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ABSTRACT 

The S h i p  Position and Attitude Measurenlent System t h a t  i s  
i n s t a l  led aboard Goddard Space Fli ght Center 's t racking sh ip  VAN- 
G U A R D  wi 11 be described. An overview of the ent i  re sys teri~ w i  11 be 
g i v e n  along with a  descript ion of how precise time and frequency 
i s  u t i l i z ed .  The instrumentation wi l l  be broken down in to  i t s  
basi c components. Par t i cu la r  err~phasis wi 1 1  be gi ven t o  the i n e r t i  a1 
navi gati  on sys ten]. Nhat i t  i s  , how i  t works, and the requi rement 
for precise time wi l l  be described. Each navigation systerrl used, 
a Marine S t a r  Tracker, Navigation S a t e l l i t e  System, Loran C and 
OMEGA in con junction with the i n e r t i  a1 sys tern wi 11 be described. 
The accuracy of each sys tem w i  1 1  be collipared a1 o n g  wi t h  thei r limi- 
t a t i  ons . 

INTRODUCTION 

Ladies and  Gentlenen, I have corne before you today fo r  the purpose 
of introducing you t o  the Ships Position and  Attitude Measurenient 
Systerll (SPAMS). This systelri i s  used on NASA's Tracking ship V A N -  
G U A R D .  I t s  function i s  t o  provide on d continuous basis  a t t i t ude  
d a t a  ( r o l l ,  p i t ch ,  and heading),  velocity data (ve loc i ty  North, velo- 
c i ty  East and t o t a l  ve loc i t y ) ,  and position ( l a t i t u d e  and longitude) 
t o  the Ship 's  Central Data Processor where i t  i s  used f o r  d i rect ing 
the tracki  ng  antennas . 

During the Apollo proyrani, the assun~pticn was tilade t ha t  the only 
source of e r r o r  i n  the data W ~ S  due t o  the s h i p ' s  posi t ion.  Require- 
lllents were placed on the VANGUARD ins tr-uri~etitation such t h d t  thc ovcr- 
a l l  accuracy ( i  . e . ,  e r r o r  budget f o r  b o t i ~  FJavi g a t i o n  and Tracki n y  
antennae) would appear t o  be n o  rllore than 0 . 7 5  riduti cdl ilii les  in 
position and angle data would appear  t o  be n o  iiiore than 0 . 4  lr~ils 
(0  -023 degrees) . Therefore, the error- budyet f o r  the SPAMS with re- 
spect  t o  i t s  navigation and a t t i tude  d d t a  tilust be we1 1  within the 
overall accuracy assi yned t o  the s h i p ' s  instrumentation. 



Before discussing the SPAMS, a  few definitions are needed. The geoid 
i s  the figure of the earth as defined by the undistrubed surface of 
the waters of the oceans over the en t i re  surface of the earth.  Be- 
cause the direction of gravity i s  not everywhere perpendicular, the 
geoid i s  n o t  quite an el l ipsoid of revolution. Most navigation systems 
relate  t o  a  model of the earth that  i s  defined by an el l ipsoid of 
revolution (spheroid). On tha t  e l l ipo id  i s  then imposed a  grid that  
we call Latitude and Longitude. There are a nurnber of definitions for 
1 a t i  tude 

1 )  Terrestrial  la t i tude i s  the angular distance from the equator 
measured northward or southward through 90". 

2 )  Astronomical la t i tude i s  the angular distance between the direc- 
t i  on of gravity and the plane of the equator and, 

3) Geodetic la t i tude i s  the angular distance between the plane of the 
equator and a normal t o  the spheroid. 

Longitude has sirr~ilar definitions b u t  i s  measured from an adopted re- 
ference point or prime meridian and i s  measured eastward or westward 
t h  rough 1 80". 

Dead reckoning or deduced position i s  the determination of position by 
advancing a  previous position for  courses and distances . 

INTEGRATED NAVIGATION SYSTEM 

Figure 1 shows tha t  the Integrated Navigation System (INS) i s  really 
made up  of two systems; a  Marine S t a r  Tracker (MST) and Ships Iner t ia l  
Navi ga t i  on Sys tem (SINS) . Fi gure 2 shows photographs of each component 
in the system. The binnacle contains the ine r t i a l  platform on which 
four gyros and three PIPA's are located. 

