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Abstract: Airborne synthetic aperture radar (Airborne SAR) can accurately locate key targets and
regions by using the flight parameters of the aircraft and the relative position information between
the aircraft and the target which can be obtained from the airborne positioning and orientation system
(POS). In the course of flight, the aircraft will deviate from the ideal flight path due to atmospheric
turbulence, which results in the calculation deviating from the actual target position. In order to
improve the target positioning accuracy, it is necessary to study the influence of aircraft motion error
on the target positioning error. This study discusses the positioning accuracy of single-view airborne
SAR from the perspective of linear Range-Doppler algorithm (RDA), and deduces the multi-view
airborne SAR positioning error transfer model based on the multi-view airborne SAR positioning
model. Based on these, we analyze the main factors that affect the positioning accuracy of the two
positioning methods in detail and quantitatively reveal the mechanism by which the multi-view
airborne SAR positioning method can improve the target positioning accuracy compared with the
single-view airborne SAR positioning method; we also solve the problem of course planning for multi-
view airborne SAR optimal positioning. The research results can provide theoretical support for the
analysis of factors influencing positioning error and the positioning error correction of airborne SAR.

Keywords: airborne SAR; image positioning; linear RD algorithm; motion error; error transfer model;
optimal positioning; course planning

1. Introduction

Synthetic aperture radar (SAR) has the advantages of all-sky and all-weather imag-
ing, and is an important tool for high-resolution earth observation [1–3]. Accurate target
location is one of the important uses of SAR [4,5], and SAR image positioning is an ef-
fective means to obtain three-dimensional position information of the target, which has
important application value in digital elevation model (DEM) generation of imaging area,
topographic map drawing and accurate interpretation of military targets. Traditional SAR
image positioning methods mainly include the polynomial model, collinearity equation
model [6,7] and Range-Doppler model [8–10]. Because the polynomial model and collinear-
ity equation model do not conform to the SAR side view imaging principle, have no clear
geometric and physical significance and must rely on ground control points to invert model
parameters to complete SAR image positioning, they cannot be used for automatic real-time
SAR image positioning. The Range-Doppler model, based on the two characteristics of
SAR side view oblique imaging and Doppler frequency shift, uses the range equation and
Doppler frequency equation to establish the functional relationship between the image
point coordinates of SAR oblique image and radar platform coordinates, which has clear
geometric and physical significance and has been widely used in SAR image stereoscopic
positioning. For airborne SAR image positioning, according to the number of flight passes
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and SAR images which are needed to complete image positioning, airborne SAR image
positioning can be divided into single-view and multi-view airborne SAR image position-
ing [11]. In the field of remote sensing, a large number of studies have been carried out
on single-view airborne SAR image positioning, and these studies are generally based
on the Range-Doppler model [12–15] or the extended Range-Doppler model [16–21] to
complete SAR image positioning. For the positioning of a multi-view airborne SAR image,
the stereoscopic positioning of the same target, which is in two or more SAR images which
have a good intersection effect, is usually solved by Range-Doppler equations [22–26].

An airborne SAR platform is easily affected by inertial navigation drift, wind speed,
wind direction and air flow during theaircraft’s flight. These factors prevent the aircraft
flying in a precisely uniform motion in a straight line. The position error and velocity
error of the aircraft are large, leading to deviation in the parameters for calculation of the
positioning model, which eventually will seriously affect the positioning accuracy of the
target. Therefore, it is necessary to analyze the factors affecting the positioning accuracy of
airborne SAR, which can provide theoretical support for the positioning accuracy index
design of airborne SAR systems. On the one hand, most of the researches on the factors
affecting the positioning error of single-view airborne SAR are based on using the geometric
relationship of imaging to analyze SAR positioning accuracy, and the analytical formula
of the positioning error is given. The authors also point out that aircraft velocity error in
range is the main factor affecting the positioning accuracy, but the analysis of the inertial
navigation parameters of aircraft is lacking [27–29]. On the other hand, relatively few
studies have been carried out to analyze the influencing factors of multi-view airborne SAR
positioning error, and the related research works need to be further improved. Intuitively,
compared with the single-view airborne SAR positioning method, the multi-view airborne
SAR positioning method using at least two SAR images will add more target information
and enhance the anti-jamming performance of the positioning process, making the multi-
view airborne SAR positioning method more accurate. This is the reason why the multi-
view airborne SAR positioning method is more and more widely used in the field of SAR
image positioning. However, there is little theoretical proof that the multi-view airborne
SAR positioning method is better than the single-view airborne SAR positioning method in
the field of airborne SAR positioning.

