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!"342!#4ȡ This paper reports on the results of attempts to reduce the positioning error of strap down 
inertial navigation system using attitude information obtained by star tracker. In this regard, the position 
error equations of different channel in inertial navigation are modeled and error share of each sensor in 
position and attitude determination drifts are investigated. In continue celestial navigation and the use of 
star tracker in attitude determination and positioning on different frames are considered. Then, new 
equations of inertial navigation aided by attitude determined with star tracker are introduced. 4ÈÒÏÕÇÈ 
ÔÈÅ ÕÓÅ ÏÆ ÔÈÅ ÎÅ× ÅÑÕÁÔÉÏÎÓȟ ÁÔÔÉÔÕÄÅ ÁÎÄ ÐÏÓÉÔÉÏÎ ÉÎ ÎÁÖÉÇÁÔÉÏÎ ÁÎÄ ÉÎÅÒÔÉÁÌ ÆÒÁÍÅ ÁÒÅ ÒÅÃÁÌÃÕÌÁÔÅÄ ÁÎÄ 
ÃÏÍÐÁÒÅÄ ×ÉÔÈ ÔÈÅ ÐÁÒÁÍÅÔÅÒÓ ÏÂÔÁÉÎÅÄ ÂÙ ÉÎÅÒÔÉÁÌ ÎÁÖÉÇÁÔÉÏÎȢ 4ÈÅ ÒÅÓÕÌÔÓ ÓÕÇÇÅÓÔ Á ÃÏÎÓÉÄÅÒÁÂÌÅ 
ÒÅÄÕÃÔÉÏÎ ÉÎ ÐÏÓÉÔÉÏÎ ÅÒÒÏÒȟ ÐÁÒÔÉÃÕÌÁÒÌÙ ÉÎ ÔÈÅ ÈÅÉÇÈÔ ÃÈÁÎÎÅÌȢ  
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.ÁÖÉÇÁÔÉÏÎȟ ÆÏÒ ÍÁÎÙ ÙÅÁÒÓȟ ÈÁÓ ÂÅÅÎ ÏÎÅ ÏÆ ÔÈÅ 
ÉÓÓÕÅÓ ÔÈÁÔ ÐÒÅÏÃÃÕÐÉÅÄ ÈÕÍÁÎ ÍÉÎÄȢ #ÏÍÐÁÓÓ 
×ÁÓ ÔÈÅ ÆÉÒÓÔ ÉÎÓÔÒÕÍÅÎÔ ÂÕÉÌÔ ÆÏÒ ÎÁÖÉÇÁÔÉÏÎ ÂÙ 
#ÈÉÎÅÓÅ ×ÈÉÃÈ ÄÅÔÅÒÍÉÎÅÄ ÇÅÏÇÒÁÐÈÉÃÁÌ ÎÏÒÔÈ 
ÉÎÓÔÅÁÄ ÏÆ ÍÁÇÎÅÔÉÃ ÏÎÅ ɉ5ÍÌÁÎÄȟ ςππτɊȢ 
/ÖÅÒ ÔÉÍÅȟ ÈÕÍÁÎ ÍÁÎÁÇÅÄ ÔÏ ÕÓÅ ÃÅÌÅÓÔÉÁÌ 
ÂÏÄÉÅÓ ÆÏÒ ÏÒÉÅÎÔÁÔÉÏÎȢ 9ÅÔ Á ÒÅÁÌ ÃÈÁÌÌÅÎÇÅ ÏÆ 
ÈÕÍÁÎ ×ÁÓ ÐÏÓÉÔÉÏÎÉÎÇȢ !Ó ÏÆ ρχυχȟ *ÏÈÎ "ÉÒÄ 
ÉÎÖÅÎÔÅÄ ÔÈÅ ÆÉÒÓÔ ÓÅØÔÁÎÔ ÔÈÁÔ ÃÏÕÌÄ ÍÅÁÓÕÒÅ ÔÈÅ 
ÁÎÇÌÅ ÂÅÔ×ÅÅÎ ÃÅÌÅÓÔÉÁÌ ÂÏÄÉÅÓ ÁÎÄ ÅÁÒÔÈ ÈÏÒÉÚÏÎ 
ɉ5ÍÌÁÎÄȟ ςππτȠ "Ï×ÄÉÔÃÈȟ ςππςȠ 4ÈÏÍÓÏÎȟ 
ρωψρɊȢ 
!ÌÓÏȟ ÕÓÉÎÇ ÓÅØÔÁÎÔ ÆÏÒ ÓÉÍÐÌÅ ÎÁÖÉÇÁÔÉÏÎȟ 
(ÉÐÐÁÒÃÈÕÓ ÃÏÍÐÌÉÅÄ ÔÈÅ ÆÉÒÓÔ ÓÔÁÒ ÃÁÔÁÌÏÇ ÔÈÁÔ 
ÃÏÎÔÁÉÎÅÄ ωως ÓÔÁÒÓ ɉ4ÈÕÒÍÏÎÄȟ ςππσɊȢ 3ÔÁÒ 
ÃÁÔÁÌÏÇÓ ÈÁÖÅ ÂÅÅÎ ÄÅÖÅÌÏÐÅÄ ÕÓÉÎÇ ÁÄÖÁÎÃÅÄ ÓËÙ 
ÏÂÓÅÒÖÁÔÉÏÎ ÄÅÖÉÃÅÓ ÌÉËÅ ÓËÙ ςπππ ÉÎÔÒÏÄÕÃÅÄ ÉÎ 
ςππφȟ ×ÈÉÃÈ ÅÎÃÏÍÐÁÓÓÅÄ Á ÔÏÔÁÌ ÏÆ ςωωȟ τφπ 
ÅÎÔÒÉÅÓ ɉ3ÁÄÅ and 7ÁÒÒÅÎȟ ςπππɊȢ 
4ÈÅ ÅÍÅÒÇÅÎÃÅ ÏÆ .Å×ÔÏÎ ÌÁ×Ó ÉÎ ρφψχ ÇÁÖÅ ÒÉÓÅ 
ÔÏ ÓÃÉÅÎÔÉÆÉÃÁÌÌÙ ÍÏÄÅÒÎ ÎÁÖÉÇÁÔÉÏÎȢ 4ÈÅ ÉÎÖÅÎÔÉÏÎ 
ÏÆ ÐÅÎÄÕÌÕÍ ÂÙ ,ÅÏÎ &ÏÕÃÁÕÌÔ ÉÎ ρψυς ÓÅÒÖÅÄ ÁÓ 
ÔÈÅ ÆÉÒÓÔ ÓÔÅÐ ÔÏ ÉÎÖÅÎÔÉÎÇ ÇÙÒÏÓÃÏÐÅȢ )Î ρωπψȟ 
-ÁØ 3ÃÈÕÌÅÒ ÉÎÔÒÏÄÕÃÅÄ ÔÈÅ ÆÉÒÓÔ ÇÙÒÏÃÏÍÐÁÓÓȢ 
"ÅÔ×ÅÅÎ ÔÈÅ ÙÅÁÒÓ ρωςπ ÔÏ τπȟ ÇÙÒÏÓ ×ÁÓ ÆÕÌÌÙ 
ÄÅÖÅÌÏÐÅÄȟ ÈÏ×ÅÖÅÒȟ ÉÔ ÃÏÕÌÄ ÏÎÌÙ ÄÅÔÅÒÍÉÎÅ 
ÁÔÔÉÔÕÄÅ ɉ7ÒÉÇÌÅÙ ÅÔ ÁÌȢȟ ρωφωȠ 7ÒÉÇÌÅÙȟ ρωχχɊȢ 
4ÈÅ ÆÉÒÓÔ ÁÃÃÅÌÅÒÏÍÅÔÅÒ ×ÁÓ ÂÕÉÌÔ ÂÙ 0ÅÔÅÒ 
-Ã#ÏÌÌÕÍ ÉÎ ρωςσ ÁÎÄ ÄÕÒÉÎÇ ρωςτ ÔÈÒÏÕÇÈ 
ρωτπȟ ÍÏÒÅ ÁÄÖÁÎÃÅÄ ÖÅÒÓÉÏÎ ÏÆ ÔÈÉÓ ÄÅÖÉÃÅ ×ÁÓ 
ÉÎÔÒÏÄÕÃÅÄ ɉ7ÁÌÔÅÒȟ ςππφȠ 7ÅÉÓÓȟ ρωτχɊȢ )Ô ×ÁÓ 
ÎÏÔ ÕÎÔÉÌ ρωςτ ÔÈÁÔ 'ÅÒÍÁÎÙ ÔÏÏË ÁÄÖÁÎÔÁÇÅ ÏÆ 
ÉÎÅÒÔÉÁÌ ÎÁÖÉÇÁÔÉÏÎ ÓÙÓÔÅÍ ɉ).3Ɋ ÉÎ 6-ς ÍÉÓÓÉÌÅÓȢ 
4ÈÉÓ ÔÅÃÈÎÏÌÏÇÙ ÔÈÁÔ ÃÏÎÔÁÉÎÓ ÂÏÔÈ ÇÙÒÏÓ ÁÎÄ 