The SINS i s  a dead reckoning system and i s  composed of an iner t ia l  
platform which i s  s  tabi 1 i  zed by three (3)  single-degree-of-freedom 
gyros; three accelerometers, which sense acceleration in the level 
( x  and y )  and vertical  ( z )  directions; a  gimbaling system to  i so la te  
platform motion from sh ip ' s  motion, and associated electronics and 
hardware (torquer motors, servos, pi ckoff sensors, e t c .  ) . Also con- 
tained, as part  of the MK3 Mod 5 SINS, i s  a  moni t o r  sys tem composed 
of a fourth gyro and accelerameter which are mounted on a  separate 
pl atform. This separate platform, with monitor gyro and monitor 
accelerometer, i s  mounted on the main ( i n e r t i a l )  platform, and i t  has 
freedom of motion in the level (x-y) and (z )  direction plane. The 
moni to r  sys tem provi des the capabi 1 i  t y  for  internal calibration of the 
gyros and accelerometers. Fig. 3. 



The SINS i s  an analog/digital  computer. Besides a timing input i t  
requires a damping signal  which i s  provided by a Electro Magnetic (EM) 
log ,  an azimuth reference,  and posit ion f i x  information tha t  i s  pro- 
vided by a Marine S t a r  Tracker, Navigation S a t e l l i t e  System, LORAN-C, 
and OMEGA. 

Here we must speak o f  Navigation. Dutton defines Navigation as the a r t  
or  science o f  determining a s h i p ' s  or a i r c r a f t ' s  position a t  any t ime 
and of conducting a ship  o r  a i r c r a f t  from one postion t o  another 
Science i s  involved in developing the instrunlentation t o  accomplish 
t h i s  purpose. The appl i  ca t ion ,  the in te rpre ta t ion  of information re- 
ceived, and i t s  analysis const i tu te  an a r t  requiring both s k i l l  and 
experience. 

No one Aid t o  Navigation or combination of such Aid's provides a l l  t he  
inforniati on t o  give a perfect  f i x ,  t ha t  i s  an exact Latitude and Longi- 
tude. Each Aid t o  Navigation has unique advantages and disadvantages 
which must be considered by the user, I t  i s  then possible t o  make a 
reasonable estimate of one's  Latitude and Longi tude . Even then resu l t s  
d i f f e r  depending on which e l l i p so id  i s  used as the reference e l l i p so id .  

The primary mode of navigation fo r  the Integrated Navigation System i s  
t h e  Ste l l a r - Ine r t i a l  mode. In t h i s  mode up t o  s i x  preselected s t a r s  
can be tracked by the Marine S t a r  Tracker. This ins trurnent i s  an 
e lec t ron ic  sex tan t .  I t  nleasures observed elevation and azimuth angle 
t o  the se lected s t a r s  and transmits t h i s  data t o  the MINDAC computer 
where in conjunction with precise tinle, s t a r  ephernlis and besselian 
day number, a position f i x  i s  calculated a t  s i x  minute i n t e rva l s .  The 
period of one complete c i r c u i t  of the f i c t i t i o u s  mean sun in  r igh t  
ascension beginning a t  the i n s t an t  when the r ight  ascension i s  18H 40M 
i s  known as the Besselian so l a r  year .  This position f i x  provides 
Lati tude,  Longitude and a reference azitiiuth which can be e i t h e r  auto- 
tnati ca l ly  inser ted  i n to  the Sperry Kalrrran Optirr~al Reset (SKOR) f i  l t e r  
a t  s i x  minute in te rva l s  or  manual control can be affected a t  the 
operator ' s  d i sc re t i  o n .  Fig 4. 

Unlike nornial c e l e s t i a l  navigation where a good horizon avai lable  
during twi l igh t  periods ( o r  a bubble S e x t e n t )  i s  required t o  obtain a 
f i x  using the s t a r s ,  the Marine S t a r  Tracker can be used day or night .  
I t  has an accuracy under ideal conditions fo r  a s ing le  f i x  in the 
neighborhood of 0 . 0 5  N M .  

The l imi ta t ions  on i t s  accuracy are many. F i r s t ,  i t  i s  not possible 
t o  track when i t  i s  overcas t ,  second refract ion and other parameters 
are not always constant ,  t h i r d  there are system cal ibra t ion e r r o r s ,  
and fourth there i s  an e r r o r  due t o  a deflect ion o f  the ve r t i c a l .  The 
deflect ion of ver t ica l  i s  the difference between the actual geoid and 





intervals with updated orbi t  parameter predictions by a ground 
s tat ion.  Any errors in these computati ons and any perturbati ons 
in the s a t e l l i t e  orb i t  will be reflected as an error  in the f i x  
t ha t  i s  determined by the observer. 

