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Abstract Synthetic aperture radar (SA R) is theoretically
based on unifom rectilnear motion But in real
situations  the flight cannot be kept in a uniform
rectilinear m otion due to m any factors Therefore the
motion compensation is needed to achieve the high—
reso lution mage This paper proposes an mproved
motion infom aton sensor (M IS )-based on ghbbal
navigation statellite systam (GNSS) and strapdown
nerthl navigatbn systen (SINS) for SAR m otion
compensatbn M IS can provide the long—tem absolte
accuracy and the shorttemm high relatve accuracy
during SAR magmng M any issues rehted to M IS, such
as system desgn error models and navigation
algorithm s are stressed Expermental results show that
M IS can pwovide accurate navigation infom ation
(positbn velocity and attitude) to meet the requirem ents
of SARmoton com pensation Especially M IS is suitab k

for the case the accuracy of airplane master inertial

navigation system is too low or not configured

Keywords integration navigation Kah an filtes SAR;
m otion com pensation

CLC number V 243 Doament code A

Article ID: 1005-1120(2003) 02-0172-06

INTRODUCT DN

Synthetic aperture radar (SAR) is an
m ag ng radar system that utilizes aircraftm otion
and signal coherency to allow the fom ation of a
synthetic aperture which is much longer than
the real antenna The SAR tedinology, w ith the
ability of all w eather and high resolution, has
already been used in many areas | such as

deform ation monitoring  ocean or forest

environm entmonitoring Over last thirty years
different types of SAR systems have been
developed e g airborne SAR systems and
spaceborne SA R system s

SAR is based on unifom rectilinear m o tion
theoretically However due to air turbulence
high-altinde winds and other factors it is
difficult to mamtain the flight in a unifom
rectilnear motion W ithout compensatbns
these factors would have serious effects on the
SAR inaging even the inage cannot be
ob tained

The motion infom atbn sensor is used to
detem ne the accurate precise position of radar
antenna phase center (APC) relatve to target
during the SAR magng interval and derive the
displace of APC along radar lne—of-sight (LOS)
direction with tme M any different m o tion
sensing system configurations have been studied
n the past thirty years in SAR can pensation In
all them ethods™ ®  the aircraft sm aster inertial
navigation systen (M INS) is needed for the
antenna motion data Blodk diagran of these

methods can be described in Fig 1 A transfer
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Fig 1 Block diagram ofM IS aided by M N S
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alignment K alman filter is used to align the
slaved strapdown nav igator,s can puted local
horizontal fram e w ith the high accuragg M NS
can puted local horizontal frane But in some
cases the accuracy ofM NS of som e airplanes is
too low tomeet the requiraments of SAR motion
can pen sation.

This paper descrbes an mproved motion
infom ation sensor (M IS) for the aitborne SAR
magng systens M IS is based on the ntegration
of GNSS and SINS to provile precise positbn
velocity and attitude of the SAR antenna

1 DESIGN OF GNSS/SINSM IS

1 1 Specification of SAR motion infom ation

sensor

The system requirem ents for the SAR m age
can pensation  are  quite  different  from

conven tional navigation system s For

conventional navigation systems the absolite
accuracy of the system is the most mportant
How ever the accuracy requiraments for M IS
depend on the different work periods of SAR
Firsth, M 5 should provide highly

accurate position and velocity for all flight

sy stem-

phases w ith the horizontal position accuracy of
gnaller than 10 m, and attitude accuracy of less
than 2 m illradians ( O 10)-
interval (typical 40 s), the relative positions of
the APC moton should be detem ned w ith high

precision in order to obtain high quality m ages

During m agng

A 1l the navigation inform atbn ofM IS should not
have any large pmps e g the discontinuity of
position must be snaller than 10 mm. The
position and the velocity are sent to SAR
processor to cam pensate the aircraft’s parallel
motion A ttitudes are sent to antenna servo
platfom to control and stabilize the attitude of

the antenna
1 2 Overall functional block of M IS
Using GNSS/SNS integrated system in

M B can provide high absolute position accuracy.

