cape St. Ann
Station Number H 7
pates Occupied (Mo/Day/Yr) : 06/09/80 to 06/13/80

Eccentricity (Monument to Antenna)

Horizontal : N/A
Bearing ¢ N/A
Vertical (up +) s 1.11 Meters

Station Latitude 07 Deg 34 Min 18.527 Sec
Longitude 12 Deg 57 Min 11.831 Sec
Height : 40.19 meters

==

Northing 3 837,493.04 meters
Easting H 725,821.86 meters

Antenna Latitude C 07 Deg 34 Min 18.527 Sec N
Longitude s 12 Deg 57 Min 11.831 Sec W
Height H 41 .30 meters
Northing : 837,493.04 meters
Easting $ 725,821.86 meters

Spheroid Name : WGS-72

Datum H Geocentric

Projection ) Universal Transverse Mercator

Central Meridian 15 degrees W

source of Coordinates :

GEODOP processing of satellite data in free adjustment.



Site Description :

Site 1located on open ground with some palms. Old sand
bars or ridges nearby.

Location

Approximately 2 kilometers from Tisana village ‘on the
extreme west end of Sherbro Island.

Access ¢

From Freetown to Bonthe via light plane (scheduled),
then via launch (contact Mr. Farma, 120 Leones per
day) to Tisana (5 hours)). See Paramount Chief George
Ngbay or Treasurer Alfred Soloman. Hire area Chief of
Kambia village, Kaing Borda, as guide to the site.

Marker :

Small mound of cement and shell mix about 1 foot high
with 1 1/2 inch diameter hole in center (2 feet in
diameter). There are no inscriptions on the marker.

General :

Secondary trig marker No. 96-1 lost in 10 foot brush.
Believed still there. Site would require maximum of 40
foot antenna for all sea work.
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STATION 7 - CAPE ST. ANN

Marker is made of cement and

shell mix.




STATION INFORMATION

Station Name
Station Number
Dates Occupied (Mo/Day/Yr)

Shenge
8
05/23/80 to 06/05/80

Eccentricity (Monument to Antenna)

Horizontal
Bearing
Vertical (up +)

Station Latitude
Longitude
Height
Northing
Easting

Antenna Latitude
Longitude
Height
Northing
Easting

Spheroid Name

Datum

Projection

Central Meridian

Ssource of Coordinates :

N/A

N/A

0.50 Meters

07 Deg 54 Min 59.211 Sec
12 Deg 57 Min 38.358 Sec
44,78 meters

875,612.04 meters
724,825.59 meters i

07 Deg 54 Min 59.211 Sec
12 Deg 57 Min 38.358 Sec

45,28 meters

875,612.04 meters
724,825.59 meters

WGS-72

Geocentric

Universal Transverse Merca
15 degrees W

==

tor

GEODOP processing of satellite data in free adjustment.

Nearby Geodetic Monument :

Primary trigonometrical

for SLPT 22

variation.

supplied
Eccentricity bearing

Eccentricity (NCSI 8 to

Horizontal
Bearing
Latitude
Longitude
Northing
Easting

Height
Semi-Major Axis

point is SPLT 22.

is

Coordina

tes

by Land Surveys in Freetown,

magnetic corrected

SLPT 22) :

86.7 meters

278.6 degrees true
07 Deg 54 Min
12 Deg 57 Min 39.8721 Se
875,528.8424 meters
724,783.4831 meters

25 feet

6,378,249.145 meters

for

59.1019 Sec N

cW



Site Description :

The site is near the beach on open ground. The area at this
time is clear of brush and the trig marker, SLPT 22, can now
be seen,

Location :

The marker is at Shenge Point near the village of Shenge some
77 kilometers from Freetown.

Access :

From Freetown take the road to Moyamba junction (156
kilometers). Turn right towards Moyamba (35 kilometers). AT
Moyamba, turn left at the Mobil station and follow this road
which curves to the right to Shenge (184 kilometers).

Marker :

A galvanized steel pipe set into a 0.5 meter X 0.5 meter round
cement block inscribed "Station 8%.

General :

Contact Shenge Paramount Chief, Madam Bailor-Caulker. Total
distance from Shenge to Freetown is 279 kilometers (about 4
hours drive). Area clear south to 300 degrees from Station
8; thereafter a 40 foot tower is required. All clear from
SLPT 22, minimum height required.
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STATION & - SHENGE



SIERRA LEONE
PRIMARY TRIGONOMETRICAL POINT 22




STATION INFORMATION

Station Name : Cape Shilling

Station Number : 9

Dates Occupied (Mo/Day/Yr) : 05/28/80 to 06/13/80
06/30/80 to 07/28/80

Eccentricity (Monument to Antenna)

Horizontal $ N/A
Bearing : N/A
vertical (up +) - 1.11 Meters

Station Latitude - 08 Deg 10 Min 25.329 Sec N
Longitude 3 13 Deg 09 Min 51.182 Sec W
Height g 48,09 meters
Northing : 903,961.56 meters
Easting H 702,248.59 meters

Antenna Latitude g 08 Deg 10 Min 25,329 Sec N
Longitude g 13 Deg 09 Min 51.182 Sec W
Height s 49,20 meters
Northing : 903,961.56 meters
Easting 3 702,248.59 meters

Spheroid Name ¥ WGS-72

Datum : Geocentric

Projection : Universal Transverse Mercator

Central Meridian 15 degrees W

source of Coordinates :

GEODOP processing of satellite data in free adjustment.



Site Description :

The site is some 100 meters from the beach within the
grounds of the police post. The immediate area is
clear but some trees nearby do cause obstruction. A
minimum tower height of 60 feet is needed.

Location :

The marker is situated at Cape shilling near the
village of Kent some 37 kilometers south southeast of
Freetown,

Access @

From Freetown, take the road to Waterloo (29
kilometers). Turn right just before the local market
and follow the rough road for 20 kilometers. When the
road branches, take the left fork. There will be a
sign posted, "Kent". The marker is on the west side of
Kent village.