In addition t o  the orbi t  paranleter predictions there are uncertainties 
in doppler frequency measurements which resul t  in errors in the f i x .  
There are refraction e f fec t s ,  frequency variation, and  observer velo- 
c i t y  prediction errors .  

Ionospheric refraction effects  cause a p a t h  length distortion of the 
radio signal transmitted from the s a t e l l i t e .  To reduce this e r ror  the 
Navy Navigation Sa te l l i t e  System ut i l izes  a two frequency s a t e l l i t e  
trans~nission and a l inear approximati on of the frequency-refraction 
re1 a t i  onshi p as a correction t o  the doppler frequency measurement. 

The navigation s a t e l l i t e  system i s  a doppler frequency ineasurement 
system. An ins tab i l i ty  in the reference frequency will cause an 
er ror  i n  fhe position f i x .  On the VANGUARD, the AN/SRN-9 Navigation 
Sa te l l i t e  Sys terns are direct ly  interfaced with the instrumentation 
timing system which has greater l o n g  and short term s t a b i l i t y  than 
those freqency standards normally supplied with navigation s a t e l l i t e  
recei vers . 
To reduce error  i n  time rreasurenent the s a t e l l i t e  translni t s  a time 
signal with an accuracy of approximately 50 us as part  of i t s  data 
transmission. The observer* receives the s i  g n a l  , corrects i t  for pro- 
pagation and then can use i t  t o  correct the s h i p ' s  clock. 

During a s a t e l l i t e  pass, an error- in the observer's velocity and the 
e f f e c t s  of wind and current w i  11 resu l t  in a error  in the position 
f i x .  To nlininlize this error  source the V A N G U A R D  uses the iner t ia l  
system which i s  independent of the effects of wind a n d  current. A t  
least  half of the total  error  can be attributed t o  th i s  source. 

There are other sources o f  e r ror  such as noise, a l t i tude o f  observer 
and signal propagation. These are negligible in effect  and wi 11  n o t  
be discussed. 

There are illany opinions as t o  the accuracy o f  t h i s  systenl. On the 
VANGUARD where an i  nerti a1 sys tern i s  used t o  correct for the observer's 
velocity, individual s a t e l l i t e  fixes of 0 . 0 5  t o  O . I  nautical when 
compared t o  LORAC have been obtained. LORAC i s  a high accuracy short- 
range hyperbolic navication systern that i s  used for t e s t  purposes. 
The i  nerti a1 system's S K O R  (Sperry-~alman O p t i  rnai Reset) routine serves 
as a f i l t e r  to e i ther  eliminate or conipensate for s a t e l l i t e  fixes 
which do not conform t o  the his tor ical  niovenlent of the vessel. Without 
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an i n e r t i a l  system o r  Loran ' C '  t o  dead reckon dur ing  a pass, the  
v e l o c i t y  e r r o r  and the e f f e c t s  o f  wind and cu r ren t  w i  11 degrade system 
accuracy. When a  gyro compass and l o g  are u t i l i z e d  f o r  dead reck- 
oning dur ing  a  pass only  0.5 t o  1 n a u t i c a l  m i l e  accuracy can be ex- 
pected. 

The pr imary disadvantages o f  t h i s  system are the f i x  per iod ,  the re -  
l i a n c e  on pass geometry f o r  accurate f i xes ,  and the  requirement f o r  
accurate dead reckoning du r ing  a  pass. The f i x  p e r i o d  i s  such t h a t  
on ly  an average o f  t en  usable sate1 l i t e  passes can be obtained dur ing  
a twenty f o u r  hour per iod .  Some o f  these usable passes are n o t  of 
optimum a l t i t u d e  f o r  maximum accuracy, t ha t ,  between 20" and 45" 
f rom the  h  o r i  zon, 

LORAN C and OMEGA 

The n e x t  systems t o  be described are Loran "C"  and OMEGA. They are 
s i m i l a r  only  i n  t h a t  they are r a d i o  nav iga t ion  aids and t h a t  they can 
be u t i l i z e d  e i t h e r  i n  the hype rbo l i c  o r  i n  the rho rho (range) mode 
o f  operat ion.  When app l ied  t o  t r a c k i n g  sh ip  nav iga t ion ,  they can be 
very usefu l  a ids,  Unfor tunate ly  due t o  a lack  of data reduct ion  capa- 
b i  l i  t y  , the VANGUARD makes on ly  l i m i  t ed  use o f  them. Therefore, I 
s h a l l  descr ibe how these systems could and should be used t o  determine 
the geographic p o s i t i o n  o f  the sh ip  and fo r  moni t o r i n g  the opera t ion  
o f  the  i n e r t i  a1 nav iga t i on  system. 

