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Rigorous positioning with side-looking radar imagery based on
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Abstract: There still has some deficiencies in photogrammetric application with the existing geometric imaging model of radar
imagery. In view of this situation the theoretical analysis was made firstly in this paper. Then several equations were constructed
in turn, including Range-Coplanar (R-Cp) equation with explicit function form of image point coordinate, Range-Coplanarity
equation in geocentric coordinate system and rigorous positioning model based on R-Cp equation. At last some tests including
rigorous positioning were done with spaceborne TerraSAR-X imagery and sparse ground control point. The theory and experi-
ments show that the proposed R-Cp model embody the attributes of image measurement coordinate as photogrammetric observa-
tion value, which make it easy to absorb and utilize mature digital photogrammetric theory and methods developed on collinear
equation model for optical remote sensing images. For data processing of radar imagery photogrammetry the model can over-
come the shortcomings existed in other model and improve the rigor, stability, reliability and efficiency.
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1 INTRODUCTION

Digital photogrammetry for the remote sensing imagery usually
begins the work with geometric imaging model. At present, there
are two kinds of rigorous geometric imaging equations for radar
imagery. One is based on sensor state vector and doppler param-
eters, the other is based on sensor state vector and attitude param-
eters (exterior orientation elements). For the first kind, the leber 1 F
and the R-D model are in the most widely used geometric models
(Leberl, 1978, 1990; Johnsen, 1995), while for the second type R-Cp
equation is one of simple and rigorous which is constructed by
range condition and the beam center co-planarity condition (Cheng,
et al., 2012) besides the radar collinear equation (Konecny &
Schuhr, 1988; You, 2007).

There are several models and algorithms for SAR signal imag-
ing including R-D, C-S, ®-K etc. (Cumming & Wong, 2005). The
different deformation of SAR imagery can be caused by different
motion compensation, different parameters for signal imaging or
different accuracy of parameter estimation. So for SAR imagery
different geometric imaging model could be rightly used only under
certain conditions, and no rigorous geometric imaging model can
be applied to any SAR imagery. Geometric model R-D can be ap-
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ply to SAR images by R-D imaging, and R-Cp equation is applica-
ble to the real aperture radar images or the SAR imagery which has
the same imaging geometry relationship with the equivalent real
aperture radar imagery (the equivalent real-aperture radar imagery
got with the same or equivalent imaging parameters under the con-
dition of the SAR sensor moving along the compensated path).

In the past years radar imagery geometry has been widely stud-
ied, and people have got idea SAR image positioning accuracy.
But stable and reliable photogrammetry theories and methods still
are important research contents and goals for radar imagery in the
next several years. Two basic contents of traditional photogramme-
try are involved in rigorous positioning processing for the remote
sensing imagery. One is geometric imaging model, and the other
is data adjustment processing. With simple and rigorous equation
forms, R-D and the R-Cp models can both meet the basic require-
ment for geometric imaging equation of remote sensing imagery.
But compared with co-linearity equation model for optical remote
sensing imagery, there still are some deficiencies during adjustment
processing for the fact that image point coordinate parameters are
hidden in the two imaging equations.

(1) The positioning error of the image point has a close relation
to orientation residual which is the difference between the meas-
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ured image coordinate and the theoretical value calculated by orien-
tation parameters. So the point measuring coordinate is often taken
as the basic unit of the photogrammetric observed value by rigor-
ous adjustment methods (such as bundle adjustment), and then the
orientation parameters are solved with the least square sum of im-

age point orientation residuals (min Z(Vf + vf )) as the goal (Wang,

1971). For R-D and R-Cp equations, the y coordinate is hidden in
the equation and no parameter represents the x coordinate directly.
The error equation (generally referred as error equation of virtual
observations), which is based on range equation, doppler equation
or co-planarity equation condition, is not the one for image coordi-
nates x, y. The unknown orientation parameters in the error equa-
tion are solved with the least square sum of the virtual observation
residuals vg, v, V¢, as the condition, which cannot ensure there is a
minimum square sum of the image point coordinate residuals.