It is well known that the motbn infom ation of
the integrated systan often has a large pmp
before and after measurenent update The
discontinuity of position estmates fran the
ntegrated system can be much larger than 10
mm, or even meters . So the output of
ntegrated navigation system cannot be used
directly in SAR motion compensation during
m aging intervals

In order to satisfy the both absolute and
relative positioning requiraments M IS runs w o
different m odules The overall functional bbck
of GNSS/SNS integrated motion nfomn ation
system is shown in Fig 2 Part 1 is used to
provide relative motion nfom ation during
maging ntervals while Part 2 integrates GNSS
and SINS to provide the absolute m o tion
nfom ation System softw are muns In Wwo
different frequencies SINS modules (M odule 1
and M odule 2) run with a rate of SOHz while
K al an filter of the integrated sy stan runsw ith
I Hz The real tme of the pure inertial
navigation algorithm (Part 1) is less than 1m s
and the Kalman filter algo rithm (Part 2) is less
than 19m s

The processing procedure of MIS is
controlled by the pulse signal and sent out by
SAR m aster canputer The procedure can be
descrbed as follow s

(1)From aircraft taking off to maging M IS
wortks on the nom al integrated mode Sw itch k
is tumed off and sv itdh ¢ is tumed to b. The
nfom ation of Part 2 is sent out to SAR.

(2) Recew ng the pulse to i age, switch k is
turmed on svitch ¢ is wmed to a the SINS
module 1 is initialized by SINS module 2 The
nitial position and velocity of SNS module 1
come from SNS module 2 and sane middle
temporary parameters such as attitude m atrix
also come from SINS module 2 Then Part 1
starts to w otk on a stand-alone SIN'S mode and
output the moton mnfomation to the SAR
system for relative motbn com pensation w hile

Part 2 continues
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Fiz 2 Overall functionalblock of SARM IS w ithoutM INS

(3)From SAR maging navigation com-—
puter starts to caleulate the maging tme If
M B does not receive pulse signal in given time
period (e g 50 s), Part 1 will stop working
while Part 2 contnues Sw itch k is turned off
and sw itch ¢ is wmed to b M IS works on the

nom al integratedm ode as step L
1 3 M odels and algoritm of GNSS/SINSM IS

A ccording to them ethod of the co rrection of
the system, there are w o kinds of Kakman
filter Open—loop correction ( namely output
correction) and closed—loop correctbn (namely
feedbad correction). Open-bop correction is
easy to be realized and the errors of the filter do
not influence on all inertial navigation system s
But the error of INS is ncreased w ith the tme
Them athen aticalm odel of the Kal an filter is
founded under the assumed condition that the
error of the sy stan is small enough for the first
order shear defomation plate theory A fter
running for a long tme the SNS error is no
longer small then model error will occur in
filter equations and the accuracy of the filterw ill
be decreased On the other hand 1o the closed-
loop correction the error of the system is
maintaned to be small enough, and the filter
equations have nom odel errors The closed-loop
correction is more difficult to be realized than

open-bop correction and the errors o f the filter

influence on the output of SINS To acheve
hgh precise filter accuracy, a closed—loop
correction is used nM S
The navigation algorithm for the integration
of GNSS and SNS is based on 12 states closed—
loop Kaln an filter”. The error states include
nav gation inform ation errors and M U errors
The position and velocity derived from GNSS
receiver are used to update the K alan filter
The dynamic error model of the mntegrated
GNSS/SINS can bew ritten as
X(t): F()X(t)+ Ge)W(t)+ B(1)U(1)
Z(ty= H()X(t)+ V()
(1)
w here
X=[Q,0, QAN Ave, App, AL, AN, AR, X,
X X7
@, Q, O are the 3D platfom angle errors Awn,
Ay, Ao the 3D velocity errors AL, A, Ak the
3D positbn errors and %, %, X% the gyro first-
orderM arkov drift errors
F (t) is the state transitbn G (t) the coefficient
matrix B (t) the control matrix H (¢) the
m easurem ent m atrix,. W (¢) the dynam ics noise
and V(¢) them easuram ent noise
The closed loop discrete—time Kah an filter

is summ arized as
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X(khk - 1)= @(hk- )X(k- 1h- 1)+
Bk k- WUk - 1)
X(kh)= X(klk— 1)+ K(k)[Z(k) -
H ()X (k- 1)]
K (k)= Pk - VH' (k) [H (k)P (k- 1)
H'(k)+ R(k)T'

