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Performance Improvement of MEMS-Based
Sensor Applying in Inertial Navigation Systems

D u c  T a n  l ' r a n t ,  \ l a n h  H a  L u u  r ,  T h a n g  L o n g  \ g u 1 c n r ,  l ' h u ' I h u l  N g u y e n ' ,  H u u  T u e  H u l n h  r ' l

r l iacul ty  of  E lcct ronics and Telecommunicat tons.  Col lege of  Technology.  VNLjH
- Bac Ha Intcmrtional LJniversitv

IIanoi. \' ietnam
tantdil{ \ru.cdu.\'n

. lhs t t 'u t  l l r c  dcmand o f  na \ iga t ion  and gu idancc  h i t re
beer urgcnt tbr nranr 1cars. In fact, I\S is dail l used in
cor t ro l l iog  l l i gh t  d lnaDr ics .  \o rvada ls .  N i th  the  s t rong
gro$th of I I icro-l l lectro-l I ech a nical-Sl stcm (lI l i l lS)
tec l lno log ] .  lhc  Incr t i r l  \ r \ iga t ion  Svs tems ( l \S)  a rc
rpp l ied  11 idc l \ .  Hor rever .  there  l re  e r is t ing  c r ro rs  in  thc
ircceleroolcter and g) roscope signals that causc
uDncceptab lc  d r i l l s .  Iherc  a rc  t \ \o  k iDds  o f  no ise  in  ihe
I \S :  dc te rmiD is t i c  an t l  s tochas t ic  e r ro rs .  The
dctc rnr in is t i c  no ises  arc  usua l l )  e l in r ina ted  b \  the
carc lu l l l  ca l ib r i r t ion  proccss  bu t  thc  s tochas t ic  no ises  are
rl\\ al s dil l icult to trert. In this paper. rve havc
deternrincd succelsfull l  the characteristics of thc IIEIIS
scnsors '  no isc  b r  anahz ing  the  - \ l lan  \a r iance o l  the
crper in ren t  da ta .  A f tc r  rh r rac tc r iz ing  thc  l l l f ' c r ro rs .  thc
inlbrmatioD of thesc noiscs is brought to thc \\ 'avelet
]  I  u l t i -  I leso lu t ion  - . \na l )s is  ($ l lR{ )  b lock  in  o rder  to
iDlpro\c the sensors' signal to-noise ratios. renlove sensor
crrors thrl are nrixed \rith nrotion d.\ 'namics. and provide
nrore reli irblc dati that is applied directl l to the \oisc
E l in r ina t ing  l t lock  (NEB) .

Kaytlords .lar'/-qaIi.)/r. /.1/t. 1.\5. i\ lEllS. .1llun vriuntc

I .  I \TROL)L ,C f  IO\

\a\ lsutiolt and guidancc arc ver) in.lportant
problcms lirr marinc. acronautics and spacc tcchnologl.
Itt such slstcms. Inertiai Measurement Llnrts (lN{Lls) arc
uidely rLsed as thc core of t irc Ine'rtral Navigation
Svs tcnrs  ( lNS)  l1 l .  In  p r inc ip lc ,  an  IMIJ  cons is ts  o f
gyroscopcs and acceleronte'ters that measure angular
ve-locitics and acce-lerations rn three dinrensions. l)ue to
thc stronr gro$ th of M I.-l\ '1S technolosy. the INS is
lidell applicd to navigation and gurdance of aircraft
r 'r 'roVements. I Iowc'r'er. there are cxistlng crrors in thc
accelcronreter and gyroscope sigarrals that cause
unlcccptable dri l is and bias. 

-l 
hese errors arc classil lcd

lnto dct!-rmlnlstic cnors and stochastic errors f2l.