Marker :

A galvanized steel pipe set into a 0.5 X 0.5 meter
round cement block inscribed "Sstation 9".

General :

This area has lots of tall trees, therefore, a 70 foot
antenna minimum would be required for horizontal
navigation. There is plenty of clear space for layout,
etc...
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STATION 9 - CAPE SHILLING
Site located at Kent village,
Cape Shilling.

Cement and iron pipe
inscribed "STATION 9"




STATION INFORMATION

Station Name : Cape Sierra
Station Number 0 10
Dates Occupied (Mo/Day/Yr) : 05/24/80 to 05/28/80

Eccentricity (Monument to Antenna)
Horizontal H N/A
Bearing N/A
Vertical (up +) 1.11 Meters

Station Latitude 08 Deg 29 Min 45.145 SecC

22

~ Longitude : 13 Deg 17 Min 48.561 Sec
Height s 57.88 meters
Northing 3 939,529.65 meters
Easting s 687,481.53 meters
Antenna Latitude 3 08 Deg 29 Min 45.145 Sec N
Longitude : 13 Deg 17 Min 48.561 Sec W
Height g 58.99 meters
Northing : 939,529.65 meters
Easting : 687,481.53 meters
Spheroid Name $ WGS-72
Datum : Geocentric
Projection g Universal Transverse Mercator
Central Meridian : 15 degrees

Source of Coordinates :

GEODOP processing of satellite data in free adjustment.



Site Description :

The site lies on high ground about 400 meters from the
sea. The immediate area has some brush, therefore, a
minimum height tower is required.

Location :

The marker is situated at Aberdeen 5 kilometers west of
Freetown close to the Cape Sierra Hotel.

Access :

About 50 meters before the Cape Sierra Hotel a track
leads off to the right towards the lighthouse. Turn
left at the native huts and the marker lies 200 meters
from there.

Marker :

A galvanized steel pipe is set into a 0.5 X 0.5 meter
round cement block inscribed "Station 10".

General :

Some blockage from the bush but a 30 foot antenna
should be adequate for horizontal navigation.
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STATION 10 - CAPE SIERRA




STATION INFORMATION

Station Name : Mondo
Station Number : 11
Dates Occupied (Mo/Day/Yr) : 06/28/80 to 07/05/80

Eccentricity (Monument to Antenna)

Horizontal : N/A
Bearing 3 N/A
Vertical (up +) : 1.72 Meters

Station Latitude 2 08 Deg 40 Min 45.962 Sec N
Longitude g 13 Deg 14 Min 39.432 Sec W
Height : 61.30 meters
Northing 3 959,858.08 meters
Easting s 693,173.33 meters

Antenna Latitude : 08 Deg 40 Min 45.962 Sec N
Longitude 3 13 Deq 14 Min 39.432 Sec W
Height : 63.02 meters
Northing : 959,858.08 meters
Easting : 693,173.33 meters

Spheroid Name 3 WGS-72

Datum : : Geocentric

Projection Universal Transverse Mercator

L1 ]

Central Meridian 15 degrees

Source of Coordinates :

GEODOP processing of satellite data in free adjustment.
Nearby Geodetic Monument :

Secondary trigonometrical point is TEL 1 DOS 1959.

Identical with Station 11. Coordinates supplied by
Land Surveys office in Freetown,

Latitude g 08 Deg 40 Min 45.7487 Sec N
Longitude 8 13 Deq 14 Min 38.1042 Sec W
Northing : 959,764.6267 meters

Easting g 693,217.6548 meters

Height H 82 feet

UTM H Zone 28

Semi-Major Axis 6,378,249.145 meters



Site Description :

On a small point (no name), opposite a small island
named Leopard Island, cleared of vegetation to
southward, but close to palm trees northward.

Location :

On a point of land north of Freetown, on the coast
opposite Leopard Island.

Access

Cross on the ferry which goes from Freetown to the
Lungi Airport Road, From the ferry drop, drive 9.1
miles to Lungi Airport Access Road. Continue on
Northward Coast Road for 6.2 miles to Mayaya village.
Take a gquide.

Marker :

A secondary trigonometrical marker 5 feet high. The
marker is round and 1 1/2 feet in diameter, unpainted
cement inscribed "Tel 1 D.O.S. 19597,

General :

At Mayaya village, contact Area Chief, Mr, Pa-Alimami
Lahie-Mansaray, who will provide guide (Mr. Malen
Sesey recommended). The area is clear and minimum
antenna height is required for horizontal navigation.
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STATION 11 - MONDO
Cement trig station point, "TEL 1 D.0.S. 1959"



STATION INFORMATION

Station Name
Station Number

Dates Occupied (Mo/Day/Yr)

Kortiman
12
07/25/80 to 07/28/80

Eccentricity (Monument to Antenna)

Horizontal
Bearing

Vertical (up +)

Station Latitude
Longitude
Height
Northing
Easting

Antenna Latitude
Longitude
Height
Northing
Easting

Spheroid Name

Datum

Projection

Central Meridian

Source of Coordinates :

N/A
N/A
1.10 Meters

08 Deg 54 Min 16.577 Sec N
13 Deg 14 Min 20.811 Sec W
39,36 meters

984,765.99 meters

693,625.58 meters

08 Deg 54 Min 16.577 Sec N
13 Deg 14 Min 20.81]1 Sec W
40.46 meters

984,765.99 meters

693,625.58 meters

WGS-72

Geocentric

Universal Transverse Mercator
15 degrees

GEODOP processing of satellite data in free adjustment.



Site Description :

The site is situated on a very 1low flat sand beach
which is by a very 1low mud sea bed. A village
surrounds the marker area which would probably have to
be abandoned in one to two years due to sea
enroachment.

Location :
The site is located on the most westerly point of the

island of Kortimaw, 28 miles north of Freetown at the
mouth of the Great Scarcies River.

Access :
Take Land or Range Rover to Port Loko, Mange and then

Mambolo. Hire a boat on the Great Scarcies River to
Kortimaw Island. The easiest access is via helicopter.