This paper is devoted to perfecting research into airborne SAR positioning error
analysis. We derive the analytical expression of single-view airborne SAR positioning
error from the point of view of linear RDA, and we also derive the multi-view airborne
SAR positioning error transfer model from the perspective of the multi-view airborne
SAR positioning model. Based on these, the positioning error analysis of single-view and
multi-view airborne SAR can be put into the same frame. The main influencing factors of
airborne SAR positioning error are discussed and the advantages of multi-view airborne
SAR positioning method are proved theoretically. We also study the course planning of
aircraft for multi-view airborne SAR optimal positioning and find some useful rules.

The remainder of this paper is organized as follows: Section 2 gives the transfer
models of the single-view and the multi-view airborne SAR positioning error and gives
an effective method to analyze the influence of dual aircraft geometry configuration on
target positioning accuracy. Section 3 verifies the effectiveness of the proposed multi-view
airborne SAR positioning error transfer model by aircraft flight experiments, performs a
comparative analysis on the factors influencing single-view and multi-view airborne SAR
positioning error, and tests the influence of the course relationship between dual aircraft
on the multi-view airborne SAR positioning accuracy. A discussion is offered in Section 4.
Finally, the conclusions of this study are drawn in Section 5.

2. Methodology
2.1. Analytical Expression of Single-View Airborne SAR Positioning Error

When the classical linear Range-Doppler Algorithm (RDA) processes single-view
airborne SAR data, it firstly uses the parameters provided by the inertial navigation system



Remote Sens. 2022, 14, 3055 3 of 16

(INS) to generate a reference signal which is used to compensate the radar echo signal. It
then obtains high-resolution SAR image through the two-dimensional Fourier transform,
and finally performs geometric distortion correction on the image with the scene center
as the reference point [30]. The center of the scene can be fully focused after the RDA
processing. Without considering the influence of terrain fluctuation, we can deduce the
influence of aircraft position errors (dxs,dys,dzs) and velocity errors (dvx,dvy,dvz) on target
positioning accuracy from the perspective of the RDA. The analytical expression of single-
view airborne SAR positioning error can be summarized as shown in Table 1. The detailed
derivation of Table 1 is given in Appendix A.

Table 1. Analytical expression of single-view airborne SAR positioning error.

Error Pattern Type Location Error ∆r of Target

Position error
dxs dxs
dys dys
dzs h tan θ −

√
(h tan θ)2 − (dzs)2 − 2h · dzs

Velocity error
dvx

√
2(h tan θ)2

[
1− va/

√
(va)

2 + (dvx)2
]

dvy 0

dvz h
va

√
2(va tan θ)2 − 2va tan θ

√
(va tan θ)2 − (dvz)2

2.2. Multi-View Airborne SAR Positioning and Course Planning Analysis Method
2.2.1. Multi-View Airborne SAR Positioning Model

As shown in Figure 1, it is assumed that airborne SAR conducts strip model imaging
of the same target area from two intersecting routes; the O1-x1y1z1 and O2-x2y2z2 are,
respectively, the imaging coordinate systems where the two aircraft are located.
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The position of the target can be determined by the position and velocity of the radar
antenna phase center and the slant distance between target and antenna. The relatively
strict distance condition and Doppler frequency condition (1) are satisfied between target Q
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and the radar antenna phase center on the routes under Earth Center Fixed (ECF) coordinate
system. Solving the Equation (1) can realize target location.