Kalman llltcr rs ollen used fbr intcgrlling Inertial
Navigat ion Systcm scnsors *  i th  CjPS mcrsurcmcnts.  ln
this case. thc paramctcrs of thosc cr-nrrs must bc
specif)ccl. To elimrnatc thc deterministic r'rrors. \\ 'e car'l
speci lv  them quant i ta t i re l l '  by ca l ibrat ing thc de\  rce.  I l
is. ho$cvcr. morc compler in determinatron oi thc
stochastic crors. In thls papcr. sc harc clelernrtnecl
noisc parameters of  both dgtcrmints t ic  lnd s tocha5t tc
erors of MEN{S basccl lN'lLls. lior thc dctcn]lil.l istrc
cnors. the calibration proccss is not so di1'licult. For the
stochastic errors. \\ 'c harc tried t$rr clil ' lcrcnt ntethocls
I )SI)  (Poner  Spcctrum Densi r - "* )  anc l  - , \ l lan rar tance.
lhe I 'SD is  kno*n as a c lass ica l  nrct l lod to a l la lyze
signal .  *h i le  Al lan var iance is  a nc*  mclhoi l  tha l  can
shorl'more inibrnration than the I'SD. In thls paper. the
Allan variance method * as applied to gn c LLs a reliablc
noise model  that  is  appl rcc l  d i rect l l '  to  lhe Kr lman
Fi l tc f ing t l lock (KFB).

Thc Warc lc t  Mul t i -Rcsolut ion Anal )s is  ( \V\ '1R. ' \ )  is
studied and apphed as a proposed tooi 1(] ll lpro\ c thc
scns0rs signal to-noisc ratios. rcnro!c sensor cnors
that arc mixed \1ith motion dynamics. and providc nror-e
reliable data to the KIr based N'lEN'l S-lN Sr G PS
integration motlulc.

I I .  N IEASI  RE [ ,1LNT  A \D  C .H  \R i \ ( . . f [R IZA I . IO \

ln  th is  paper .  the MICRO-ISLI  BP30l0 (scc F ig.  I )
is used to measure the six degrec of no\clrellt l l
consists of three ADXI{S3OO gyros ancl three hcat
compcnsated ADXL2l0 l r  accelcrometers l l l  The
measurements are synthesized by micro-co]1tro1l!'rs and
transmit ted out  v ia  the RS232 in ter lacc.  Ihe uni t
transmits output dala as angular incret'tterrtal and
|elocitl rncremental data in scrial liames oi l (r br tcs at
(r4 H z.
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.1 I)tttntiuis I i( (rr?rs

l)eternrrnistic crrors arc conected by accclcrometer
and gyroscol.rc calibratjons. In the calibration procedurc
of the acceleron'rctcrs. the cartll gravity has been
utr l izcd.  In  th is  nrethod.  the I \1L l  is  in i t ia l ly  posr t ioncd
so llrat thc Z-aris ol'lhc II\ 'ILI aligned tith the location
ln el ti-amcs Ll-axis. thc Y-axrs of the IMLJ aligned l ith

thc N- ; r r is  and the X-ax is  a l igned t  i th  the [ -ax is  (F ig.

2). It mcans that thc gravit! component r.rtll at'lect only
the acccleronlctcl along l-axis by an antor.tnt of +g (g:
9.8 nrrsr ) .  t l ' thc I \41.1 rs  thcn rotatcd lE0"  around the Y-
a\ls. J lre\\' mcasLLretllent sould lre takcn \\'hen the
accclelonrctcr along Z-axts senses thc negatlYc gra\ rt-v

t - g l

Fig. | . Tlrc lvlt{-Ro IlU RP-1010 A tr| l.If S torit

\\ 'hcn thc I\{Lj \\ ' j th the l" ' accclcrometer aligned
tith the l. l-aris ln the navjgation l ianrc. the output of
the  accc lc lomctc r  l s :

z t l u t ; 1 :  c t , i  ( a , ,  + 1 ) g  ( 1 )

rz,, and af are accclerometcr bias.

accelero-metcr scalc t'actor. lnd acceleromcter output in
body l rame coord inates.  respect i rc ly .

Ilotalrns thc lMLi l80" around perpendicular axis
and mrking another measurernent uill give the
lb l lou ' rnq output  o1 ' the acceleroneler :

z , - ( e t j ' ) -  a i  l q i i  + l ) g (2 )

So1'' ing set of ( I ) and (2) above. \\' l: can estimatc ol
1he accclcronreter bias and scale tactor:

- ' 1 ,  j ' ; + ,  t  { ,  j ' )
( 3 )

The collcctmg data proccss is pcrlon.ncd 1br about
l0 minutes lbr cach positron. then the data is aYeragctl

. l  '  \

t u  g r v c  - - ' ( . r '  )  r n J - -  l . r i l .  l r r , r  c q u r t r o n '  t J t  r n d  t 5 r  r r e

tinally used to extract the accelerometet-bias and scalc
i'actor. Calibration results showed that thc
acceleromctet  a long Z-axrs has b ias of  0 .1 i30 m' 's :  anc l
scale lactor  o l0.0041 .

fhe gy"roscope calibratror.r proccdr-Lre is pcrtbrnlecl
by using a prccrse rate tablc n hich contains scclucnce of
dit' lcrent rates ibr cach dimension has bccn used. fhe
IMtl is initiall), positioned in center of rate tablc and
cach rate is run approximately tbr 10 rninutcs.