Mhi le  n o t  as accurate i n  determining p o s i t i o n  as e i t h e r  the Marine 
S t a r  Tracker o r  the Navigat ion S a t e l l i t e  System, they have two (2)  
useful c h a r a c t e r i s t i c s  viz. .  they prov ide f i x e s  on a continuous bas is  
and the f i x e s  are repeatable. I n  the  case o f  Loran " C "  t h i s  repeat- 
abi li t y  i s  t o  w i t h i n  f i f t y  (50) feet ,  While OMEGA does n o t  e x h i b i t  
the same r e p e a t a b i l i t y  as Loran " C "  i t  does prov ide a  s i g n i f i c a n t  
improvement i n  the determinat ion o f  the  s h i p ' s  geographic p o s i t i o n .  
By c o r r e l  a t i  on o f  the repeatabi 1 i ty charac ter is  t i c s  o f  Loran " C "  and 
OMEGA w i t h  the accuracy o f  the Marine S t a r  Tracker and Nav iga t ion  
S a t e l l i t e  System i t  should be poss ib le  t o  achieve, w i t h i n  the ground- 
wave range o f  a  Loran " C "  chain the determinat ion o f  the s h i p ' s  geo- 
graphic p o s i t i o n  t o  an accuracy o f  l ess  than 0.05 n a u t i c a l  mi les ,  and 
whi l e  i n  an OMEGA envi  ronment an accuracy t o  w i t h i n  0.25 n a u t i c a l  
m i  1  es . The i n e r t i  a1 sys tem moni t o r i  ng p rov i  ded by these sys t e r n  makes 
i t  poss ib le  t o  de tec t  such problems as gimbal servo o s c i l l a t i o n s  o r  
Schuler loop o s c i l l a t i o n s .  

Loran "C" i s  a  pulsed hyperbo l i  c r a d i  onavi g a t i  on sys tern t h a t  operates 
i n  the frequency range 90 t o  110 k i  l o -he r t z .  The Uni ted States Coast 
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Guard is responsible f o r  the operation of  the Loran " C "  chains. That 
agency plans t o  expand the present coverage so t h a t  the e n t i r e  U.S. 
Coastal Confluence Zone out t o  two hundred (200) nautical  miles i s  
covered w i t h  an accuracy of 0.25 nautical  miles. 

The Loran ' C '  derives i t s  accuracy from the time difference measure- 
ments of the pulsed s igna l s  and the inherent s t a b i l i t y  of low f r e -  
quency propagation. Hyperbolic navigation sys terns operate on the 
pr inciple  t h a t  the difference i n  distance from the point of observa- 
t ion t o  each of the s t a t i ons .  The locus of a l l  points having the 
same observed difference in distance to  a  pa i r  of s t a t ions  i s  a 
hyperbola, ca l led  a l i n e  of position ( L O P ) .  The in tersect ion of two 
( 2 )  o r  more LOP's defines the position of the observer. Figure 8. 

A Loran " C "  chain consists  of a master transmitt ing s t a t i on  and two 
( 2 )  o r  more secondary or s 1 ave transrni t t i n g  s t a t ions  . These s ta t ions  
are located i n  geographic positions so  t ha t  the master and two ( 2 )  
secondary s t a t i ons  can be recei ved throughout the desi red coverage 
area. The transmitt ing s ta t ions  transmi t groups of pulses a t  a 
spec i f i c  group repet i t ion in te rva l s  (GRI). The pulse has the shape 
indicated i n  Figure 9 and i s  transmitted on a  100 KHz ca r r i e r .  

A minimum G R I  i s  se lec ted of su f f i c i en t  length so  t ha t  i t  contains 
time f o r  transmission of the pulse group from each s t a t i on  plus time 
between each pulse group so  t ha t  s ignals  from two ( 2 )  or more s ta t ions  
cannot over1 ap in tinle anywhere in the coverage area.  Thus with 
respect  t o  tirne of a r r iva l  of the rnaster, a secondary s t a t i on  wi 11 
delay i t s  own transtiiission fo r  a  speci f ied  t i r r ~  cal led  the secondary 
coding delay. 