Pkt - )= ©(hk- DP(k - 1/k- 1)
Ok k- O+ Tkhk- DQk- 1)
Uk k- 1)

P(kk)= [I-K(kHE)WPEE- 1)

[I- K(k)H (k)] +
K (k)R (k)K" (k)

\

(2)
If feedback controls are added to all the state
vectors B(k) ofEq (2) willbe the unitm atrix
and then feedback control vector U (k) will be
considered as
Uk)= - @ (k+ LRX(K)  (3)
Details of the algorithm can be found n Ref
[8]

The optimal control rule has been derived
from Eqs (2 3). But how to realize the
feedbadk control rule U (k) physically? To
different variables the realization m ethods are
different T he methods used n this paper are
described as follow s

(1) Correction directly to the velocity and
position. To the errors of velocity and position,
the value of every epoch is the original vakie for
the next epoch integratbn Therefore the
control rule U can be directly used to correct the
errors of these variables (w ritten asP)

P=P+ U (4)
w here P~ is the state before correction and P
the state after the correction

(2) Correction to the SINS platform angle
errors There are severalm ethods to correct the
errors of platfoim angles In this paper the
SNS platform error angles (Q, G, Q) are
transferred to attitude and headng errors Aav
AQ, A J) as Eq (5), and then correct attitude and
heading angles to get attitude angles (Y 0) and
head ing J as Eq (6).

A cos) feod)  sinl /cod) G

A0l = | - sinl cos] Q (5)
Al coslid sin J G

V= Vi AV

0= 07+ A0 (6)
F= 74 A]

where V., 07, I are the state before correction
and V, 0", I the state after the correction.

(3) Correctbn to MU errors All the
corrections of MU errors such as gyros drift
errors X accelerom eters errors esti ated from
Eq (3), writen asU (i), should be added up and
then correct MU errors That is to say, the

correction V(k) of every epoch k is
k

Vik)= 25 uli) (7)

= 0

2 PERFORMANCE TEST
2 1 Static test

Both static and dynam ic tests have been
condu cted to evahiate the perfom ances ofM S

The long—tem accuracy is evahbated based
on the static test Durng the test M B is
located at a known location. A's the system is
not moving the speed and acceleration output
should be zera Thus the errors ofM IS can be
easily detemn ined The test lasted 1 h and the

resu lts are shown in T able 1
Table I MIS errors i static test

State variab le E rror

Pitch and roll <oor

A zin uth <005
Horizontal vebeity < 002m/s
Vertical vebeity < 025m/s

Horzontal position < 10m

A ltitude < 25m

A bove error data show thatM IS can acheve

heh precision under the static state
2 2 Real flight-test

During the real flight M IS sents the

nav gation data. as an oulput to, the SAR
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according to the SAR maging pulse while
sending the integrated navigation data to data—
recorder allthe tine for off-line processing Fig
3 is a flght curves reckoned by M B durng a
certain flight—test the flight altitude is 4 000m,
as shown Fig 4 Compared with the flght
curves reckoned by aircraft master navigation
systan, the curves ofM IS are equivalent to the

real flight curves

355 "
354
353
352
35.1
35.0
349
348 -

347 e
346 (y

Latitude/ (°)

345 . ; ; . . : )
109 1092 109.4 109.6 109.8 110.0 110.2 1104
Longitude / (°)

Fiz 3 Flighttest curves reckoned by M IS
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Fig 4 Flight—est altitude reckoned byM IS

3 CONCLUSION

An mproved integrated algo rithm ofm otion
infom ation sensor for SAR  motion
can pensation has been presented The system is
suitable for both side-looking SAR and the
squint-dooking SAR. The main function of the
system provides precise position velocity and

attiude of SAR antenna Position and velocity

are sent to SAR for aircraft parallel m o tion
com pensation and the attitude and azmuth are
sent to antenna servo platform to control and
stabilize the attiude of SAR antenna and are
used for level am corrections It can be
mounted on the antenna structure near A PC
Different tests have been conducted to evaluate
the perform ance ofM S R esults show thatM IS
can satisfy the accuracy for SAR motion

com pensation
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