' I  
hc cnor  model  cquat ion of  the gyro is :

, t  
" ;  

-  F i  + ( f  i i +  l ) ( 1 ,  +  r 1 . . .  I  ( 5 )

\Vhc're u-- is nominal gyro angular rate at table

angular rate rli [deg'/h, radi s].

l|i average table angular rate lbr data scgmcnt I
f deg'rh. rad,'s].

rr',,. - sensed component of earth rotatloll rate fdegrh.
rad"s l .

l, - gyro bias [degih. radlsl.

/,, - Slro scalc factor.

From (5) .  lc  have:
( r l . l  r - t )  ( 1 r t - l r t )

( 6 )

( 7 )

( u r  r ' .  )

/ ,=l+ gr,*11!1]1!\

We can thcn cstinrate gJ'ro bias scale lactor based on
(6) and (7). Results sho*cd that the Z-axts g)'ro has

bias of  0 .1 1 72 " rs  and scale tactor  of  -0 .0070.

B .St o(hasti( IIlU errrtrs

Sonre stochastic elTors that a1'fect the Initial

Navigat ion Systcms are l is tcd as tb l loss 14.51.
. Quantrzatron noise

Quantizatlon noisc ts made liom cncoding the

analog signal rnto digital lbrm. Ihis noisc is caused by

the small drltercnce belueen the actual amplitudes of

the sampled signal and bit resolution of A-l) Converter'

We can reduce quantization noises by inlproving

encode methods. adjusting sample rate, or increasing btt

resolut i0n.
.  Whi tc  noise

Whrte noisc can be a major sourcc of the INIU eror
and rt has a constant powcr spectrum ol'er lhole

\ \ ' h e r e , , ,

.

2
' 1 r ] ' I  . t 1 u ] ' )

1 ( 4 )
2 g
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t icrluency'axrs. Angle random *'alk (f irr gyroscopc) ancl

re-locrty random nalk (ibr acceleromcter) are caused b1-

thc \\ ' l '  te norse.

. Randon n alk

This is thc random process of uncertarn origin.

possible ol a l inrit ing case of an exponcntiall)"

coffelatcd notse rvith long corrclation time. 
' lhe

g)loscopes arc lffected by angular ratc random \\alk.

lhrle thc accelcrometers arc aflected bv acceleratiorl

ranclonr l alk.

1l

r ! '

1 L

Ir-t  l l i '  1a

..,rir ail'rq tul're (s J

( b )

Fig ). I he stu dunl sloltcs r / tlta Allun stundurd
tlr|iulion ol gyro.;tope,s (a) qtld ac(elerc rcters (b)

.  F l ickc l  no ise

lil ickcr noise is lou -tiequency noise tcrm that sho$ s
as bias t'luctuations in data. This noise is caused by the
clcctronics or otl]er componcnts that are susceptible to
rant lom l l rcker ing.

In order to ana)1'zc stochastic INlU errors. rre have

utrlrzed the Allan variance nrethod. It is a pouetlLl tool

tb r  ana lyz ing  and charac te l i z ing  da ta .  and tb t -s tochas t ic
n.rodeling. The Allan variance technrque iras been

origrnall l '  developcd tbr 1he characterizatron.

cstlmation. and predictron ol prccision clocks anci

osc i l la to rs  in  the  t ime domain .  The d i l ib ren t  t lpcs  o f

noise assocrated rvith inertial sensors can be l-cvcalcd

r ra Allan vanance method.
'I 

he Allan variance is statlstlcal measurc to

characterizc thc stabll it-v of a l ime-fiequcncy s)slenr

- r ' l  I h c  P S D  c r n  o n l l  e \ l r J . t  \ \ h l l e  n o t . e . t . t t r J r r t J

devra t ion .  In  cont ras t .  us ing  thc  A l lan  var iancc .  serera l

o thcr  cnor  parameters  can bc  comprehens iYc l )  d ! - r l \ cd .
' l  

he basic idca of the Allan variancc rs to talic u lons

data sequencc and drvide it into scgttrcnts base'd on an

averag ing  t ln re r  to  p rocess .  Le t  g i rc  a  sec luencc  \ i t l t

N  e l e m e n t s , 1 ^  .  t ' : 0 .  I . . . . .  N - 1
' lhen .  

