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Range-Coplanarity equation for radar geometric imaging
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Abstract: Geometric imaging equation is the most fundamental and important formula for photogrammetry, and rigorousness
and conciseness are main factors constrain its applicability. In this paper, following the analyzing of attitude influence on side-
looking radar imaging, a rigorous and concise geometric imaging equation based on Range-Coplanarity (R-Cp) condition is pro-
posed using positions and attitudes (e.g., exterior orientation elements) of the radar sensor as orientation parameters. The equa-
tion considers the effect of attitude angles on radar image positioning, reflects the imaging geometric principle of radar images
in both distance and azimuth directions, removes the complicated imaging parameters, and realizes the coherence of orientation
parameters of rigorous model for optical image and side-looking radar image. Furthermore, it also shows higher positioning ex-
periment precision compared to Konecny G model and Leberl F model. Theory and tests indicate that the equation has potential
applications in the field of photogrammetry on radar remote sensing images.
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1 INTRODUCTION

The rigorous geometric imaging model of side-looking radar
image mainly includes the range doppler equation and the radar
collinearity equation (Chen, 2004). Leberl F model proposed by
Leberl F (Leberl, 1978, 1990), according to range condition and
zero doppler condition, complies with the radar imaging mecha-
nism. It takes into account of the changes in line elements of
exterior orientation of the sensor, while without considering the
effects of angular elements. The R-D model, with similar mech-
anism of Leberl F model, takes into account of the non-zero
value situation of doppler frequency which is often expressed by
constants, linearity, or low order polynomial model on different
image points, and therefore has explicit geometric and physical
meaning (Johnsen, et al., 1995). Based on the R-D model, many
scholars have studied the positioning of SAR images, includ-
ing models without control points (Zhu, et al., 2003; Yang, et
al., 2006), a few control points (Yuan & Wu, 2010) and for high
mountainous areas (Gelautz, et al., 1998; Johnsen, et al., 1995).
The radar collinearity equation-based model, using exterior
orientational elements as its orientation parameters, is the exten-
sion of the application of collinearity equation in optical remote
sensing image. The collinearity equation, proposed by Konecny

Received: 2011-05-22; Accepted: 2011-07-31

and Schuhr (1988), includes the influence of topography of the
ground point (Konecny & Schuhr, 1988). Rigorous collinearity
equation for radar image are also used by modifying the ap-
proximate collinearity equation through the conversion of range
projection to center projection (You, 2007; Li, et al., 2007), and
to build the geometric imaging model based on exterior orienta-
tion elements.

2 INFLUENCE OF ATTITUDE ON RADAR
IMAGING

In R-D model, attitude parameters are not involved. The mecha-
nism of roll angle on radar imaging and image positioning is al-
ways in dispute in the academic field (Pang, 2006). In this study,
the independent influence of each attitude angle is briefly analyzed
first, and then an clear conclusion about the influence of roll angle
on radar image positioning is reached in the derivation process of
Coplanarity equation.

Fig. 1(a) shows the ideal condition where all the three at-
titude angles are zero. With real aperture radar taken as the
observing object, the influence of attitude angular changes on
the imaging and image positioning is analyzed comparing to the
ideal condition.
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2.1 Influence of roll angle (@) on the radar imaging

The presence of roll angle changes the surveying scope of radar
antenna. But for the same ground point, the photographic time of
the ground point is not changed, and the range between the radar
antenna and the ground point at photography time also remains un-
changed. Therefore, with two other attitude angles being constant,
the changes only in roll angle does not affect the radar imaging for

a given object, as shown in Fig. 1(b).
2.2 Influence of pitch angle (p) on the radar imaging

The presence of pitch angle causes forward and backward
displacement of the ground object with reference to radar sensor
position at the photography time, thus the shoot time for the same
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(a) Attitude angles are zero values

(b) Influence of roll angle

ground point changes, and the range between ground point and the
radar antenna increases. Therefore, the changes in pitch angle lead to
the variations in image row and column coordinates of ground points,
affecting the imaging and image positioning, as shown in Fig. 1(c).

2.3 Influence of yaw angle (x) on the radar imaging

The presence of yaw angle leads to the deflexion of beam center,
thus the photographic time for the same ground point changes and
the range between ground point and the sensor antenna increases.
Therefore, image coordinates of the ground point will change ac-
cordingly, and the change of row coordinate varies significantly
according to column coordinates or the range, its indicate that the
yaw angle have direct influence on imaging for radar image ,as
shown in Fig. 1(d).
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(c) Influence of pitch angle (d) Influence of yaw angle

Fig. 1 Schematic diagram of the influence of attitude angles on the positioning of side-looking radar image

3 RANGE-COPLANARITY EQUATION FOR
THE POSITIONING OF SIDE-LOOKING
RADAR IMAGE

Side-looking radar has two modes, namely planar scanning and
conical scanning (Shu, 2000). Here the planar scanning is firstly
discussed.

3.1 Fundamental principles of R-Cp equation

The range-coplanarity condition refers to that all the ground
points corresponding to one line in the image are within the scan-
ning central plane of radar beam emitted by antenna at the pho-
tographic time, and imaging of each pixel in the row meets the
range conditions (Fig. 2). The geometric imaging equation of radar
remote sensing image based on the state vector and the attitude pa-
rameters (e.g., exterior orientation elements) is constructed through
range conditions between sensor and objects, and coplanarity con-
dition of radar beam center:

(1) All ground points corresponding to one line in image and the
radar antenna at shoot time are within one center plane of radar beam,
which is determined by state vector and attitude of the sensor.

(2) The spatial range between sensor and ground points is equal
to the range measured by radar wave.

