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Abstract: In this paper we analyze the geometry mechanism of Synthetical Aperture Radar (SAR) imaging and propose the
Range-Cocone equation with Doppler parameter(RCD) for SAR imagery positioning taking linear and angular elements as orienta—
tion parameters. A serial of tests are taken that include orientation with single image free-net adjustment without Ground Control
Point(GCP) block adjustment with sparse GCPs and block adjustment with self-ealibration parameters. The test datasets covered
a part of Dengfeng suburb are 99 airborne SAR images with 0.5 m resolution and non-zero doppler parameter. Compared to R-D
model the presented RCD model decreases the number of orientation parameters and is convenient for adjustment combining SAR
imagery with POS data. RCD based block adjustment model with self-calibration parameters can increase the accuracy greatly in the
case where SAR sensor is not calibrated or calibrated coarsely Tests also indicate that the airborne SAR imagery and the proposed
positioning model can meet the accuracy requirement for aerial triangulation at the scale of 1: 5000/1: 10000 over hill and moun—
tainous areas with sparse GCPs.
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1 INTRODUCTION

Positioning with remote sensing imagery is to get the two or
three-dimensional space information of ground targets correspond—
ing to image by geometry processing. The geometric positioning
of remote sensing image mainly includes geometric ¢ orrection
three-dimensional stereo positioning and block adjustment. Based
on rigorous sensor model accuracy of the inter-o rientation pa—
rameters and exterior orientation parameter of image can be
greatly improved by aerial triangulation which is the key
technology for rigorous positioning with remote sensing im-—
age.

The rigorous geometric imaging model of the radar image is
mainly based on sensor state vector and Doppler parameters or
the model is based on state vector and attitude parameters (exte—
rior orientation elements). The R-D and Leberl model are the
main format of the former class where R-D model takes account
of non—zero doppler frequency and it has a clear geometric phys—
ical meaning for SAR imagery (Johnsen 1995). The R-D equa-
tion is shown as

VX =-X) +(Y-Ys) +(Z-7Zs)"-R =0
2 (X -X)Vy + (Y =Ys)Vy + (Z - 2Zs)V, / (1)
(AR) -f, =0
where (X YV Z) and (Xs Ys Zs Vy, V,, V,) are the ground

point coordinates and the state vector of antenna center of SAR
sensor; A f;, and R are SAR wavelength Doppler frequency
and measurement distance of the radar wave respectively.
Though positions and attitudes of radar sensor change d
uring the data acquisition and radar wave is affected by the p
ositions and attitudes the equation for beam center plane can
still be established according to the invariable relationship b
etween beam center and the sensor. From view point of the r adar
(2012) build Range-C

oplanarity (R-Cp) equation for real aperture (or equivalent real

imaging geometry Cheng et al.

aperture) radar image and the apparent functional form o
{ R-Cp equation (Cheng and Zhang 2012) can be described as

x = (X = Xs) (cospcosk) + (Y - Ys)sink —
(Z-79 /M, =0
y= V(X =-X) +(Y-Ys)’ +(Z-7s)" -R, /M,

)
where M, and M, are pixel sizes in azimuth and range directions;
R, is the initial slant range; y is the column coordinate of the p
ixel on the image; (¢ k) are the attitude angles.

Orientation parameters in Eq. (2) is consistent with colline—
ar equation for optical images and some mature photogrammetric
techniques and methods for the optical images can be convenient—
ly applied for radar iamges. However the model is based on im—

aging mechanism of real aperture radar. For SAR imagery even
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if the same raw signal data is used the image deformation is dif—
ferent using different motion compensations and focusing values;
similarly even if the same SAR imagery and state vector data are
used positioning results is different using different doppler in geo—
metric processing. Therefore Range-Coplanarity and collinear e—
quation are limited in some SAR imagery positioning.

At present geometry correction techniques of SAR imagery
have been widely studied in different cases (Yuan & Wu 2010;
Zhang 2010) ; although the block adjustment technology is stud—
ied (Toutin 2003 ; Huang et al. 2008; Ma et al. 2010)
a chievements are still rarely and block adjustment technologies
and methods of SAR imagery that meet the mapping production
demands at large scale with sparse GCPs are still lacking. If the
applications of the Range-Coplanarity equation is extended to all
SAR imagery imaging with R-D model and can replace the R-D
model for the combined adjustment of multisource data and meet
the requirements for large scale mapping it would be significative

for enhancing data processing theory and application level of SAR
imagery.