ÁÃÃÅÌÅÒÏÍÅÔÅÒÓ ÉÓ ÕÓÅÄ ÉÎ Ô×Ï ÔÙÐÅÓ ÏÆ ÓÔÁÂÌÅ 
ÐÌÁÔÆÏÒÍ ÁÎÄ ÓÔÒÁÐÄÏ×ÎȢ4ÈÅ ÁÐÐÌÉÃÁÔÉÏÎ ÏÆ ÔÈÉÓ 
ÔÅÃÈÎÏÌÏÇÙ ×ÁÓ ÄÅÖÅÌÏÐÅÄ ÂÙ ÁÄÖÁÎÃÅÓ ÉÎ ÔÈÅ 
ÓÃÉÅÎÃÅ ÏÆ ÓÅÎÓÏÒ ÍÁÎÕÆÁÃÔÕÒÉÎÇ ÉÎ ρωφπȢ -%-3 
ɉ-ÉÃÒÏ-%ÌÅÃÔÒÏ -ÅÃÈÁÎÉÃÁÌ 3ÅÎÓÏÒÓɊ ÉÎÓÔÒÕÍÅÎÔÓ 
ÁÒÅ ÃÕÒÒÅÎÔÌÙ ÔÈÅ ÂÅÓÔ ÎÁÖÉÇÁÔÉÏÎ ÓÅÎÓÏÒÓ ÉÎ ÔÅÒÍÓ 
ÏÆ ÁÃÃÕÒÁÃÙȢ ).3 ÐÒÅÓÅÎÔÓȟ ÈÏ×ÅÖÅÒȟ ÔÈÅ ÆÏÌÌÏ×ÉÎÇ 
ÄÅÆÉÃÉÅÎÃÉÅÓȢ 4ÈÅ ÆÉÒÓÔ ÏÎÅ ×ÁÓ ÇÒÁÖÉÔÙ 
ÄÅÐÅÎÄÅÎÃÙȢ 3Ïȟ ÇÒÁÖÉÔÙ ÕÎÃÅÒÔÁÉÎÔÉÅÓ ÁÎÄ ÅÒÒÏÒ 
×ÈÉÃÈ ÁÒÅ ÐÒÏÐÏÒÔÉÏÎÁÌ ÔÏ ÔÈÅ ÉÎÖÅÒÓÅ ÏÆ ÈÅÉÇÈÔ 
ÁÆÆÅÃÔ ).3 ÍÅÁÓÕÒÅÍÅÎÔÓȢ !ÌÓÏȟ ×ÅÁË ÇÒÁÖÉÔÙ ÏÕÔ 
ÏÆ ÔÈÅ ÁÔÍÏÓÐÈÅÒÅ ÉÓ ÁÎÏÔÈÅÒ ÓÉÄÅ ÅÆÆÅÃÔ ÏÆ ).3 
ÍÅÁÓÕÒÅÍÅÎÔͻÓ ÄÅÐÅÎÄÅÎÃÙ ÔÏ ÇÒÁÖÉÔÙȢ !ÎÄ ÔÈÅ 
ÓÅÃÏÎÄ ÏÎÅ ÒÅÌÁÔÅÓ ÔÏ ÔÈÅ ÐÒÅÓÅÎÃÅ ÏÆ Ô×Ï 
ÉÎÔÅÇÒÁÔÏÒÓ ÉÎ ).3 ÔÈÁÔ ÆÏÒÃÅ ÉÎÃÒÅÍÅÎÔÁÌ ÅÒÒÏÒ ÔÏ 
ÓÙÓÔÅÍȢ 4ÈÅÓÅ Ô×Ï ÍÁÉÎ ÅÒÒÏÒÓ ×ÏÕÌÄ ÒÅÎÄÅÒ ).3 
ÒÅÓÕÌÔÓ ÉÎÖÁÌÉÄ ÏÎ ÌÏÎÇ ÔÉÍÅ ÍÉÓÓÉÏÎÓ ɉ4ÉÔÔÅÒÔÏÎ 
ÁÎÄ 7ÅÓÔÏÎȟ ςππτȠ *ÅËÅÌÉȟ ςππρȠ 7ÏÏÄÍÁÎȟ ςππχȠ 
+ÅÙÔÏÎ ÁÎÄ &ÉÅÌÄȟ ρωωχɊȢ )Î ÃÏÎÔÒÁÓÔȟ ÔÈÁÎËÓ ÔÏ 
ÔÈÅ ÔÅÃÈÎÏÌÏÇÙ ÏÆ ÌÁÕÎÃÈÉÎÇ ÓÁÔÅÌÌÉÔÅȟ '03 ÃÏÕÌÄ 
ÂÅ ×ÉÄÅÌÙ ÕÓÅÄ ÉÎ ÍÏÖÉÎÇ ÏÂÊÅÃÔÓȢ 4ÈÅ ÆÉÒÓÔ 
ÓÁÔÅÌÌÉÔÅ ×ÁÓ ÌÁÕÎÃÈÅÄ ÉÎ ρωυχ ÂÙ ÔÈÅ 5ÎÉÔÅÄ 
3ÔÁÔÅÓ -ÉÎÉÓÔÒÙ ÏÆ $ÅÆÅÎÓÅȢ 4ÈÒÏÕÇÈ ρωφπ ÔÏ ωτȟ 
ςτ ÓÁÔÅÌÌÉÔÅÓ ×ÅÒÅ ÐÕÔ ÉÎÔÏ ÅÁÒÔÈ ÏÒÂÉÔ ×ÈÉÃÈ 
ÍÁÄÅ '03 ÁÐÐÌÉÃÁÔÉÏÎ ÕÎÉÖÅÒÓÁÌȢ (Ï×ÅÖÅÒȟ '03 
ÐÏÓÅÓ ÌÉÍÉÔÁÔÉÏÎÓ ÏÎ ÈÅÉÇÈÔ ÁÎÄ ÖÅÌÏÃÉÔÙ ÁÔ ×ÈÉÃÈ 
ÉÔ ÏÐÅÒÁÔÅÓȢ )Ô ÉÓ ÅÆÆÅÃÔÉÖÅÌÙ ÎÏÔ ÆÕÎÃÔÉÏÎÉÎÇ ÏÖÅÒ 
ρψ ËÍ ÉÎ ÈÅÉÇÈÔ ÁÎÄ υρυ ÍȾÓ ÏÆ ÓÐÅÅÄȢ 9ÅÔ 
ÊÁÍÍÉÎÇ ÉÓ ÁÎÏÔÈÅÒ ÄÅÆÉÃÉÅÎÃÙ ÏÆ '03 ×ÈÅÎ ÕÓÅÄ 
ÆÏÒ ÍÉÌÉÔÁÒÙ ÐÕÒÐÏÓÅ ɉ!ÌÉȟ ςπρπɊȢ In the literature 
of integration studies, the bulk of research 
related to INS and star tracker integration are 
common in one important issue. The issue is to 
improve attitude determination and this 
improvement is limited to i -frame (+ÅÙÔÏÎ ÁÎÄ 
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&ÉÅÌÄȟ ρωωχȠ !ÌÉȟ ςπρπȠ .ÅÍÒÁ ÁÎÄ !ÏÕÆȟ ςπρπȠ 
(ÕÆÆÍÁÎȟ ςππφȠ -ÏÒÔÁÒÉ ÅÔ ÁÌȢȟ ςππτ). 
&ÉÎÁÌÌÙ ÁÆÔÅÒ ÁÂÏÕÔ Á ÃÅÎÔÕÒÙȟ ÓÃÉÅÎÔÉÓÔÓ ÍÁÎÁÇÅÄ 
ÔÏ ÍÁÓÔÅÒ ÃÅÌÅÓÔÉÁÌ ÎÁÖÉÇÁÔÉÏÎ ÔÅÃÈÎÉÑÕÅȢ 4ÈÅ ÆÉÒÓÔ 
ÓÔÁÒ ÓÅÎÓÏÒ ×ÁÓ ÄÅÖÅÌÏÐÅÄ ÂÙ .!3! ÔÏ ÂÅ ÕÓÅÄ ÏÎ 
ÍÉÓÓÉÏÎÓ ÏÆ ÔÈÅ -ÁÒÓ ÐÒÏÇÒÁÍ (-ÏÒÔÁÒÉ ÅÔ ÁÌȢȟ 
ςππτȠ 3ÁÍÁÁÎ, 2003). 4ÈÅ ÁÄÖÁÎÃÅÓ ÉÎ ÓÔÁÒ 
ÃÁÔÁÌÏÇÕÅ ÁÎÄ ÓÔÁÒ ÓÅÎÓÏÒ ÔÅÃÈÎÏÌÏÇÙ ÍÁÄÅ ÇÁÖÅ 
ÒÉÓÅ ÔÏ ×ÉÄÅ ÁÐÐÌÉÃÁÔÉÏÎ ÏÆ ÔÈÉÓ ÓÅÎÓÏÒ ÏÎ 
ÓÁÔÅÌÌÉÔÅÓ ÁÎÄ ÓÐÁÃÅÃÒÁÆÔÓ. However, this 
technology could not be considered as a complete 
navigation instrument. Star sensors are able to 
determine attitude of body in i-frame whereas in 
perfect navigation both positioning and attitude 
determination are needed. Therefore, given the 
concerns discussed above, in 1990 scientists 
shifted toward integrating GPS, INS and Star 
sensor and discussed in several studies the 
techniques used in integration as to achieve more 
accurate navigation (+ÁÐÌÁÎȟ ρωωυȠ ,ÅÖÉÎÅȟ ρωωπ). 
INS-Star sensor integration (Ali and Jiancheng, 
2004) was one of these integration studies (!ÌÉ 
and &ÁÎÇȟ ςππτȠ !ÌÉ ÁÎÄ &ÁÎÇȟ ςππωȠ !ÌÉ ÅÔ ÁÌȢȟ 
ςππφȠ !ÌÉ ÁÎÄ &ÁÎÇȟ 2006). Much of these studies 
have focused on attitude improvement in i-frame 