Range-coplanarity condition is established by the following

equations:

R=OP- 0S|=1c/2
M

i-(OP-08)=0
where ; is the normal vector of the plane of radar beam center (the
same as X' axis which is converted from x axis in the sensor coor-

dinate system by rotating attitude angles), OP, OS are the position
vectors of ground points and the radar antenna, respectively. R is
the slant distance; c is the speed of light; 7 is the round-trip time of
radar beam from antenna to the ground point. The first formula is
range equation, which is identical to the range equation both in R-D
model and in Leberl F model. The second formula is plane equation
of radar beam center.
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Fig. 2 Range-coplanarity imaging geometry of
side-looking radar

3.2 Selection of rotation angle system and the
coplanarity equation of planar scanning mode

The influence of attitudes on side-looking radar image posi-
tioning has already been analyzed in the previous section through
independent study of three attitude angles. The conclusion can been
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drawn that ¢ and « influence the imaging and image positioning,
while w only influences the surveying scope rather than image po-
sitioning. Because the latter rotation of euler angle is based on the
former rotation, influence of @ on the radar image positioning also
depends on the rotation sequence. Euler angles have 6 rotation se-
quences. In optical image positioning, w-¢-x system is mostly used
internationally. However, this rotation sequence is not applicable in
building coplanarity equation of radar images, which can be dem-
onstrated in the following formula derivation.
3.2.1 Scanning plane with w-¢-k system

Through the rotation of attitude angles of w-¢-x system, the
rotation matrix R, of the conversion from body coordinate system
of the sensor to object-space reference coordinate system is as fol-
lows.

R =R (0)R, (9)R, (k) @

For the normal vector of scanning plane of radar beam corre-
sponds to x" axis of sensor coordinate system after attitude rotation,
its unit vector in the object-space coordinate system is derived as

follows.
1 COS( COS K
i=R"| 0|=|coswsink +sinwsing cos x 3)
0 sinw sink —cos @ sin g cos k

Substitute the Eq. (3) into Eq. (1). (Xs, Y5, Z) and (X, Y, 2)
are used to represent the spatial coordinates of the sensor and the
ground point, respectively. Then, a new formula is derived as fol-

lows.

(X—=X)cospcosk+ (Y —Y;)(coswsink + sinw sing cosx ) +

(Z -Z;)(sinwsink —coswsingcosk ) =0 4

3.2.2  Scanning plane with ¢p-x- system
@-k-o system successively take Y-Z-X axes as its rotation se-
quence, with the attitude rotation matrix as follows.
R =R, (9)R, ()R, () )
The unit vector of the normal line of scanning plane in object-
space coordinate system is as follows.

1 COS @ COSK
i= R’ 0|= sink 6)
0 —sing cosk

Similarly, this formula is substituted into the coplanarity equa-
tion in Eq. (1). Then the expansion formula is obtained as follows.

(X = X)(cosp cosk )+ (Y —Y)sink —
(Z-Z)(sing cosx) =0 (@)
It can also demonstrate that when x-¢-w rotation angle system is
adopted,  is not involved in coplanarity equation as Eq. (7).
3.2.3  Range-coplanarity equation of side-looking radar of
planar scanning mode
The range equation in R-Cp equations is identical to that in the
R-D equation, and together with coplanarity Eq. (7) constitutes
slant distance-based R-Cp equation:
(X = X)(cosp cosk )+ (Y —Y;)sink —
(Z-Z;)(sing cosk) =0 ®)
X=X )+ =Y +(Z-Z) =(y M, +R)
where M, is the resolution of slant range direction; R, is the initial

slant distance; y; is the column coordinate of pixel in the image.

It can be seen from the derivation of coplanarity equation that

when w-¢-x rotation angle system is adopted, @ impacts image
positioning; when ¢-x-w rotation angle system is adopted, w has no
impact on image positioning. R-Cp equations which adopt ¢-x-@
rotation angle system are constructed using three line elements and
two angle elements as orientation parameters. When attitude angles
have different values, coplanarity equation represents the aggregate
of different planes passing sensor antenna position at the shoot
time. When the plane is perpendicular to the direction of sensor
velocity, then the corresponding R-Cp equation model becomes the
model proposed by Leberl F. Thus, Leber]l F model can be treated
as a special case of the R-Cp model.

With identical state vector of the sensor (position and velocity)
and same topography, different attitudes of radar sensor will lead
to different doppler frequency, and attitude parameters and doppler
parameters are mutually convertible. Similar to all types of radar
collinearity equation model, R-Cp model uses attitude angles as pa-
rameter, without direct association with such parameters as doppler
frequency and radar wavelength. This indicates that the geometric
processing of radar image is possible by avoiding the imaging pa-
rameters. For a non-side-looking radar, different pixels in one line
image have different doppler frequencies, but they have the same
group of attitude angles. There is tight link as well as disparity be-
tween R-Cp model and R-D model.

3.3 Radar imaging equation of conical scanning

When side-looking radar works according to the conical scanning
mode, radar beam has a constant tilt 7, and it makes conical scanning
by revolving around the antenna axis, as shown in Fig. 3 (Shu, 2000).

Any ground point P must be on the scanning conical surface,
with R as the range between the point and the sensor. Equation for
conical surface could be build according to the angle value between
two vectors, i.e., vector #, which is constituted by all of the ground
points and the locations of antenna, and vector ; of rotation axis,
is 90° — 7. Therefore, the mathematical expression for the conical
surface is as follows.

~
<

cos(i,7) = cos(n/2—7) = sin(t) =
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Fig.3 Imaging geometry for radar image of conical scanning

When ¢-x-o rotation angle system is adopted, the unit vector ;
of rotation axis of the antenna in Eq. (9) is substituted by Eq. (6),
thus the expansion equation of imaging equation for radar image of

conical scanning is correspondingly obtained as follows.
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cosy cosk (X — X)+sink (Y =Y, )—
sing cosx (Z—Zg)—(y, M, +R,)sint =0 (10)
(X =X+ (Y =Y +(Z~Z)' ~(y M, +R))" =0

Since conical scanning is relatively rare, only the basic equation
is presented here without in-depth discussion. In the following sec-
tion, we only focus on the planar scanning.