Skywaves are echoes of  the transmitted pulses which are ref lec ted from 
the ionosphere. These skywaves may arr ive  a t  the receiver between 35 
us t o  1000 us a f t e r  the groundwave thus overlapping e i t h e r  i t s  own 
groundwave or  the groundwave of  the succeeding pulse.  To eliminate 
the problenls of the ear ly  ar r iv ing skywave the tirile nleasurerr~ent i s  
made on the f i r s t  p a r t  of  the pulse.  To elirliinate the problem of  the 
l a t e  ar r iv ing skywave the phase o f  the 100 KHz c a r r i e r  i s  changed 
i n  each pulse group i n  accordance with a predetermined pat tern .  

Like a l l  navigation systerns the Loran " C "  systenl i s  subject  to  e r r o r s .  
The sources of e r r o r  include the following: 

a )  Receiver 1 i  irli t a t i  ons due t o  noise and in terference.  

6) Shcrt-term incotisis tency of the  propagating nledi uni. 

c)  Synchroni za t i  on o f  the transrrii t t ed  s ignals  , 



d)  Error in location of the transmitting antenna. 

e )  Propagation effects  due to  ground conducti vi t i e s  (Secondary 
Phase). 

f) Velocity changes of the signal.  

g) Distortion of the grid due to  ground anomalies . 
h )  Wave-front distortion wi t h  a1 t i tude.  

Continuous calibration of the time difference fo r  each mas ter-secondary 
pair i s  provided by the  Coast Guard by the maintenance of a sys tem 
area monitor. Cesium frequency standards are used a t  each trans- 
mi t t i  n g  s ta t ion .  

The OMEGA navigation system i s  a world wide hyperbolic navigation 
system. I t  can also be operated in the rho-rho mode, where in con- 
junction with a precise and s table  internal osc i l la tor ,  accurate 
distance measurements to  the transmitter can be made. 

Navigation by the OMEGA sys tem depends on the phase stabi l i  ty of VLF 
signal propagation and the ab i l i ty  to predict the phase difference a t  
any time o f  day. 

The OMEGA navigation system i s  simi l a r  to  LORAN " C "  only in tha t  the,y 
are both hyperbolic radio navigation systems. To cover the globe a 
total  of e ight  (8) transmitter s ta t ions are planned. Of the eight (8) , 
five (5)  are operational . Two ( 2 )  are e i  ther under con,struction or 
testing. A spec i f ic  geographic location has not been selected for  the 
l a s t  s ta t ion .  Fig. 10. 

The e ight  (8) s tat ions are designed to transmit in a time-multiplexed 
sequence in the Very Low Frequency (VLF)  range of 10 to 14 kilohertz 
over a 10 second period. The frequencies used are 10.2 KHz, 11 113 
KHz and 13.6 KHz. The s tat ions are phase locked t o  a common standard 
of time to  the order of a few parts in 1012. Therefore, the signal 
f i e ld  phase i s  stationary a t  any measureable po-int. The relative 
phase angle between any two transmitters i s  dependent upon the d is -  
tance between the receiver and the transmitter. The same phase angle 
i s  observed a t  a l l  points tha t  have the same difference in distance 
from the transmitting s ta t ions .  The locus of a l l  such points i s  a 
contour of constant phase (isophase) fixed on the surface with respect 
to the transmitters.  These isophase contours represent a family of 
hyperbolic lanes. A single l ine  of position ( L O P )  i s  defined by a 
pai r  o f  s ta t ions .  A second l ine  of position (LOP) i s  required to  



determine a f ix .  F i g .  11. 

In rho-rho operations, the phase of the received signal i s  compared 
t o  phase generated by the observors cesium frequency standard. Only 
two ( 2 )  stations w i t h  appropriate LOP 'S  are required b u t  the departure 
point and continuous operation are a necessity. 

Two ( 2 )  s ignif icant  problems with the OMEGA navigation system are i t s  
overall accuracy which i s  in the order o f  1 t o  2 nautical miles and 
the lane ambiguity problem. 

The sources tha t  contribute t o  e r ror  of the OMEGA navigation system 
are : 

(a )  Diurnal E f f e c t  - The di urnal e f fec t  i s  caused by the sun's 
position which effects the height and shape of the ionosphere 
which by day lowers the height of the ionization region 
thereby increasing the phase velocity. The converse takes 
place a t  night. The diurnal e f fec t  i s  seasonal and non- 
l inear  during t ransi t ion.  

( b )  Ground Conductivity - The conductl'vity of the earth direct ly  
affects the phase velocity of OMEGA signals. This is 
especially true where the signal path i s  through polar 
regions where the attenuation through ice is h i g h  and there 
i s  a subsequent slowing of the phase velocity. 

( c )  Frequency - The use of the different frequencies resul t  i s  
errors because the propagration in the V L F  spectrun~ i s  non-  
l inear .  