(2) The photogrammetric observed value is the image point
coordinates measured by manual or image matching, and the com-
bined adjustment between photogrammetric observed value and
other observed value is a basic method to realize rigorous posi-
tioning of remote sensing image with sparse control points (Yuan,
2001; Shan, 2002). The weights of multi-source observed values
play important roles to improve the stability, reliability and accu-
racy during the solving unknown parameters of combined adjust-
ment (Tao, 2001). There is a close relationship between the weight
and the accuracy for observed value, but the error equation of R-D
or R-Cp does not build for actual observation and there is no direct
“accuracy” information from virtual observation. So it brings in-
convenience to the combined processing of multisource observation
data which even affects the rigor and precision of data processing.

(3) In the positioning application based on R-D and the R-Cp
equations, error equations are established according to geometric
imaging equation conditions and there are no correction parameters
v, v, for image point coordinates. That means the orientation resid-
ual of each image point cannot be calculated directly by error equa-
tions. There are many matching points in the block images. The
traditional method to get the orientation residuals of image points
usually includes two steps: the first is to calculate the theoretical
image coordinates according to orientation parameters and ground
point coordinates by iteration, and then get the difference of image
coordinates between the measurement values and the calculated
values. If the traditional method is used to solve the orientation re-
siduals the operating efficiency would be low obviously. Generally
there is a larger measurement error from radar imagery than that of
optical imagery, and gross errors not only decrease the positioning
accuracy but also bring interference to the traditional posterior vari-
ance weighting methods. So detecting and removing gross errors
are important steps for image positioning, while it is inconvenient
to detect the gross error of radar image points with the existing
geometric imaging models.

For R-Cp equation takes exterior orientation elements as its
orientation parameters. So only if the model is improved to an ex-
plicit function form of image point coordinates, the mature digital
photogrammetric data processing methods developed based on
co-linearity equation model would be absorbed and well utilized.
In this paper, the geometric imaging equation for side-looking
radar imagery as Eq. (1) will firstly be constructed based on R-Cp

equation. Then a stable, reliable and efficient rigorous positioning
model for side-looking radar imagery will also be established.

(x,») = [, (Xs,Ys,Zs,0, k , X ,Y,Z) (1)
where(x, y) are image point coordinate; (X, Y, Z) are ground
point coordinate; (Xs, Ys, Zs) are space coordinate of the sensor
antenna; (p, k) are pitch angle and yaw angle of attitude.

2 THE RANGE-COPLANARITY EQUATION
WITH EXPLICIT FUNCTION FORM OF
IMAGE POINT COORDINATE

Range-coplanar conditions refer to all the ground points corre-
sponding to the images in the same image range line are within the
radar beam center plane. The beam center plane is determined by
both state vector and attitude of the sensor. Here the euclidean dis-
tance from sensor to ground target point is equal to the range meas-
ured by radar wave. The Range-Coplanarity equation is established
as following (Cheng, et al., 2012)

{ R =|OP- 0S| 0

i-(OP-08)=0
where 7 is the normal vector of beam center plane; QP is the
ground point position vector; O is the sensor position vector; R
is measurement slant range of the radar wave. The expansion for-
mula of Range-Coplanarity equation for ¢-k-o attitude rotating

sequence is:

(X — Xs)(cosgpcosk)+ (Y —Ys)sink —
(Z—-Zs)(sinpcosk)=0 3)
(X = Xs)" +(Y = Ys)’ +(Z~Zs)’ —(yM,+R,)* =0

where M, is the slant range resolution; R, is nearest slant range; y
is the column coordinate of the pixel in the image. y coordinate in-
cluded in range equation and can be converted to an explicit func-
tion form of y easily. That is:

4)

P

y 2[\/(X7Xs)2 (Y —Ys) +(Z—Zs) 7RO}/M

Side-looking radar and optical linear array imagery both belong
to multi-station projection which makes push-broom imaging with
moving of the sensor. Collinear equation of optical linear array
imagery can be thought of as two plane equations. The beam center
plane of radar imaging is similar to the plane of optical imaging
which is vertical velocity direction (SAB plane in Fig. 1). With an-
other plane(SCD plane) equation and another range equation, col-

linearity equation for optical imagery and range-coplanarity equa-

Fig. 1 Connections and differences between the Range-
Coplanarity equation and collinear equation
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tion for side-looking radar imagery were established respectively as
shown in Fig. 1. According to collinear equation, the imaging point
of the ground target point P is on the line SP, intersected by the
two planes. It can also be considered according to R-Cp equation
that the imaging point is on the circular GP, H intersected by the
plane and the sphere.