4 RIGOROUS POSITIONING MODEL FOR
RADAR REMOTE SENSING IMAGE

Based on Eq. (8), taking the elements of exterior orientation and
the coordinates increment of ground points as unknown parameters
and linearizing the R-Cp equations, we can establish the general

form of error equation as follows.

v = flx,ﬁxs +fl,55,5 +f14§5z5 +/0,+
fl»(‘sx +f1x(sx +fi)'5y +/‘1'z(sz _11
Vy = fox, O, + for Oy, + fnOs + oy O, F an
f-Z)cak +fzx 5X +f2Y‘5Y +f£z ‘52 _lz
where v, and v, are the error equations, which respectively cor-
respond to the range equation and coplanarity equation in Eq. (8);
f-. is the coefficient of linearization; J is the unknown parameter
of increment and its subscripts (X, Y5, Z, ¢, k) represent the el-
ements of exterior orientation, subscripts (X, Y, Z) represent the
coordinates of ground points; /; and /, are the constants of error
equations.
The refined models of exterior orientation elements are usually
in the form of low-order polynomial, i.e., the formula as follows.
P =P, +ay,+agt+a,t’ +-+a,t"(=1,2,3,4,5)  (12)
where P;and P, (i=1, 2, 3, 4, 5) are the refined values and initial
values of position and attitude (X, Y, Z, ¢, «), respectively; (@, a;,

ay, -+, a,,) are the coefficients of general polynomial.

25
Combined with all error equations related to R-Cp equation,
ground point coordinates, orbit and attitude, the refined model con-

stitutes the equation set below:

V,=B,g+Bt-L, P,

= _ 13
V,=Ezg-L, P, (13)
Vr=Ett_Lt P,

where V,,,V, and V, are the corrected vectors for the observation
and virtual observation value of R-Cp conditions, ground point
coordinates and POS refinement model, respectively; g is unknown
parameter of the increment vector [AX,AY,AZ] of ground point co-
ordinates; ¢ is unknown parameter vector of the refinement model
coefficients of POS data; L,,, L, and L, are the corresponding con-
stant vectors of error equation, respectively; B,, B,, E, and E, are
the design matrixes of error equation coefficients; P,,, P, and P, are

weight matrixes.

5 EXPERIMENT

Imaging equation has been applied in nearly field of aerial and
space photogrammetry. In this study, the imaging equations are
verified to be accurate and are feasible only by positioning model.

The error equations of combined-adjustment used in both orienta-
tion and positioning are Eq. (13), i.e. R-Cp equation is constructed
based on ¢-k-w rotation angle system. The orientation parameters
are calculated by least square solutions; the theoretical values
of ground check point coordinates are calculated by orientation
parameters; and the accuracy of ground check point coordinates
is calculated by the error statistics between theoretical value and
observation values. The airborne SAR images used as experimental
data were acquired in June, 2006 in the area of Chengdu. The sam-
pling resolutions of both azimuth direction and range direction of
image pixel are 1.0 m, and the actual ground resolution of the im-
ages is about 2.5 m. The adopted POS system was AV510 produced
by Applanix Corporation of Canada. Due to the large time synchro-
nization error between POS system and sensor at the early days of
system integration, GPS data are used as initial observation values
after their rough errors are offset by constants, while the initial at-
titude values are set as zero.

5.1 Orientation experiment of single-view image

There are altogether 14 ground points with known coordinates
in the image area, which are acquired through aerial triangulation
by high-resolution optical aerial images. The original image and the
distribution of ground points are shown in Fig. 4.

Fig. 4 Airborne SAR image and ground points

1 GCP (central control,Point No.1), 2 GCPs (control at upper
left corner and lower right corner), 4 GCPs (quadrangle control),
9GCPs (control at three rows and three columns) and 13 GCPs
(LOOCYV assess precision method, (Brovelli M,et al., 2006), in
which all of the ground points are successively selected as check
points) are respectively adopted in image positioning. When 13
GCPs are used, quadratic polynomial is adopted as refined model
of POS data, while the linear refined model is adopted for the re-
mained tests with 1 GCPs, 2 GCPs, 4 GCPs and 9 GCPs. Since
R-Cp model can be considered as the modification of both Konecny
G model and Leberl F model, orientation experiments are also
conducted on the same data using the two models for comparison.
Root men square error (RMSE) values of control points and check
points are calculated, as presented in Table 1, in which x is the
azimuth direction and y is the range direction. Fig. 5(a) and (b) are
the error vector diagrams of the check points using 1 and 13 control
points with R-Cp model, respectively. The unit (pixel) of statistical
precision is performed according to the sampling resolution 1.0 m

instead of actual ground resolution of 2.5 m.
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Table 1 Precision of image positioning with different numbers of

control points/pixel

GCP Num 1 2 4 9 13
RCp x 001 010 519 336
GCPs y 001 010 284 287
RCp X 588 591 475 339 323
CPs ¥ 561 447 356 295 294
x 001 002 541 388
Konecny
GCPs ¥ 0.01 0.11 291 2389
x 611 598 519 422 4ll
Konecny.
CPs y 575 455 360 320  3.06
Leberl x 002 027 566 497
GCPs v 0.01 015 310 315
Leberl x 739 667 646 538 527
CPs y 609 471 395 331 3.5
0
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(a) One ground control point
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(b) Thirteen ground control points

Fig. 5 Distribution of control points and check points,
and the residual error vector of various points

5.2 Stereoscopic positioning experiment

Two adjacent SAR images in different airstrips in the same ex-
periment area as shown above are selected as stereopairs. There are
6 ground points with known coordinates in the overlapping area, as
shown in Fig. 6.

During the experiment, 2 points (Point 1 and Point 5 in Fig. 6)
and 5 points are selected as control points, respectively, while the
remained points are used as check points, and LOOCYV is adopted
as precision verification method when 5 GCPs are used. Errors of

all ground points in geocentric coordinate system are obtained as
shown in Table 2 and Table 3.

