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ABSTRACT

In this paper, to improve Synthetic Aperture Radar (SAR) image quality, the effect of time
synchronization error in the EGI/IMU (Embedded GPS/INS, Inertial Measurement Unit)
integrated system is analyzed and state augmentation is applied to compensate it. EGI/IMU
integrated system is widely used as a SAR motion measurement algorithm, which consists of
EGI mounted to obtain the trajectory and IMU mounted on the SAR antenna. In an EGI/IMU
integrated system, a time synchronization error occurs when the clocks of the sensors are not
synchronized. Analysis of the effect of time synchronization error on navigation solutions and
SAR images confirmed that the time synchronization error deteriorates SAR image quality. The
state augmentation is applied to compensate for this and as a result, the SAR image quality
does not decrease. In addition, by analyzing the performance and the observability of the time
synchronization error according to the maneuver, it was confirmed that the time-variant
maneuver such as rotational motion is necessary to estimate the time synchronization error
adequately. In order to reduce the influence of the time synchronization error on the SAR
image, the time synchronization error must be compensated by performing maneuver changing
over time such as a rotation before SAR operation.

x =

2 =&oA= Synthetic Aperture Radar (SAR, A7 Fdeolth) 4 FEAS FHA717] 9
EGI/IMU (Embedded GPS/INS, Inertial Measurement Unit) 3 &% Al2=glo A wHAlst= Az}
718k exte] YFES T4t olE B fal WS IS 283 SAR 8F
A dagFo FA 9 AAE FH3H7] g EGISE F7FHH o2 QHH o] ZA3d IMUS UJO}
= EGI/IMU 5% &9 Alz®o] o] o] gt} o|s} 2 EGI/IMU 5@ a8 Alz=elolA AlA

IN' N2

kel AMAZE 71FEHA & AF A4 w713 eAE ARG, A4 13 oAy Y g
SAR gl WA= 9F 4= T8 A4 §713F 237 SAR 974 wdE dFATI= Ae &
Attt o1& BAsHY] 93l FHHsSd M-S A88ka, 483 A3 SAR 9 *éol A 5t
HA Fes Adstdth B3 TlEel wE A4 5713 o2 4 e hASde 45k
ANzt B713 228 FHHoz =A3 7] YsAe A J5H 2 A wek AssE %
o] Zags HAW wWEtA, SAR el mA= Al F718F eake] FFe £l HAsiM=
SAR T3t Hell A 7]F 5 Azt M2} Wdsh= 7sE s A 3718 LAE B

Folof @t}

* Received : December 24, 2019 Revised : March 6, 2020 Accepted : March 24, 2020
1 Graduate Student, > Graduate Student, > Professor, * Researcher, ° Researcher

’ Corresponding author, E-mail : chanpark@snu.ac.kr, ORCID 0000-0002-7403-951X

© 2020 The Korean Society for Aeronautical and Space Sciences



v} =}

286 o] - A - 4

5 %8 - W3

rok

IR BTN

Key Words

.M &

2489 AHAA ATE FFilste dubEl
olt] Al2¥l# &g, SAR(Synthetic Aperture Radar)
< A T VT SS At S 2
=t 71 A3, SARS <tElv do ]7} E‘?é.?ﬂ OE
ot Azung o e aa
oH1,2]. o] SAR A Z=HElof A
& 2] Al FHAuA o]
E 55 a5l %o‘zh:}. feR-=N-3 i AR
Be AT, SAR Fd F4ol 4stH7] Wil &
= 54 galloF 34 FE7I= BHE
= $Xﬁ 8}7] 913 EGI(Embedded GPS/
Aol ARE 9lal, F7HH 22 SAR
Ho=Z A7Fe] IMU(Inertial Measure-
ment Urut) AaElo] ot SAR ¥4 FEE T
A 7171 938, EGI®F IMUE A%3she EGI/IMU 5%
N 2-®’lE& o] &3l PEM(Parametric Error Modeling)
TY daElFEC] AAEHATS56]. SHAIRE EGI/IMU
T ANzd" 5 F N ol AAE Atste AT
AA 2 ANz 571380 ex7 @A eI o]E Y A
28] eaE FI7HARIT7-11]. ®ekA, SAR 9
FAEe TN AsiA= EGISH IMU Abole] A
AE S71FA A ek ol & fs A4 13 &