( d )  Earth's Magnetic Field - The ea r th ' s  rriagnetic f i e ld  effects  
the attenuation rate and relative phase veloci t ies .  

OMEGA 1 a t t i  ce tables and OMEGA propagati on correcti on tables are issued 
by the Defense Mapping Agency Hydrographi c Center. 

The lane arbiguity problenl s t em from the nature of the OMEGA system. 
A pair  of t ransn~it ters  s e t  up  standing waves between the two ( 2 )  
transmitters . Zero phase con tours represent one half wavelenghts a t  
the transmi t ted frequencies . Because the LOP can 1 i e be tween any 
consecutive zero phase contours or lane the identification of the pro- 
per lane becomes necessary. This can be  accorr~plished by maintaining 
a continuous OMEGA lane count, by alternate trpans of obtaining position 
f ixes ,  or by multiple frequency operation. The maintenance of a 
continuous lane count over long period of t i r r ~  i s  d i f f i c u l t ,  i f  n o t  



impossible. Weak signal strength of the transniiiter a t  the observer's 
position, malfunction of the receiver or of the transmitter,  change 
from one pair of s ta t ions to  another, or atmospheric noise a1 1 tend 
to  cause loss of proper lane count. Alternate mans of obtaining 
position fixes are available on the VANGUARD b u t  most commercial 
vessels depend on the sextant,  chronometer, and tables to  determine 
an accurate f ix .  Weather conditions may precl ude the obtaining of 
such a f i x  for  long periods of time. With only one frequency (10.2 
KHz), the user must know his position t o  within +4 nautical miles. 
When the 10.2 KHz frequency i s  ued in conjunction with the 13.6 
KHz frequency, constant lane contours appear a t  every fourth zero 
phase for  the 13.6 KHz frequency and every third contour for  the 10.2 
KHz. This results in a wide lane three times the single lane w i d t h .  
By comparison of the LOP for  the two ( 2 )  frequencies, a unique LOP 
i s  defined within the wide lane. A known position to  +12 nautical 
miles i s  then required to  i n i t i a t e  OMEGA lane counting- This same 
technique can be expanded using 11 113 KHz where the unarrbigious lane 
width of 72 nautical miles thus requires the navigator to  know his 
position within - +36 nautical miles. Fig, 12 .  

TIME and FREQUENCY 

Before concluding, l e t  me review how time and frequency are used in 
the SPAMS. The SINS ut i l izes  1 PPS and 10 PPS from the timing system 
i n  order to  synchronize the MINDAC with the sh ip ' s  instrumentation. 
Provision i s  mdde to automatically switch t o  the computer's internal 
clock should there be any fa i lure  of the sh ip ' s  timing system. 

Star  Fixes require an accurate knowledge of real time. Because one 
second of time i s  equivalent t o  f i f teen  seconds of arc ,  real time must 
be known to  an accuracy of f i f t y  milliseconds i f  position errors due 
to  time are t o  be less than one second of arc. The MINDAC receives 
two pulse trains from the timing sys tern 100 PPS IRIG B and 2 PPM. 
The IRIG B is  not used direct ly  b u t  instead u t i l izes  the basic 100 PPS 
rate to  provide the basi c source of real t i  IW. The 100 PPS rate pro- 
vides a resolution of 10 milliseconds in real time. The 2 PPM i s  used 
as the repetition rate  for  counting the 100 PPS pulses. 

The Navigation Sa te l l i t e  System uses a basic 5 MHz signal source for  
the doppler counting function in the receiver. Any e r ro r  in this  
signal source will  resul t  in a posi t i p u  error .  A frequency standard 
with an accuracy of a few parts in 10 i s  required. 

Loran ' C '  and OMEGA require the accuracy of a crystal frequency 
standard when used in the hypevbolic mode, In the rho-rho or range 
mode, a Cesium frequency standard i s  required. 
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Figure 6. Obtaining a Position Fix Using Satellite Navigation Equipment 
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Figure 12. Principles of Lane Resolution 



QUESTION AND ANSWER PERIOD 

MR. RUEGER: 

I would s a y  you have  had a  v e r y  t h o r o u g h  rundown of  a l l  t h e  
n a v i g a t i o n  a i d s  t h a t  a re  a v a i l a b l e  t o d a y  on a  modern s h i p .  