le  de l lnc  lb r  each r r :1 ,  l ,  -1 , . . . ,  , {1 ! , \?  a

ne\\ ' sequencc of averages of sutrscquencc \\ ' l th len!:th

. i  , i  r  , l  , , i .  t  + . . .  + l  , , i , , j  l

I f  thc  sampl ing  t ime is  A /  .  the  t inc  span l ' i th iu  an

averaged sequencc  o f  leng th  r  t s r  =  r lA /  .  Ihc  A l lan

r,arjancc. ibr a grven subsequencc lcngth rt. ts dcilr leil

as :

" _ ,
t  t \  { / r )  r  l r ) )  ( q )
/)

( 8 )

Where I  = 0.1. . . . .  
' \  

I
L r  l

I

t  I  , l
i L , /  . l  )

\

Thc typical slopcs of thc ,\llan variance lirr the
gyroscope and thc accelerometers in log-lou lllot arc
shou'n tn  l ; ig .3a and Fig.3b \ \ i th  dala co l lccted f to tn
the IMIJ ISU BP30l0 dur ing an hour .

To extract the noise parameters. $e need to tlt the

standard slopes in fig 2. For cxanrplc. if data contains

nhr tc  noise.  the s lope - l /2  u i l l  appcl r  in  the log- log
plot of the Allan standard deviation.

The logJog p lot  o f  lhc Al lan standard d*rat ion tn

Flg. 3a indrcates the prcsence of angullr rate
quanlization noise (slopc -l), angular ratc \\ll lte norse
(s lope - l i2) .  angular  rate randonr  *a lk  (s loPe'  1 l ) .
sh i le  angular  rate t l icker  noise (s)ope 0)  is  abscnt .  l  h ts
rcsult is iirl lv consistent $ith that obtainccl bv the' I)Sl)

- .  - \ -  ' -  - : : : . . : :, , \ : : : .  
:  

. . . . . . . . . . . . ' . : - . . . - . ) z
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\  - Z \

r l r )

l : i g .  i .  T l t t  , l l l t r r  s t r tu r lu rd  d ty io t io r t  o /  g tn t , \ ' ( t t1
tttt l  ol ut ce lt,ront,tcr Z ( h)

L t l , l ,  I  I t , l  ' t r t t t i , l  ' i . \ ,  t , \ ' u i t i r ' n r ;

F igurc  - i .b  sho ls  thc  lou- log  p lo t  o f  the  A l lan
s tan i la rd  der ' ia t ion  1or  the  tccc lc ron te te r .  T l r i s  sho \s
thc  prcscncc  o t '  l cce le ron tc lc r  quant jza l ion  no ise  (s lope
- l ) .  acc ! ' lL ' [omctc r  *h i tc  no ise  (s lope - l ]2 ) .

accc le lomctc l  t l t ckc ' r  no ise  (s lopc  0) .  and accc le ra l ion
ranc lonr  ua lk  (s lope l '2 ) .  lh rs  resu l t  i s  \ \ ' c l l  cons ls tcn t
\  i th  th l t  lh rm the  I 'SD p lo t .  In  add i t ron .  th is  shows the
presc l l cc  o t  accc lc ra t ron  t rend (s lope 1)  tha t  i s  unab lc  to
bc  ind ic r ted  b l  on l l  us ing  the  I 'S I )  p lo t .

Thc rihitc noisc coeflrcient is obtained b) t l l t in{ the
s l o p e  l i n e  a t r = 1 .  l a b l e  I  s h o l s  t h e  e s t j n l a t e d  n o l s e
coell lcier.lts fbr the gyros and thc accclcromclcrs.

C'haracter i means that 1l 're sensor lacks the emrr or
th rs  c r ro r  rs  much smal le r  than thc  o thers .  Q, .  Q.  B .K
and Ii dcnote qLranlization noisc. \\hitc norsc. i lrckcf
no ise .  randonr  ua lk  and t rend no ise .  respec t i \e l \ .