There is no parameter x in R-Cp model. According to the co-
planarity equation the conditional equation can be established as

F.=i-(OP-08)=0 (5)
Let the image sampling resolution for the X (azimuth) direction

is M, there is

w

M, =V |/ PRF (©6)
where |V] is speed and PRF is the transmission frequency of azi-
muth beam.

In the image coordinates, if the image point coordinate (x, y)
becomes to (x', y') because of measuring or matching error, the
error dx=x—x'" would lead to the change of the interpolation time
of the sensor state vector and interpolation time of attitude data

(Fig. 2).
P
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Fig. 2 The geometry relationship of image point
measurement error

For the change of interpolation time caused by the errors
is relatively small, it can be considered as no change to the at-
titude value. The time error mainly affects the location of the
sensor. Let the sensor location changing from S to S’ and for the
coplanar Eq. (5) there is

dF.=i-d(0S-0P)=i-d0S =i-8S' =cos(i,¥)M,dx
where 7 is the unit vector of normal vector of the beam plane and 3

is the unit vector of the velocity vector. Set f as the angle between
the normal vector and the velocity vector, so
dF, =M, cosff-dx 7
Let measurement accuracy of the image point coordinates is mz,
so the effect to virtual observation accuracy of coplanar equation
conditions caused by the measurement accuracy can be expressed as
mp =M, cosf-m,
Let the mean square error of unit weight is m,, then the weight

of the virtual observation value for coplanar equation (Eq. (5)) is as

blow.
) 1
Pre O G s B ®
From Eq. (7), it is known as
dx= _ dF,
M, cosf

The original coplanarity equation in Eq. (5) is still right when it
is multiplied by a coefficient —1/(M,cosp) for both sides, here the

weight for new virtual observation value and for measured value of
the image point is the same. At the same time, the theoretical error
for image point coordinates is equal to that of virtual observation
values from the revised equation. Therefore the improved R-Cp
equation with explicit function form of image point coordinates is

x =[(X —Xs)(cospcosk)+ (Y —Ys)sink —
(Z - Zs)(sinpcosk)]/(M,cos ) =0 )
y=[J(X = Xs) +(Y = Y5> +(Z— Zs)’ -R,] IM,

For side-looking radar, velocity vector is consistent to the nor-
mal vector of the beam plane and the value of cosf is higher than
0.996 with the attitude angle less than 5°. To side-looking radar
imagery cosf can be replaced by 1.0 and now compared with im-
age measurement error the calculation error can be ignored, then
the coplanarity equation can be simplified further. Usually the
image coordinate is transformed to the sensor coordinate system
while processing optical imagery and the unit for (x, y) is the unit
of length. In this study the unit for (x, y) from SAR image is pixel
which make it inconvenient to digital photogrammetric survey
combining with SAR imagery and optical imagery. Let the size of
the equivalent pixel from the physical sensor is z, and then both
sides of the range and coplanarity equations expressed by Eq. (9)
are multiplied by the value, the equations could be converted to the
explicit function equations of the image point coordinates in the
equivalent physical sensor space.

3 RANGE AND COPLANARITY EQUATION
EXPRESSED IN THE GEOCENTRIC
RECTANGULAR COORDINATE SYSTEM

In general, satellite position p(z) and velocity values F(z,) in
the earth-fixed geocentric rectangular coordinate system (such
as WGS84) are provided by the auxiliary data of SAR imagery.
In other words, reference datum of the state vector is earth-fixed
geocentric rectangular coordinate system. The reference datum of
the attitude of the three-axis stabilized satellite is orbit coordinate
system (Zhang, 1998). In the geocentric coordinate system, the
mathematical definition expression of the three-axis of the orbital
coordinate system is as follows (France SPOT Image Company,
2002).

Zo=1(Zy)x:(Z0)y(Z5),1= P0) /|| P(0)]|
Yo=[(Y,) - (Y0)ys(Y) J=[Zo XV (O1/|| ZoxV (1)]|  (10)
Xo: [(Xo)x’(Xo)yv(Xo)z] = ?0 ><20

The formula above expresses the orbital coordinate system
0-X,Y,Z, which is also shown in Fig. 3; X,,, Y, Z, with X, ¥, Z
as subscript represent the components of the X, Y, Z, in three
directions of X, Y, Z in the geocentric rectangle coordinate system.
Therefore, the conversion matrix R, from the orbital coordinate

system to the geocentric rectangle coordinate system is as follows.