5
)
N
4
> X,
~ e’é o{x m1m

25 74 B B FHATEE 7ol Rk
Aoz AgHEHTH12]. 53], Mk FHe] F$, EGI
&9, 24 SAHAE ol &3t A4 F718 2AE

FAsta B4Eti13,14].
B AFAE EGl/IMU 53 Al2®oA wast
ANz F718F A& 75«10}1 715011 e e

He Tl 4 8 2y
I AEYoAE T8 1 Aes E4TH nAY
2 7lEdd wE Al E718 eake] TtaSAe
Asted Al 5718 aE ERHoR A=
e Fev
B =29 74 ged 2o 0RA= EGI/
IMU &3 Alz="olAe Az 5718t a5 A 9|3t
NZy 5713 227} SAR 9ol WA dFS

Synthetic Aperture Radar(%&7d
(EGI/IMU &% *l2=Hl), Time Synchronization Error(A]Z}

MFH #eld), EGI/IMU Integrated System

718 24

[=]
24

]

. Az S718 27 ¥

0

2.1 £4 w
211 A2t S718 23tel W

AZy E718F o3k T o ol Al AAZE
B718EA @ AF IAEH, o =RAAE
EGI/IMU 5% Al=gle] EGI®F IMU Atole] Azt
5718 A5 ¢ lit} W z2a9s F3 IMU
€ EGI°| Z%Xé. }Oﬂl NAE 718 & 5 A=
FA R T2 3AF AFS o]
11’6‘}%1 et
A= O
. % 3luE IMU
é_tg} Fig. 1(a)9F #o] A& U3

AR IMU Hlo|HE Algbe] m
25 50@ 4 9tk IMU AlA2] WA
S92 u)$ o} EGI 91X a9}
CoEA] B =RelA Fo" A7 F7
Fig. 1(b)ol Yephd upe} o] Alzf
Hioloj 2 wel g i},

2
N

o r-{xj

X o oo Ho
5 2o
S T% tlo == H rlo 4o
Glo L
—E PN o :TO
fu
o
ox
i, r_?L
E
o}n mlo
l?L

1ot oo
ir g0

Lz

1
-

N o
£
it

Y b pE o U ook fo roh O oo o
=
™ g

1=

S

EGI EGI LEGI EGI pEGI

[/1771 larn 'r,v;fg d.k+2

K
+ { v

IMU IMU
k

|

|

!
B
R
MU
1 fn |

|
|
:| >t

=r
propagation
MU
k+2

1 »
propagation

k+1

A 4
-+

(b)

Visualization of time synchronization error
(a) random delay (b) time offset

Fig. 1.



H 48 H H 4 F, 2020. 4. ANZy 5718 227F SAR GAol vAE Y& 4 2 24 287

2.1.2 Al Edlo|M =A

ole} o] mEAFPH Az} Fr|s 3o FFES
B35 98 F 7R AlBE#HolAES Monte Carlo
AEFGolHo R 503 FP3tATE WA, T AlEH
A 35z ALEE= EGI/IMU AlzHo ALg
B AA AFFS 247 Table 13 Table 29 2t ¢
AMES o] &3t dA MEoA 2713 PEM 7|H
< SAR 8% &4 dugFo=E H83to 8% =4
AFAE AAPsAeH, 2 AFAE ©]83t] spotlight
SAR A E#H°EHE &3] SAR I3 SAR & A