2 GEOMETRIC ANALYSIS OF SAR IMAGING
WITH R-D MODEL

The SAR imaging geometry has obvious differences from real
aperture radar images. SAR imaging is related to motion compen—

sation and signal focus in addition to the sensor parameters and

(e} (n

(a) RAR or SAR imaging with

doppler of signal beam center

(b) Imaging with zero doppler

the sensor state during data obtaining. It is complicated to estab—
lish geometric imaging equation directly associated with signal
imaging model and methods. However according to R-D imaging
mechanism the spatial geometric relationship between the sensor
and the target can still be rebuilt. For arbitrary image points
they meet the Doppler equation conditions namely:
2V+SP, 21 VI V-SSP,
fo = XTSP1 T AT VISP

3)

where V is the vector for the relative velocity between the sensor
and the target SP, is the vector from sensor to target correspond-—
ing to the image point. Therefore they have the following rela—
tionship:

V- SP,

TVITSPT = Mo/ VI 4)

where | V1 is the scalar of the velocity.
Assuming the angle between the vector SP; from the sensor
to the target point and the velocity vector V is § there is:
V- SP,

TViTsp1 ~AM/CLVD )

cosf =

Eq. (5) shows that corresponding ground points of SAR i
magery pixels with any given Doppler are on the rotation cone
(Fig. 1(a)—Fig. (d)) which takes SAR sensor S as vertex
the vector of velocity V as rotation axis and (8 =90° —7) as

semiapex angle. We call the cone as SAR Doppler cone corre—

sponding to an image point.

(g) (h)

(¢) Imaging with non-zero (d) Imaging with

constant doppler varational doppler

Fig. 1 Imaging geometry sketch map for range line pixels

Assuming there are successively image pixels P, P, and P,
from near—range to farwrange on one range line of SAR imagery.
For Real Aperture Radar(RAR) the line image is obtained from
signal beam within one transmission and the corresponding

ground target points of the line pixels are inevitable on the wave

Fig. 1(a) S - P,P,P,) or
cone surface (scanning with cone mode Fig. 1(c) S-P,P.P,)

plane (scanning with plane mode

and pass the s ensor location S. For SAR imagery imaging with
R-D model ground point position P; corresponding to image pix—

el p, is d etermined by Doppler equation (doppler cone S —
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D,D,D, in Fig. 1 (a)—Fig. 1 (d))
sphere taking S as the center and range measured by radar as ra—
dius in Fig. 1 (a)—F ig. 1(d))
(the intersection set b etween the range equation and ellipsoid e—
quation is the circle O P, in Fig. 1 (a)—Fig. (d)). So for

range line pixels P P,P,

range equation (S - P,

and Earth ellipsoid equation

their corresponding ground point
P, PP, and sensor location S have difference spatial geometric
relationships when SAR imaging with difference Doppler:

(1) Imaging with doppler of signal beam center over the t
arget point: this imaging mode is usually applied on spaceborne
SAR imagery with sensor smoothly running such as one mode for
TerraSAR ( DLR  2007). Under the conditions of the non o
rthogonal-side-ooking Doppler cones of each pixels are differ—
ent but the target point and the sensor position are still in plane
S-P,P.P, of beam center emitting by SAR sensor so R-Cp model
can still be applied on the rigorous SAR imagery positioning and
target point set P, P,P, is line (Fig. 1(a) Fig.1(e)).

(2) Tmaging with zero doppler: For semiapex angle 6 is
90° doppler cone becomes plane perpendicular to the velocity
vector and it indicates that the sensor position and corresponding
ground target point are in the plane S-, P,P, and target point
set P,P,P, is a straight line (Fig. 1(b) Fig. 1(f)).

(3) Imaging with a non-zero constant doppler: it means that
the sensor and ground target corresponding to all the line pixels
are on the same doppler cone S, P,P, and the target point set
P, PP, is hyperbola(intersection set of cone and earth-ellipsoid)
(Fig. 1(¢) Fig. 1(g)).