Xo)y )y (Zy)y
Ry =|(X,), (), (Zy), (11)
Xo), (), (Z,),

So in geocentric rectangle coordinate system the unit normal
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Z, Xo Zy,

VIX,

Geocentric
Track

Fig.3  Orbital coordinate system
and flight coordinate system

vector j: (iy iy i,) for the beam plane can be calculated as follows.

i=[iy iy i, =RER’L 0 0] (12)
where R, is the conversion matrix from the orbital coordinate
system to the geocentric rectangle coordinate system, and Ry is
the conversion matrix from the satellite body coordinate system
to orbital coordinate system, [1 0 0]"is the unit vector of x axes
in satellite body coordinate system. Accordingly in the geocen-
tric rectangle coordinate system the R-Cp equation can be ex-
pressed as

{(X—Xs)z +(Y=Y5) +(Z—Z5)* —(yM, +R,)* =0 13

i (X =Xs)+i, (Y =Ys)+i,(Z~Zs)=0
where cosfp=cos(i,#)=cospcosk, (¢, k) are the attitude angle param-
eters, then the R-Cp model with explicit function form of image
coordinate is

x=[iy- (X=Xs)+ iy (Y=Y5)+i,-(Z-Zs)]/
(M cospcosk)=0 (14)
y=[J(X = Xs) +(Y = Ys)* +(Z— Zs)’ —R,)| M

N

Take the increment of the initial data of exterior orientation pa-
rameters (Xs, Ys, Zs, ¢, k) and the ground point coordinates as un-
known values and the general form of error equation for the image

point measurement coordinates can be written as below.

V= fiAXs + fiy AYs + i, AZs + fi, Ap + [, Ak +
JinAX + [y AY + f,AZ —1, Py

Vv, = fox AXs + [, AYs + [, , AZs +_]’2wAgo+f2kAk+
SoxAX + [, AY + f,AZ =1, Py

(15)

where v,, v, are error increment of the image point coordinates in
azimuth and range direction, f.. are the coefficients of the error
equation, /, /, are constants, p, and p, are weights of the corre-
sponding measurement coordinates and can be calculated by point
measurement accuracy.

For optical imagery (x,, ,) are coordinates of principal point
in the image. Though there is no actual radar sensor image space
(Ax,, Ay,) still can be found with a specific geometric physical
meaning to side-looking radar imagery. Ax, can lead shift for beam
center plane, and Ay, have the same effect as the initial slant range
system error. When positioning with side-looking radar imagery
there are system errors in azimuth and slant range directions caused
by SAR sensor, Ax,, Ay, can still play its roles when calibrating ra-

dar sensor.

4 RIGOROUS POSITIONING MODEL FOR
SPACEBORNE SAR IMAGERY

The following SAR image positioning directly refer to the model
and method for optical imagery positioning with sparse control
point.

The refinement model of orbit and attitude can be established

with a linear polynomial as

Xg=Xg+a,+at
Yy =Y, +b,+bt

ZS =ZSO+c0+c|t (16)
O =@+ fot fit
k=ky+g,+gt

where (X, Y50, Zs» @9, k) 1s the initial sensor location and attitude
value; a, b, ¢, f;, g(i=0, 1, ---, n) are refinement parameters for or-
bit and attitude data.

The Eq. (17) is based on error equations of the image point
measurement coordinates, ground point observation coordinates,
observation orbit and attitude. And it can be solved by the least
square method.