Fig. 6 Airborne SAR stereopairs

Table 2 Errors and precision with 2 GCPs /m
Attribute Point No. X Y Z
Errors 1 -0.19 0.28 -0.18
of GCPs 2 0.12 032 0.24
3 -0.08 1.03 0.47
Errors 4 -2.58 0.87 2.89
of CPs 5 111 -1.39 ~0.87
6 3.57 -1.33 -0.06
Precision components 227 1.17 1.52
of CPs synthetical 2.97
Table 3 Errors and precision with S GCPs /m
Point No. X Y z
1 -0.09 2.44 -1.98
2 1.71 222 1.11
3 0.07 1.11 0.89
4 -1.75 0.62 244
5 -0.06 -2.09 -0.85
6 233 -1.32 0.82
Components 1.38 1.76 1.49
synthetical 2.68

5.3 Test analysis

It can be seen from the experiment above:

(1) Similar to radar collinearity equation, R-Cp equation can
achieve geometric processing of side-looking radar image by adopt-
ing exterior orientation elements as orientation parameters without
knowing the imaging parameters. Without considering the precision
loss of SAR image re-sampling and DEM interpolation, image ori-
entation precision is theoretically the precision of orthorectification
using DEM with the same elevation precision of check point. This
indicates that when 4 control points are adopted, the precision of
orthophoto is about 5.7 m, which can be calculated according to the
statistical precision of azimuth/range direction of check points and
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the sampling resolution of the two directions (Yuan & Wu, 2010).

(2) Comparing to all kinds of radar collinearity equations, R-Cp
equation can easily achieve the forward intersection and the stere-
oscopic positioning of radar image. The test show that the rigorous
positioning of airborne SAR image with few control points has
high precision, and the difference in positioning precision is not
significant when two and five control points are adopted.

(3) The orientation experiments with different models on the
same SAR data indicate that the precision of R-Cp model estab-
lished in this study is higher than Leberl F model and Konecny G
model. This demonstrates that the R-Cp model complies with the
geometric imaging mechanism of side-looking radar remote sens-
ing image.

Due to certain differences between positioning model and geo-
metric imaging model, the test of this study is to verify the accura-
cy and feasibility of the geometric imaging equation with position-
ing model. Meanwhile, since there are numerous imaging methods
of synthetic aperture radar, any geometric equation only combined
with the mechanism and process of imaging may be absolutely
rigorous. From this perspective, there is no rigorous geometric
imaging model which could be completely applicable to all SAR
images. SAR imaging has motion compensation process. If SAR
image has the same features of geometric deformation as that of the
image shoot by the real aperture radar under the ideal motion state
referenced by the motion compensation process, the real aperture
radar-based R-Cp model established in this study can still be useful
to SAR images.

6 CONCLUSION

Range equation in R-Cp equations reflects the imaging mecha-
nism in range direction of side-looking radar image, while co-
planarity equation involving the azimuth parameters of attitude
reflects the imaging mechanism of azimuth direction. Compared
with Leberl F model, R-Cp model proposed in this study takes into
account of the influence of sensor attitude on imaging positioning
of side-looking radar. The orientation parameters of R-Cp model
are the same as that of radar collinearity equation model, but R-Cp
model does not need to consider the conversion between range
projection and central projection. As optical and radar sensors are
carried on the same platform more often than ever, in this case, the
same trajectory and attitude data are shared by both optical and
radar sensors. Therefore, the same orientation parameters used in
rigorous positioning of optical and radar remote sensing images
will be beneficial for the combination processing of the two sensor
images. Because the model can fully utilize high precision GPS
data and IMU data of POS observation values, it could facilitate
the application of POS data in high-precision geometric processing
of side-looking radar images. Moreover, the concise form and easy
application of this equation make it suitable to be used as the basic
model in radar image photogrammetry. In order to promote more

extensive applications of the model on radar image correction,
stereoscopic positioning, block adjustment, mapping, matching
with object-space restraint, and even on SAR imaging for different
airborne or spaceborne SAR sensors, further research on the equa-
tion and related external conditions are also important.

REFERENCES

Brovelli M A, Crespi M, Fratarcangeli F, Giannone F and Realini E.
2006. Accuracy Assessment of High Resolution Satellite Imagery
by Leave-one-out method. Proceedings of the 7th International
Symposium on Spatial Accuracy Assessment in Natural Resources
and Environmental Sciences, July, Lisbon, Portugal: 533-542

Chen E X. 2004: Study on Ortho-rectification Methodology of Space-
borne Synthetic Aperture Radar Imagery. Beijing:Chinese Acad-
emy of Forestry:11-12

Gelautz M, Frick H, Raggam J, Burgstaller J and Leberla F. 1998. SAR
image simulation and analysis of alpine terrain. ISPRS Journal
of Photogrammetry and Remote Sensing, 53(1): 17-38 DOI:
10.1016/S0924-2716(97)00028-2

Johnsen H, Lauknes L and Guneriussen T. 1995. Geocoding of fast-
delivery ERS-1 SAR image mode product using DEM data. In-
ternational Journal of Remote Sensing, 16(11): 1957-1968 DOI:
10.1080/01431169508954532

Konecny G and Schuhr W. 1988. Reliability of Radar Image Data. 16th
ISPRS, (16): 92-101

Leberl F. 1978. Radargrammetry for Image Interpretation. ITC Techni-
cal Report

Leberl F. 1990. Radar image grammetric processing. Artech House

LiL G, YouH J, Peng H L, Wu Y R, Liu B and Zhou Q. 2007. A new
method to locate satellite SAR imagery. Journal of Electronics &
Information Technology, 29(6): 1441-1444

Pang L. 2006. Study of the Triangulation Method From Airborne Syn-
thetic Aperture Radar Images. Qingdao: Shandong University of
Science and Technology: 31-41, 77-79