and failed to address attitude determination in n-
frame and positioning. Yet in those studies on 
positioning, the simulation time has been short 
(150 s) and height channel instability and its 
correction have not been considered. #ÅÒÔÁÉÎÌÙȟ 
ÔÈÅÒÅ ÉÓ ÁÎ ÅÒÒÏÒ ÉÎ ÃÁÌÃÕÌÁÔÉÎÇ ÇÒÁÖÉÔÙ 
ÁÃÃÅÌÅÒÁÔÉÏÎ ÉÎ ÓÐÈÅÒÉÃÁÌ ÁÎÄ ÅÌÌÉÐÓÏÉÄÁÌ ÍÏÄÅÌȟ 
ÔÈÅÒÅÆÏÒÅȟ ÐÏÓÉÔÉÏÎÉÎÇ ÂÙ ÉÎÅÒÔÉÁÌ ÎÁÖÉÇÁÔÉÏÎ 
ÓÙÓÔÅÍ ×ÏÕÌÄ ÃÏÎÔÁÉÎ ÓÉÇÎÉÆÉÃÁÎÔ ÅÒÒÏÒ ÁÂÓÏÌÕÔÅÌÙ 
ÉÎ ÈÅÉÇÈÔ ÃÈÁÎÎÅÌȢ )Î ÆÁÃÔȟ ÅÒÒÏÒ ÁÕÇÍÅÎÔÁÔÉÏÎ ÂÙ 
ÐÏÓÉÔÉÖÅ ÆÅÅÄÂÁÃËȟ ÃÏÍÐÁÒÅÄ ÔÏ ÏÔÈÅÒ ÃÈÁÎÎÅÌÓ ÉÎ 
).3ȟ ÉÓ ÔÈÅ ÍÁÉÎ ÒÅÁÓÏÎ ÏÆ ÔÈÉÓ ÉÎÓÔÁÂÉÌÉÔÙ ÉÎ ÈÅÉÇÈÔ 
ÃÈÁÎÎÅÌȢ )Î ÏÔÈÅÒ ×ÏÒÄÓȟ ÔÈÅ ÈÅÉÇÈÔ ÏÂÔÁÉÎÅÄ ÂÙ 
).3 ÉÓ ÎÏÔ ÒÅÌÉÁÂÌÅ ÁÎÄ ÍÏÓÔ ÏÆ ÁÉÒÃÒÁÆÔÓ ÉÓ ÕÓÉÎÇ 
ÍÏÎÏÍÅÔÅÒ ÏÒ ÒÁÄÁÒ ÓÅÎÓÏÒÓ ÆÏÒ ÈÅÉÇÈÔ 
ÄÅÔÅÒÍÉÎÁÔÉÏÎȢ !Ó ÍÅÎÔÉÏÎÅÄȟ ÉÎ ÔÈÅ ÉÎÔÅÇÒÁÔÉÏÎ 
ÌÉÔÅÒÁÔÕÒÅȟ ÍÏÓÔ ÏÆ   ÒÅÓÅÁÒÃÈ ÒÅÌÁÔÅÄ ÔÏ ).3 ÁÎÄ 
ÓÔÁÒ ÔÒÁÃËÅÒ ÉÎÔÅÇÒÁÔÉÏÎ ÓÈÁÒÅ ÏÎÅ ÉÍÐÏÒÔÁÎÔ 
ÉÓÓÕÅ ÔÈÁÔ ÉÓ ÔÏ ÉÍÐÒÏÖÅ ÁÔÔÉÔÕÄÅ ÄÅÔÅÒÍÉÎÁÔÉÏÎ 
ÁÎÄ ÔÈÉÓ ÉÍÐÒÏÖÅÍÅÎÔ ÉÓ ÌÉÍÉÔÅÄ ÔÏ É-ÆÒÁÍÅ ɉ!ÌÉ 
and &ÁÎÇȟ ςππτȠ !ÌÉ ÁÎÄ &ÁÎÇȟ ςππωȠ !ÌÉ ÅÔ ÁÌȢȟ 
ςππφȠ !ÌÉ ÁÎÄ &ÁÎÇȟ 2006ɊȢ )Î ÔÈÉÓ ÒÅÓÅÁÒÃÈȟ ×Å 
ÈÁÖÅ ÉÍÐÒÏÖÅÄ ÔÈÅ ÁÔÔÉÔÕÄÅ ÁÎÄ ÐÏÓÉÔÉÏÎ ÏÂÔÁÉÎÅÄ 
ÂÙ ÉÎÔÅÇÒÁÔÉÎÇ ).3 ÉÎÆÏÒÍÁÔÉÏÎ ×ÉÔÈ ÔÈÏÓÅ ÏÆ ÓÔÁÒ 
ÔÒÁÃËÅÒ ÁÔÔÉÔÕÄÅ ÍÅÁÓÕÒÅÍÅÎÔÓȢ 