Vy=B,g+Bt-L_.P,

V,=Ezg -L,..P, a7
V, = Et-L ..P

where V' is correction vector of the observation, error equation V,,
is correction vector of image point measurement coordinate, V, is
correction vector of ground point observation coordinate, V, is cor-
rection vector of orbit attitude observation; and g, ¢ are unknown
vectors want to be solved, g [AX, AY, AZ] represents the ground
point coordinate increment; ¢ [a,, by, ¢,, €y, fo, @y, by, €1, €y, f1] 1s the
polynomial coefficients for the orbit attitude refinement model;
B, B, E,, E, are matrixes for the error equation coefficients; L.,
L,, L, are the constant vectors of the corresponding observation
error equation; P, P,, P, are the weight matrixes. P, P, are the
weights of image point measurement coordinates and ground
point coordinates and calculated directly according to their ob-
servational accuracy. Here a,, b,, ¢y, a,, b, ¢, are refinement model
parameters of orbit data and their accuracy is consistent with the
measurement accuracy of sensor position and velocity. e, f,, e, f;
are refinement model parameters of roll angle and yaw angle and
their accuracy is consistent with the attitude accuracy and attitude
stability.

There is a good corresponding relationship between the pa-
rameters in the error equation group and actual geometric physical
observations. Therefore the problem of weight setting can be solved
smoothly.

5 TESTS AND ANALYSIS
5.1 Positioning test with TerraSAR-X imagery

The TerraSAR-X band data used in the test was imaged in July
2009, whose sampling resolution is 0.91 m in slant range direction
and 2.06 m in azimuth direction. The region covered by the image
lies in the Tibet with center coordinates (96.3°, 32.2°) and elevation
changing from 3500 m to 4500 m. There are 15 ground points with
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known coordinates which are obtained by block adjustment method
with SPOT5 HRS / HRG imagery based on RF model, and the tool
is integration mapping software PixelGrid developed by China
Academy Surveying and Mapping (Zhang, 2009).

TerraSAR-X images with 0 doppler which means there is a
vertical relationship between beam center plane and the direction
of the velocity. Here reference datum of the attitude is established
within the flight coordinate system, in which the direction of the
velocity V is taken as the X-axis direction (Fig. 3 V-X,Y,Z,), and
the mathematical definition is

Xr=[(X,),0, (X)) (X) A=V 0/ P 0
AN ANIARSORZGY IO ZG! IEE
Z,=1Z,),.(2,),(2,),1=X, x¥r

Therefore, the initial values of the attitude roll and yaw angle
relative to the reference coordinate system are both 0. Referring R
(Eq. (11)), rotation matrix R, from attitude reference system to the
geocentric coordinate system can be established. Normal vector of

the beam center plane is
i=[iy i, i, =RER/[l 0 0]

Take it into Eq. (14) and R-Cp equation for TerraSAR imagery
can be easily re-established.

(1) Orientation and positioning test with different control points

In the test, the control points with different numbers and distri-
butions are used, including

Case 1: no GCP;

Case 2: one GCP centered at the test area;

Case 3: four GCPs with one at each corner of the test area;

Case 4: nine GCPs evenly distributed.

In each case, the remaining points are used as check points. The
weight of the parameters in the orbit attitude refinement model are
set according to the accuracy with satellite orbit 60 m, speed 1 m/s,
attitude 10" and attitude stability 0.5"/s. The image coordinate re-
siduals of the control points and check points after orientation can
be calculated directly with error Eq. (15). Their accuracy is showed
in Table 1.

Table 1 Accuracy of orientation and positioning for single image

Model Point attribute The number of control points 0 1 4 9
Azimuth direction/ pixel 0.01 0.42 0.99
Control points Range direction/ pixel 0.03 0.49 1.57
. . . Plane /m 0.05 1.21 3.43
Orientation and posi-
tioning Azimuth direction /pixel 3.80 1.45 1.28 1.11
accuracy with R-Cp Check points Range direction /pixel 38.36 2.30 2.19 2.09
model
Plane /m 67.96 5.07 4.55 433
Max |v—v]| /pixel 0.00 0.00 0.00 0.00
Difference of residual error L
Max |v,—v;] /pixel 0.00 0.00 0.00 0.00
Azimuth direction /pixel 0.01 0.49 1.12
Control points Range direction /pixel 0.04 0.53 1.58
Orientation and posi- Plane /m 0.07 137 3.61
tioning accuracy with
R-D model Azimuth direction /pixel 3.80 1.44 1.29 1.25
Check points Range direction /pixel 38.36 2.30 2.20 2.12
Plane /m 67.96 5.06 4.58 4.53

Eq. (13) or Eq. (14) combining with the precise earth ellipsoid
model (Eq. (19)), which considers the height factor, the corre-
sponding ground point coordinates (X, ¥, Z) in geocentric rectangle
coordinate system can be calculated.