Shu N. 2000. Principles of Microwave Remote Sensing. Wuhan: Wuhan
University Press: 116-120

Yang J, Pan B, Li D R and Zhong Y Z. 2006. Location of spaceborne
SAR imagery without reference points. Geomatics and Informa-
tion Science of Wuhan University, 31(2): 144-147

You H J, Ding C B and Fu K. 2007. SAR image localization using rig-
orous SAR collinearity equation model. Acta Geodaetica et Carto-
graphica Sinica, 36(2): 158-162

Yuan X X and Wu Y D. 2010. Object location of space-borne SAR im-
agery under lacking ground control points. Geomatics and Infor-
mation Science of Wuhan University, 35(1): 88-91, 96

Zhu CY, Lan C Z, Xu Q, Wang J F and Chi T H. 2003. Geographic
registration for air-bome SAR image with no ground control point
supported by GPS position data. Acta Geodaetica et Cartographica
Sinica, 32(3): 234-238



44 Journal of Remote Sensing  # & 54k 2012, 16(1)

SRy

RIABILAMEREE-LETE

BAER,

KAk R, PR,

KA

1. P EMER=EHRERE, JLE 100039;

2. FpEAE R,

M OE: LG TR

BRI LAk
AR ENLRIRE S TR

AR BN G A 3 —E ARG T

9&&%11 g -SEm R, JLATHERE, SrRnER, ILE S

hESES. P237 XHEFEEE: A

AR M i e A e A
ARSI T ZEEN LA IR AR IR, AR RSSO B MBS G fn RWE e S5, iR Ey
L1fi (Range- Coplanarlty R-Cp) A3 T — R i M3 R UTAS G T . X TS R T RS S
KBTS B BUG LR, B T 2R G S, ST RikwR 5655
@RPE'EJ PRI E M S EN S — Efllﬁgﬁﬁ‘gft?Leberl Fi# fK onecny GHRAY

TR M 221116

fap A MR L AR AR B2 N A B A
ik R B

Bk ik

%77 R R R AE ML TR 38

=

s PEESE Y

of Remote Sensing, 16(1): 38-49

SIRRER: B, sRARYE, Xk, dkT1. 2012, RS UMREE R LR BEER, 16(1): 38-49
Cheng C Q, Zhang J X, Deng K Z and Zhang L . 2012. Range-Coplanarity equation for radar geometric imaging. Journal

1 5 7

A0 I8 8 B R MR T B R A TR
B -2 R I T R IR R T R (R R
2004), Leberl F#%I(Leberl, 1978, 1990)fH &5
FMFMEZ LA, FFETIAEILE, HEE T
FRIBERIN T RT R P T R Ak, (AAZEMITER
781k ; R-DIEAL, JRFE 5 Leberl FJyrikALl, % E
T2 SRR B, XA [ A 1 £
B R R MRV Z 0 B RO A
HA WL YR L (Johnsen 45, 1995), LA
R-DELHEURILRY, AR EH W TSRS (R &,
2003; B 4, 2006). Fi/bAEE R CRAEZERI A
F+, 2010) K & ilii(Gelautz %5, 1998; Johnsen %,
1995)SARSAZ I it A T T A5, & HET T
RIS IR LR T R R R LA 5 5 T B AE N
FEMS R, SR i B AR L T R I Y A A

KFEHE: 2011-05-22; fEiTHHEA: 2011-07-31

Konecny G A $2 i34 I 18 2% 18 T HJE X35 a5
DB, BN T HIE X35 s A B e B8 1 1A
F(KonecnyfISchuhr, 1988)- E N WA =& L EIA
IS T R SRt , B B R B rhu O B g
e, XTﬁ#T{P‘IE?E'f@J?EﬂSFE PR T BRI L AL
A, 2007; ZESEAN AR, 2007), HESLTHRETAN
PIICR B IR SR B G

2 BEEXERIBBR

TER-DELIIH B HARA S EESH, XHRD)
FR AR AN R IR TR G AR I B e L, A )2
IR PHBRZEE (R, 2006), ASCH XS ES

Bk ST S HEA T fRT B, e SCER IR T R A HE S
o, BRI TR AR B E A — AT
HIE5IE

FI1(a) s T 35N O Y BEAER DL, LA

ESTH: FRARRERES GRS 41071237 ); FRERHEIIT L ETHRI8631HR) (G S 2011AA120401, 2011AA120402); EZHMLRHE

ANA L (GiT: Al1114)
E—EEE N BERUI2— ), B, WL, BIPRG,

E-mail: cspring@casm.ac.cn,

A RS AR N BT B I B 5 Y TR, CRRIB TR



TR F:

SRS LAk {5 g - Sk w5 A 45

HIAURTIA NI S, LM IR RSN A
HIE LS 3 27 BARIR S HEA T

2.1 FEHAENEERGREIRM

WA AEAE, (A5 R R RE i) R R & A 0k
A5, BN TRl A S, JEASBUB R R I 2R 2 3
b TET AT TD PR B, A AN RO Ml T R SR 2L T
I, FEHMEEMAZIEIT , R A RS
TFE HAR S USRI A S, Wi 1(b).

2.2 X EEMRGRIRMm
FEA AR A7 A, 8 P S 3t T A A 19 B3 52

7

N

S"‘-._
AN
w

(a) B2 R0 (b) B 32

B SRS

3 ML AR AR E AL B S s A

A8 B 5 AT S T 4T R T R AR K (B
T, 2000), WAL E SIS,

3.1 EEE-#m(Range-Coplanarity, R-Cp)/FTEH
EARFE

IS - T 2R PR AR — AT R GO L A T A 4 TR A,
ITEAZAT R BT 0 22 K2 R I 4 7 3K S R A1 48 T
W, RBAT R B A AR AL I 2R R (FE2)
ARSI TAR B R BN LSS H MRt R) K
T IKIR BRSBTS ) b ]
BSOS E T AR

(1) AT FEAGONS IO 3 18 A, AT L 1R ok 221 14 K 2
HUDTE R — R DTN, XA
PR IRAS IR B LS 2T E 5

()1 TR 2 M AT s i 14 2 T B R K
EiUNEEY R

PR, RS - w7 R PTARE A 283U ST

ZRAEARE, FRRAXT T HR R 2 ) L Bl BT 5
aR T RS, SRR I 2 R R ) ) B 3
K, HI, W0 p A i O AR R AT 5 7
o BRSO, SN T RAARIIESR, anlE ().

