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Abstract: Syn the tic ape rture radar ( SA R ) is theo re tica lly

based on un ifo rm rectilinear m o tion. Bu t in rea l

s itua tions, the flig h t canno t be kept in a unifo rm

rectilinear m o tion due to m any facto rs. Th ere fo re, the

m o tion com pensa tion is needed to ach ieve the h igh-

reso lu tion im age. T his pape r propo se s an im p roved

m o tion info rm at ion senso r ( M IS ) -ba sed on g loba l

nav ig a tion sta te llite sy s tem ( GNSS ) and strapdow n

ine rt ia l nav ig a tion sy s tem ( S IN S ) fo r SAR m o tion

com pensat ion. M IS can prov ide th e long-te rm ab so lu te

accu racy, and the sh o rt-te rm h igh re la tiv e accu racy

du r ing SAR im ag ing. M any issues re la ted to M IS, such

a s sy stem design, e rro r m ode ls and nav ig ation

a lgo r ithm s, a re stre ssed. E xpe r im en ta l resu lts show tha t

M IS can p rov ide accu rate nav ig a tion in fo rm ation

( po sitio n, v elo city and a ttitude) to m ee t the requirem en ts

o f SA R m o tion com pen sa tion. E specia lly, M IS is su itab le

fo r the case: the accura cy o f a irp lane m aste r ine r tia l

nav ig a tion sy stem is too low o r no t conf igured.
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INTRODUCTION

Syn thet ic aper tu re rada r ( SA R ) is an

im ag ing radar sy stem th at u tilizes a ircra f tm o t ion

and signal coherency to allow the fo rm a tion o f a

syn the t ic aper tu re, w h ich is mu ch longe r than

the rea l an tenna. T he SA R techno log y, w ith the

ab ility o f a ll w ea ther and h igh re so lut ion, h as

already been u sed in m any a reas
[1, 2 ]
, such as

defo rm a tion m on ito ring, o cean o r fo rest

env ironm en t m onito ring. O ver last th irty y ea rs,

diffe ren t types o f SAR sy stem s have been

deve loped, e. g. a irbo rne SA R sy stem s and

spacebo rne SA R sy stem s.

SA R is ba sed on un ifo rm rect ilinear m o tion

theo re t ica lly. H ow ever, due to a ir tu rbu lence,

h igh-alt itude w inds and o the r facto rs it is

diff icu lt to m a inta in the f ligh t in a un ifo rm

rect ilinear m o tion. W ithou t com pensa t ion s,

these facto rs w ou ld h ave seriou s ef fec ts on the

SA R im ag ing, ev en the im age canno t be

ob tained.

T he m o t ion in fo rm a t ion senso r is used to

de term ine the accu ra te precise po sition o f rada r

an tenna phase cen ter (A PC ) re la t iv e to ta rg et

du ring the SAR im ag ing in terv a l, and deriv e the

disp lace o f A PC a long radar line-o f-sigh t ( LO S )

direct ion w ith t im e. M any dif fe rent m o tion

sensing sy stem conf igu ra t ions have been stud ied

in the past th ir ty y ea rs in SA R com pen sa tion. In

a ll them ethods[3～ 6 ], the a ircraf t′sm aste r inert ia l

nav ig a tion sy stem (M IN S ) is needed fo r the

an tenna mo tion da ta. B lo ck diag ram o f these

m e thods can be de scribed in F ig. 1. A transfer

F ig. 1　B lock diag ram o fM IS aided by M IN S
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alignm en t K alm an f ilte r is u sed to a lign the

slaved st rapdow n nav ig a to r′s com pu ted lo ca l

ho rizonta l fram e w ith the h igh accu racy M IN S′

com pu ted lo ca l ho rizon ta l fram e. Bu t in som e

cases, the accu racy o fM IN S o f som e a irplanes is

too low to m ee t the requ irem en ts o f SA R m o t ion

com pen sa tion.