X’ +Y? z?

GrHY BrHY 9)

where A4 is semi-major axis of the earth ellipsoid; B is the semi-
minor axis of the earth ellipsoid; H is the elevation of the ground
point which is extracted from the DEM data. To the WGS84 coor-
dinate system, 4 = 6378137.0; B =6356752.314.

After converting the calculated ground points coordinates to
the Gaussian plane, the orthorectification of the original image
can be done with resampling technique. In this test DEM data was
extracted from SPOTSHRS/HRG image with PixelGrid software,
the TerraSAR-X image was rectified based on original orientation
parameters and refined orientation parameters. By counting the po-

sitioning residuals of the known 15 points, and the plane position-
ing accuracy for the control and check points are showed in Table 1
“Orientation and positioning accuracy with R-Cp model” row.

The results from the comparison method are also showed in
the table. Here the method is based on R-D model, and take sensor
position as unknown value, the linear refinement model (Eq. (17))
for orbit; and the velocity refined value is calculated according to
derivation of the refined orbit to the time, a existing methods (Yuan,
2001; Yuan & Wu, 2009) is used to set the weight. The orientation
residuals are calculated by traditional iteration ways and orthorec-
tification method is as above for R-Cp model. The results are
showed in Table 1 “Orientation and positioning accuracy with R-D
model” row.

After the orthorectification with original orientation parameters
and refined parameters from R-Cp model with one control point,
the sketch map for residual vector and the distribution of the 15
ground points is shown in Fig. 4.
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There are corresponding solved values for orientation param-
eters with different control points. When with one and nine control

250 x 10°
. - L
3.58 -
= —
3.57
-
g -
= 3.56 -
g —
3.55
/ _ P
3.54 -
153 x 107
1.722 1.724 1.726 1.728

Gauss Coordinate System Y/m

(a) Zero GCP

points, the absolute values of the orientation parameter increments
in R-Cp model are showed in Table 2.

x 10°

3.53 x 10’
1.722 1.724 1.726 1.728

Gauss Coordinate System Y/m

(b) One GCP

Fig. 4 The sketch map of orientation residual vector and the distribution of control and check points

Table 2 The solved value of orientation parameters with one and nine control points

a,/m bym cy/m el(”) () a,/(m/s) b,/(m/s) ¢,/(m/s) e, (”/s) 1Cs)
one GCP 13.31 31.14 10.48 1.03 0.54 0.084 0.198 0.066 0.00236 0.00122
nine GCPs 4.28 40.01 8.51 3.32 9.20 0.187 0.104 0.506 0.03210 0.03182

In order to explore the correlation of the orientation parameters
in R-Cp model, the coefficient matrix condition number of the
normal equation is calculated. Take all 15 ground points as control
points and five constant parameters and ten linear parameters in
refinement model of the orbit-attitude (Eq. (17)) as unknown val-
ues, the error Eq. (15) and their normal equation were established.

The condition number P, and P ,can be calculated as

Po=A_ /A, =510x10"/0.0042=1.21x10"
Py = Ao [ A = 1.07x10'%/4.2127x10°=2.54x 10> (20)

where 4,,,and 1

efficient matrix of normal equation respectively.

min @l maximum and minimum eigenvalues of co-

(2) Comparison of image coordinate residual

Two methods are used to calculate the orientation residuals of
the image points. One adopts Eq. (15) directly. The other calculates
the theoretical coordinate(x', y') of the image point firstly and then
the difference between them and the measured coordinates, whose
detail steps are showed as below.

Step 1 According the initial image line x, to interpolate the ele-
ments of exterior orientation (position and attitude of the sensor)
at the corresponding time, and then to establish the equation of the
beam plane center of side-looking radar: i - (OP—08) =0;

Step 2 To calculate the distance d for the ground point along
the normal direction of the beam center plane to the plane. Stop the
iterative search if the distance is less than a given threshold, and the
current line x, is theory coordinates x' of the image line of the cor-
responding ground point, then jump to Step 5;

Step 3 To re-estimate image line x,,., of the point corresponding
to ground point based point-surface distance d and azimuth resolu-
tion M, of the image.