2.3 iR EAMGRHIR

TRAT A BOAFAE (A R LR BR o AR = A e
(] — ML T B I 20 e A A Ak, BRI 2 5 1 Jak
IR PRE RS, R, Mo S AE s i Ak bR
AT I e2s , HATIT ) A BR824 it 1) 5 1) Al
BRI A I 22 5, SRR AT A X TR AR LR
A EER R, WELd).

() TP F R ) (d) f AL A

KA U R 7N IR

R =|OP- OS|=1c/2
(1)

i-(OP-08)=0
b, 7. 0P, OS5 A B b T A3 1) (B
1 AR A b FR Xl 28 LA T i I () lny . LT 567
BRE AR E . RARHE, htEl, ohFHIk
BNE IR RS Hbp s AR AR, s —a0h
FEES L, SR-DFILeber] FAEAYrh it fiH 25 5 & J2 AH
Ry, S B R R R A b R

YA A A
<p

N s
P %2
e

| i
X v

P2 ML TR kB e 3 v iS5 LA



46 Journal of Remote Sensing # & 54k 2012, 16(1)

32 HARFHEESTEABKRXNLESE

YA M T8 18 S A5 E (L 2R R SCHEA T T
IIRT, AEEXS 3 AN AT SR o WFSERY 4
WHe . KRR, off ZRMHE A
WG], ANER L S AR BRI T RR
TLAA 0 J5 5% Ff R AR TR A Al AT, offi2:

PR TS RARKENL, SHAAIFEAAER R KK
P BIE AT A 6Ff, TEC- 2 ABE RO, w-p-x
Je [ PR b HRGHE TR A R GE, (HIX R A et
SERIEE BB BT T R AN R A Y, AT
A e S T AT 2B
321 w-p-xRGEHENFHFEE

VA X-Y-Z Ve 5 Y wo-p-k REGE, AR
PR AR BN TIT S N 2R e e O R L A -

R, = R, (0)R, (p)R,(x) @)

P T T A2 5 A e I & I A A
Fxl—2, AR T A bR 2R R R [ A -

1 COS ¢ COSK

i=R"|0|= ©)

COS® sink +sinwsing cos k
0

FXORAK(), FHFABHK, Ys, ZoR(X, Y,
DA s BT i i 2S [a) Ak AR, AT

sin@ Sink” — cos @ sin ¢ cos

(X—Xg)cospcosk+ (Y —Y)(coswsink +sinw sing cosk ) +

(Z -Z,)(sinwsink —coswsingcosk ) =0 4

322 ¢rk-oREHENAHTRE
MR LA Y-Z-X HAE R 5% 1 T 19 - k- /1
gt HESTEREHE R

R, =R, (9)R,(¥)Ry () (5)
Wy 7 AR 28 I R A TR Az ] o
1 COS ¢ COSK
i=R"0|=| sinx (6)
0 —sing cosk

¥ROMRAX )y dtm oy #, AREIFA.
(X —X)(cosgp cosk )+ (Y —Y)sink —
(Z-Z,)(sing cosx) =0 (7
IR LI 2R Hlk-p-o e f R GERT, 50T —FE,
BT 0SB EL
323 FEHAMEANMMELES-HEHE
PR LTy R b BB R 5 R S R - 2 i s e
R e —rE, 5Dk, BT o-k-o

e R GE R R - L T R

(X —X;)(cosg cosk )+ (Y —Y,)sink —
(Z - Z)(sing cosx)=0 (8)

X=X ) +(Y =Y +(Z-Z;)’ =(y, M, +R,)

L, MOBEEBSERAE PR, RONVITARIE, v oA
BOTAER AR LIS A p

ML BRI LA, 24 w-p-cfE
RGN, o AR RAZMN, M RHe-c-o
ARG, ofi X BEMEA LW, RHe-r-0
A R GERYE B3R R LI T R AR T
FENE M SERER . B RARFIMER, Fmk
PEFIE T i $ 52 i) 2% SRS IR 2 v O A [ 1 ) £
G, M TR e, Bl A Leberl F A%
A R, ATRATA A Leberl FAR LRI B -t 7 Fts
BRI — N

) ) T bR 85 O ik (1o 8 R 38 ) P LI S5 1
T, ARG LSS AR 28 s, %
BEER L S BRI . 5 RTa 280
T TE—FE, R-CpHERILIEBANE NSE, ¥
GRS 2580 . TRk K ESBOFA AR
BAERIRR, RUIILEI SRS E o] SEA 00 7 ik
ISR UL, X FAEIE M T A%, —17
G FI G ARAR R A R R 225 AR A8, (A4
A —H AR Y2285, RUIR-Cp B 5R-D iR
[ BEAEEIR R, XAFAEIX

3.3 EsfERMEFEAGTE

AL TR A% PSS T ST AR, IR A
— A EERML A, I HSERARAE RIS,
K3 (7, 2000), X TAEE—HuE AP, HARTEH
T L, HAZaa SIEIRARSHUBE B 25 TR, HETH T
FIRILI_E A I A T 55 RS ALl [ e S e
) S R I £ D900 — 7, HARC R

L-r

cos(i,F) = cos(n/2 -7 ) =sin(r) =

(€))