F1 = (X− XS1)
2 + (Y−YS1)

2 + (Z− ZS1)
2 − R2

1 = 0
F2 = 2

λ [VX1(X− XS1) + VY1(Y−YS1) + VZ1(Z− ZS1)]/R1 + fdc1 = 0
F3 = (X− XS2)

2 + (Y−YS2)
2 + (Z− ZS2)

2 − R2
2 = 0

F4 = 2
λ [VX2(X− XS2) + VY2(Y−YS2) + VZ2(Z− ZS2)]/R2 + fdc2 = 0

(1)

where Fi (i = 1, . . . ,4) are multi-variate functions, (X,Y,Z) is the position of the target,
(XS1,YS1,ZS1) and (VX1,VY1,VZ1) are, respectively, the position and velocity of the radar
antenna 1 phase center, (XS2,YS2,ZS2) and (VX2,VY2,VZ2) are respectively the position
and velocity of the radar antenna 2 phase center under ECF coordinate system, R1 and
R2 are the oblique distance between the radar antenna phase center of dual aircraft and
target respectively, fdc1 and fdc2 are radar antenna Doppler center frequency of dual aircraft,
respectively. The latitude, longitude, altitude and velocity of the radar antenna can be
obtained by the airborne GPS and INS and can be converted to ECF coordinate system. The
slant distance between the radar antenna and the target can be determined by the radar
short-range delay, range resolution and the pixel coordinates of the target which is in the
SAR image.

Equation (1) is a nonlinear system about the target position, which needs to be solved
by using the linearized Newton iteration method [16], so as to obtain the three-dimensional
position of the target.

2.2.2. Multi-View Airborne SAR Positioning Error Transfer Model

The aircraft will deviate from the ideal route due to random jitter which is caused
by atmospheric turbulence and other influences during flight. This random motion error
can lead to a deviation between the actual position and velocity of the aircraft measured
by POS and the aircrafts’ ideal position and velocity, and this error will cause the target
pixel in SAR image to be biased, which will eventually lead to inaccurate target positioning.
Therefore, it is necessary to study the influence of dual aircraft position error and velocity
error on target location error.

The first order differential of dual aircraft position and velocity by using Equation (1)
can be expressed as:


F1
F2
F3
F4

 = A ·

dX
dY
dZ

+ B ·



dXS1
dYS1
dZS1
dXS2
dYS2
dZS2

+ C ·



dVX1
dVY1
dVZ1
dVX2
dVY2
dVZ2

 (2)

We define the positioning error estimation of the multi-view airborne SAR on the
target as:

d1 =

√
(dX)2 + (dY)2 + (dZ)2 (3)

The expressions for A, B, C and the solution for d1 are shown in Appendix B.
When the position errors and velocity errors of dual aircraft exist, we can indepen-

dently analyze the influence of dual aircraft position errors and velocity errors on target
positioning error in multi-view airborne SAR positioning model by using the above posi-
tioning error transfer model.

2.2.3. Course Planning Analysis Method for Multi-View Airborne SAR Platform

It is assumed that dual aircraft motion error is consistent during flight. Compared with
target localization using single-view airborne SAR, the positioning accuracy of multi-view
airborne SAR on target may be related to the platform geometric position, which includes
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dual aircraft course Angle ϕ and the Angle of view θ under radar antenna during the flight.
We study the analysis method of the influence of dual aircraft geometry configuration
(ϕ and θ) on target positioning error when there are motion errors in this section.

Figure 2 is the geometric configuration diagram of the two platforms, where Oe-XeYeZe
is the ECF coordinate system, O-XgYgZg is the east, north and up (ENU) coordinate system.
Point Q is the target, point A and B are the positions of the two antennas phase center
corresponding to the target, and the point O whose height is H is above the target Q.
Suppose that two platforms are flying at an altitude of H, the Angle of view under the two
radar antennas to the target Q is θ, and the course Angle of dual aircraft is ϕ.
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In the process of radar platform positioning of the target, the positions of the origin O
and the antenna phase center A, B in the ENU coordinate system O-XgYgZg are O(0,0,0),
A(x,y,0) and B(x1,y1,0), respectively. It can be obtained from the geometric relationship
between the phase center of the antenna and the target that:{

x2 + y2 = x2
1 + y2

1 = R2 = ( H
cos θ )

2 − H2

(x− x1)
2 + (y− y1)

2 = 2R2(1− cosϕ)
(4)

Under the conditions of knowing A(x,y,0), the course Angle ϕ and the Angle of view θ
under the antenna, we can figure out the position B(x1,y1,0). Then, the positions of point
A(XS1,YS1,ZS1) and point B(XS2,YS2,ZS2) in the ECF coordinate system can be obtained
according to the transformation relation between the target position in the ENU coordinate
system and that in the ECF coordinate system [23].