T h is pape r descr ibes an im proved m o t ion

in fo rm a t ion senso r (M IS ) fo r the a irbo rne SAR

im ag ing sy stem s. M IS is based on the in teg rat ion

o f GN SS and S IN S to p rov ide p recise po sit io n,

v elo city and a t titude o f the SA R antenna.

1　DESIGN OF GNSS /SINSM IS

1. 1　 Specif ication of SAR motion information

sensor

T he sy stem requ irem en ts fo r the SA R im age

com pen sa tion are quite d if feren t f rom

conven t iona l nav ig at ion sy stem s. Fo r

conven t iona l nav ig at ion sy stem s, the abso lu te

accu racy o f the sy stem is the m ost im po rtan t.

How eve r, the accuracy requ irem en ts fo r M IS

depend on the diffe ren t w o rk periods o f SAR

sy stem. F irst ly, M IS shou ld p rov ide h igh ly

accu ra te po sition and ve lo city fo r a ll f ligh t

phases, w ith the ho rizonta l po sition accuracy o f

sm a lle r than 10 m, and at t itude accuracy o f less

than 2 m ill-radians ( 0. 1°). Du ring im ag ing

in terv a l ( typ ical 40 s), the re la tive po sit ions o f

the A PC m o t ion shou ld be de te rm ined w ith h igh

p recision in o rde r to ob tain h igh qua lity im ages.

A ll the nav ig a tion in fo rm a t ion o fM IS shou ld no t

have any la rg e jum ps, e. g. the discon tinuity o f

po sit ion mu st be sm a lle r than 10 mm. T he

po sit ion and the velo city are sent to SAR

p rocesso r to com pen sate the aircra ft′s para lle l

m o t ion. A t titudes are sen t to an tenna se rvo

p la tfo rm to con tro l and stab ilize the at t itude o f

the an tenna.

1. 2　Overal l functional b lock ofM IS

U sing GN SS /S IN S integ rated sy stem in

M IS can prov ide h igh abso lu te po sition accuracy.

It is w e ll know n tha t the m o t ion in fo rm at ion o f

the in teg rated sy stem o f ten has a la rg e jum p

be fo re and af ter m easurem en t update. T he

discon tinuity o f po sit ion estim ates from the

in teg ra ted sy stem can be m uch large r th an 10

mm, o r even m e ters
[7 ]
. So the ou tput o f

in teg ra ted nav ig a tion sy stem canno t be used

direct ly in SA R m o tion compensa tion du ring

im ag ing in terv a ls.

In o rder to sa t isfy the bo th ab so lu te and

re lat ive po sit ioning requ irem en ts, M IS runs tw o

diffe ren t m odu les. T he ove ra ll funct iona l b lo ck

o f GN SS /S IN S integ rated m o t ion info rm a tion

sy stem is show n in F ig. 2. Par t 1 is used to

pro v ide re lat ive m o t ion in fo rm at ion du ring

im ag ing in terva ls, w h ile Pa rt 2 in teg ra tes GN SS

and S IN S to p rov ide the ab so lu te m o tion

in fo rm at ion. Sy stem so f tw are runs in tw o

diffe ren t frequencies: S IN S m odu les (M odu le 1

and M odu le 2) run w ith a rate o f 50 H z w h ile

K a lm an f ilte r o f the in teg ra ted sy stem runs w ith

1 H z. T he real t im e o f the pure inert ia l

nav ig a tion a lgo r ithm ( Par t 1) is less than 1m s,

and the K a lm an f ilte r a lgo rithm (P art 2) is le ss

than 19m s.

T he proce ssing p ro cedure o f M IS is

con tro lled by the pu lse signa l and sen t ou t by

SA R m aster com pu te r. T he p ro cedu re can be

described as fo llow s:

( 1)F rom a ircraf t tak ing o f f to im ag ing, M IS

w o rks on th e no rm al in teg ra ted m ode. Sw itch k

is tu rned o f f, and sw itch c is tu rned to b. T he

in fo rm at ion o f Pa rt 2 is sen t ou t to SA R.