I . APPLIC,\TIo\ To WT\\.LLET N,I L LTI-IIISoLL]TIO\
A\ r \LYSls

Fig. 1. Contpurison ol t lta rul, ntau:uranrutl uttd
WIIP-I: rn the rutc rubla

Aljcr charactcrizrng thc INILI errors. the intirnralitttt
o l  these noises ls  appl ied Io thc \ \ 'arc lc t  Nlu l t i -
I lesolut ion Anal ls is  ( \ \ ' \1RA) b lock in  order  to
lmproVe the sensors sl!nal to-r'roisc ralios. rentove
scnsor crrors that arc mixccl Nilh motion dlnamics. and
prolidc morc reliable data to the KF basctl N'lENlS-
INS,GPS intcgration module [7. 8]. Applying \\'N'l I{A
to the IUIi\4S inertia) signal compnses t\\'o naln stL'ps.
Thc llrst rnvolvcs climinating thc high iiequcncl scnsor
nolse us ing \ \avelet  de-nois ing methods.  The sccond
slcp then lbllo*s by speciffing a propcr threshold
through *hich the motion dynamics can be scparalcd
tion'r the short-tem and long-term scnsoL crt ors as l'ell
as othcr  d ls turbances.

I he output data ratc of both ltnear and angular
N{ll\4S inertial scnsors \r'as (r,1 tlz. Alier applying
wavelet analysis to all inertial sensors. thctr
nrcasurements rvere processed by the KF based
INS/GPS rntegration algorithm. Thc Daubcchics "tlbii"
u . 'arc lc t  uas appl ied f i rs t  * i th  hard then u j th  sot i
t l r rc :h, r ld  er i tcr iun.  I  iC.  4 conrprres thc r i l \ \
nreasurements of the Ax accclcromctcr to thc srmc

-1

I

l  i t + 1 0

I  i .  t  l ( r lr) .1. s, * t0

i 1 . 1 . - l . t . t \ * t I
I  I  L 1 r r  I - * L ( r l . - L ' l i r

. 1 .  r l  I  l 1 r
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n)c ls r l r t : lncn ts  a i tc f  app l \ in ! t  thc  p roposed \ \ 'MRA
lcch l i c lue  in  t l t c  casc  I \11 :  i s  p laccd  on  thc  p rcc ise  ra tc
ta t r l c  t r l '  l 0  , t s .  f  ig .  5  sho ls  t l rc  s ig la l  ob ta i r rcd  l ion t
, , \ r  accc- le lo l tc le r  r rhen t l rc  lVL t  i s  p laced on  t l t c
rch ic lc  lb l  ou ts ic lc  cxper i tnenta t ion .  A t ie r  p rocess ing
b1 \ \  N lR, \ .  ths  s l lo r t  rc r r r r  no isc  i s  c l in ina tcd .  I l  bo t l r
l j i q .  -1  ; rnd  I  ig .  - ; .  ;1  can i re  sccr r  tha t  the  s iqna l  las
c l l l c ien t l r  dc - lo ised .  lh i l c  a l l  shr rp  t rans i t ion  de ta i l s
o l  l l l c  t r l l c  s igna l  re rna in .

I'i.q. 5. ( ontlttri.sott rl lht rtr,t nL,ttsttanu:nls tncl
Il'.\l1l.l. on tfu tuud

Fit 6. ( 'oltpuri.sctrt ol t lrc GpS nrct$ura rcnt.\.uld
Kdl krn outlt!!

IV .  APPI -1C, \  ]  IO\  I1 )  INSlGPS SYS I I lN l

T l rc .  dentand u f  nav iga t ion  and gu idance has  bcen
rrrgeut l i)r r)tar)\ \cars. In thct. GpS have been

c m p l o t c d  * i d e h  i n  r n a n r  a p p l i c a t i o n s  r r h i l c  l \ S  i s
t la i l l  uscd  in  cont ro l l ins  l l i gh t  d rnamics  [9 ] .  Recenr l r .
thank  to  thc  t le re lopnrcn t  o f  N l l rN jS  tcch lo logr .  thc
IMt ls  beconte  s rna l le r .  chcaper  an t l  n rorc  p rcc ise .
Hn lever .  t l l c  pos i t ion  c r ro r  o f  a r r  INS increascs  rap i i l l r
r r i t l r  nar iga t ion  d t re  to  the  in teqra t ion  o f  r l c lsurc rncr r t
c r ro rs  ln  thc  g \ roscopes and accc le rometers  l l0 l .  In
order 1o nrake thc corrections. therc tppcars i l nc\\ trcltd
in  na t iga l io l  anc l  qu idance donta in :  i t  cons is ls  o f  thc
in teqra t ion  o f  INS and GPS a l togethcr .  l l t cgra t ing  t l )csc
t\\o nrethods can intprove thc pcrfornrance ol' thc
s \s tcn1 a l td  reduce cc lncur re l t l \  the  d isad\ t l l tagcs  o t '
bo th  INS and GPS.