By introducing the positions A(XS1,YS1,ZS1) and B(XS2,YS2,ZS2) into the multi-view
airborne SAR positioning error transfer model, the influence of dual aircraft geometric
configuration (ϕ and θ) on the target positioning accuracy can be analyzed.

3. Experiment Results and Analysis

In this part, we first verify the effectiveness of the multi-view airborne SAR positioning
error transfer model by multi-view airborne SAR simulation positioning experiment. Then,
we use the single-view and multi-view airborne SAR positioning error transfer models
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which are established above to analyze the positioning error of the single-view and multi-
view airborne SAR in a unified framework, and discuss the advantages and disadvantages
of the two positioning models as well as the main influencing factors of the two models
on the target positioning error. Finally, aiming at the optimal location problem of the
multi-view airborne SAR, we analyze the specific influence of the dual aircraft geometry
configuration on the target positioning accuracy.

3.1. Accuracy Verification of Multi-View Airborne SAR Positioning Error Transfer Model
3.1.1. Verification Experiment Design

We assume that the real position of the target is (X0,Y0,Z0) and the target position
solved by using multi-view airborne SAR positioning model (1) is (X,Y,Z) when the dual
aircraft have motion error. In the traditional multi-view airborne SAR positioning field,
we regard d as the actual target positioning error caused by the motion error of the dual
aircraft, and the d is:

d =

√
(X− X0)

2 + (Y−Y0)
2 + (Z− Z0)

2 (5)

Above, we propose that the multi-view airborne SAR positioning error transfer
model (3) can be used to estimate the actual target positioning error d caused by the
aircraft motion error, but whether the estimate d1 of the actual target positioning error d is
effective needs further verification.

We carry out the following two simulation experiments to verify the effectiveness of
the multi-view airborne SAR positioning error transfer model:

a. Simulated flight experiment: Add single motion error (position or velocity) to the
aircraft in the imaging coordinate system, and then obtain the position and velocity
of the radar antenna phase center through the simulation experiment, and complete
the error locating of the target according to Equation (1). Based on the known real
position of the target, we can obtain the actual target positioning error d caused by
the aircraft motion error according to Equation (5).

b. Positioning error transfer experiment: Under the premise of knowing the target
real position and the radar antenna phase center real position, real velocity, we can
convert the motion error which is added to the aircraft in the imaging coordinate
system in experiment a. into the aircraft motion error which is under ECF coordinate
system according to Appendix C and then put it into error transfer model. Finally,
the target positioning error estimation d1 is calculated according to Equation (3).

Comparing d and d1 can verify the validity of the multi-view airborne SAR positioning
error transfer model.

3.1.2. Experimental Parameter Setting and Verification Results

Set dual aircraft system parameters to be consistent in experiment a., as shown in
Table 2. Aircraft 1 is flying due north and aircraft 2 is flying due east. The real positions of
the target and the radar antenna phase center are shown in Table 3.

Table 2. System Parameters.

Parameters Value

Carrier frequency 17 GHz
Bandwidth 80 MHz

Platform height 4 km
Platform velocity 150 m/s

Squint angle 0◦

Pitch angle 53◦
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Table 3. Real positions of the target and antenna.

Type Longitude/(◦) Latitude/(◦) Altitude/m

Target −89.9730505 0.0273685 0.00
Antenna 1 −90.0000000 0.0273512 4000.00
Antenna 2 −89.9730674 0.0545000 4000.00

In the imaging coordinate system, position errors of 3 m in the range (Case1), azimuth
(Case2), altitude (Case3) and velocity errors of 0.3 m/s in the range (Case4), azimuth
(Case5), altitude (Case6) and the combined error of these six motion errors (Case7) are
separately added to dual aircraft in turn. The error locating result and actual positioning
error d of the multi-view airborne SAR positioning model (1) on the target in experiment
a. and the target positioning error estimation d1 which is calculated by the error transfer
model in experiment b. are shown in Table 4.

Table 4. Positioning Results and Location Errors of the target.