 
POSITION ERROR ANALYSIS AND INSTABILITY OF HEIGHT CHANNEL 

The acceleration relation defined in inertial frame, and the connection between linear accelerate and 
specific force measured via accelerometer are as follows: 
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That x is position vector, y is state vector, g is gravity and f is specific force which measured by 
accelerometer. So, the position fault caused by accelerometer error would be as follows: 
 

 (1)  

 
In using stable platform navigation system, body frame is match with inertial frame in all time and 
therefore accelerometer measurements would be put directly in above formula. The output position 
would be obtained by the double integration as the block diagram shown below: 
 

 
&ÉÇÕÒÅ ρȡ 3ÔÁÂÌÅ ÐÌÁÔÆÏÒÍ ).3 ÂÌÏÃË ÄÉÁÇÒÁÍ ɉ4ÈÕÒÍÏÎÄȟ ςππσɊ 
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ÏÆ ÄÉÆÆÅÒÅÎÔ ÃÈÁÎÎÅÌÓ ÁÎÄ ÈÅÉÇÈÔ ÃÈÁÎÎÅÌ ÉÎÓÔÁÂÉÌÉÔÙȢ (Ï×ÅÖÅÒȟ ÂÅÃÁÕÓÅ ÏÆ ÕÓÉÎÇ ÓÔÒÁÐÄÏ×Î ).3 ÉÎ ÔÈÉÓ 
ÓÔÕÄÙȟ ÔÈÅ ÒÅÌÁÔÉÏÎ ɉρɊ ×ÏÕÌÄ ÂÅ ÒÅ×ÒÉÔÔÅÎ ÉÎ Î-ÆÒÁÍÅ ÁÓ ÆÏÌÌÏ×Óȡ 
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bfd ÅÑÕÁÌ ÔÏ ÚÅÒÏ ÉÎ %ÑȢρπȟ 8-ÃÈÁÎÎÅÌ ÐÏÓÉÔÉÏÎ ÅÒÒÏÒ ÄÉÆÆÅÒÅÎÔÉÁÌ ÅÑÕÁÔÉÏÎ ×ÏÕÌÄ ÂÅ ÏÂÔÁÉÎÅÄ ÁÓ ÆÏÌÌÏ×Óȡ 

 



υπτ                                                                                                                                                      -ÏÇÈÔÁÄÁÅÉ 2ÁÄȟ ςπρτ 

t))C)3(fC)2(fC)1(f)(3()C)3(fC)2(fC)1(f)(2((fgx

r

KM
x 23

b
22

b
21

bb
ib33

b
32

b
31

bb
ib111

3
1 d++dw--+dw=d+d=d+d##             ɉςτɊ                                                                          

 
φȢφȢωȢ 0ÏÓÉÔÉÏÎ ÅÒÒÏÒ ÃÁÕÓÅÄ ÂÙ 9-ÃÏÏÒÄÉÎÁÔÅ ÇÙÒÏÓÃÏÐÅ ÅÒÒÏÒÓ ɉ&ÉÇÕÒÅ φϋɊ 

bfd ÅÑÕÁÌ ÔÏ ÚÅÒÏ ÉÎ %ÑȢρρȟ 9-ÃÈÁÎÎÅÌ ÐÏÓÉÔÉÏÎ ÅÒÒÏÒ ÄÉÆÆÅÒÅÎÔÉÁÌ ÅÑÕÁÔÉÏÎ ×ÏÕÌÄ ÂÅ ÏÂÔÁÉÎÅÄ ÁÓ ÆÏÌÌÏ×Óȡ 

 

t))C)3(fC)2(fC)1(f)(1()C)3(fC)2(fC)1(f)(3((fgx

r

KM
x 33

b
32

b
31

bb
ib13

b
12

b
11

bb
ib222

3
2 d++dw-++dw=d+d=d+d##             ɉςυɊ                                                                                     

 
φȢφȢϊȢ 0ÏÓÉÔÉÏÎ ÅÒÒÏÒ ÃÁÕÓÅÄ ÂÙ :-ÃÏÏÒÄÉÎÁÔÅ ÇÙÒÏÓÃÏÐÅ ÅÒÒÏÒÓ ɉ&ÉÇÕÒÅ φόɊ 

bfd ÅÑÕÁÌ ÔÏ ÚÅÒÏ ÉÎ %ÑȢρςȟ :-ÃÈÁÎÎÅÌ ÐÏÓÉÔÉÏÎ ÅÒÒÏÒ ÄÉÆÆÅÒÅÎÔÉÁÌ ÅÑÕÁÔÉÏÎ ×ÏÕÌÄ ÂÅ ÏÂÔÁÉÎÅÄ ÁÓ ÆÏÌÌÏ×Óȡ 

 

t))C)3(fC)2(fC)1(f)(2()C)3(fC)2(fC)1(f)(1((fgx

r

KM
2x 13

b
12

b
11

bb
ib23

b
22

b
21

bb
ib333

3
3 d++dw-++dw=d+d=d-d##      ɉςφɊ                                                                               

 
φȢχȢ )ÎÉÔÉÁÌ #ÏÎÄÉÔÉÏÎ ÅÒÒÏÒ ɉ&ÉÇÕÒÅ χφɊ 

bfd ÁÎÄ b
ib

dwÅÑÕÁÌ ÔÏ ÚÅÒÏ ÉÎ %ÑȢρπ-ρςȟ ÐÏÓÉÔÉÏÎ ÅÒÒÏÒ ÄÉÆÆÅÒÅÎÔÉÁÌ ÅÑÕÁÔÉÏÎ ×ÏÕÌÄ ÂÅ ÏÂÔÁÉÎÅÄ ÁÓ ÆÏÌÌÏ×Óȡ 

 

 

(27)  

