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Influence of baseline oscillations on SAR interferometric phase
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Abstract: A model analyzing the effect of baseline oscillations on InSAR phase error is presented in this paper. By a baseline

oscillations model, which includes horizontal oscillation and perpendicular oscillation, the models for SAR complex image of

slave antenna and interferometric phase error are both deduced. Then effect of baseline oscillations on interferometric phase and

quality of SAR image is analyzed. At last, a computer simulation on SRTM system is given. Through raw signal simulation of

InSAR in time domain, raw signal for point target and extended scene targets are simulated. After imaging, complex image pairs

and interferometric phase are obtained. The simulation results proved the validity of analysis.
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1 INTRODUCTION

Interferometric synthetic aperture radar (InSAR) has been
demonstrated as a topographic mapping technique developed
from SAR. It reconstructs digital elevation model (DEM) by
relating the signals from two spatially separated antennas over
the same scene. InSAR has two work mode-repeat pass mode
and single pass mode. In the former mode, temporal decorrela-
tion and decorrelation due to rotation decrease the correlation
of image pairs. In single pass mode, two images can be ob-
tained by a single system with two antennas. It wins higher
height precision than the former and has a wide application in
topographic mapping. In recent world, practical dual-antenna
InSAR system has been developed successfully, such as Air-
SAR and SRTM in America, DOSAR in German.

Stable baseline is the foundation of height precision of In-
SAR measurement system. However, baseline oscillation is
usually unavoidable during radar platform flying. When base-
line is long enough, baseline can not be considered as rigid
system. Taking SRTM for example, baseline extends to 60 m
which belongs to non-rigid structure. Non-rigid baseline struc-
ture oscillates during the radar platform flying. Baseline oscil-
lation causes the antenna phase center (APC) deviation, which
generates phase errors in raw signal.

Baseline oscillation not only has a bad effect on complex
image quality, but also influences the quality of interferogram.
This factor has become a vital technology in motion compensa-
tion. Little works on raw baseline oscillation has been published
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in recent years. Franceschetti et al. (2000) analyzed effect of
mast motion on SRTM performance in frequency domain
(Franceschetti et al., 1992 & 1998). Mori et al. (2004) adopted
time domain raw signal simulator to analyze motion errors’
influence on the image and phase error qualitatively. However,
they did not develop the interferometric phase error model
quantitatively, but focus on qualitative analysis. They also have
not deceived the equation of interferometric phase error caused
by baseline oscillation.

Based on a baseline oscillations model, this paper proposed
complex image model of slave antenna and interferometric phase
error model due to baseline oscillation. Influence of baseline
oscillation on SAR image quality and interferometric phase is
analyzed in detail. Raw signal for point target and extended scene
targets are simulated to prove the theoretical analysis. Interfero-
metric phase error model helps us study the influence of non-
rigid baseline oscillation on interferometric phase. It plays a great
role in SAR imaging and motion compensation.

2 BASELINE OSCILLATION MODEL

For non-rigid baseline radar system (SRTM, GeoSAR), its
stretching, roll and yaw effects on SAR raw signal can not be
neglected. In Fig.1, reference frame XYZ originates in the main
antenna phase center and X is along the direction of platform
velocity, and Y is along the ground range direction. S,S, are
main antenna and slave antenna phase center respectively.
Baseline oscillation can be divided into two parts: horizontal
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oscillation and perpendicular oscillation. The oscillation angles

are defined in Fig.1. S1.5% is the projection of S,5, in S, YZ plane.

S187% is the projection of S5, in S,YZ plane without baseline
oscillation. Then perpendicular oscillation angle ¢, can be de-
fined as the angle between S;5%and S;5”% and horizontal oscil-
lation angle ¢, is the angle between baseline vector S5, and
S1YZ plane. Usually, baseline does not oscillate in single fre-
quency, but any form of function can be divided into summa-
tion of sinusoidal with different frequency. oscillation angle can
be demonstrated as shown in Eq.(1):
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Fig. 1 Slave antenna oscillation model

where 4,, is the amplitude of oscillation, fi, is the oscillation

frequency, and ¢,, is the initial phase. In order to introduce
baseline oscillation, slant range between radar and target should
be calculated. Assume that APC of main antenna has no devia-
tion, slave antenna oscillates. In Fig.1, coordinates of target P
in reference frame S;-XYZ are (x,,),,2,). Coordinates of main
antenna APC is (xy1,)41,251), Where yg; and z; is equal to zero.
Without oscillation, coordinates of slave antenna APC are

(x40, ¥4 + Beosa,zy + Bsina) , where B is length of baseline,

and « is tilt angle of baseline. When baseline oscillation occurs,
horizontal and perpendicular oscillation angles are ¢, and o,
respectively. Then coordinates of slave antenna (x},,Vi,2s))
can be computed as follows.