Type Longitude/(◦) Latitude/(◦) Altitude/m d/m d1/m |d-d1|/m

Target −89.9730505 0.0273685 0.00 / / /
Case1 −89.9730553 0.0273685 1.97 2.39 2.25 0.14
Case2 −89.9730505 0.0273685 0.00 0.00 0.00 0.00
Case3 −89.9730503 0.0273678 −3.00 3.00 3.00 0.00
Case4 −89.9730505 0.0273685 0.00 0.00 0.00 0.00
Case5 −89.9730505 0.0273685 0.00 0.00 0.00 0.00
Case6 −89.9730506 0.0273684 0.00 0.01 0.00 0.01
Case7 −89.9730563 0.0273721 0.02 0.65 0.75 0.10

It can be seen from Table 4 that, under the influence of seven error sources, the
actual target positioning error d through the simulation flight experiment is basically
consistent with the target positioning error estimation d1 which is calculated through the
error transfer model, and the root mean square error of d and d1 is 0.07 m, showing that
the positioning error analysis accuracy of the multi-view airborne SAR positioning error
transfer model on target can reach a high level. Compared with using signal simulation
experiments which need the iterative solution of the positioning system (1) to analyze the
positioning error, the error transfer model is simple and efficient, and it is an useful tool for
analyzing the influence of multi-view airborne SAR platform motion error on the target
positioning accuracy.

3.2. Comparative Analysis of Single-View and Multi-View Airborne SAR Positioning Error

Aircraft motion error can be decomposed into the range, azimuth and altitude position
error and velocity error during flight. For multi-view airborne SAR positioning method,
the motion error (D1,D2) of dual aircraft in any direction can be decomposed into the
combination of Common Mode (CM) motion errors (m,m) and Differential Mode (DM)
motion errors (n,−n), where: {

m = (D1 + D2)/2
n = (D1 − D2)/2

(6)

and: {
D1 = m + n
D2 = m− n

(7)

We can regard the motion error which is generated by the dual aircraft under the same
external conditions as the CM motion error, and regard the motion error generated by the
opposite external conditions as the DM motion error. We can also define aircraft motion
error which is in the direction of range to the right, azimuth to the forward and altitude to
the upward as positive.
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The dual aircraft system parameters, target position and the two antennas phase
center positions are set as described in Section 3.1.2; the ranges of the dual aircraft position
error and velocity error in range, azimuth and altitude are [–5, 5] m and [−0.5, 0.5] m/s
respectively. Based on the analysis of the single-view and multi-view airborne SAR location
error transfer models, the influences of single aircraft motion error, the CM and DM motion
error of the dual aircraft on target positioning accuracy are shown in Figure 3.
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Figure 3 reveals the general rule of influence which is about aircraft motion error on
target positioning accuracy in two positioning modes. Comprehensive analysis of Figure 3
can draw the following conclusions:

(1) The velocity errors of aircraft in range and altitude are the main factors affecting the
single-view airborne SAR positioning accuracy.

(2) Dual aircraft DM velocity errors in range and altitude are the main factors affecting
the positioning accuracy of the multi-view airborne SAR.

(3) Dual aircraft CM position error in azimuth and CM velocity errors in range, azimuth
and altitude basically do not affect the positioning accuracy of the multi-view airborne
SAR.

(4) Comparing (a–f) we can see that compared to the effect of single-view airborne SAR
motion error on the target positioning error, the influence of aircraft motion error
on the target positioning error will be suppressed when dual aircraft motion errors
constitute CM motion errors, while the influence of aircraft motion error on the
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target positioning error will be amplified when dual aircraft motion errors constitute
DM motion errors. This rule reveals the advantage of the multi-view airborne SAR
positioning method compared with the single-view airborne SAR positioning method.
Thus, dual aircraft of the same type are used to complete the positioning of the target
in the same environment as far as possible. In this case, dual aircraft motion errors
can be basically regarded as CM motion errors which will make the positioning
accuracy of multi-view airborne SAR higher than that of single-view airborne SAR. If
the working environment of dual aircraft is very different, dual aircraft DM motion
errors are the main motion errors, which will lead to the target positioning effect of
multi-view airborne SAR being inferior to that of single-view airborne SAR.

3.3. Course Planning for Multi-View Airborne SAR Optimal Positioning
3.3.1. Course Angle Optimization of Dual Aircraft

Set the system parameters of the dual aircraft to be consistent, as shown in Table 2.
Aircraft A is flying due north and the course Angle between aircraft A and aircraft B is ϕ.
The real positions of the target and the radar antenna 1 phase center are shown in Table 3.