( 2) Rece iv ing the pu lse to im age, sw itch k is

tu rned on, sw itch c is tu rned to a, the S IN S

m odu le 1 is in it ia lized by S IN S m odu le 2: T he

in it ial po sit ion and ve lo city o f S IN S m odu le 1

com e from S IN S m odu le 2, and som e m iddle

tempo rary param e te rs, such a s a t titude m atrix,

a lso com e from S IN S m odu le 2. T hen Pa rt 1

sta rts to w o rk on a stand-alone S IN S m ode and

ou tput the m o t ion in fo rm at ion to the SA R

sy stem fo r re la t ive m o t ion com pensat ion, w h ile

Pa rt 2 cont inues.
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F ig. 2　O ve ra ll functiona l b lo ck o f SA R M IS w ithou t M INS

　　 ( 3) F rom SA R im ag ing, nav ig a tion com-

pu te r sta rts to ca lcu la te the im ag ing t im e. If

M IS does no t rece ive pu lse signa l in g iven t im e

per iod ( e. g. 50 s), Pa rt 1 w ill stop w o rk ing,

w h ile Pa rt 2 con t inues. Sw itch k is turned o ff,

and sw itch c is tu rned to b. M IS w o rk s on the

no rm a l in teg ra tedm ode as step 1.

1. 3　M ode ls and algor ithm ofGNSS /SINSM IS

A cco rding to them ethod o f the co rrect ion o f

the sy stem, the re are tw o kinds o f K a lm an

f ilter: O pen-lo op co rrection ( nam ely ou tpu t

co rrec tion ) and c losed-loop co rrect ion ( nam e ly

feedb ack co r rect ion ). O pen-lo op co rrect ion is

easy to be realized and the er ro rs o f the f ilter do

no t inf luence on all iner tial nav ig at ion sy stem s.

Bu t the erro r o f IN S is in creased w ith the tim e.

T he m a them a t ica lm ode l o f the K a lm an filte r is

founded unde r the assum ed cond it ion tha t the

e rro r o f the sy stem is sm a ll enough fo r the f irst-

o rde r shear defo rm a tion plate theo ry. A f ter

running fo r a long t im e, the S IN S erro r is no

longer sm a ll, then m odel erro r w ill occur in

f ilter equat ions and the accu racy o f the f ilter w ill

be decreased. O n the o th er hand, to the c losed-

lo op co rrect ion, the e rro r o f the sy stem is

m ain ta ined to be sm a ll enough, and the f ilter

equa tion s have no m ode l erro rs. T he c losed-lo op

co rrec tion is m o re d iff icu lt to be rea lized than

open-lo op co rrect ion, and the e rro rs o f the f ilter

inf luence on the ou tpu t o f S IN S. T o ach ieve

h igh p recise filte r accu racy, a clo sed-loop

co r rect ion is used inM IS.

T he nav iga t ion alg o rithm fo r the in teg ra tion

o f GN SS and S IN S is based on 12 sta tes clo sed-

loop K a lm an f ilte r
[8 ]. T he e rro r sta tes include

nav ig a tion info rm a tion e rro rs and IM U er ro rs.

T he po sition and ve locity deriv ed f rom GN SS

rece iver a re u sed to upda te the K a lm an f ilter.

T he dynam ic erro r m ode l o f the in teg ra ted

GN SS /S IN S can bew r itten as

X
 ( t ) = F ( t)X ( t) + G ( t )W ( t ) + B ( t )U ( t )

Z ( t) = H ( t)X ( t ) + V ( t )

( 1)

w here

X = [ON ,OE,OD,ΔvN,ΔvE, ΔvD,ΔL,Δλ,Δh,Xr x,

Xry,Xr z ]T

ON,OE, OD a re the 3D p la tfo rm ang le e rro rs; ΔvN,

ΔvE, ΔvD the 3D ve locity erro rs; ΔL , Δλ, Δh the

3D posit ion erro rs andXrx, Xry, Xrz the gy ro f irst-

o rderM arkov d rif t erro rs

F ( t ) is the sta te t ransit io n, G ( t ) the coef f icien t

m a trix, B ( t ) the con tro l m atrix, H ( t ) the

m easu rem ent m atrix, W ( t ) the dynam ics no ise,

and V ( t ) them easu rem ent no ise.