X, =x+d/M, ©2))

Step 4 To interpolate the corresponding orbit-attitude value
based on the imaging time of the x,,, line and re-start Step 2;

Step 5 To calculate the theoretical column coordinate y' of the
image point with ground point coordinates and the position of SAR

SEnsor.

y =X =X +(v=¥vsy +(Z-25) -R | /M,  (22)

where the orientation residuals v,, v; is the difference between the
theoretical value(x', y') and the measured value of the image point
coordinates. Moreover the orientation residuals v7, vy2 of all ground
points were calculated by the Eq. (15). To make a subtract opera-
tion between the two residuals and get |[v!—v7| and | v}',fvv2 |. Their

maximums are showed in Table 1.

5.2 Test analysis

Although the data processing tests are relatively simple, they
involves basic content about image photogrammetric adjustment
algorithm. The follows can be obtained:

(1) When positioning with R-Cp model, with original orienta-
tion parameters and without ground control point the plane posi-
tioning accuracy in mountain areas is 68 m, and accuracy in along
azimuth direction is higher than range direction. With one control
point the image positioning accuracy is greatly improved to 5.1 m.
With the increasing of control point number the accuracy still can
be improved but with a relatively lower speed. The test proved
that only with one control point the plane positioning accuracy can
meet the requirement (plane 7.5 m) of the map of 1:10000 digital
orthophoto criterion in mountain region formulated by surveying
and mapping industry standards(National Bureau of Surveying and
Mapping, 2010).

(2) In the test, for the TerraSAR-X imagery the accuracy of R-Cp
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model and that of the R-D model are same without control point
and similar with sparse control points. When there are more control
points the accuracy of R-Cp model is slightly better than that of
the R-D model. So in view of imaging geometry the two equations
have coequal rigor to TerraSAR image.

(3) For the known points, their residuals calculated by the im-
proved error equations and by iterative methods are identical which
means the geometric imaging R-Cp model with the form of an
explicit function of the point coordinates is correct. The improved
error equations can be used to detect gross error for the image point
measurement while solving orientation parameters. It also is proved
that the weight setting for the improved R-Cp error equation ac-
cording to pixel measurement accuracy is reasonable.

(4) When the condition number of a matrix is larger than 1000,
the matrix is considered as ill-conditioned (Dunn, 1959). To spa-
ceborne SAR imagery, the coefficient matrix condition number of
the normal equation for the R-Cp error equation is far larger than
1000, so there is a strong correlationship between the orientation
parameters. Generally there is a clear requirement for GCPs’ least
number while solving the rigorous model for spaceborne imagery.
Even there is a large number of control points, the large devia-
tion between original values and the solved values of the orienta-
tion parameters also can be caused by the ill-conditioned matrix.
Table 2 shows that the improved R-Cp model for SAR image not
only realize high precision positioning with sparse control points,
but also overcome the strong correlation among the orientation
parameters.

(5) Precise orientation is the key to the rigorous positioning for
remote sense imagery. When stereo positioning and block adjust-
ment with radar imagery and sparse control point the techniques
and methods proposed in this study can be applied or learned, such
as the improved R-Cp geometric imaging equation and the com-
bined adjustment model.

6 CONCLUSIONS

Photogrammetric techniques and methods for optical imagery
are far earlier than those for radar imagery. For optical imagery
there have developed systematic and mature data processing mod-
els and methods based collinear equation. With the form of explicit
function of the image point coordinate, the improved Range-
Coplanarity equation proposed in this paper can absorb and utilize
many of the mature digital photogrammetric processing methods
for the optical imagery directly. By referring combined adjustment
methods for optical imagery, rigorous positioning model for radar
imagery with sparse control points is established which is rigorous,
stable, efficient and beneficial to gross errors detection. Based on
the proposed methods other techniques and methods for SAR im-
agery like geometry rectification, stereotactic positioning and block
adjustment with sparse control points were developed and had been
applied well in topographic mapping project at the scale of 1:50000
in western China, where many areas are perennially covered with
clouds or snow and SAR image is the first selection for mapping.
It can be showed from the theory and tests that the improved R-Cp

geometric imaging equation and the established R-Cp rigorous
positioning model can play their unique advantages in complex
adjustment processing for multi-source data and can promote the
theory and application level of radar imagery photogrammetry.
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