7
K Ho-r-ofe ARG, 3O) T AL 17
OV, BINBRATAH DL 5 5 140 T I AR A 1207
TR
cosg cosk (X — X)) +sink (Y —Y;)—
sing cosk (Z—Z3)—(y M, + R,)sint =0 (10)
(X=X +(Y =Y +(Z-Zy) —(y,M,+R))’ =0



e SRR S 7 DIRE LAl S ke g 47

K3 FHESIN TR IR AR RS LA

T Ry AR U0 WL, A 1R Ak
A FEATTRE, AMEEATHE, LT BRI
TS
4 AL TR A R (™ 2 (VR

TS DA (8) B R 3 At LASN 7 467 T 25 1T M TG A
AR bRt AR AR B HOF R, TGS 2 R —
i8] 7

W= fix,Ox, + SOy, + f12,0, + Sy 6,
SO F frxOx + fiy Oy + fi20, =1,
V, = fox Or 4 for Oy + fon 0y + fry S+ D)
SO+ fox O + oy Oy + 170, =1,
A, v vyl AR (8 H ) S AR T ASE A o i
MR 2E R fACREE B LTy R 24k, o
REMERAE, H WX, Y. Z,. oMty
MoeR, X, YRIZICEHI SR 1. LIRERIRZE Ty
A

S NETCR ARG AL — BRI 203058, ]I
P=P,+a,+a,t+a,t’ +-+a,t'(i=1,2,3,4,5) (12)

P.. P, (i=1, 2, 3, 4, 570 5 F A7 B LS (X,
Y. Z, oM PEIERTIE, (a0, an. an, . a)
I  EAE

b R Ry N TR Y A7 B R IE 7 [ U
FIRIFHOC IR 2E ) fEal—ie, JERLLL T R4

Vi, = ng+Btt -L, P,
V,-Eg-L )
V.=Et-L, P

A, Vi VW5 B St 25 1 |l ifd a5 A
B . POSHE AR AR 5C 4 WL I ) =80k 4D00L 0 {8 5 G

)i gt UM I R AR BRI R UM fE [AX, AY,

AZ], tRERFE (00 NG ARR 1) — e Z X &R
BRI & [a,, ay, an, =+, a,]; L. Lo LA
AHR LI 138 25 7 4l it ;. B, B,. E,. E_Ni%
ENRRRBUATHERE; P, P, POARUERE,

5 ik I

Fa A% R L LT 2 B B A5 8 T et A 45
AN, AR SCAGE 1 8 ARG Z A5 T R IE A
FURTATPEIEA TR, 2 ) R 7 1 FH A B 5 3 22 1%
227N (13), BT o-k-0ft il REEHIR-Cpiy
GOy RfE, & MBS EuEN R NI, KA Ak
PRES AR AR B e M SO, KA SO
FRAEHRE (E RIS E ] A R 22 80Tk . AR SCRITY
ML SARIR I FE R T20064F6 H sUARHLIX , 1270
D5 [ R B R R AE AT FER KN 1.0 m, S BR T
HEIIZM2.5 mo POSFR G M INEE K Applanix 2\ w] ()
AV510, 4RI POS 5% Js fa] st ] ] A1
ZERER, VB K POSI L (N I £ (RDF-78) A T4
ZAEIE S VERIRIE, TSR EB RO,

51 BSBERXE

AR NI 141 AR E R A s, i g
IR EN S AR A3 E AR, R iR 8 5 1
L B8 70 A AN P 407

El4  JRIEHLESAREAR

SEAGE 1] T 36 4 A A4 SR A LA () 15 A
fLE). 240 B A M) . 4 @mEdgD . 9
ASGAT3FNFEE ) N34 1) 5 — 38 S G B Bk
(Brovelli 4§, 2006), A4 Hi [ s AR U A 0 2
Mo D3GR, il AR H ik 200k ik
B, AR MRS AR . FR-Cpi 7 ]



48

Journal of Remote Sensing

EACER 2012,16(1)

PAFEAEEKoneeny G5 K Leber]l ARk, AT
Xt He, AT A B R F K onecny G5! FllLeber] F

LAY

fhiRZe, gt TR, HrhefURIr A,

FrE SLiHs, A A0)5 79 3) 2% 4 ) s IR A5 A

#E

FRE ] . Uik B A B S CHR R IR 15 1.0 moRFE
S PERMm AR SE PR 43 HER 2.5 mIA5E . E5(a), (b))
SR T A SO 1S 1134588 a5 5 (] IREAG:

IR ZER R,
F1 ARAHEEFNEZGEQRBEZRT
Pl gk 1 2 4 9 13
RCp x 0.01 0.10 519 336
il y 0.01 0.10 284 287
R Cp x 588 591 475 339 323
o s ¥ 561 447 356 295 294
Koneeny G x 0.01 0.12 541 3.88
Pt g y 001 0.1 291 2.89
Koneeny G x 6.11 598 519 422 411
o 2t ¥ 575 455 360 320 3.06
Leberl F x 002 027 566 497
Fieibl g y 001 015 310  3.15
Leberl F x 739 667 646 538 527
AN
Tt y 6.09 471 395 331 3.5
0
2000 .
4000
e 6000} \
£ 8000 4
E10000
12000
14000 . -
16000 - - - :
0.5 1 15 2 25
§1l/pixel x 10*
(a) 1A
0
2000
4000
¥ 6000
£ 8000
£10000
12000
14000
16000 - . - 2
0.5 1 15 2 25
1l Ipixel x 10*
(b) 134 5
FES il SRR S 000 S R iR 2E K