Xy =X + Bsing,

Vso =Yg + Bceosa, cos(a + ;) )

Zgy =z + Beosa, sin(a + a,)
In Eq.(2), horizontal oscillation angle ¢, is almost equal to zero,
so cosa,~l. Then coordinates of slave antenna in reference

frame can be simplified as: (x, + Bsina,,y, + Bcos(a +
a,),zg + Bsin(a + «;)) . It can be seen that horizontal oscilla-

tion causes coordinate of slave antenna in X direction deviate
and perpendicular oscillation affects its coordinates in
both Y and Z direction. Eq.(3) shows the range between slave
antenna APC and target P. Slant range not only affects SAR
image quality but also influences its phase. For InSAR system,
baseline oscillations bring interferometric phase error, and de-
crease quality of interferogram. It becomes an unavoidable
problem which should be analyzed and resolved.

’ 2 ' 2 ' 2
RZZ\/(XSZ_xp) +(yS2_yp) +(ZS2_Zp) =

\/(xsl + Bsina, —xp)2 + (yg + Beos(a + ;) —yp)2 +(zg + Bsin(a + a,) - zp)2 3)

3 BASELINE OSCILLATION EFFECT ON INTE-
RFEROMETRIC PHASE

3.1 Baseline oscillation effect on azimuth Doppler
frequency modulation (FM) rate

SAR sensor radiates linear frequency modulation signal with
frequency modulation rate K and pulse duration 7,. Through
coherent receiving, the single point echo is expressed as
two-dimensional s.(¢,7) (Bao Z et al., 2005):

5, (t,7) = ow? (f)exp {— ji;R(z)} x

exp {jTCK(T - &)z}rect {1_2;!%} “)
c

T
where ¢ is the azimuth slow time, 7 is the range fast time,

w,(0) is the azimuth illumination diagram, o is back scatter-

ing coefficient, and rect[] is a rectangular envelope. Consider-
ing baseline oscillations, calculate the slant range of slave an-
tenna according to Eq.(3). It can be seen from Eq.(4) that base-
line oscillations cause motion error in range but does not influ-
ence range FM rate K. So it does not affect range compression
of SAR raw signal. Therefore, we can make a conclusion that
baseline oscillations have no effect on SAR image quality in
range direction. This section focuses on the effect of baseline
oscillation on azimuth Doppler FM rate.

Assuming that the radar beam is perpendicular to flight path,
the distance from target P to flight path can be expressed as:

Rp=.|y pz +z p2 . Let the angle between the vector connecting

target P to azimuth coordinate and vector perpendicular to
flight path is §, then y, = Rpsin 8, z,=Rpgcosf, so Eq. (3)

can be re-written as follows.

R, = \/(xsl —X,+ Bsinoca)2 +(Bcos(a+a,)—Rp sin ) + (Bsin(a + a.)—Rp cosfB)> ~R

- (vt + Ax(1))?

2R, +AR () ()
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where x,—x, is equal to vt, v is equivalent velocity of radar
platform, Ax , which is equal to Bsinea,(f) , is azimuth motion
error caused by horizontal oscillation, and AR,, which is equal
to Bsin fBcos(a + a,(t)) + Beos fsin(a + o, (1)), is range error
due to baseline oscillation.

Dopller phase of raw signal in azimuth can be described as
—4nR, /A, then we make the first derivative of Eq.(5) on azi-

muth slow time. We can get FM rate of azimuth signal in Eq.
(6):
1 4nd’R, 2d°R,
“TamiodP 2

2?2 L 20A 4 A 2AR"
ARy ARy 2

where Ax’ and Ax" are the first derivative and the second de-

(6)

rivative of Ax' on azimuth slow time respectively. AR," is the
second derivative of AR, on azimuth slow time. In Eq. (6), the
first item is FM rate in azimuth without baseline oscillation,
and the second item is the FM rate error caused by horizontal
oscillation. The second item, which changes along range, can
be neglected because there is ‘Rp’ in its denominator. So, hori-
zontal oscillation has little effect on image quality. In
Eq. (6), the third item is connected to perpendicular oscillation
of baseline, which can not be neglected. This item changes the
FM rate in azimuth and affects the azimuth compression of
SAR raw signal.