(4) Imaging with arbitrariness doppler: Doppler cones of
different pixels are different and the surface formed by line set
from sensor to all targets is an irregular curved surface and the
target point set P,P,P, is on an irregular curve (Fig.1(d) F
ig. 1(h)).

As it can be seen from the above analysis SAR imagery
with R-D signal imaging is different from real aperture radar and
the shape of ground targets set P, P,P, corresponding to range
line pixels is related to imaging doppler. Assuming these target
points are scanned by a beam from a pseudo real aperture radar
sensor the shape of the beam S, P, P, is consequently i ntent to
change with different doppler.

For real aperture radar image sensor state vector and atti—
tudes and terrain determine doppler of signal. The position v
elocity and attitude of SAR sensor during data acquisition are dif—
ferent from the value after motion compensation of SAR i maging.
Doppler value from SAR signal beam center and Doppler value
from focused image parameters are not always the same. SAR im—
agery positioning is directly related to the compensated sensor
state vector and attitude and is related to the reference oppler

used in imaging.

3 RANGE-COCONE EQUATION WITH DOPP-
L ER PARAMETERS (RCD) FOR SAR IMA-
G ING GEOMETRY

3.1 Range-Cocone equation with Doppler para-in eters

Taking sensor state vector and attitude as orientation parame—

ters Cocone equation with Doppler parameter is built in a

ccordance with the fact that ground point P, corresponding to an
image point p, and SAR sensor location S are on doppler cone.
Assuming the X axis of the platform coordinate system after
rotation with attitude angle ¢—«-w is consistent with the direction
of the compensated velocity and i is the unit vector of the X
-axis doppler cone equation can be built as same as Cheng e
tal. (2012):
(X =Xs) +i,(Y=-Ys) +i,(Z-Zs) /| SP; |
(6)
where 6 is ISP;| =
VX =X) +(Y=Ys) +(Z-7Zs) 5 i= iy iy I,
vector of body coordinate system X-axis after attitude rotation.
According to Cheng et al. (2012) we can have:
i = i =R(pw) 100" =
COSQPCOSKSINK — singcosk @)
With Eq. (5) Eq. (6) and Eq. (7) Cocone equation can
be written as

cospcosk(X — Xs) + sink(Y - Ys) — sinpcosk(Z — Zs) -

cos;f =

semiapex angle of the cone

is unit

i = iy iy Iy

ISP, | A,721 VI =0 €))
Meantime for SAR imagery there is the range equation:
| SP;1 = R “

where R is the range measured by radar wave according to coor—
dinate y in rangeine the pixel size of slant-range M, and initial
slantrange R, of SAR imagery it can be calculated: R = R,
+M.y.

Substituting |SP;| =R of the range equation into Eq. (8)
the Cocone equation can be further simplified. Together with ex—
pansion equation of the range Eq. (9) and range-Cocone equa—
tion with Doppler parameter for SAR imaging geometry can be o
btained as

X =-X) +(Y-Y) +(Z-25)" =R
cospcosk(X — Xs) + sink(Y - ¥s) - (10)
sinpcosk(Z - Zs) = RAf, /21 VI

The Eq. (8) is a cone equation and the second equation of
the Eq. (10) is a plane equation. This plane equation adds a ¢
onstant-item RAf; /21 V| compared with the co-planarity equation
in Cheng et al. (2012). When f; does not equal to O the
plane is no longer passing the antenna center of SAR sensor.
When it is used for SAR imagery the positions and attitudes are
values after motion compensation it means that attitudes are no
longer directly related to the original value of IMU measured but
are related to the attitudes after motion compensation. Though the
plane is still perpendicular to the X-axis after attitude rotation
the X-axis is not consistent with the X-axis of actual platform
body coordinate system but consistent with direction of X-axis or
velocity after motion compensation. Range-Cocone e quation with
Doppler parameters is called as RCD equation in this paper to be
distinguished from the RC, equation.