Marker :

A galvanized steel pipe is set into a 0.5 X 0.5 meter
round cement block inscribed "Station 12%.

General :

It is believed that the TEL 3 marker has been rolled by
sea action,
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STATION 12 - KORIMAW

(Destroyed TEL 3 monument
in the foreground.)




SECTION V

INTRODUCTION TO GEODOP



INTRODUCTIONM TO GEODOP

GEODOP is both a collective term describing a family of
satellite reduction FORTRAN programs, developed initially
for the CDC 6400 computer, and the name of the family's
principal member. . This GEODOP family of programs is
currently installed for processing on commercially
accessible C€DC Cyber 175 computing facilities. GEODOP
reduces raw doppler and broadcast ephemeral data of the Navy
Navigation Satellite System and computes geocentric
observing station positions. Optimal results are obtained
by maintaining professional standards of data collection,
observing a coordinated pattern of site occupation
maximizing common data, and by assiduously recording
barometric pressures and wet and dry bulb temperatures.

CEODOP computation is a multi-stage process, a flow chart of
which is included. 5Steps in this process are as follows:

Transcription

Raw satellite data is transcribed in EBCDIC code on
9-track tape on a JMR-CR/Pertec 6840 system. Output
data tapes are entered into the computer facility
library.

Decoding

These ."stranger" tapes are accessed and the  data
decoded is stored on disk in an acceptable CDC format.

verified binary files of raw data are "majority voted"
by accepting as correct the most commonly occuring
redundant digits in the satellite message. Remaining
are the satellites orbital parameters and the measured
doppler counts in a format acceptable to PREDOP.

PREDOP

PREDOP accesses that section of the formatted majority
voted data collected at a particular site and then for
each pass does a first order ionspheric refraction
correction. The satellite orbit is computed and the
doppler counts are compared to theoretical values and
edited appropriately. Meteorological data can be input
at this stage.



GEQODOP

GEODOP in the single station option inputs the PREDOP
results plus estimated station position in Cartesian
coordinates, receiver time delay, frequency offset,
oscillator drift and a receiver weighting factor.
Computed are station position and pertaining statistics

and, on a pass by pass basis, inputs of receiver delay
time, frequency offset and oscillator drift are

refined.

Tape 1

"Tape 7" is the disk storage permanent file name of a
combined PREDOP/GEODOP run. Previous single station
PREDOP and GEODOP "trial runs” have isolated and
eliminated all glitches. Input parameters are refined
and receiver weighting factors have been adjusted on
the basis of program statistics. A final combined
PREDOP/GEODOP single station run is cataloged on disk
as "Tape 7".

MERGE

MERGE chronologically combines the Tape 7 output files
in a single pass by pass file.

DQOP =

GEODOP Multi-Station is GEODOP in an option mode
accepting up to 15 stations for simultaneous
processing. This is the program designed to yield the
most reliable positions for groups of stations occupied
simultaneously and to give reliable variance covariance
estimates. A phase adjustment approach is employed
whereby each pass is added to the cumulative solution
of all preceeding passes after surviving statistical
rejection tests.

nal AdiEstiien)

This multi-purpose adjustment program is used in
combining more than one multi-station solution. Input
coordinates .and variance-covariance matricies for two
or several “figures” (GEODOP Multi-Station solutions)
are combined into a single net of adjusted coordinates
with one complete variance- covariance matrix.
Adjustment may be free or constrained; scale, rotation
and shift factors may be applied. Chord distances
between stations are also output.
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PRINTOUT HIGHLIGHTS

MAJORITY VOTED SECTION

This sections contains the majority vote run listing
pass header jinformation as transcribed to 9-track and
the full listing run containing satellite parameters,
doppler counts and sequential line numbers. These line
numbers are used to extract a particular site for later
programs. The signal status editing option is noted on
the first page.

PREDQP SECTION

Delete numbers refer to data records excluded. Most
options noted are self-explanatory. Ones (1s) in the
doppler string indicate dopplers used; passes rejected
are boldly noted. A frequency offset plot is included.
There is one PREDOP run per station.

GEODQP SECTION

GEODOP options are noted on the first two pages of each

station's run. Satellites are listed by pass and are
clearly annotated. Meteorological data are default
values at this stage. Positions with pertaining

statistics and a pass summary are given.

TAP TION

These are clearly combined PREDOP/GEODOP runs with
improved inputs. Meteorological data is also input.

MER ECT

In MERGE commonality'of satellite data is indicated in
the station listing at each pass.

GEQDQP MULTI-STATION SECTION

Doppler by doppler commonality is displayed in the
individual pass reports. Figure results are given at
the middle of the multi-station printout, after the
pass by pass reports and before the station summaries
and covergence graphs.

FINAL ADJUSTMENT
Specified program options are noted on the first few
pages of printout. Input figures in Cartesian

coordinates are noted under "Residuals” and these are
followed by the adjusted results in Cartesian
coordinates. The adjusted geographical coordinates
follow the inter-station chord distances and are
followed by the complete variance-covariance matrix.
Eastern Hemisphere 1longitudes are reported as the
explement of the conventional longitude.



SECTION VI

GEODOP FINAL ADJUSTMENT
FREE AND FIXED



FINAL ADJUSTMENT - FREE
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FINAL ADJUSTMENT - FIXED

NOTE : Master Sute 9 fixed to results of Final Adjustment
Free; positional results for all stations identical to Final
Adjustment Free. This exercise merely exhibits relative
accuracies, rather than absolute accuracies, in output
statistics.
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SECTION VII

NCS/JMR SATELLITE SYSTEM



NCS/JMR-1 SATELLITE SYSTEM

INTRODUCTlON

The JMR-1 Doppler Survey Set is a portable recewmg and data recording
system which receives the Navy Navigation Satellite System (NNSS) transmissions;
formats and records orbital and doppler data on digital cassette tapes for later pro-
cessing in a computer. The JMR-1 Survey Set can be connected directly to the
computer for 'Real-time' observation of Satellite passes with the cassette tapes serving
as back-up. '

The entire set can be readily moved to an extremely remote area by jeep or
helicopter, back-packed to the actual site, set up and operated by one man. The set
will automatically record adequate data for a precision survey in one or two days of
unattended operations. '

A normal lead-acid car battery is all that is required to kéep the unit oper-
ating for a twenty-four hour period.