T he clo sed loop discrete-tim e K a lm an filte r

is summ arized a s

174 T ransactions o f N an jing U n iv er sity o f A e ronau tics& A stronau tics V o l. 20



X
 (k /k - 1) = Υ(k, k - 1)X (k - 1 /k - 1) +

　　　　　B (k, k - 1)U (k - 1)

X
 (k /k ) = X

 (k /k - 1) + K (k ) [Z (k ) -

　　　　H (k )X (k /k - 1) ]

K (k ) = P (k /k - 1)HT (k ) [H (k )P (k /k - 1)  

　 　　HT (k ) + R (k ) ]- 1

P (k /k - 1) = Υ(k, k - 1)P (k - 1 /k - 1)  

　　ΥT (k, k - 1) + Γ(k, k - 1)Q (k - 1)  

　　ΓT (k, k - 1)

P (k /k ) = [I - K (k )H (k ) ]P (k /k - 1)  

　　　　 [I - K (k )H (k ) ]T +

　　　　K (k )R (k )K T (k )

( 2)

If feedback con tro ls are added to a ll the sta te

v ecto rs, B (k ) o f Eq. ( 2) w ill be the un itm a tr ix,

and then feedback con tro l vec to r U ( k ) w ill be

conside red as

U(k ) = - Υ(k+ 1, k )X (k /k ) ( 3)

D eta ils o f the a lgo rithm can be found in Ref.

[8].

T he op t im a l contro l ru le has been derived

f rom Eqs. ( 2, 3 ). Bu t how to rea lize the

feedb ack contro l ru le U ( k ) phy sica lly? T o

d if feren t va riab le s, the rea liza tion m e thods are

d if feren t. T he m ethods used in th is paper are

described as fo llow s.

( 1) C o rrect ion direc tly to the ve locity and

po sit ion. T o the er ro rs o f ve locity and po sition,

the value o f eve ry epoch is the o rig ina l v a lue fo r

the nex t epoch in teg ra t ion. T he re fo re, the

con tro l ru le U can be d irect ly used to co rrect the

e rro rs o f these va riab les (w rit ten as P )

P
+ = P

-+ U ( 4)

w here P- is the state befo re co rrect ion and P+

the state a f te r the co rrect ion.

( 2) C o rrect ion to the S IN S p la tfo rm ang le

e rro rs. T he re are severa lm e thods to co rrect the

e rro rs o f p la tfo rm ang les. In th is pape r, the

S IN S p la tfo rm erro r ang les (ON, OE, OD ) are

t ransfer red to at t itude and head ing e rro rs (ΔV,

Δθ,Δj) as Eq. ( 5), and then co rrect a t titude and

head ing ang les to g et a t t itude ang les (V, θ) and

head ingj as Eq. ( 6).

ΔV

Δθ

Δj

=

co sj/co sθ sinj/co sθ 0

- sinj co sj 0

co sjtgθ sinj 1

ON

OE

OD

( 5)

V+ = V- + ΔV

θ+ = θ-+ Δθ

j+ = j-+ Δj

( 6)

w hereV
- , θ

- , j
-
a re the sta te befo re co rrec tion

andV
+
,θ

+
,j

+
the sta te a fte r the co rrect ion.