A l le r  A l lan  ra r iance and W\ , lRr \  p r .occsscs .  thc
r ro rc  re l iab lc  da ta  i s  b ro t rgh t  to  thc  KF bascc l  \ jE l \ iS_
INS, l ( iPS in teqrar ion  Inodu le .

The updatc  l io rn  the  INS nas  take l  c \e r \
{ r . U l i b l 5 . .  t l r c  C l , S  r r p d r t e  \ \ a \  l i l k c n  e r e | r  l . l n . l  t l r e
KI r  \ \as  n rn  e te r r  0 .5s  to  ach ie r ,c  be t te r  tccL l rac \ .
I - r c r r  2 1 1 , i 1 1 1 ; 1 1 g  0 . 5 .  i r r s t a r r t .  r r l t u  l l r c  G p S  r r p , l t r t e  i ,  r r , , t
a ra i lab le :  \ \e  havc  t0  p red ic t  the  er ro r  s ta ts  b1  us ing  t l re
rnos l  recent  GPS Lrpdatc  as  the  lncasurc l ] ten t .  i .e .  thc
GPS update  is  takcn  cons ta l t t  fo r  tha t  l  l to lc  onc  seco ld .
Th is  a lso  cor r rcs  i r r  use  u  hen there  arc  GpS oLr taqcs .

For the crper in te l t t  o f  t l lc  lMtJ on roacl  l l  l l .  GpS
and t l )c  da ta  acqu is i t ion  svs tc rn  \ \e rc  i t t s ta l l cd  in  a
r c h i c l e .  f h e  v c h i c l c  r l a s  d r i r e l  f o r  l l  r n i n u t c s  i n
a  5  k r r r  t ra iec to ry ' .  In i t ra l l l  the  \ch jc le  \ \as  a t  rcs l .
l i th  the  cng inc  on .  lb r  abot r l  .15  scconc ls .  l  l r i s
s ta t ionary  da ta  r ras  used tb r  ca l iL r ra t io r r  anr l
a l ign  rnent  purposcs .

' l  
hc 2- l )  t ra jecrorr  is  prescnted in  F ig.  6 .  This

t lgure sho\ \s  the posi t ior r  o l '  thc rc l r ic lc  a lonq
North ancl East direction on tltc Eaftlt insteacl ol'
the la t i tudc and the longi tudc.  Thc rcason is  that
\ \e  can pre\ ,c l t t  l ru l l ter rca l  instabi l i t ie 's  in
calcu lat ing the Kal rnan gain.  l t  can bc seen the
INSlGI'S trajcctor\ supportcd bv KI, It carr be
scen thc INSi(;PS traiecton sLrpportcd by KF
(sol id  c t r r re)  fb l lo l .s  the GI 'S one (dot  cur \ .e)
\ \  i t l r  \n t t l l  c r ror  f t , r  I  qr r i tc  Ior r l  t r ip .

v .  C0NCI_t 's loN

This papcr  has succceded in  spcci l r  ing rhc
parameters ol the IMLI errors. r.hich is a nccessarr stcp
rrhcn appl r  ing error-process i r r  g  a lsor i thrns for  thc I \S.
I ls t i rnat ion of  the stochast ic  errors is  rnore cornpl icated
than tbr  thc detcrnr in is t ic  ones.  Thc Al lan rar iancc

t
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rrcthod has been used here to estimate the stochastic
erors ol'thc IN'lLI. The extracted rcsults lr' i l l be used as
tlre paramctcrs in WNll{A and Kalman filter tbr the
l\S-CiPS intcgrated system. The erpertmental results
bave shot n that the inltlal calibration and altgnment is
accuratc cnough to allorv navigation vith IMIJ sensors
tbr c\tendcd pcriod of trme \\'rth lol dcad reckoning
crr()rs.

AC KNO\\'L E DC \{ ENI'

I his u ork is sr-rpportcd by the QC-t)7 prqect of
(  o l tcch.  \ 'NLJH.
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