DR.  REDER: 

You l i s t e d  f r e q u e n c y  d i s p e r s i o n  a s  an  e r ro r  for t h e  Omega 
s y s t e m .  I s a y  t h i s  d i s p e r s i o n  i s  a b l e s s i n g  b e c a u s e  i f  t h e  
dispersion did n o t  e x i s t ,  you c o u l d  n o t  e l i m i n a t e  p ropaga -  
t i o n  e r r o r s  b y  r e c e i v i n g  t w o  f r e q u e n c i e s ,  s o  l o n g  l i v e  
d i s p e r s i o n ,  and I t h i n k  it  s h o u l d  b e  t a k e n  o u t  o f  you r  
s o u r c e s  of e r r o r ,  

MR. McKENNA: 

No comment on t h a t  one 

MR. C H I :  

C h i ,  Goddard Space  F l i g h t  C e n t e r .  

I n  t h e  c a s e  o f  Omega n a v i g a t i o n  s y s t e m ,  I t h i n k  p r o b a b l y  i t  
s h o u l d  b e  p o i n t e d  o u t  that it is VLF, however ,  t h e r e  i s  a  
d i u r n a l  p rob lem i n v o l v e d  f o r  n a v i g a t i o n ,  b u t  t h e  l o n g  r a n g e  
p r o p e r t y  s h o u l d  b e  b r o u g h t  o u t .  Tha t  i s  t h e  s u p e r i o r  p r o p e r t y  
f o r  t h e  n a v i g a t i o n  s y s t e m  a s  compared t o  o t h e r  t e c h n i q u e s .  

MR. MC K E N N A :  

W e l l ,  t h e  a d v a n t a g e  of Omega i s  t h a t  i t  is wor ldwide .  
Loran  C is  l i m i t e d  i n  g e o g r a p h i c  a r e a .  T h c r e  a r c  o t h e r  
s y s t e m s ,  l i k e  d i f f e r e n t i a l  Omega t o  improve you r  a c c u r a c y .  
L e t  m e  g e t  i n t o  d i f f e r e n t i a l  Omega. A c t u a l l y  i t  is m e r e l y  
a b i a s .  If you have  some l o c a l  means of  o b t a i n i n g  p o s i t i o n  
on t h e  s h i p  i t s e l f ,  l i k e  Navsa t  o r  t h e  S t a r  T r a c k e r ,  you 
c a n  a c t u a l l y  d e t e r m i n e  what you r  p r o p a g a t i o n  b i a s  i s .  

Norma l ly ,  when p e o p l e  - t h i n k  of  d i f r e r e n t i a l  Omega, t h e y  
t h i n k  of  a l a n d - b a s e d  s t a t i o n  which t r a n s m i t s  a b i a s e d  o r  
a p r o p a g a t i o n  b i a s  f o r  t h e  u s e r .  I t  i s  a good s y s t e m ,  b u t  
i t  h a s  l i m i t a t i o n s ,  e s p e c i a l l y  i f  you l o s e  l a n e  c o u n t .  



D R .  COSTAIN: 

C o s t a i n ,  NRC. 

I e n j o y e d  v e r y  much t h i s  c o m p a r a t i v e  s t u d y  o f  t h e s e  s y s t e m s .  
I would like t o  s u g g e s t  i n c l u s i o n  o f  a n o t h e r  s y s t e m .  I 
s u f f e r e d  a  momentary d i s a p p o i n t m e n t  i n  c o n f u s i n g  nanomete r s  
and  n a u t i c a l  m i l e s ,  s o  I hope t h e  metr ic  s y s t e m  w i l l  be 
i n c l u d e d  b e f o r e  t o o  l o n g .  

MR. MC KENNA: 

I l e a r n e d  n a u t i c a l  m i l e s .  

DR.  KLEPCZYNSKI: 

I have  a q u e s t i o n  on t h e  S t a r  T r a c k e r .  You q u o t e d  e r r o r s  
t h e r e  o f  a b o u t  0 . 5  n a u t i c a l  m i l e s .  Is  t h a t  s y s t e m  d e s i g n  
e r r o r ,  o r  a c t u a l l y  have  you t r i e d  t o  u s e  i t  t o  g e t  t h a t  
a c c u r a c y ?  

MR. MC KENNA 

I t  is  i n  u s e  p r e s e n t l y ,  a n d  w e  g e t  a c c u r a c i e s  of 0 . 5  
n a u t i c a l  m i l e s .  The s y s t e m  i s  o p e r a t i o n a l .  

DR. KLEPCZYNSKI: 

Okay. I have  a q u e s t i o n  t h e n .  Do you a c c o u n t , f o r  DUT-l? 
How do you g e t  it o r  make u s e  of i t?  