3.2 RCD equation with the form of apparent function and
in geocentric rectangular coordinate system

Refering to Cheng and Zhang (2012) both sides of the
plane Eq. (10) are divided by M,cos B8 where B is the angle b
etween the velocity and the X-axis of the platform ¢ oordinate sys—
tem. For the X -axis of the compensated platform coordinate sys—

tem and the velocity have same vector direction therefore cos 8
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=1 and there is apparent function of RCD equation with image
point coordinates as d ependent variable :
x = cospcosk(X — Xs) + sink(Y - ¥s) -
sinpcosk(Z - Zs) — RAf, 721 VI /M, =0
y = X =Xs)> + (Y =Ys) +(Z-127s5)" -
R, /M,
The attitude values from the Eq. (11) is related to velocity

an)

after imaging motion compensation and attitude reference coordi—
nate system. The initial value of attitude angle can be calculated
according to the two physical parameters. Because the choice of
attitude reference coordinate system can be arbitrary as shown in
Cheng and Zhang (2012) we used the flight coordinate system
as attitude reference and set 0 to both ¢ and k as initial value.
Meanwhile in view of the conversion relationship between the at—
titude reference coordinate system and the geocentric rectangular
coordinate system RCD equation in geocentric r ectangular coor—

dinate system can be established:

x= iy (X=Xs) +i,* (Y=Ys5) +i,*(Z -17Zs) -

RA[L2I VI /M, =0
y = X -Xs)  + (Y -Ys)’ +(Z-2s)’ =R, /M,
(12)
wherei = i, i, i, ' =RiR(pkw) 1 0 0"
iy )y M)y (L) cospeosk
i [FRRD = (), () (Z)y|| sk | =
iy Xy), (V) (Zy), 4k - singcosk

(X)) ycospcosk + (Yy) ysink — (Z) ysingcosk

(Xy) ycospcosk + (V) ysink — (Z,) ysinpcosk (13)

(Xy) scospcosk + (Yy) ysink — (Zy) zsingcosk
where R} is transformation matrix from platform coordinate s
ystem to flight coordinate system; R} is transformation matrix
from flight coordinate system to geocentric rectangular coordinate
system the subscript X Y and Z of (X)) (Y,) and (Z,) are
respectively component of tri-axial unit vector of the flight coordi—
nate system in tri-axial directions of the geocentric rectangular
coordinate system.

Taking sensor positions (Xs Ys Zs) attitudes (¢ k) the
ground point coordinates (X Y Z) and azimuth and range sys—
tem errors (Ax, Ay,) of the sensor calibration parameters as un—
knowns and linearizing the RCD equation we can obtain the
general form of error equation for SAR imagery observation:

v, = fu dXs + [, dYs + f,, dZs + f, dop + f, dk -

SodX = f, dY = f,dZ + Ax, - I, (14)
v, = fndXs + £, dYs + f,dZs + wdgo + f.dx -

SodX = £y dY = f,dZ + Ay, -1,
where (v, v,) is error correction of image point coordinates;
(I, 1)) is constant term of error equation; f. is coefficient of er—
ror e quation.

As it can be seen from the Eq. (14)

imagery is still consistent with the general form of the error e

error equation of SAR
quation of colinearity equation only differing in linearization.
From the Cocone equations in Eq. (11) Eq. (12) we can build
the error propagation Eq. (15) for influence of Doppler error on

image point coordinate error.

&= v (15)

Eq. (15) means the influence of Doppler error on image g

eometry positioning cannot be ignored.

4 COMBINED ADJUSTMENT MODEL FOR
SAR IMAGERY AND ORBIT-ATTITUDES
OR POS DATA

Three sensor position parameters (Xs Ys Zs) and three ve—
locity parameters (V,, V, V,) are used as exterior orientation
parameters for R-D model positioning. Pang (2006) has shown
that the velocity in the elevation direction is very sensitive to the
elevation accuracy. Orientation parameter number of RCD model
can be reduced to five which could improve the stability and r
eliability of adjustment solver for triangulation specially under the
conditions of sparse GCPs.

Low-order polynomial was used as the refined model for the
attitudes and positions (Cheng & Zhang 2012).