3.2 Effect of baseline oscillation on interferometric
phase

Section 3.1 has analyzed the effect of baseline oscillation on
the image quality from the view of FM rate of raw signal.
Based on the signal model of complex image of slave antenna,
in this section we focus on the interferometric phase error
model caused by baseline oscillation. After range compression,
raw signal in Doppler domain can be re-written as Eq.(7) using
principle of stationary phase (POSP).

Sy (fa ,T) =
Awﬁ(ﬁ)sinc[m(r—Mﬂexp{—j%"&d(m} ™

c
where R.4(f,) is the range cell migration in doppler domain,
Ry(fa)=Ry(t), t; is the point of stationary phase. After the

precise range cell migration correction, azimuth compression
can be finished in frequency domain by matched filtering, and
then processed signal can be rewritten in Eq. (8):

sl(fa,r)=Aw&(fnsinc{mf—%)}exp{—j%"feg}x
exp{_j 477: (sz(ts) + 2t Ax(2,)

Eq. (8) expresses the range Doppler spectrum of complex SAR
image. The last exponential item is phase error of image be-
cause of baseline oscillation. This item will generate additional

+ ARr(ts))} ®)

phase error and it brings new error to interferometric phase.
Make an inverse FFT on Eq. (8).

8,(8,7) = Asinc[KTr(r—&)}exp{—j‘;—nRB}x
c

j Bal2 w2 ( f;l)exp{— j4/1—71Arzﬁ(fia)}exp(j21tfat)df;l ©)

—By/2

2
where A¢(fa) — Ax (ts);szsAx(ts)
B

+AR.(t;) is the phase

error caused by baseline oscillation. When the baseline oscilla-
tion does not exist, this item is equal to zero. Then the result of
integral has the form of ‘sinc’ function, which is coherent to the
ideal expression. When this integral item exists, it affects azi-
muth focus of raw signal. This conclusion is coherent to analy-
sis in section 3.1. Further more, integral item brings additional
phase error, which is the error caused by baseline oscillation. In

AX2 (1) + 2va Ax(ty)

azimuth,

<< AR.(t,) is negligible, then
integral item can be calculated using POSP:
. 4n
exp % A1)+ 207,0 -

2

K,

a

exp{j(—ézT A Bcos S cos( Yor Sas) + anést)} (10)

where f; is stationary phase point. Eq.(10) is what we want to
deduce the interferometric phase model. It is composed of co-
sine function and linear function. When stationary phase point

2n( ./ K,) fas 18 close to zero, connection between stationary

phase point f,s and slow time ¢ satisfy linear exp- ression. Ac-
cording to Eq. (10), we can make some conclusions as following:
(1) Interferometric phase error is close to sinusoidal. (2)
Interferometric phase error frequency is in pro- portion to fre-
quency of baseline oscillation. The faster baseline oscillates, the
quicker interferometric phase error becomes. (3) Amplitude of
Interferometric phase error is in proportion to amplitude of
baseline oscillation. The larger baseline oscillation amplitude is,
the bigger amplitude of interferometric phase error becomes,
and interferogram becomes worse.

4 SIMULATION EXAMPLE

In order to verify analytical result above, we give some
simulation examplein in this section. Firstly, Interferometric
SAR raw signal is simulated. By imaging and processing, inter-
ferogram can be obtained. Simulation parameters adopt space
shuttle in SRTM, which is shown in Table 1 and Table 2. Raw
signal simulation model includes geometric model, backscat-
tering coefficient model and raw signal model. Geometric
model takes earth rotation, ellipsoid and non-line orbit into
consideration. Being calculated in inertia reference frame, the
computation becomes very complicated. We adopt the method
of coordinate transformation here to simplify this problem (Wei,
2001). Backscattering coefficient model are extracted by Ulaby

and Dobson for a given terrain, frequency band and polarization
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(Ulaby & Dobson, 1988) shown in Eq. (11).
o”(dB) =R + Pyexp(~P0) + Bycos(RO+ F)  (11)

Table1 SRTM orbit parameters

Orbit parameters Value
Period/s 5349.0412
Perigee altitude/km 220
Apogee altitude/km 245
Orbit altitude/km 233
Orbit inclination/(°) 57

Table2 SAR parameters

Radar Parameters Value
Wave length/m 0.03125
Pulse bandwidth/MHz 9.5
Pulse duration/ps 40
PRF/Hz 1488
Sampling rate/MHz 11.4
Look angle/(°) 45
Main antenna dimension/m’ 12x0.4
Slave antenna dimension/m? 12x0.4
Baseline lenth/m 60

where @ is incident angle, P, ¢ is decided by signal frequency
and classification of scenes, which can be obtained in handbook
written by Ulaby and Dobson. We use time domain algo-
rithm-range time domain pulse coherence to simulate raw data
(Liu, 1999). In order to illuminate the effect of baseline oscilla-
tion on image quality, point target simulation is done and image
quality parameters are compared. Then we generate raw data
for an extended scene targets and raw data were properly proc-
essed.