According to Equation (4), the position of aircraft B in ENU coordinate system is:

y1 = y cosϕ− x sinϕ

 x1 = −
√

R2 − y2
1, 0 ≤ ϕ ≤ π

2 ∪
3π
2 < ϕ ≤ 2π

x1 =
√

R2 − y2
1, π

2 < ϕ ≤ 3π
2

(8)

Then, the position of aircraft B synthetic aperture center corresponding to the target
under ECF coordinate system can be obtained. It is assumed that the motion errors of the
dual aircraft are consistent during flight: in the imaging coordinate system, position errors
of 3 m in the range (dxs), azimuth (dys), altitude (dzs) and velocity errors of 0.3 m/s in the
range (dvx), azimuth (dvy), altitude (dvz) and the combined motion error (CME) of these
six motion errors are separately added to the dual aircraft in turn. We use the multi-view
airborne SAR positioning error transfer model to analyze the influence of dual aircraft
course Angle ϕ on target positioning error, and the analysis results are shown in Figure 4.
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As can be seen from Figure 4, for the single motion error of dual aircraft, the target
positioning errors caused by dual aircraft velocity errors in range, altitude and position error
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in azimuth are sensitive to the smaller or the larger dual aircraft course Angle ϕ; the target
positioning errors caused by dual aircraft position errors in range, altitude and velocity
error in azimuth are basically not affected by dual aircraft course Angle ϕ. When dual
aircraft course Angle ϕ is too large or too small, the multi-view airborne SAR positioning
method will cause excessive target positioning error. However, the target positioning error
is relatively small and the floating range is within 1 m when dual aircraft course Angle ϕ
is between [10◦, 350◦]. In particular, the target positioning error is minimum when dual
aircraft course Angle ϕ is near 180◦. Therefore, when we use the multi-view airborne SAR
positioning method to complete target positioning, in order to make the target positioning
error caused by dual aircraft motion error relatively small, the dual aircraft course Angle ϕ
should not be too small or too large, preferably around 180◦.

3.3.2. View Angle Optimization under Radar Antenna

When analyzing the influence of the Angle of view θ under antenna on target position-
ing accuracy, in order to simplify the discussion, dual aircraft are set to fly vertically, and
dual aircraft synthetic aperture centers corresponding to the target are located due north
and due west of the target, respectively. The system parameters of the dual aircraft except
pitch angle are shown in Table 2 and the real position of the target is shown in Table 3.

The positions of dual aircraft in ENU coordinate system O-XgYgZg are A(−x,0,0) and
B(0,x,0), respectively. According to Equation (4), we can obtain that x = H·tan(θ). Similar to
the above analysis which is about the influence of dual aircraft course Angle ϕ on target
positioning error, seven types of motion error are successively added to the aircraft. Using
the multi-view airborne SAR positioning error transfer model to analyze the influence of
the Angle of view θ under antenna on target positioning error and the analysis gives the
results shown in Figure 5.
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As can be seen from Figure 5, for the single motion error of dual aircraft, the floating
range of the target positioning error caused by dual aircraft motion error is small when
Angle of view θ under antenna is small, and the target positioning error caused by dual
aircraft position error in range is sensitive to the larger Angle of view θ under antenna; the
target positioning errors caused by dual aircraft position error in azimuth, altitude and
velocity errors are not affected by the Angle of view θ under antenna. More importantly,
with the increase of θ, the target positioning error caused by CME decreases first and then
increases, when the Angle of view θ under antenna is within the range of [30◦, 60◦], the
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target positioning error caused by dual aircraft motion error is relatively small and the
floating rang is within 1 m.

4. Discussion

The aircraft will deviate from the ideal flight path under the influence of some factors
which include the measurable wind direction and wind speed. We can measure the
wind direction and wind speed in the expected flight area of the aircraft in advance, and
decompose the wind speed into the imaging coordinate system where the aircraft is located
according to the geometric composition relationship between the planned flight track of
the aircraft and the wind direction in the flight area. The positioning accuracy of the
airborne SAR can be improved by using the proposed positioning error analysis method to
quantitatively calculate the specific influence of wind direction and speed on the positioning
process and then compensate the influence in the positioning results. We can also make
use of the conclusions reached in Section 3.2 to adjust the course of the aircraft in time
according to the wind direction in the observation area, so that the motion errors of the
aircraft caused by wind direction and wind speed are not in range direction and altitude
direction in the single-view positioning mode, trying to form the CM relationship in the
multi-view positioning model.