DXS = Xsy +a, +at
EYS = Ys, + b, + byt
Ws = Zsy + ¢, + ¢yt
e =0 tho 4t

K =Kyt 8 t&il

(16)

where Xs Ys Zs ¢ and k are exterior orientation parameters af-
ter refinement; Xs, Ys, Zs, ¢, and k, are the initial values of
exterior orientation parameters; a; b, ¢, f, g,(i=0 1) are
polynomial coefficients of orbit attitude error correction.

Substituting correction model into the imaging model and
taking the refined model parameters a; b, ¢, f; and g,(i=0
1) the ground point coordinates dX dY dZ and sensor system
error parameters Ax, Ay, as unknowns we can get the linearized
error equation.

The systematic error correction parameters (Ax, Ay,) in a
zimuth and range direction of all images can be used as g
eometric calibration parameters for SAR sensors. Two kinds of
block adjustment models are established and the first one takes
sensor position attitude correction model parameters and the

ground point coordinates as unknowns:

V,=B,g+Bt-L, Weight:P,,
V, =E,g-L, Weight: P, 17)
V,=E;t-L, Weight: P,

Self-ealibration parameters s(Ax, Ay,) for SAR sensor are

added to the second model as unknowns and observations:

V,=B,g+Bt+Bs-L, Weight: P,
V, =Eg-L, We%ght:Pg (18)
V., =Et-1L, Weight: P,
V. =Es-L, Weight: P,

In the Eq. (17) and Eq. (18) V., V, V, and V, are er-
ror e quations of the coordinates of image points the coordinates
orbit-attitude (or POS) and SAR sensor
dX dY dZ

point coordinate incremental; ¢ is vector of unknowns

of the ground points
calibration observation; g is unknowns of ground
a; b, ¢
fi g (i=0 1) of orbit-attitude (or POS) correction polynomial
model coefficients; s represents the unknown vector (Ax, Ay,)
of s ystem error of SAR sensor calibration parameters; B, B,

E, E, and E, are coefficient matrix of unknowns.
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5 POSITIONING TEST AND ANALYSIS FOR
AIRBORNE SAR IMAGERY
5.1 Test data

Test site is located at Dengfeng suburb Henan province.
The area covered 13 km x 13 km with terrain elevation in the
range from 230 m and 440 m. X-band airborne SAR data was ob—
tained by multi-band multi-polarization interferometric polarime—
tric CASMSAR mapping system developed by Chinese Academy
of Surveying and Mapping (Zhang 2012).

(a) East Mght-line images (b) West hight-line images
Fig2 [East and west flight-line block images for the same area
(broad-brush is boundary of one image frame)

There are six east flightdines and five west flightdines and
each flightine including 9 or 10 scene images and there are 55

scene images from east flightdine and 44 scenes from west flight—
line overall. There have large Doppler differences in signal focu—
sing among different strips ranging from —600 Hz and 6 00 Hz;
the pixel size in azimuth and slant range are respectively 0.31 m
and 0.25 m and its actual ground resolution is about 0 .5—1.0
m the SAR wavelength is 0.03 m the near-range is a bout 2600
m and the far—range is about 7500 m. The flight height of the
plane is about 3000 m. Fig. 2 shows the relationship of scenes
from east flightdine and west flightdine and Fig. 3 shows a

zoom-in of the intensity image frame.
5.2 Test

(1) Orientation with one scene

One of the images (the imaging Doppler frequency of this
scene is —322 Hz) and its original auxiliary data are used to test
orientation accuracy without GCP (Table 1). Here Lebel F mod-
el R-D model RCD model and R-Cp model are adopted for test
r espectively. From the view of imaging geometry orientation
differences of non—zero Doppler SAR imagery can be examined
with different models.