4.1 Point target simulation

We give a point target simulation to illustrate effect of os-
cillation on image quality in this section. Baseline horizontal
and perpendicular oscillation amplitude and frequency are
equal to 0.025° and 2 Hz respectively. Raw signal of point tar-
get is obtained and processed. Impulse response function (IRF)
in azimuth and range are shown in Fig.2. In Fig.2(a), range IRF
are almost identical whether or not baseline oscillation is con-
sidered. It proves that baseline oscillation has

-5
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Fig. 2 Impulse response function
(a) Range (Solid and dotted lines are almost identical); (b) Azimuth

little effect on range compression. In Fig.2 (b), IRF becomes
extended in the case of no baseline oscillation. Furthermore,
azimuth resolution goes down, side lobe ratio (SLR) of IRF
increases. Amplitude and frequency of oscillation increases,
quality of azimuth image decreases.

Fig.3 describes the effect of baseline horizontal oscillation
on image quality, with oscillation amplitude 0.025° and fre-
quency 4 Hz. Assume that there is no perpendicular oscillation.
We can see from the Fig.3 that baseline horizontal oscillation
has little effect on image quality. This conclusion accords with
analysis in section 2. Fig.4 illustrates the error of complex im-
age azimuth spectrum. Continuous line is theore- tical value
deduced in section 3, and dotted line is obtained by raw signal
simulation. It proves analysis in section 3.
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Fig. 3 Horizontal oscillation’s effect on imaging (Solid and dotted lines
are almost identical)
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Fig. 4 Azimuth spectrum of complex image

4.2 Extended scene simulation

We focus on the effect of baseline oscillation on interfero-

gram in this section. The extended scene contains

512(azimuth) x 2196(range) scattering points, and digital
elevation model (DEM) uses a cone, whose peak height is 500 m.
In Fig.5 after raw signal generation and raw data imaging,
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there are four explication examples with different amplitude
and frequency of baseline oscillation. The length of baseline
decreases to 4 m to show interferogram better. We can see
from the figure that interferogram becomes blurring and
twisting because of oscillation. Fig.5(a) describes interfero-
gram of non baseline oscillation. Make a comparison to
Fig.5(b) and Fig.5(c). The amplitude of oscillations in Fig.5(b)
and Fig.5(c) are the same. When the oscillation frequency
increases, interferogram twists faster. Comparing Fig.5(c)
with Fig.5(d), when oscillation frequency is equal, the larger
oscillation amplitude is, the bigger interferometric phase error
becomes. In Fig.5 (d) periodical blurring exist in azimuth,
which make it clear that interferometric phase error changes
periodically. All these conclusions are consistent to theoretical

analysis.
100 100 ¥;
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Fig. 5 Effect of baseline oscillation on interferogram
(a) 4=0, £ =0; (b) A4=0.05°, f=1Hz; (c) 4=0.05°, f=3Hz;
(d) 4=0.1°, f=3Hz

Fig.6 gives interferometric phase error caused by different
amplitude and frequency of baseline oscillation. The length of
baseline is reconfigured as 60 m. When oscillation amplitudes
are both 0.05 °C and frequency are 2 Hz and 4Hz respectively,
interferometric phase error are close to sinusoidal. Furthermore
period of the former is twice of the latter. It can be seen that
period of interferometric phase error is equal to oscillation pe-
riod. When oscillation frequency is both 2 Hz and amplitudes
are 0.05° and 0.1° respectively, period of interferometric phase
error is equal but amplitude of phase error are not the same. The
bigger the amplitude of oscillation, the larger the interfero-
metric phase error becomes.

DT 40.05°, f=2Hz
80 | ———-4=0.05°, f=4Hz
o A=0.1° f=2Hz

701

60
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40+

301

Phase error/rad

201
101

ot

1 1
-02 -0.15 -0.1 -0.05 0 0.05 0.1 015 02
Slow time/s

Fig. 6 Interferometric phase error

5 CONCLUSION

In this paper, complex image model and interferometric
phase error model are constructed when interferometric base-
line oscillates. Effect of horizontal and perpendicular oscillation
on image and interferometry are analyzed in detail. Trough raw
signal simulation, including point target and extended scene,
the validity of theoretical analysis is proved.
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(a) 4=0, f=0; (b) 4=0.05°, f=1Hz; (c) A=0.05°, f=3Hz;
(d) A=0.1°, f=3Hz
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