 
2%$5#).' %22/2 ). 4(% (%)'(4 #(!..%, /& ).%24)!, .!6)'!4)/. 3934%- 

!ÌÌ ÔÈÅ ÓÏ ÆÁÒ ÍÅÎÔÉÏÎÅÄ ÉÓÓÕÅÓ ÁÒÅ ÁÎ ÉÎÔÒÏÄÕÃÔÉÏÎ ÔÏ ÔÈÅ ÈÅÉÇÈÔ ÃÈÁÎÎÅÌ ÅÒÒÏÒ ÉÍÐÒÏÖÅÍÅÎÔȢ !Ó 
ÄÉÓÃÕÓÓÅÄȟ ÅÒÒÏÒ ÏÆ ÁÌÌ ÐÏÓÉÔÉÏÎ ÃÈÁÎÎÅÌÓȟ ÅÓÐÅÃÉÁÌÌÙ ÈÅÉÇÈÔ ÃÈÁÎÎÅÌȟ ÉÓ ÇÅÎÅÒÁÌÌÙ ÒÅÌÁÔÅÄ ÔÏ ÇÙÒÏÓ ÁÎÄ 
ÁÃÃÅÌÅÒÏÍÅÔÅÒÓ ÂÉÁÓ ÁÎÄ ÂÉÁÓ ÉÎÓÔÁÂÉÌÉÔÙȢ )Ô ×ÁÓ ÔÈÕÓ ÆÏÕÎÄ ÔÈÁÔ ÂÙ ÉÍÐÒÏÖÉÎÇ ÇÙÒÏÓ ÅÒÒÏÒȟ ÅÒÒÏÒ ÏÆ ÔÈÅ 
ÃÏÒÒÅÓÐÏÎÄÉÎÇ ÒÏÔÁÔÉÏÎÁÌ ÔÒÁÎÓÆÏÒÍÁÔÉÏÎ ÍÁÔÒÉØ ÉÎ Î-ÆÒÁÍÅ ×ÏÕÌÄ ÂÅ ÒÅÄÕÃÅÄȟ ×ÈÉÃÈ ×ÏÕÌÄ ÒÅÓÕÌÔ ÉÎ ÔÈÅ 
ÒÅÃÏÖÅÒÙ ÏÆ ÁÃÃÅÌÅÒÁÔÉÏÎ ÁÎÄ ÁÎÇÕÌÁÒ ÖÅÌÏÃÉÔÙ ÉÎ Î-ÆÒÁÍÅȢ 
 
χȢυȢ !ÔÔÉÔÕÄÅ ÄÅÔÅÒÍÉÎÁÔÉÏÎ ÂÙ 3ÔÁÒ ÔÒÁÃËÅÒ 
!Ó ÒÅÆÅÒÒÅÄ ÔÏ ÉÎ ÍÁÎÙ ÓÔÕÄÉÅÓȟ ÔÈÅÒÅ ÁÒÅ ÄÉÆÆÅÒÅÎÔ ÍÅÔÈÏÄÓ ÏÆ ÁÔÔÉÔÕÄÅ ÄÅÔÅÒÍÉÎÁÔÉÏÎ ÂÙ ÃÅÌÅÓÔÉÁÌ 
ÏÂÓÅÒÖÁÔÉÏÎȡ 
 
Á . 6ÅÃÔÏÒ ÍÅÔÈÏÄ 
Á 4ÒÉÁÄ ÍÅÔÈÏÄ 
Á 1ÕÅÓÔ ÍÅÔÈÏÄ ɉ1ÕÁÔÅÒÎÉÏÎ %ÓÔÉÍÁÔÉÏÎɊ 
Á 1-ÍÅÔÈÏÄ 
Á ,ÅÁÓÔ 3ÑÕÁÒÅ ÍÅÔÈÏÄ 
 
%ÁÃÈ ÏÆ ÔÈÅÓÅ ÍÅÔÈÏÄÓ ÈÁÓ ÂÅÅÎ ÓÔÕÄÉÅÄ ÓÅÐÁÒÁÔÅÌÙ ÉÎ ÏÔÈÅÒ ÁÒÔÉÃÌÅ ÁÎÄ ÔÈÅ ÃÏÒÒÅÓÐÏÎÄÉÎÇ ÁÄÖÁÎÔÁÇÅÓ ÁÎÄ 
ÄÉÓÁÄÖÁÎÔÁÇÅÓ ÈÁÖÅ ÂÅÅÎ ÄÉÓÃÕÓÓÅÄ ÉÎ ÄÅÔÁÉÌȢ 4ÈÉÓ ÓÔÕÄÙ ÈÁÓ ÅÍÐÌÏÙÅÄ ÔÈÅ . 6ÅÃÔÏÒ ÍÅÔÈÏÄ ÆÏÒ ÁÔÔÉÔÕÄÅ 
ÄÅÔÅÒÍÉÎÁÔÉÏÎȟ ÂÅÃÁÕÓÅ ÏÆ ÉÔÓ ÁÄÖÁÎÔÁÇÅÓ ÃÏÍÐÁÒÅÄ ÔÏ ÏÔÈÅÒ ÍÅÔÈÏÄÓȢ 



#ÏÍÐÅÎÓÁÔÉÎÇ !ÎÄ !ÎÁÌÙÓÉÓ %ÒÒÏÒ )Î (ÅÉÇÈÔ #ÈÁÎÎÅÌȣ                                                                                     υπυ 

)Î ÔÈÉÓ ÓÅÃÔÉÏÎȟ ÆÉÒÓÔ ÔÈÅ ÏÐÔÉÃÁÌ ÓÙÓÔÅÍ ÓÐÅÃÉÆÉÃÁÔÉÏÎ ÏÆ ÓÔÁÒ ÔÒÁÃËÅÒ ÉÓ ÉÎÔÒÏÄÕÃÅÄȢ  
&/6 ÓÐÅÃÉÆÉÃÁÔÉÏÎ ×ÏÕÌÄ ÂÅ ÁÓ ÆÏÌÌÏ×Óȡ 
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#ÏÎÓÉÄÅÒÉÎÇ Ø ÁÎÄ Ù ÁØÅÓ ÏÆ ÂÏÒÅÓÉÇÈÔ ÃÏÏÒÄÉÎÁÔÅ ÅÑÕÁÌ ÔÏ ÚÅÒÏ ÉÎ ##$ ÆÒÁÍÅȟ ÂÏÒÅÓÉÇÈÔ ÃÏÏÒÄÉÎÁÔÅ ÉÎ ÂÏÄÙ 
ÆÒÁÍÅ ×ÏÕÌÄ ÂÅ ÁÓ ÆÏÌÌÏ×Óȡ 
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(29)

 

 
!ÌÓÏȟ ÓÔÁÒ ÉÄÅÎÔÉÆÉÃÁÔÉÏÎ ÈÁÓ ÂÅÅÎ ÐÅÒÆÏÒÍÅÄ ÉÎ ÔÈÅ ÐÁÔÔÅÒÎ ÒÅÃÏÇÎÉÔÉÏÎ ÐÈÁÓÅ ÁÎÄ ÔÈÅÉÒ )$ ÈÁÓ ÂÅÅÎ 
ÉÄÅÎÔÉÆÉÅÄȟ ÓÏ ÕÎÉÔ ÖÅÃÔÏÒ ÏÆ ÁÌÌ ÓÔÁÒÓ ÉÎ ÓÔÁÒ ÃÁÔÁÌÏÇ ÉÓ ÃÌÅÁÒ ÁÎÄ ×ÏÕÌÄ ÂÅ ÁÓ ÆÏÌÌÏ×Óȡ 
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 ɉσπɊ 

 

&/6 ÄÉÍÅÎÓÉÏÎ ÉÓ 00 88 ³ ÁÎÄ ÓÏ ÔÈÅ ÁÎÇÌÅ ÏÆ ÓÔÁÒÓ ÁÎÄ ÂÏÒÅÓÉÇÈÔ ÉÎ ##$ ÃÏÏÒÄÉÎÁÔÅ ÃÏÕÌÄ ÎÏÔ ÂÅ ÇÒÅÁÔÅÒ 

ÔÈÁÎ τ ÄÅÇÒÅÅÓȢ !ÃÃÏÒÄÉÎÇÌÙȟ ÔÈÅ ÁÎÇÌÅ ÏÆ ÂÏÒÅÓÉÇÈÔ ÖÅÃÔÏÒ ÉÎ ÉÎÅÒÔÉÁÌ ÆÒÁÍÅ ÁÎÄ ÁÌÌ-ÓÔÁÒ ÖÅÃÔÏÒÓ ÉÎ ÔÈÅ 
ÃÁÔÁÌÏÇ ÉÓ ÃÁÌÃÕÌÁÔÅÄ ÁÔ ÁÎÙ ÔÉÍÅ ÁÎÄ ÓÔÁÒÓ ÉÎ ÅÁÃÈ ÆÒÁÍÅ ×ÏÕÌÄ ÂÅ ÒÅÃÏÇÎÉÚÅÄ ÁÓ ÆÏÌÌÏ×Óȡ 
 