For R-Cp model pitch angle is —0.785 degrees and yaw a
ngle — 3.44°. These parameters were taken from the original
POS observed value of the image. The calculation of orientation
residual (v,) with range equation in R-D model is same as RCD
and RCp model. And the calculation of azimuth residual v, can
follow Cheng and Zhang (2012). Both sides of the Doppler e
quation in Eq. (1) are multiplied by the coefficient ¢ = AR/ (21
VIM,) which can be converted to the form of apparent Eq.
(19) with x y as the dependent variable. the solution of v, v,
can be made from error equation of the function. The calculation
method of orientation residual with Leberl F equation is same as
R-D equation but the value of f; is set to constant 0.

x=2c* (X=X)V,, +(Y=-Ys)Vy, + (Z-Zs)V,, /
(AR) —c*f, =0
VX =X) +(Y-Ys) +(Z-17s)" -R, /M,

<
I

(19)
Table 1 Accuracy statistics of orientation with different models /pixels
Dot mark /Range coordinate PO1 P02 P03 P04 PO5
Image point coordinate (line/column) 7454 4502 4867 8359 4358 10759 54 12465 662 17916
Direction of error Vx Vy Vx Vy Vx Vy Vx Vy Vx Vy
Leberl F 485.33 7.43 605.23 9.95 684.58 10.75 734.60 11.10 914.93 11.87
R-D 2.75 7.43 -3.10 9.95 -1.97 10.75 -7.57 11.10 -4.85 11.87
R-Cp 175.52 7.43 39.36 9.95 -25.65 10.75 -76.22 11.10 —-194.38 11.87
RCD 2.75 7.43 -3.10 9.95 -1.97 10.75 -7.57 11.10 -4.85 11.87

(2) Freenet block adjustment

Here the scenes from east flightdines and bidirectional
(including east and west) flightdines separate were taken as test
data. And Eq. (17) is used for the free-net adjustment without
GCP and statistics results are filled in “state vector” line and
“0” c olumn in Table 2. As a comparison the original orienta—
tion parameters without correction are used for positioning with

block images and Residual Mean Squares(RMS) is 2.73 m in

plane and 2. 35 m in elevation from east flightdines and RMS is
2 .08 m in plane and 2. 91 m in elevation from bidirectional
flightines.

(3) Block adjustment with different GCPs

The test data here are same as test (2) including east flight—
lines and bidirectional flightdines. But GCPs are used in the
mapping area and the GCP number is changed from 1 to 15. D

ifferent GCP configurations were designed as:
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Table 2 Block adjustment accuracy statistics with different positioning models and methods /m
Orientation parameters GCP number 0 1 4 5 9 15
Plane 0.07 0.51 0.60 1.13 1.31
Control points
Elevation 0.11 0.44 0.49 0.74 0.97
State vector
Plane 19 2.04 1.75 1.69 1.55 1.47
Check points
Elevation .97 1.35 1.21 1.19 1.11 1.00
Fast . Plane 0.19 0.39 0.43 1.06 1.31
. . Control points
flightdines Elevation 0.17 0.33 0.40 0.78 0.93
State vector Plane 14 2.03 1.61 1.58 1.50 1.44
and self-calibration Check points
S Elevation .91 1.22 1.10 1.06 1.01 0.95
parameters
Plane .50 2.89 2.37 2.25 2.17 1.95
Maximum error
Elevation .92 2.33 2.19 2.16 2.05 2.00
Plane 0.02 0.39 0.42 0.67 0.88
Control points
Elevation 0.03 0.22 0.27 0.38 0.51
State vector
Plane .40 1.31 1.15 1.11 1.02 0.93
Check points
Elevation .61 0.80 0.72 0.72 0.61 0.53
Bidirectional _ Plane 0.09 0.41 0.49 0.75 0.83
- . Control points
flightines Elevation 0.03 0.38 0.40 0.42 0.49
State vector Plane .30 1.17 1.05 0.97 0.92 0.87
and self-calibration Check points
. § Elevation .59 0.58 0.55 0.53 0.50 0.46
parameters
Plane .30 2.14 2.03 2.06 1.85 1.77
Maximum error
Elevation 19 1.11 1.02 0.99 0.92 0.89

Case 1: one GCP centered at the test area;

Case 2: 4 GCPs with one at each corner of the test area;

Case 3: 5 GCPs with 1 at the center and the rest 4 at the
four corners;

Case 42 9 GCPs evenly distributed as 3 rows and 3 columns;

Case 5: 15 GCPs evenly distributed.

Dfferent case has different influence on block adjustment ac—
curacy and statistic results are shown in “state vector” row and
“° ‘4“5 9" “15” columns of “GCP number” in Ta—
ble 2.