In order to achieve the optimal positioning of the multi-view airborne SAR, the course
Angle between the dual aircraft should be about 180◦ and the Angle of view under antenna
should not be too large, which is in accordance with common sense. The course Angle
between the dual aircraft is 180◦ means that the overlap degree of the same target area
observed by the dual aircraft is the highest, providing more target information, so the
positioning effect is the best. If the Angle of view under antenna is too large, this means
that the observation distance of the radar is long. In this case, the small motion error of the
aircraft will lead to a large positioning error. These rules have important reference value
for optimizing the positioning effect of airborne SAR.

5. Conclusions

There is a lack of an effective and unified tool to analyze the single-view and multi-
view airborne SAR positioning error. In light of the deficiency of airborne SAR positioning
error analysis, this paper deduces the specific influence modes of aircraft motion error on
target positioning error under different positioning modes based on the linear RDA and
multi-view airborne SAR positioning models, respectively. Based on these, the results of
comparative analysis of single-view and multi-view airborne SAR positioning error show
that velocity errors in range and altitude are the main factors affecting the single-view
airborne SAR positioning accuracy. Dual aircraft DM motion errors are the main reason for
the inaccurate positioning of multi-view airborne SAR; and dual aircraft CM motion errors
can restrain the influence of aircraft motion error on target positioning accuracy. Thus,
the multi-view airborne SAR positioning method can achieve higher target positioning
accuracy compared with the single-view airborne SAR positioning method when dual
aircraft are working in the same environment. In order to optimize the positioning effect of
the multi-view airborne SAR positioning method, the course Angle ϕ between the dual
aircraft should be around 180◦, and the Angle of view θ under antenna should be within
the range of [30◦,60◦]. These rules have a good guiding effect on the aircraft motion attitude
when we want to achieve high precision target positioning by airborne SAR. Further
research is needed to verify the judgment about the influence of the aircraft motion error
on the target positioning error through the aircraft positioning experiment.
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Appendix A

This Appendix is used to explain how to use the RDA to derive the analytical expres-
sion of the single-view airborne SAR positioning error. Assume that the aircraft flies from
A to B at velocity va, and point C(X0,Y0,Z0) is the center of the synthetic aperture. We take
the ground projection of the point C as the origin O to establish the geometric coordinate
system of imaging as shown in Figure A1. θ is the Angle of view under antenna phase
center at the center of the synthetic aperture, h is the flight altitude of the aircraft, point
D(x1,y1,0) is the center of the imaging scene, p(x,y,0) is any point in the imaging scene.
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The coordinates of point D which is in the center of the scene can be expressed as:{
x1 = h tan θ
y1 = 0

(A1)

The coordinates of the synthetic aperture center C are:
X0 = 0
Y0 = 0
Z0 = h

(A2)

The ideal flight path of the aircraft can be expressed as:
X = X0
Y = Y0 + vat
Z = Z0

(A3)
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The instantaneous distance between the phase center of radar antenna and scene
center D is:

r0(t) =
√
(X− x1)

2 + (Y− y1)
2 + (Z)2 =

√
(X0 − h tan θ)2 + (Y0 + vat)2 + (Z0)

2 (A4)

The reference signal generated according to the ideal track can be expressed as:

s0(τ, t) = wr[τ − 2r0(t)/c] exp{−j4πr0(t)/λ} exp
{

jπKr(τ − 2r0(t)/c)2
}

(A5)

where, wr(τ) is the rectangular window function, λ is the radar wavelength, c is the speed
of light and Kr is the chirp frequency.