Satellite data, whether gathered in 'Real-time' or processed from the cassette
tapes, is reduced and combined into a three dlmensmnal fix represent:ng the antenna
location.

FEATURES:

1. A pass programmer which turns on only during desirable Satellite passes.
This drastically reduces power consumption and power supply weight.

2. An internal rechargeable battery begins frequency standard stablllzatlon up
to thirty (30) hours before arrival on site. Good Satellite data logging can
then commence immediately, thus saving an addmonal twenty-four (24) hours

on site. . -

3. A hermetically sealed unit, whlch can be operated exposed to the elements
completely unattended.

4. A 7-segment display for observation of Satellite message, doppler count,
CMT time, frequency search and other recorded data.

. Magnetic recording via cassette.
6. Auto frequency search.
7. Analog refraction correction.

8. Digital VCO.



DATA PROCESSING

Should an extensive survey using several JMR-1 Receivers be conducted, one
computer installation in a central location can service all Receivers. The Software
(SP-7) currently used establishing a 3-dimensional fix was written by JMR. In this
program, each successive Satellite fix is based on previous pass data stored in the
computer's memory since initialization. Estimates of Latitude, Longitude and Height
are improved with each Satellite fix that best fits all the doppler measurements for that

particular site.

Several functions may be performed by the SP-7 program inéluding:

1.

2.

Majorit)) Voting of the Raw Cassette Data
Computing Short Doppler Fixes

Antenna Hefght Solution

Plotting the Fixes

Computing Statistical Means and Probable Errors

Computing Alerts

.

Cassette Manipulating Functions.

Each pass is individually evaluated for acceptance into the three-dimensional
matrix. This editing process is automatic and insures that only those passes falling
within the quality control constraints of the program are included in the final position
fix. An attempt is made to compute every fix on tape and report the result on the
printer. A STATUS MESSAGE precedes each fix print-out and can be interpreted as

follows:

SMIO1 Good Fix :
SM02 Final Doppler Residual Too Eigh (above 10)

SMO03 'Did not converge in 21 iterations

SM04 Not used
SMO5 - Difference between Lat/Lon estimate and Lat/Lon

fix was too large (greater than 1500 meters)

SMO06 Less than 16 dopplers remaining
SMO07  Elevation angle exceeded high or low angle cut-offs

(greater than 80 degrees or less than 15 degrees)

SMO08 Imbalanced doppler data

SMO09 Bad data
] _Itiis worth noting that the process of gathering Satellite data can be continued
lndt‘aflmtely; however, the final result will tend to change less and less as the true
Position is approached.



SPECIFICATIONS: (In brief)

POWER: By external 12 Vv battery. A\}erage consumption 5 Watts.
10.8 to 13.5 Volts D.C. '

TEMP. RANGE: -40 © C to 455 ° C

~ DIMENSIONS: 22 CM X 38 CM X 52 CM

" WEIGHT: 16 Kg..

SATELLITE PASS -

PROGRAMMER: Up to fifty (50) passes selectable.

CASSETTE _

CAPACITY: . Up to fifty (50) passes.

OSC. _ '

STABILITY: Less than 5 x 10  ~12 /100 Sec.

avg.'g time

VIBRATION: ' 0-100EZ .25 MM Peak Displacement _
' 100-500HZ .025MM Peak Displacement . .o
5> G's Max. Acceleration

DUAL CHANNEL: 150 MHZ & 400 MHZ

FIELD OPERATIONS

The NCS/JMR-1 'Sy;stem computes three-dimensional geographical positions
referenced to the WGS-72 Spheroid. The method requires the NCS Operator to
monitor several Satellite passes in order to-obtain a single three dimensional (lati-

tude, longitude and height) position fix to an RMS accuracy of ten (10) meters or
less, '

Orbit data and doppler inform'ation from the present constellation of six
satellites are reduced on a small digital computer located on site, or a central
location, into a position fix.

. The NCS/JMR System has provided high quality horizontal control for many
applications in Hi-Arctic and jungle environments. It is particularly suited toward
the establishing of Navigational Radio Base Stations, offshore rig positioning, con-

firming the position of already established rigs, pipe laying, boundary surveys,
Plus many other applications.



ACCURACY: .

i Several tests have been made to evaluate ‘the accuracy
of the JMR-1. Included in this report, under APPENDIX B, can
be found the following paper presented at the INTERNATIONAL
GEODETIC SYMPOSIUM on SATELLITE DOPPLER POSITIONING during
October 1976. )
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FIGURE 1.0: THE JMR-1; OPENED FOR SERVICING
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NAVY NAVIGATION
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1.1 INTRODUCTION

This document will provide the reader with a general understanding of the U.S.
Navy Navigation Satellite System (NNSS) and of the nature of the signals which it
transmits. Such a general understanding is important to full appreciation of the
operation of the JMR-1 Doppler Survey Set, which records data from the NNSS

transmissions from which precision three-dimensional positions can be deter-

mined.

1.2 SYSTEM SUMMARY
The JMR-1 Doppler Survey Set uses the U.S. Navy Navigation Satellites as its

only references in determining the precise, three-dimensional position of a point
on the Earth's surface. This satellite system has been operationally used for
precise positioning, world-wide, for over 10 years. Six operational satellites
are now in polar, 600 n. mile, circular orbits, some of which have been opera-
ting contmuously for over six years. The satellites transmit information ona ’/
contmuous basis and their signals may be received and ‘used by anyone who has

appropriate instrumentation.