MR. MC KENNA: 

I am n o t  f a m i l i a r  w i t h  t h e  DUT-1. 

D R .  KLEPCZYNSKI 

T h a t  i s  t h e  d i f f e r e n c e  be tween ,  s a y ,  t h e  u n i f o r m  o r  u n i -  
v e r s a l  t i m e  c o o r d i n a t e d  and t h e  a c t u a l  t i m e  o f  t h e  r o t a t i o n  
o f  t h e  e a r t h ,  DUT-1,  which  I assume you must b e  r e f e r r i n g  
y o u r  a n g u l a r  measu res  of t h e  s t a r  s y s t e m  t o .  

MR. MC KENNA: 

W e  u s e , t h e  s h i p ' s  timing s y s t e m .  W e  a r e  u s i n g  t h e  s h i p ' s  
t i m i n g  s y s t e m  f o r  a l l  o u r  t i m i n g  r e f e r e n c e s .  



You f a i l e d  t o  men t ion  t h e  area o f  o p e r a t i o n s  of  Vanguard ,  I 
b e l i e v e ,  Can you i d e n t i f y  i n  what p a r t  of t h e  w o r l d  you 
want t o  o p e r a t e ?  

MR. MC KENNA: 

The Vanguard o p e r a t e s  i n  a l l  p a r t s  o f  t h e  w o r l d .  A t  t h e  
p r e s e n t  t i m e ,  i t  i s  i n  t h e  I n d i a n  Ocean ,  and h a s  been  f o r  
a b o u t  s i x  months .  

MR. RUEGER: 

You men t ioned  t h e  d e f l e c t i o n  o f  t h e  v e r t i c a l .  I wondered 
i f  you had  good enough d a t a  i n  t h a t  p a r t  o f  t h e  w o r l d  t o  
do t h e  S t a r  T r a c k i n g  t o  t h i s  a c c u r a c y .  

MR. MC KENNA:  

A c t u a l l y ,  i t  i s  one  of t h e  e r r o r s  w e  d o n ' t  know. The error 
g e n e r a l l y  i s  a b o u t  t h e  a c c u r a c y  o f  a b o u t  30 s e c o n d s ,  b u t  
r e a l l y  i t  d o e s  n o t  s i g n i f i c , a n t l y  e n t e r  t h e  p i c t u r e .  I 
c o u l d ,  and i t  d o e s  where  w e  r u n  i n t o  t h e  s i t u a t i o n  where  
t h e  s h i p  is n e a r  a  l a n d  mass .  You c a n  a c t u a l l y  t e l l  by 
what happens  t o  t h e  i n e r t i a l  s y s t e m  t h a t  t h e  s h i p  is  g o i n g  
o v e r  a s e a  moun ta in  o r  s o m e t h i n g  of t h a t  n a t u r e .  We have  
t o  r e c a l i b r a t e  t h e  s i n s  b e c a u s e  of i t .  

MR. RUEGER: 

I n  o r d e r  t o  m e e t  t h e  r e q u i r e m e n t s  you l a i d  o u t  o f  a  .75 
n a u t i c a l  m i l e ,  by what method can  you j u s t i f y  t o  y o u r s e l f  
t h a t  you have  r e a l i z e d  t h i s  p e r f o r m a n c e  i n  a l l  p o i n t s  of 
t h e  wor ld?  

MR. MC KENNA: 

We have  r u n  tes ts  w i t h  t h e  Vanguard and o f f  t h e  F l o r i d a  
C o a s t .  T h e r e  a r e  two Loran  n e t w o r k s  down t h e r e ,  t h e  A n e t  
a n d  t h e  B n e t .  P e r i o d i c a l l y  we do c h e c k  o u t  a l l  t h e  s y s -  
tems t o  see t h a t  t h e y  a re  work ing  p r o p e r l y ,  and  w e  do 
a c h i e v e  t h a t  a c c u r a c y .  A s  a m a t t e r  o f  f a c t ,  most of  our  
a c c u r a c y  is less  t h a n  . 5  n a u t i c a l  mi les .  

MR. RUEGER: 

Tha t  is  r a t h e r  a  l o c a l  g e o g r a p h i c a l  r e g i o n .  I wonder i f  
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you c a n  e x t r a p o l a t e  t h a t  w e l l .  

MR. MC KENNA: 

I think we can. The d e f l e c t i o n  of the v e r t i c a l  i s  go ing  
t o  cause  a n  e r r o r ,  b u t  i t  will c a u s e  an e r r o r  l i k e  -1 
n a u t i c a l  miles, something of t h a t  n a t u r e .  