( 3 ) C o rrect ion to IMU erro rs. A ll the

co r rect ions o f IM U e rro rs, such as gy ro s dr if t

er ro rsX, accele rom ete rs er ro rs, e stim ated f rom

Eq. ( 3), w riten asU ( i ), shou ld be added up and

then co rrect IM U erro rs. T h at is to say, the

co r rect ion V (k ) o f eve ry epoch k is

V(k ) = ∑
k

i= 0
u ( i ) ( 7)

2　PERFORMANCE TEST

2. 1　 Static test

Bo th sta tic and dynam ic tests have been

condu cted to eva lua te the pe rfo rm ances o fM IS.

T he long-term accu racy is ev a lu ated based

on the sta t ic test. D ur ing the te st, M IS is

lo ca ted at a know n locat ion. A s the sy stem is

no t m ov ing, the speed and acce le ra tion ou tpu t

shou ld be zero. T hu s the e rro rs o fM IS can be

easily de term ined. T he test lasted 1 h and the

resu lts are show n in T ab le 1.

Tab le 1　M IS error s in static test

S tate va riab le E rro r

P itch and ro ll < 0. 01°

A zim uth < 0. 05°

H or izon ta l v e lo city < 0. 02 m /s

V er tica l v e lo city < 0. 25 m /s

H o r izon ta l pos ition < 10 m

A ltitude < 25 m

A bove e rro r da ta show tha tM IS can ach ieve

h igh precision unde r the stat ic sta te.

2. 2　Real fl ight-test

Du ring the rea l f ligh t, M IS sen ts the

nav ig a tion da ta as an ou tput to the SA R
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acco rd ing to the SA R im ag ing pu lse, w h ile

sending the in teg ra ted nav ig at ion da ta to da ta-

reco rder al l the time fo r o f f-line p ro cessing. F ig.

3 is a f lig h t curves reckoned by M IS dur ing a

cer tain f lig h t-test, the f ligh t a lt itude is 4 000m,

as show n F ig. 4. Com pared w ith the f ligh t

curves reckoned by aircra f t m aste r nav iga t ion

sy stem, the curves o fM IS are equiv a len t to the

rea l f ligh t cu rves.

F ig. 3　F ligh t-test cu rve s reckoned by M IS

F ig. 4　F light-te st altitude reckoned byM IS

3　CONCLUSION

A n imp roved integ rated a lgo rithm o fm o t ion

in fo rm a t ion senso r fo r SA R m o t ion

com pen sa tion has been p resented. T he sy stem is

suitab le fo r bo th side-look ing SA R and the

squ in t-look ing SA R. T he m ain funct ion o f the

sy stem p rov ides p recise po sit ion, ve locity, and

at t itude o f SA R an tenna. Po sit ion and ve locity

a re sen t to SAR fo r a ircraf t paralle l m o tion

com pensa t ion, and the a t titude and azim u th are

sen t to an tenna se rvo p la tfo rm to con tro l and

stab ilize the at t itude o f SA R an tenna, and are

used fo r lev el a rm co rrec tion s. It can be

m oun ted on the antenna st ructu re near A PC.

D iffe rent te sts have been conducted to eva lua te

the pe rfo rm ance o fM IS. R esu lts show tha tM IS

can sa tisfy the accuracy fo r SA R m o tion

com pensa t ion.
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摘要: 提出一种不依赖于机载主惯导的 SA R运动信息传

感器方案, 即改进的基于 GN SS /S INS组合运动系统。在

成像期间, 输出以纯惯性为主的导航信号, 以保证较高的

相对定位精度。而 GN SS /S IN S组合, 则保证了长时间的

绝对定位精度。本文介绍了这种运动传感器的原理和数

学模型等, 并对实验结果作了分析。多次实验表明, 本文

提出的基于 GN SS /S IN S的运动传感器具有很高的精度,

完全满足了 SAR成像的精度要求, 特别适用于没有主惯

导或主惯导精度较低的场合。

关键词:组合导航; 卡尔曼滤波;合成孔径雷达; 运动补偿

中图分类号: V 243

N o 177. 2 SUN Yong-rong, e t al. SA R M o tion In fo rm a tion Senso r Ba sed on GN SS /S IN S