The track of the satellite in its orbit must be precisely known as it is the survey-
or's position reference. The data which describes the satellite position as of each
two minutes into the future is predicted by the U.S. Navy and stored in the sate-
1lite's memory. The satellite is programmed to transmit this data, as modulation
on its carrier frequencies, in the appropriate time slots for reception by user's
equipment. The orbit data is correlated with satellite-transmitted time marks.
The accuracy of this prediction data has been periodically improved over the past
ten years and continuing improvement is anticipated. Orbit data of greater pre-
cision is computed by the U.S. Naval Weapons Laboratory from tracking data ob-

tained by its tracking network during the time period of the survey.

The JMR 1 Set receives the two coherently-related satellite- -transmitted signals,
at frequenc1es of approximately 150 MHz and 400 MHz, and extracts and records
timing infarmation, predicted satellite ephemeris, and doppler shift data. The

timing and ephemeral information may be taken from either signal.



1.3 TITE NNSS
The NNSS is a world-wide, all weather system that enables both surveyors and

navigators to determine accurate positional information from data collected dur-

ing passes of the orbiting satellites.

This systém consists of three major subsystems:
The ground support subsystem
The satellite subsystem

The user subsystem

1.3.1 The Ground Support Subsystem

The ground support subsystem consists of four types of stations. Tracking,

Injection, Computing and Naval Observatory Stations.
A station may perform one or more of the ground support functions.
1.3.1.1 Tracking Stations

The tracking stations are located in Hawaii, California, Minnesota and Maine
(see Figure 1-1). Each tracking station includes radio receiving and data pro-
cessing equipment that receive and decode the satellite transmission. The track-
ing station antennas have a directional pattern and must be programmed to point
toward the satellite throughout the duration of the pass. This antenna directivity
provides greater antenna gain and offers an additional measure of discrimination
against spurious signals from local transmitters. It also ensures tracking of the
selected satellite during those instances when two satellites converge within radio
line-of-sight. The programming data for pointing the tracking station antenna
either originates at the computing center, and is routed through the central con-
trol center, or is locally derived at the tracking station. Just before the sate-
llites time-of-rise, the antenna is pointed so as to acquire the satellite signals.
As the satellite rises above the horizon,. the antenna continues to follow the pass,
allowing the radio receiver at the tracking station to lock on the signals. The
receiver and data processing equipment decode and record the satellite message.

The doppler signal is digitized and sent with satellite data to the computing center.
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1.3. 1.2 Naval Observatory Station

The Naval Observatory receives signals during each satellite pass. During a
pass, the dala processing equipment compares the time of reception of the 78th
bit of each two-minute message received with the even two minutes of Universal
Time (UT-2). The times at which satellite time signals are received are then

transmitted to the computing center.
1.3.1.3 Computing Center

The computing center continually accepts data inputs on the four satellites from
the tracking stations and the Naval Observatory. Periodically, to obtain the fixed
orbital parameters for a satellite, the computing center computes an orbit for
each satellite that best fils the doppler curves obtained from all tracking stations.
Then, using the computed orbital shape, the computing center extrapolates the
position of the satellite at each even two minutes, in Universal Time, {or the
next 12 to 16 hours subsequent to data injection. The data, together with com-
mands and time correction data for the satellite, and antenna-pointing orders

for the injection station antenna, are supplied to the injection station.

-

1.3.1.4 Injection Station

The injection station, after receiving and verifying the incoming message from
the computing center, stores the message until it is needed for transmission to
the satellite. Just before a satellite time-of-rise, the injection station antenna
is pointed to acquire, lock-on and track the satellite throughout the pass. As
soon as the receiving equipment receives and locks onto the satellite signais,
the injection station reads the injection data and commands from storage and
transmits them to the satellite. Transmission to the satellite is on a different
frequency from that used by the satellite, and the bit rate is much higher; thus,

_injection is completed in a matter of seconds.
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The next two-minute transmission by the satellite, during the pass, contains
part of the newly injected data. In the injection station, this readback is com-
pared with the data that the satellite should be transmitting as a check for
errors. Because most of the newly injected data (the variable parameters)
will not be transmitted until the appropriate time during the satellite's orbit,
the initial readback [rom the satellite includes parity check data. These data
provide for error detection of the variable parameters so that the injection

station can verify that the parameters were received correctly.

If no errors are detected, injection is complete. If one or more errors are
noted, injection is repeated at two-minute intervals (updating the variable param-
eters as necessary) until the satellite transmission is verified as being correct

or until the satellite is no longer available for data injection.

Once data injection is complete, the satellite continues to transmit its normal
two-minute messages. Any time corrections for the satellite clock and any
commands for the satellite (such as changeover to the standby oscillator, cease
transmission, and the like) are also performed during the period of data injec-
tion. These precautions ensure that the navigational equipment, which depends
on accurate satellite data for determining its position, is provided the best

possible data from each satellite.

1.3.2 Satellite Subsystem

Each of the satellites is placed in a nominally circular polar orbit at an altitude
of 400-700 (nominal 600) nautical miles. The orbital planes of the satellites
intersect at the earth's rotational axis and at launch are spaced optimally
apart in longitude at the equator. Thus, since the orbital planes remain
essentially fixed in space, the satellites appear to traverse the longitudi-
nal meridians as the earth rotates beneath them. The NNSS satellites
provide contact anywhere on earth almost on an hourly basis. Figure

1-2 illustrates satellite availability for 4 satellites. Six satellites are

currently in use.
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Figure 1-2. Satellite Availability Chart

Each satellite orbits the earth in approximately 108 minutes. Through its useful
life, each satellite continuously transmits the following phase-modulated data as
two-minute messages on two rf carriers: two-minute mark synchronization

signals, a 400 Hz "beep" signal, and fixed and variable parameters describing

its own orbit.