FrameinisS4)R.S(cos iCRFi
1

boresight
Ý<- A  ɉσρɊ 

 
4ÈÅÎȟ ÆÏÒ ÓÔÁÒ ÍÁÐÐÉÎÇ ÏÎ ##$ ÆÒÁÍÅȟ ÔÈÅ ÓÔÁÒ ÃÏÏÒÄÉÎÁÔÅ ÉÎ ÍÉÌÌÉÍÅÔÅÒ ×ÏÕÌÄ ÂÅ ÃÁÌÃÕÌÁÔÅÄ ÁÓ ÆÏÌÌÏ×Óȡ 
 



υπφ                                                                                                                                                      -ÏÇÈÔÁÄÁÅÉ 2ÁÄȟ ςπρτ 
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!ÌÓÏȟ ÔÈÅ ÓÔÁÒ ÐÌÁÃÅ ÉÎ ##$ ÁÃÃÏÒÄÉÎÇ ÔÏ f ÁÎÄ l×ÏÕÌÄ ÂÅ ÁÓ ÆÏÌÌÏ×Óȡ 
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ɉσσɊ 

 
 

 
&ÉÇÕÒÅρπȡ 3ÔÁÒ ÉÍÁÇÉÎÇ ÉÎ ##$ 

 
!Ó ÔÈÅ . 6ÅÃÔÏÒ ÍÅÔÈÏÄ ÉÓ ÓÅÌÅÃÔÅÄ ÆÏÒ ÁÔÔÉÔÕÄÅ ÄÅÔÅÒÍÉÎÁÔÉÏÎ ÉÎ ÔÈÉÓ ÁÒÔÉÃÌÅȟ ÉÔÓ ÃÏÒÒÅÓÐÏÎÄÉÎÇ ÒÅÌÁÔÉÏÎ 
×ÉÌÌ ÂÅ ÉÎÔÒÏÄÕÃÅÄ ÉÎ ÔÈÅ ÆÏÌÌÏ×ÉÎÇȢ 
4ÈÉÓ ÍÅÔÈÏÄ ÃÏÎÓÉÓÔÓ ÏÆ Ô×Ï ÍÁÔÒÉÃÅÓȟ ÏÎÅ ÏÆ ×ÈÉÃÈ ÃÏÎÓÉÓÔÓ ÏÆ ÏÂÓÅÒÖÅÄ ÓÔÁÒ ÖÅÃÔÏÒ ÁÎÄ ÔÈÅ ÏÔÈÅÒ 
ÉÎÃÌÕÄÅÓ ÔÈÅ ÃÏÒÒÅÓÐÏÎÄÉÎÇ ÓÔÁÒ ÖÅÃÔÏÒ ÉÎ ÉÎÅÒÔÉÁÌ ÆÒÁÍÅȢ 4ÈÅÎȟ ÔÈÅ ÂÏÄÙ ÆÒÁÍÅ ÁÔÔÉÔÕÄÅ ÒÅÇÁÒÄÉÎÇ ÔÈÅ 
ÉÎÅÒÔÉÁÌ ÆÒÁÍÅ ×ÏÕÌÄ ÂÅ ÏÂÔÁÉÎÅÄ ÂÙ ÔÈÅ ÆÏÌÌÏ×ÉÎÇ ÒÅÌÁÔÉÏÎȡ 
 

[ ]1TbbTbii
b )R(R)R(RC

-
=    .ÏÎ ÓÑÕÁÒÅÄ ÍÁÔÒÉØ 

Tbii
b )R(RC =                          3ÑÕÁÒÅÄ ÍÁÔÒÉØ 

ɉστɊ 

 
)Î ÔÈÉÓ ÍÅÔÈÏÄȟ ÔÈÒÅÅ ÓÅÐÁÒÁÔÅ ÓÔÁÒ ÖÅÃÔÏÒÓ ÁÒÅ ÎÅÅÄÅÄ ÆÏÒ ÁÔÔÉÔÕÄÅ ÄÅÔÅÒÍÉÎÁÔÉÏÎ ÁÎÄ ÅÁÃÈ ÖÅÃÔÏÒ ÈÁÓ 
ÅÑÕÁÌ ÓÈÁÒÅ ÉÎ ÔÈÉÓ ÐÒÏÃÅÓÓȢ 4ÈÕÓ ÔÈÅÒÅ ÉÓ ÎÏ ÄÉÆÆÅÒÅÎÃÅ ÂÅÔ×ÅÅÎ ÔÈÅ ÏÂÓÅÒÖÅÄ ÖÅÃÔÏÒÓ ÉÎ ÃÁÓÅ ÏÆ ÂÅÉÎÇ 
ÃÏÒÒÕÐÔÅÄ ÂÙ ÔÈÅ ÓÁÍÅ ÎÏÉÓÅ ÉÎ ÖÁÒÉÁÎÃÅ ÁÎÄ ÍÅÁÎȢ 
4ÈÒÅÅ ÓÔÁÒ ÆÒÁÍÅÓ ÉÎ ρππÔÈ ÏÆ ÓÅÃÏÎÄȟ υππÔÈ ÏÆ ÓÅÃÏÎÄ ÁÎÄ ρπππÔÈ ÏÆ ÓÅÃÏÎÄ ÂÅÔ×ÅÅÎ ρυπππ ÆÒÁÍÅÓ ÂÙ πȢρÓ 
ÓÁÍÐÌÅ ÔÉÍÅ ÆÏÒ ÅØÁÍÐÌÅ ×ÏÕÌÄ ÂÅ ÁÓ ÆÏÌÌÏ×Óȡ 

 

 
&ÉÇÕÒÅ ρρȡ 3ÔÁÒ ÉÍÁÇÉÎÇ ÉÎ ρππÔÈ ÏÆ ÓÅÃÏÎÄ 



#ÏÍÐÅÎÓÁÔÉÎÇ !ÎÄ !ÎÁÌÙÓÉÓ %ÒÒÏÒ )Î (ÅÉÇÈÔ #ÈÁÎÎÅÌȣ                                                                                     υπχ 

 

 
&ÉÇÕÒÅ ρςȡ 3ÔÁÒ ÉÍÁÇÉÎÇ ÉÎ υππÔÈ ÏÆ ÓÅÃÏÎÄ 

 