(4) Block adjustment with self-calibration parameters

Here Ax, and Ay, in RCD error Eq. (14) were taken as
self-calibration parameter of SAR sensor and Eq. (18) are used
for tests. The free-net adjustment and block adjustment with the
same data and ways in test (2) and test (3) were practices. The
statistics accuracy was filled in the rows of “state vector and self—

calibration parameters” in Table 2.
5.3 Test analysis

(1) From orientation accuracy with R-D model and original
auxiliary data of the scene it can be seen that there is a small e
rror in azimuth and larger error in range but the standard devi-
ation from azimuth is bigger than that from range. It also shows
there exits systematic error in range and random error in azimuth.

(2) When doppler frequency of SAR image is non-zero and
large orientation errors with different geometry models have d
istinct difference. Here the accuracy of R-D and RCD model is
best and their errors in both direction are identical. While the a
ccuracy of R-Cp model is relatively poor and Leber F model the

worst.

(3) Compared to the positioning test with the uncorrected o
riginal auxiliary data the accuracy in plane and elevation are im—
proved by adjustment with no or sparse GCP. Under the same
conditions the accuracy of block adjustment with self-calibration
parameters is higher than that of block adjustment without self-
calibration parameters and the block adjustment accuracy of
SAR imagery with bidirectional flightdine images is higher than
that of east flightdine images alone.

(4) With the increase of the number of GCPs the positio—
ning accuracy of check points is increased correspondingly. But
the accuracy is not improved rapidly. The reason is that the ran—
dom error of image distortion make the influence of GCPs on ima—
ges weakening the influence from GCP cant be propagated for
long—range and each GCP can only affects few neighborhood images.

(5) For the adjustment with only east flightdine images
the positioning accuracy is not ideal. It is because the imaging
errors and matching errors have a great influence on elevation ac—
curacy when positioning with small base-height—ratio stereo ima-—
ges. All these indicate that more work is needed to improve the
clarity of images and reduce random errors from imaging.

(6) When adjustment with bidirectional flightdine images
and self-ealibration adjustment model a better positioning accu—
racy can be reached even with sparse or no GCPs. It indicates
that the model and method can effectively eliminate the system
error from sensor or imaging. When the GCP number is up to
five it meets block adjustment accuracy required by 1: 5000
and 1: 10000 mapping criterion over hill and mountain (AQSIQ
& SAC 1992).

6 CONCLUSION

This paper together with the theses (Cheng et al. 2012;
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Cheng & Zhang 2012) systematically discussed the rigorous s
ensor model based on the sensor position and attitude parameters
for the real aperture radar and SAR imagery. Range-Coplanarity
(R-Cp) equation can be used for real aperture radar imagery
scanning with plane mode SAR imagery imaging with signal
doppler of beam center or SAR imagery imaging with zero
doppler. Range-CoCone (R-Cc) (Cheng et al. 2012) can be
used for real aperture radar imagery scanning with cone mode or
SAR imagery imaging with non-zero constant Doppler. And RCD
model can be applied to all radar (including real aperture radar
and SAR) imagery imaging with R-D model.

Compared with R-D model RCD equation proposed in this
study reduces the number of the orientation parameters which can
reduce the correlation between the orientation parameters and im—
prove the stability of adjustment solver. With image point coordi—
nate (x y) as dependent variable and exterior paraments (Xs
Ys Zs

function of RCD still can absorb some mature digital photogram—

¢ k) as independent variable the form of apparent
metric technologies and methods from optical line array images
when SAR imagery triangulation processing and realize com—
bined adjustment among SAR image data and POS data. Block
adjustment model with self-calibration parameters has an impor—
tant role in improving image positioning accuracy under the con—
dition of poor geometric calibration accuracy to SAR s ensor. At
the same time although there still has room to improve the posi—
tioning accuracy along with the upgrade of a irborne SAR map-
ping system the aerial triangulation accuracy of airborne SAR
imagery with sparse GCP has reached the r equirements of
1: 5000 and 1: 10000 aerial m apping criterion over hills and
mountains area. Airborne SAR mapping system and airborne
SAR imagery will gradually be a pplied to mapping at large

scale.
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