The fixed parameters describe the satellites nominal orbit and are accurate for

a 12 to 16 hour interval. The variable parameters describe the fine structure in
the satellite's nominal orbit as a function of time and are correct only for the -

time at which they are transmitted by the satellite. Thus, the satellite's

memory stores sufficient variable parameters to describe its orbit at two-minute
intervals between subsequent injections of data into its memory. Each trans-
mission is timed so that the end of the 78th bit of each two minutes message (the
last bit of the synchronization signal) coincides with the even two minutes of UT-2.
Thus, the satellites also serve as an accurate time reference for all navigators
that are équipped with an adequate system to receive and decode satellite

transmissions.
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All data transmitted by a satellite that does not change, such as synchronization
and identification signals, etc. are wired into the satellite’'s memory. All data
that changes with time, such as the parameters of its orbits, are replaced at 12

to 16 hour intervals by transmission from an injection station.

1.3.2.1 NNSS Satellite

Figure 1-3 illustrates a simplified diagram of the electronics contained in a

NNSS satellite.

The 5 MHz oscillator provides the base frequency for the transmitted signals

and the internal timing.'
Each of the transmitters are in continuous operation. The 400 MHz output is

offset by 32 kHz which results in an emitted frequency of 399.968 MHz. The
150 MHz output is offset by 12 kHz which results in an emitted frequency of

149.988 MHz.

The internal timing will be utilized for memory gating, both for the transmission

of data and input-of the injected data, and for the wired functions.

Memory consists of 636 39-bit words. Memory contains, in addition to other
datum, the fixed and variable parameters of the orbits required for navigational
fix.

1.3.2.2 Satellite Radiation Considerations

The satellite transmitter has an output capability of approximately 1.5 watts.
With such a low power availability a radiation pattern was chosen to result in
the maximum radiated power at the desired angular displacement. (Figure 1-4
illustrates the radiation pattern of the satellite.) The radiation pattern results
in maximum radiated power at the angles at which the distance will -be the
greatest, and minimum radiation at angles at which the distance is the shortest.

The Vector-distance relationship is illustrated by Figure 1-5.
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Figure 1-4. Satellite Radiation Pattern

Figure 1-5. Angular Position VS. Distance

1-9



The satellite antenna is designed for left-hand circularly polarized radiation at
both 150 and 400 MHz. This allows maximum signal energy transfer to a left-
hand circularly polarized receiving antenna, and also optimum rejection of re-
flected and re-radiated signals at the circularly-polarized receiving antenna.
An anomaly in the satellite's 400 MHz radiation pattern requires use of a
vertically-polarized receiving antenna at that frequency until new satellites

with corrected radiation patterns are launched.

Any time that the satellite is within radio line-of-sight and the angle at time of
closest approéch is equal to or greater than 15 degrees and equal to or less than
75 degrees, the satellites transmission may be used to compute the exact posi-
tion on the earth of the positioning equipment. Satellite passes suitable for use

in obtaining a position fix will generally occur at least every two hours.

1. 3.2.3 Satellite Transmission Format

The data transmitted by the gatellite is in the form of phase modulation on the

carrier frequency. A data bit requires approximately 20 ms.
A bit time is divided into two time periods of 10 ms called doublet times.

Each doublet time period consists of four equal time periods of 2.5 ms. The
first two time periods are data periods. The last two time periods are ''rest"
periods. The data periods are of equal and opposite phase shift. The rest time

has no associated phase shift.

The doublet pairs representing a logic quantity (1 or 0) are illustrated by

Figure 1-6.
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a.

b. Binary 0

Figure 1-6. Binary Data Represented by Doublets

The data transmitted is in the form of binary-coded-decimal-excess 3." Table

1-1 compares decimal/octal/BCD/BCDXS3 coding for the decimal digits.

TABLE 1-1. DIGITAL CODE COMPARISON
DECIMAL OCTAL BCD BCDXS3
0 0 0000 0011
1 1 0001 0100
2 2 0010 0101
3 3 0011 0110
4 4 0100 0111
5 5 0101 1000
6 6 0110 1001
7 7 0111 1010
8 10 1000 1011
9 11 1001 1100

1-11



Each satellite data word is 39 bits in length. This represents 9 digits, 36 bits,
and three bits that are not utilized for positional information. Figure 1-7 illus-

trates the 9 digits of a typical satellite word.

1.3.2.4 Satellite Message

The satellite message consists of 156 words of 39 bits and a word of 19 bits, a

total of 6103 bits which is transmitted in exactly two minutes.
Refer to Table 1-2 during the following discussion.

The words that are of particular interest to the navigational equipment are

Word 2, Word 3, Word 8 and every sixth word thereafter through Word 152.
Each of the words shall be discussed in the order of their occurrence.

WORD 2 - the last 25 bits of this word coﬁtain a distinctive pattern
that is used for synchronization. This pattern is a logic
0 bit folloxyed by 23 bits of logic 1 followed by a logic 0
bit. The end of the last logic 0 bit coincides with the
start of Word 3.

WORD 3 - The exact start of word 3 is the two minute time mark.
During word 3 the phase modulation pattern is altered
so that a 400 Hz tone may be heard. Time marks emitted

by the satellite are accurate to about 200 us.

Although the absolute time accuracy of a time mark may be no better than 200 us,
the two minute accuracy between marks is accurate to about 10 us.

WORD 8, 14, 20, 26, 32, 38, 44, 50 - these are the Ephemeral data

. words.
WORD 56, 62, 68, 74, 80, 86, 92, 98
104, 110, 116, 122, 128, 134, _
140, 146, 150 ' - these are the Kepler data words.