 
&ÉÇÕÒÅ ρσȡ 3ÔÁÒ ÉÍÁÇÉÎÇ ÉÎ ρπππÔÈ ÏÆ ÓÅÃÏÎÄ 

 
χȢφȢ 2Å×ÒÉÔÉÎÇ ÔÈÅ %ÎÈÁÎÃÅÄ )ÎÅÒÔÉÁÌ .ÁÖÉÇÁÔÉÏÎ 2ÅÌÁÔÉÏÎÓ 
4ÈÅ ÍÁÉÎ ÉÄÅÁ ÉÎ ÔÈÉÓ ÓÅÃÔÉÏÎ ÉÓ ÓÕÂÓÔÉÔÕÔÉÎÇ ÁÎÇÕÌÁÒ ÒÁÔÅ ÏÂÔÁÉÎÅÄ ÂÙ ÓÔÁÒ ÔÒÁÃËÅÒ ÔÒÁÎÓÆÏÒÍÁÔÉÏÎ ÍÁÔÒÉØ 
×ÉÔÈ ÇÙÒÏÓ ÁÎÇÕÌÁÒ ÒÁÔÅ ×ÈÉÃÈ ÉÓ ÍÏÒÅ ÉÎÁÃÃÕÒÁÔÅ ÉÎ ÔÅÒÍÓ ÏÆ ÔÈÅ ÃÏÒÒÅÓÐÏÎÄÉÎÇ ÁÎÇÕÌÁÒ ÒÁÔÅ ÏÂÔÁÉÎÅÄ ÂÙ 
ÓÔÁÒ ÔÒÁÃËÅÒȢ !ÃÃÏÒÄÉÎÇÌÙȟ ÁÌÌ ÏÆ ÔÈÅ ÉÎÅÒÔÉÁÌ ÎÁÖÉÇÁÔÉÏÎ ÒÅÌÁÔÉÏÎÓ ×ÏÕÌÄ ÂÅ ÒÅ×ÒÉÔÔÅÎ ÕÓÉÎÇ ÔÈÅ ÃÏÒÒÅÃÔÅÄ 
ÉÎÄÅØȢ   

 
&ÉÇÕÒÅ ρτȡ ).3-3ÔÁÒ ÔÒÁÃËÅÒ ÃÏÍÂÉÎÁÔÉÏÎ ÂÌÏÃË ÄÉÁÇÒÁÍ 

 
#ÏÒÒÅÃÔÅÄ ÁÔÔÉÔÕÄÅ ×ÏÕÌÄ ÂÅ ÔÈÅÎ ÁÃÈÉÅÖÅÄ ÂÙ ÔÈÅ ÆÏÌÌÏ×ÉÎÇ ÒÅÌÁÔÉÏÎÓȡ 
 

 

ɉσυɊ 

 



υπψ                                                                                                                                                      -ÏÇÈÔÁÄÁÅÉ 2ÁÄȟ ςπρτ 

 

 

ɉσφɊ 

 

 

ɉσχɊ 

 
&ÉÎÁÌÌÙȟ ÔÈÅ ÉÍÐÒÏÖÅÄ ÁÔÔÉÔÕÄÅ ×ÏÕÌÄ ÂÅ ÁÓ ÆÏÌÌÏ×Óȡ 
 

 

ɉσψɊ
 

 
!ÌÓÏȟ ÔÈÅ ÃÏÒÒÅÃÔÅÄ ÁÃÃÅÌÅÒÁÔÉÏÎ ×ÏÕÌÄ ÂÅ ÁÓ ÆÏÌÌÏ×Óȡ 
 

 

ɉσωɊ 

!ÎÄ ÃÏÒÒÅÃÔÅÄ ÖÅÌÏÃÉÔÙ ×ÉÌÌ ÂÅ ÁÓ ÆÏÌÌÏ×Óȡ 
 

 

ɉτπɊ 

 



#ÏÍÐÅÎÓÁÔÉÎÇ !ÎÄ !ÎÁÌÙÓÉÓ %ÒÒÏÒ )Î (ÅÉÇÈÔ #ÈÁÎÎÅÌȣ                                                                                     υπω 

 
!ÎÄ ÃÏÒÒÅÃÔÅÄ ÐÏÓÉÔÉÏÎ ×ÉÌÌ ÂÅ ÁÓ ÆÏÌÌÏ×Óȡ 
 
 

 

(41) 

 
 
&ÉÎÁÌÌÙȟ ÐÏÓÉÔÉÏÎ ÉÎ ÔÈÅ ÔÈÒÅÅ ÃÈÁÎÎÅÌÓ ÉÓ ÏÂÔÁÉÎÅÄ ÁÎÄ ÔÈÅ ÍÏÄÉÆÉÅÄ ÐÏÓÉÔÉÏÎ ÉÎ ÅÁÃÈ ÃÈÁÎÎÅÌ ×ÉÌÌ ÂÅ 
ÄÅÔÅÒÍÉÎÅÄ ÂÙ ÓÉÍÕÌÁÔÉÏÎ ÉÎ ÔÈÅ ÎÅØÔ ÓÅÃÔÉÏÎȢ 
4ÈÅ ÆÏÌÌÏ×ÉÎÇ ÔÁÂÌÅÓ ÈÁÖÅ ÐÒÏÖÉÄÅÄ Á ÓÕÍÍÁÒÙ ÏÆ ÁÌÌ ÓÉÍÕÌÁÔÉÏÎÓ ÉÎ ÄÉÆÆÅÒÅÎÔ ÃÁÓÅÓ ÏÆ ÉÎÐÕÔ ÅÒÒÏÒȡ 
 

4ÁÂÌÅ ρȡ 4ÈÅ ÐÏÓÉÔÉÏÎ ÅÒÒÏÒ ÓÉÍÕÌÁÔÉÏÎ ÖÅÒÓÕÓ ÔÈÅ ÓÏÕÒÃÅ ÏÆ ÁÃÃÅÌÅÒÏÍÅÔÅÒÓ ÅÒÒÏÒ 
Error of height  

position channel(m) 

Error of second  
position channel(m) 

Error of first  
position channel(m) 

Source of position error 

21000 8000 10200 Errors caused by accelerometers bias 

7000 4000 3800 Errors caused by accelerometers bias instability 
14000 12000 6300 Errors caused by accelerometers errors 

 
4ÁÂÌÅ ςȡ 4ÈÅ ÐÏÓÉÔÉÏÎ ÅÒÒÏÒ ÓÉÍÕÌÁÔÉÏÎ ÖÅÒÓÕÓ ÔÈÅ ÓÏÕÒÃÅ ÏÆ 'ÙÒÏÓ ÅÒÒÏÒ 

Error of height  
position channel(m) 

Error of second  
position channel(m) 

Error of first  
position channel(m) 

Source of position error 

21000 7200 10200 Errors caused by gyros bias 

200 200 700 Errors caused by gyros bias instability 
21200 7500 11000 Errors caused by gyros errors 

 
4ÁÂÌÅ σȡ !ÌÌ ÐÏÓÉÔÉÏÎ ÅÒÒÏÒ ÓÉÍÕÌÁÔÉÏÎ ÖÅÒÓÕÓ ÓÏÕÒÃÅ ÏÆ ÉÎÉÔÉÁÌ ÃÏÎÄÉÔÉÏÎ ÅÒÒÏÒ 

Error of height  
position channel(m) 

Error of second 
 position channel(m) 

Error of first  
position channel(m) 

Source of position error 

460 260 250 Errors caused by initial conditions 

 
4ÁÂÌÅ τȡ %ÒÒÏÒ ÉÍÐÒÏÖÅÍÅÎÔ ÉÎ ÁÌÌ ÃÈÁÎÎÅÌÓ 

Error of height  
position channel(m) 

Error of second  
position channel(m) 

Error of first  
position channel(m) 

Source of position error 

18000 14000 14000 All errors caused by accelerometers and gyros 
8000 1000 1500 Error reduction 