5.2 IfRELLNIE

T B[R] — 0] DX AN [R5 1Y 79 5K AR 48 SAR SE AR A
RSLARAGXT, HEX NI 6B MM ., (A

i

K6 HLESAR ARG NS

R,

A3 R F2A~ (B 6 T L RN2 5 F 5 A AR

PR L, HARAE A A, Hoh SN i s R

By — G P BRI I TR B B0 IE (Brovelli 45, 2006),
PRI RO H AR R TP IR 2SS TR2 . K3
i
R2 2GCPsEMIERIREMGITIEE /m
U et X Y Z
P 1 -0.19 0.28 -0.18
= 2 0.12 032 0.24
3 -0.08 1.03 047
Kot i 4 -258 0.87 2.89
RE 5 L11 -139 -0.87
6 357 -133 -0.06
Ko J3hE 2.27 1.17 1.52
T AR 2.97
R3 5GCPsHZHESIREFGITEE(E— AR ERIE)/m
Jo8=2 X Y V7
1 -0.09 2.44 -1.98
2 171 222 L11
3 0.07 L11 0.89
4 -175 0.62 2.44
5 -0.06 -2.09 -0.85
6 233 -132 0.82
I 1.38 1.76 1.49
B 2.68




AR 45 TR A LR B s 3L iy 72 49

5.3 Ko

AT RS T LA

(OB ILm oy ] L 5 s —+, L
ST AL TG R AR RE 0 S EOTC T HE AR S E RN ] S
PSR E IR AR LTI B, FEAN G R E R A
JERIDEM ARG BE UG I B0 T, 38 F R sse i
JE )R B2 5 ) ARG e o v R A [A)RS B2 Y DEMUEA T 1E
STANE RS RE—30, BSR4 i), AR
A w7 ] R S ) 8 TR BE LA KPR ) B SR A3
PER, AN AR IE S A IR CRAE R R AT
2010)%4495.7 m;

Q)5 EMIENN TR AL R, B
i R A 5 TR IR AR R S SR IB A
S AENL, IRIRRM, DRSS L SAREAR
SEAERAA BAF R, RIS RS AR A, E
G BE 2 AN b 2 5

(3)HHFISARFEAL I 2 [a i B0 R W], AR SCRT e ar
1) B 2 L TS RS B 2L T Leber] FALAIFIK onecny G
BAY, FRBIR-CpA Y 5T A5 A0 B 3k 28 SR A5 14 1
BHLHE, AL

F T AR S ARG (A AEAEAR R I 25 5%
ARSI H A AR RIS TEF O FE Y IE
BRI AT . IS, A BALAR B Ak i USSR
%, ARfENAER R RS AL, SRR AR A
AT REECIE ™%, XA 16 H RTR A —
ANSEAIE T T SARGAAZ™ % I LA R . SAR
G E B SIMET R, IR SAREAGHA AL
LA I EAMERT S % Y BARE SRS R A%
FHIRI LA AR R, ARSI LR TR IR #E Y
R-Cpt U588 nT LU FSARRE AR

6 %5 it

R-Cp iy F v 9 B 7 it B e 1 AL 76 35 S AR B
B R, S TR A S S R
WS T 7 5r 1] ) AR AL ER . S Leberl FASAIA L,
FIE T AR T XA E AL ;. 5B
MR IRILA TR, I SEEF, (A% R
B 5 OB R, TOTR RSN I 5
HFEIE, | FR-—T5 RS EE 5 T L
i H 258, W7 B 18 B R LA A ) 0 i (L

W), EARBAE, e IR IR R R
FHMIFEEE M S5, TCRESH R T aF S M ki
AR B A AL B TRl AR e 4 A 24 AR
kG BEPOS VI & Hh A GPS L S IMUSE, A F T
PEFEPOSHHE 7E M T 15 5 A% o h B T LAl A 38 (g )5
Mo o Bzy BRI, MR8, & A1ENE
SN A SRR, DRI, (A9 X 1% e B G B
PN S A ilt— 2005, (EHLAEARTRIAL . AL A
TIARIRE BB R A IE | TN . XIS
2 E L Y07 AR A VT EC R R S AR B A5 40 8k
YRR

5% Xk (References)

Brovelli M A, Crespi M, Fratarcangeli F, Giannone F and Realini E.
2006. Accuracy Assessment of High Resolution Satellite Imagery
by Leave-one-out method. Proceedings of the 7th International
Symposium on Spatial Accuracy Assessment in Natural Resources
and Environmental Sciences, July, Lisbon, Portugal: 533-542

MRoRa:. 2004, BB LR T B AR IEST A 7 ikmist. JLat:
T E MO RRET ARG 11-12

Gelautz M, Frick H, Raggam J, Burgstaller J and Leberla F. 1998. SAR
image simulation and analysis of alpine terrain. ISPRS Journal
of Photogrammetry and Remote Sensing, 53(1): 17-38 DOI:
10.1016/S0924-2716(97)00028-2

Johnsen H, Lauknes L and Guneriussen T. 1995. Geocoding of fast-
delivery ERS-1 SAR image mode product using DEM data. In-
ternational Journal of Remote Sensing, 16(11): 1957-1968 DOI:
10.1080/01431169508954532

Konecny G and Schuhr W. 1988. Reliability of Radar Image Data. 16th
ISPRS, (16): 92-101

Leberl F. 1978. Radargrammetry for Image Interpretation. ITC Techni-
cal Report

Leberl F. 1990. Radar image grammetric processing. Artech House

L, JuanE, SRR, R—A, XV, SR, 2007, —FRHTI R
SAREGRE NI LTI, T 515 R, 29(6): 1441-1444

VEFS. 2006. FLEA AL 1A% th = Ml I ks, 35 5%: 10
HRRHORA: 31-41,77-79

#FT. 2000, REPGERRFIE. RO BB AL 116-120

TS, W, ZEAEA, iUk AE. 2006, JCHE P A 1 S BSARFAR
X (T SBURAER(F BRI, 31(2): 144-147

Juer s, TR, F13R. 2007, SARFEIG N H G A By 2% 28 R
B M2z, 36(2): 158-162

FEE, R, Geb SR RS ARE BB B AR E AL
RIS BRAAR), 2010, 35(1): 88-91, 96

KRG, AN, AR, LR, IR, 2003. GPSIHF T HIHLEL
S ARG Jg& P (G TG4 i i S 3l 5 . U325 91, 32(3): 234
238