'1-12
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Figure 1-7. Satellite Word Code Format
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TABLE 1-2. ORGANIZATION OF SATELLITE MESSAGE

3 1 5 6 7 R 1st Ephemeral Word
9 10 11 12 13 14 2nd EphermeralWord
15 16 17 18 19 20
21 22 23 24 25 26
27 28 29 30 31 32
33 34 35 36 37 3R
39 10 41 42 43 44
45 16 17 48 49 50 gth Ephemeral Word
Hl 52 53 54 55 56 1st Fixed Word
57 58 n9 60 6l 62 2nd Fixed Word
63 64 635 66 67 68
69 70 71 72 73 71
75 76 77 T8 79 80
81 82 83 84 85 86
87 88 89 90 91 92
93 94 95 96 97 98
- 99 100 101 102 103 104
105 106 107 108 109 110
111 112 113 114 115 116
117 118 119 120 121 122
123 124 125 126 127 128
129 130 131 132 133 134
135 136 137 138 139 140
141 142 144 144 145 146
147 148 149 150 151 152 17th Fixed Word
153 154 155 156 A B
c ]

Note: Word A - Word 157 (19 bits) plus first 20 bits of word one
Word B - Last 19 bits of word one plus first 20 bits of word two
word C - Last 19 bits of word two

Example:
r Wword A l Word B J_"
1]

[ Word 157—] ——Word 1; First 20 Bits
19 Bits 20 Bits 1 19 Bits |of Word 2 "j

C—~["word c ]
25t 19 Bits
L) wrd 2
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Ephemeral Data

The ephemeral data will change each two minute segment. The manner in which
the data changes is illustrated in Figure 1-8. Notice that the words shift and a

new word is inserted in the word 50 position.

1ST 2ND 3RD
WORD TWO-MINUTE TWO-MINUTE TWO-MINUTE

POSITION SEGMENT SEGMENT SEGMENT
8 080490390 090179684 500730930

14 090179684 500730930 510821264
20 500730930 510821264 620871610
26 510821264 620871610 730901950
32 620871610 730901950 540892288
38 730901950 540892288 300862570
44 540892288 300862570 010802817
50 300862570 010802817 120712990

Figure 1-8. Ephemeral Data, an Example
The quantities contained in the ephemeral data words are:
tk - the number of two minute increments past the hour or half hour.
NOTE

The real value of tk is only true if the word occupies

the WORD 26 position in the message.

AEk - the incremental eccentric anomaly.
(AEk = +.0XXX degrees.)
AAk _ the incremental length of semi-major axis of orbit ellipse.
(AAk = £X.XX kilometers.)
n - the incremental out-of-plane component of the satellite. Since the
desired magnitude of n is +. XX kilometers, twon digits are
required. The process of obt.aining n, is explained as part of

Table 1-4.
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Figure 1-9 illustrates the position, in an ephemeral word, of each ephemeral

quantity.

2 3 4 5 6 T 8 9

AE
Kk AAL Pk

Figure 1-9. Format of an Ephemeral Word

To decode an ephemeral word the following steps must be performed.

a.

To arrive at a value for tk:

1.

Select word 26 of the first two minute segment. (From
Figure 1-8, 510821264)

Decode the first digit. (From Table 1-3, 5 = + -1)

The number from step 2 (1) and the second digit from the
selected ephemeral word results in the value of 'k’ (11)
Multiply tk by 2. (11 x 2 = 22) the time is 22 minutes past

the hour or half-hour.

To arrive at a value for AEk:

1.
2.

Extract the first sign obtained in a.2 (*).

Extract the third through fifth digit of the ephemeral word.
(510821264 = 082) ' '

Attach the sign from step b . 1. to the quantity from step
B.2. (+082) this is the signed value of AEk.

To arrive at a value for AAk:

1.
2.

Extract the second sign obtained in 2. 2(-).

Extract the sixth through eighth digit of the ephemeral word.
(510821264 = 126)

Attach the sign from step c.1 to the quantity from step C.2.
(-126). This is the signed value of AAk'

1-16



TABLE 1-3. DIGIT DECODE SIGN AND VALUE

DECIMAL FIRST SIGN SIGN DECODED
NUMBER | DECODE | DIGITOFt | OF AE, | OF AA | FORn

0 +0 0 + + -0

1 +-0 0 + - -4

2 -+0 0 - + -3

3 --0 0 - - -2

4 ++1 1 + + -1

5 +-1 1 + - +0

6 -+1 1 - + +1

7 | 1 - = +2

8 + +3

9 - +4

'NOTE: 8 and9 are reserved for.sign gnd values of n and Keppler data
signs.
d. To arrive at a value for n
1. Extract the ninth digit of the ephemeral word. (51082 1264 = 4)
2. Decode the digit. (From Table 1-3, 4 = -1)
3. Extract the ninth digit from the next ephemeral word.
(620871610 = 0)
4. Attach the sign and value from step d.2 to the quantity from
step'd.3 (-10) this is the signed value of n -
When decoding is completed the data in Figure 1-8 would be as shown in
Figure 1-10.
Fixed Data
Table 1-4 describes the fixed data quantities. To decode the first digit for

sign consult Table 1-3.
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SECOND TWO
WORD FIRST TWO MINUTES MINUTES THIRD TWO MINUTES
POSITION tk AEk AAk n, tk AEk. AAk n tk AEk AAk n
8 +049| +039| -04 +017| +968| -10 +073|-93 | -04
14 +017| +968| -10 +073| -093| -04 +082 |-126| -10
20 +073 | -093| -04 +082| -126| -10 -087 |+161| -00
26 11 | +o82| -126| -10 | 12| -087| +161 -00| 13| -090|-195| -08
32 -087| +161| -00 -090| -195| -08 +089[-228] +30
35 -090| -195] -08 +08.9 -228] +30 -086|-257| -07
44 +089| -228| +30 -086| -257| -07 +080|+281] +20
50 -086| -257| -07 +080 | +281] +20 +071|-299| -00

NOTE: tk is decoded for word 26 only.

Figure 1-10. Decoded Ephemeral Data, an Example

1.3.2.5 The Doppler Factor

The navigational solution is based upon "the apparent frequency shift of the
transmitted frequency, at the receiving antenna, due to the relative motion of

the transmitting station, satellite, and the receiving station' or, doppler fre-

quency shift.

As the satellite approaches, the doppier effect is such that the frequency appears
to increase, and as the satellite recedes, the doppler effect is such that the

frequency appears to decrease. (See Figure 1-11.)

Every cycle of increase in doppler means that the satellite has moved one

wavelength nearer. This is a precise measurement since a wavelength, at 400

MHz, is 3/4 meter.