E A4l SAR Al EZOJE A ALgH WHEE
< Table 33 7t}
Table 1. EGI specification
Sensor Parameter Value (1-0)
Bias 25 g
Velocity
Accelerometer random walk 2.5 ug
Sampling rate 50 Hz
Bias 0.003 deg/hr
Angular
Gyroscope random walk 0.001 deg/rhr
Sampling rate 50 Hz
Position
1 m
GPS accuracy
Sampling rate 1 Hz

Table 2. IMU specification mounted on SAR

antenna
Sensor Parameter Value (1-0)
Bias 200 pg
Velocity
Accelerometer random walk 20 ug
Sampling rate 200 Hz
Bias 1 deg/hr
Angular
Gyroscope random walk 0.07 deg/rhr
Sampling rate 200 Hz

Table 3. Specification of spotlight SAR simulation

Parameter Value
Pulse repetition frequency 1,000 Hz
SAT 10 sec

Range distance of target area 45 km
Bandwidth 50 MH=

Table 4. Simulation scenarios of maneuver
20 ~ 40
Linear motion with 100 m/s

Time [sec]

Linear motion

Acceleration Constant acceleration of 5 m/s?
Rotation Right turn by 90 deg
End
37.09 ( —
Right-turn SAT
37.08 1
37.07
§37.06
2. 37.05
-
2 37.04
E 37.03
’ ]Acceleration
37.02
37.01
37 Start
36.99 * + + * .
127 127.2 127.4 127.6 127.8 128 128.2

Longitude [deg]
Fig. 2. Simulation trajectory for SAR operation
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Table 5. Position error of linear motion

T, [ms] 0 10 20 30
Latitude [m] | 0.3219 1.045 2.019 3.01
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Fig. 5. Acceleration (a) velocity error
(b) acceleration bias error

Table 6. Velocity error of acceleration

T, [ms] 0 10 20 30

Vy Im/s] | 0.03439 | 0.08124 | 0.1467 | 0.2143
M9 &% extst A7 718 o Abole )
= 2 (29 2ol Yehiold 4 gtk

Vp=6vt+aTy 2

A71M v, svE 27 A B8 et e
Aot QE A5 FAEEL A Y, ak JEEE
ojm] gt

s e e 2, S 7150 o] HAZHe] AA o3
g Ao]& njojojx~ @ A= Fig. 63} Table 73 0]
WA F7ksh, ol 2 (3 o3 A% 2
ATk AA Aol W %‘?‘% o2 3, 3P HY

AESA wolol, = L AX LAt A 7
Aok 2eu H@Fe] AAEEA volojA: Fig 7



A7k SAR Al WAL 4% B4 9 0y 289

A 48 A M 4 3, 2020. 4. N7 57138 &
Bk 9 A FARA LAY, vt AEE
2 omath 9l ABHHL B3 A7 E715)
oAE AR gEasds dge uAA 21 A
ol et Wstels AW sl Qg w3
o AE ¢ 5 Ak
5 x10°
=3 no time err
ﬂ 10ms err
= 20ms err
mc e e A o e e Prc e o] 30ms err M
0 OK 103 10 20 30 40 50 60
35 -
s
i
T, , , | , |
0 10 20 30 40 50 60
_ o2
=
£, s
= . s ——
> -
00 10 20 30 40 50 60
time [sec]
(a)
—_— 1 T | f [ .
£ == no time err
g \/\4\‘\ 10ms err
E-x ———20ms err
C%’ 30ms err
0.5
0 10 20 30 40 50 60
S osf ‘ ' ! ! !
o
S
.06
:cn’ \\_‘\\
0 10 50 60
E 10f ,
3
EN 5t
& 0
0 10 20 30 40 50 60

time [sec]

(b)
Fig. 6. Rotation (a) attitude error (b) gyro bias error

Table 7. Attitude error of rotation

T, [ms] 0 10 20 30
0.01347 | 0.04958 | 0.09429

Yaw [deg]

T
no time err
10ms err

20ms err
30ms err

0 10 20 30 40 50 60
time [sec]

Fig. 7. Accelerometer bias error of rotation
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