 
3)-5,!4)/. 2%35,43 

4ÈÅ ÍÉÓÓÉÌÅ ÔÒÁÊÅÃÔÏÒÙ ÖÅÒÓÕÓ ÌÏÎÇÉÔÕÄÅ ÁÎÄ 
ÌÁÔÉÔÕÄÅ ÁÎÄ ÁÌÓÏ .%$ ×ÉÌÌ ÂÅ ÁÓ ÆÏÌÌÏ×Óȡ 

 
&ÉÇÕÒÅ ρυȡ -ÉÓÓÉÌÅ &ÌÉÇÈÔ ÔÒÁÊÅÃÔÏÒÙ ÉÎ .%$ &ÒÁÍÅ 

 
&ÉÇÕÒÅ ρφȡ -ÉÓÓÉÌÅ &ÌÉÇÈÔ ÔÒÁÊÅÃÔÏÒÙ ÖÅÒÓÕÓ 
ÌÏÎÇÉÔÕÄÅ ÁÎÄ ÌÁÔÉÔÕÄÅ 
 
!ÌÓÏȟ ÆÌÉÇÈÔ ÔÅÓÔ ÃÏÎÄÉÔÉÏÎ ÉÓ ÁÓ ÆÏÌÌÏ×Óȡ 
 



υρπ                                                                                                                                                      -ÏÇÈÔÁÄÁÅÉ 2ÁÄȟ ςπρτ 

Initial accelerometers 

values in x axis:
 2s

m1  
Flight height: 

Up to1800 km 

Horizon sensor 

accuracy:
 

¯01.0  

Initial accelerometers 

values in y axis:  
2s

m1  
Satellite 

weight: 24 kg 

Star tracker 

accuracy:
 

¯001.0  

Initial accelerometers 

values in z axis: 
2s

m11-  
Initial latitude: 

41o 

Gyroscope 

accuracy:
 h

01.0
o  

Initial gyroscopes values 

in x axis:  
s

rad3105.1 -³  
Initial 

longitude: 50o 
 

Initial gyroscopes values 

in y axis:
 s

rad31025.0 -³  
Flight time 

duration: 1500s 
 

Initial gyroscopes values 

in z axis:
 s

rad31025.0 -³  
frequency: 10 

Hz 
 

 

ψȢυȢ )ÍÐÒÏÖÅÄ 0ÏÓÉÔÉÏÎ %ÒÒÏÒ 

 
&ÉÇÕÒÅ ρχȡ ÈÅÉÇÈÔ ÃÈÁÎÎÅÌ ÃÏÒÒÅÃÔÅÄ ÅÒÒÏÒ ÁÉÄÉÎÇ 
ÂÙ ÓÔÁÒ ÔÒÁÃËÅÒ 

 
&ÉÇÕÒÅ ρψȡ 3ÅÃÏÎÄ ÃÏÍÐÏÎÅÎÔ ÏÆ ÐÏÓÉÔÉÏÎ 
ÃÈÁÎÎÅÌ ÃÏÒÒÅÃÔÅÄ ÅÒÒÏÒ ÁÉÄÉÎÇ ÂÙ ÓÔÁÒ ÔÒÁÃËÅÒ 

 

 
&ÉÇÕÒÅ ρωȡ &ÉÒÓÔ ÃÏÍÐÏÎÅÎÔ ÏÆ ÐÏÓÉÔÉÏÎ ÃÈÁÎÎÅÌ 
ÃÏÒÒÅÃÔÅÄ ÅÒÒÏÒ ÁÉÄÉÎÇ ÂÙ ÓÔÁÒ ÔÒÁÃËÅÒ 
 
4ÈÅ ÐÏÓÉÔÉÏÎ ÅÒÒÏÒ ÉÓ ÒÅÌÁÔÅÄ ÂÏÔÈ ÔÏ 
ÁÃÃÅÌÅÒÏÍÅÔÅÒÓ ÁÎÄ ÇÙÒÏÓ ÅÒÒÏÒÓ ÁÎÄ ÏÎÌÙ ÇÙÒÏÓ 
ÅÒÒÏÒ ÃÏÕÌÄ ÂÅ ÃÏÒÒÅÃÔÅÄ ÂÙ ÓÕÂÓÔÉÔÕÔÉÎÇ ÁÔÔÉÔÕÄÅ 
ÏÆ ÓÔÁÒ ÔÒÁÃËÅÒȢ 3Ïȟ ËÎÏ×ÉÎÇ ÇÙÒÏÓ ÅÒÒÏÒÓ ÈÁÖÅ 

ÍÏÒÅ ÅÆÆÅÃÔ ÉÎ ÐÏÓÉÔÉÏÎ ÅÒÒÏÒ ÁÓ ÄÉÓÃÕÓÓÅÄ ÌÁÔÅÒȟ 
ÈÅÉÇÈÔ ÃÈÁÎÎÅÌ ÅÒÒÏÒ ÉÓ ÎÏÔ ÃÏÒÒÅÃÔÅÄ ÐÅÒÆÅÃÔÌÙ ȟ 
ÈÏ×ÅÖÅÒȟ ωËÍ ÅÒÒÏÒ ÉÍÐÒÏÖÅÍÅÎÔ ÉÎ ÈÅÉÇÈÔ 
ÃÈÁÎÎÅÌ ɉÆÉÇÕÒÅ ρχɊ ÁÎÄ σËÍ ÉÎ ÏÔÈÅÒ ÃÈÁÎÎÅÌÓ 
ɉÆÉÇÕÒÅÓ ρψȟ ρωɊȢ 
 
ψȢφȢ )ÍÐÒÏÖÅÄ !ÔÔÉÔÕÄÅ %ÒÒÏÒ ÉÎ É-&ÒÁÍÅ 
 

 
&ÉÇÕÒÅ ςπȡ 2ÏÌÌ ÃÏÒÒÅÃÔÅÄ ÅÒÒÏÒ ÉÎ É-ÆÒÁÍÅ ÁÉÄÉÎÇ 
ÂÙ ÓÔÁÒ ÔÒÁÃËÅÒ 
 

 
&ÉÇÕÒÅ ςρȡ 0ÉÔÃÈ ÃÏÒÒÅÃÔÅÄ ÅÒÒÏÒ ÉÎ É-ÆÒÁÍÅ ÁÉÄÉÎÇ 
ÂÙ ÓÔÁÒ ÔÒÁÃËÅÒ 

 

 
&ÉÇÕÒÅ ςςȡ 9Á× ÃÏÒÒÅÃÔÅÄ ÅÒÒÏÒ ÉÎ É-ÆÒÁÍÅ ÁÉÄÉÎÇ 
ÂÙ ÓÔÁÒ ÔÒÁÃËÅÒ 
 
 
!ÔÔÉÔÕÄÅ ÄÅÔÅÒÍÉÎÁÔÉÏÎ ÂÙ ÓÔÁÒ ÔÒÁÃËÅÒ ÉÓ ÍÏÒÅ 
ÁÃÃÕÒÁÔÅ ÔÈÁÎ ÔÈÁÔ ÏÆ ).3 ÉÎ É-ÆÒÁÍÅ ɉÆÉÇÕÒÅ ςπ-
ςςɊȢ )ÎÃÒÅÍÅÎÔÁÌ ÅÒÒÏÒ ÉÎ ÉÎÅÒÔÉÁÌ ÁÔÔÉÔÕÄÅ ÉÓ 
ÒÅÌÁÔÅÄ ÔÏ ÉÎÔÅÇÒÁÔÉÏÎ ÅÆÆÅÃÔ ÔÈÁÔ ÔÈÅÒÅ ÉÓ ÎÏÔ ÉÎ 
ÁÔÔÉÔÕÄÅ ÏÂÔÁÉÎÅÄ ÂÙ ÓÔÁÒ ÔÒÁÃËÅÒȢ  
 
 
ψȢχȢ )ÍÐÒÏÖÅÄ !ÔÔÉÔÕÄÅ %ÒÒÏÒ ÉÎ Î-&ÒÁÍÅ 