The doppler shift measurement is made by accumulating doppler cycle counts

for each two-minute satellite data interval or submultiple thereof.
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TABLE 1-4. FIXED DATA QUANTITIES

SATELLITE
WORD QUANTITY . DESCRIPTION
56 tp Time of satellite perigee (minutes)
62 n Mean motion of satellite (degrees/
minute) X . XXk x XX
68 w Argument of perigee at tp (degrees)
74 W Precession rate of perigee (degrees/
minute)
80 € Eccentricity
86 Ao Mean semi-major axis (kilometers)
92 Q Right ascension of ascending mode at
tp (degrees)
98 Q Precession rate of mode (degrees/
minute)
104 ’ ' Ci Cosine of inclination
110 ) AG Longitude of Greenwich at tp (degrees)
116 - Satellite Identification Number
122 ti Time of last injection (fiducial inverval & day No.)
128 ‘ Si Sine of inclination
134 Frequency Offset of satellite oscillator in parts
per million below 150 & 400 MHz
140 - BCDXS3 zeros except during injection
146 - BCDXS3 zeros except during injection
152 - BCDXS3 zeros except during injection

Word 128 is distinctive and may be used to identify the satellite. At the time

this book was written the following ""signatures' were applicable.

SATELLITE ' SIGNATURE
IDENTIFICATION NUMBER  SINE OF INCLINATION

30120 ' 809999930

30130 809999800

30140 : 809999160

30180 810000000

30190 809999990

30200 809999960
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Figure 1-11. Satellite 400 MHz-Signal Subjected to Doppler Effect
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1.3.2.6 Signal Refraction

The satellite could transmit the data using a single ultra-high fre‘quency. This
frequency would travel along a line-of-sight path towards the receiving antenna.
However, while passing through the ionosphere the propagation path becomes
bent, or refracted. (See Figure 1-12.) Refraction of the signal path affects the
accuracy of the receiver doppler count, broducing errors in the computed navi-
gation fix. To correct the major part of this effect a second transmission fre-
quency is employed. During propagation both frequencies are affected by re-
fraction but, by different amounts. The refraction difference is measured by the
receiver and used to correct the doppler count. If this correction is not made,
the position fix may be in error by hundreds of feet, particularly during the day-

time. Thus refraction correction is necessary for full accuracy. -

1.3.3 The User Subsystem Equipment

The user's system is the final link in the NNSS System. This equipment receives
the signals transmitted by the satellite, measures the doppler shift, decodes

the satellite message, and organizes the data for position fix computation by a

computer.
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Figure 1-12. Satellite 400 MHz Signal Subjected to Refraction
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The user's system consists of the following basic elements:

A dual frequency antenna
A dual frequency phase-lock receiver
A precision 5 MHz frequency standard

A digital processing unit

1.3.3.1 The Navigational Fix

As stated, the satellite describes the orbital position of the satellite every two
minutes, on the even two minutes. To obtain a position fix, it is necessary only
to determine the user's location relative to the known location of the satellite.
The user's system employs an "integrated' doppler measurement for this pur-
pose. In Figure 1-13, positions for the satellite in its orbit are shown for times
t; through t4. The slant range from ship to satellite is given for S1 through S4.

From Figure 1-12, it is evident that the number of wavelengths, of the trans-
mitted signal, enroute at time t1 along S1 is greater that at time t2 along 52.
Every doppler cycle received means that the satellite has moved one wavelength
closer. The satellite's transmission frequencies are 400 MHz offset by 32 KHz
(399. 968 MHz) and 150 Mliz offset by 12 KHz (19. 988 MHz). This offset allows

the user system to obtain unambiguous doppler information during a satellite

pass when using a reference oscillator w.hose frequency is an exact sub-multiple

of 400 MHz. The integrated doppler measurement is simply the count of the num-
ber of doppler cycles received between t1 and t2, which is a direct measure of

the total changes of slant range during that time interval. Since the satellite
positions, at t1 and t2, are known, the receiver must be on some surface defined
by the measured slant range difference between these points. This surface is a
hyperboloid of revolution with the foci at the known satellite position. The receiver

must be located somewhere along the curve defined by the intersection of this

hyperboloid and the earth's surface.
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Figure 1-13. Obtaining a Position Fix Using Satellite Navigation Equipment

The next doppler count will define a second curve, and the intersection of this
plus an additional curve (shown in Figure 1-13) results in a navigational fix.

At least three doppler counts are required in order to obtain a position fix. As
many as nine two-minute éounts may be recorded per satellite pass, and all are

used to improve the accuracy of the computed position fix.
1.3.3.2 System Operation

Regardless of the configuration involved, the system operation is basically the
same. The receiving equipment of the user's system receives the incoming
~ satellite message, extracts the message inIormation, measures the doppler shift

and records the information for ‘entry into a computer for fix computation.
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The user system will extract and measure the following from the received

signals.

e Measured doppler

° Mecasured refraction

° Satellite orbital data

e Timing information.

The received signals will be shifted by doppler and/or refraction. The doppler

effect is directly‘ proportional to the transmitted frequency. Therefore, the

doppler effect is greatest on the 400 MHz signal and will be measured from the

400 MHz signal. Refraction effects are inversely proportional to the transmitted

frequency. Therefore, the refraction measurement will be accomplished on the

150 MHz signal.

Before meaningful data can be extracted from the received satellite message,

the user system must be synchronized with its modulation. Synchronization

is accomplished in three steps.

Step 1,

Step 2

Step 3

DOUBLET SYNCHRONIZATION

The receiver allots 16 seconds for the internal doublet
clock (=100 Hz) to be synchronized with the received
doublets.

BIT SYNCHRONIZATION

The receiver requires one or two seconds after doublet
synchronizatior for the internal bit clock (~50 Hz) to be
synchronized with the received bits.

MESSAGE SYNCHRONIZA TION

After doublet and bit synchronization have been accomplished,
the receiver will search for the distinctive pattern that
appears in satellite word 2 and, at the time that the full
pattern is recognized (the start of satellite word 3) message

synchronization is accomplished.
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