After RDA processing, the Doppler phase of scene center D is compensated as a fixed
phase, so it is focused in the image center, and the corresponding nominal distance and
Doppler frequency of the point D can be written as: r0(t)|t=0 =

√
(X0 − h tan θ)2 + Y02 + Z02

fd = − 2
λ

dr0(t)
dt

∣∣∣
t=0

= − 2
λ

Y0va√
(X0−h tan θ)2+Y0

2+Z0
2

(A6)

In actual flight, the aircraft will deviate from the ideal flight path due to influences
such as airflow, which will lead to deviation between the actual motion parameters of
the aircraft recorded by INS and the motion parameters when the aircraft flies along the
ideal path; therefore, after RDA imaging, the target deviates from real position and has
certain defocusing. We can quantify the jitter of the aircraft during flight into position
errors and velocity errors in the direction of range, azimuth and altitude. Suppose (dvx,
dvy,dvz) are the velocity errors of the aircraft in the range, azimuth and altitude, respectively,
and (dxs,dys,dzs) are the position errors of the aircraft in the range, azimuth and altitude,
respectively, at point C. The position of the aircraft synthetic aperture center in the non-ideal
track can then be expressed as:

X0 = X0 + dxs = dxs
Y0 = Y0 + dys = dys
Z0 = Z0 + dzs = h + dzs

(A7)

The instantaneous position of the aircraft antenna phase center in the non-ideal track is:
X = X0 + dvx · t
Y = Y0 + (va + dvy)t
Z = Z0 + dvz · t

(A8)

We can deduce that the instantaneous distance between the phase center of the radar
antenna and any point p(x,y,0) in the imaging scene is:

rp(t) =
√
(X0 + dvx · t− x)2

+ (Y0 + (va + dvy)t− y)2
+ (Z0 + dvz · t)2 (A9)

Assuming that the phase of the point p(x,y,0) in the radar echo signal is sp(τ,t), if
s0(τ,t) = sp(τ,t), the phase of the point p(x,y,0) will be compensated as a fixed phase after
imaging and p(x,y,0) is positioned in the image center. We can say that:{

rp(t)
∣∣
t=0 = r0(t)|t=0

fd = − 2
λ

dr0(t)
dt

∣∣∣
t=0

= fp = − 2
λ

drp(t)
dt

∣∣∣
t=0

(A10)
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and Equation (A10) can be simplified as:{ √
(h tan θ)2 + h2 =

√
(dxs− x)2 + (dys− y)2 + (h + dzs)2

0 = (dxs− x)dvx + (dys− y)(va + dvy) + (h + dzs)dvz
(A11)

In the absence of motion error, the scene center D is focused in the image center, but
point p is focused in the image center after the introduction of motion error. Therefore,
the distance between D and p can be considered as the single-view airborne SAR posi-
tioning error when the aircraft has motion error. The analytical expression of single-view
airborne SAR positioning error can be expressed as Equation (A12), which can be solved by
Equation (A11).

∆r =
√
(x− x1)

2 + (y− y1)
2 =

√
(x− h tan θ)2 + y2 (A12)

The influence of aircraft position errors (dxs,dys,dzs) and velocity errors (dvx,dvy,dvz) on
the target positioning accuracy can be analyzed independently according to
Equations (A11) and (A12), and then Table 1 can be easily obtained.

Appendix B

Here, the expressions for A, B, C and the solution for d1 are given. Based on
Equations (1) and (2), we can get:

A =


2(X− XS1) 2(Y−YS1) 2(Z− ZS1)
2VX1/λR1 2VY1/λR1 2VZ1/λR1
2(X− XS2) 2(Y−YS2) 2(Z− ZS2)
2VX2/λR2 2VY2/λR2 2VZ2/λR2

 (A13)

B =



−2(X− XS1) −2VX1/λR1 0 0
−2(Y−YS1) −2VY1/λR1 0 0
−2(Z− ZS1) −2VZ1/λR1 0 0

0 0 −2(X− XS2) −2VX2/λR2
0 0 −2(Y−YS2) −2VY2/λR2
0 0 −2(Z− ZS2) −2VZ2/λR2



T

(A14)

C =



0 2(X− XS1)/λR1 0 0
0 2(Y−YS1)/λR1 0 0
0 2(Z− ZS1)/λR1 0 0
0 0 0 2(X− XS2)/λR2
0 0 0 2(Y−YS2)/λR2
0 0 0 2(Z− ZS2)/λR2



T

(A15)

We define the position error matrix and velocity error matrix of the dual aircraft as D
and E, respectively, and the D and E are:{

D =
[

dXS1 dYS1 dZS1 dXS2 dYS2 dZS2
]T

E =
[

dVX1 dVY1 dVZ1 dVX2 dVY2 dVZ2
]T (A16)

Then the deformation of Equation (2) can be written as:

G =
[
dX dY dZ

]T
= −A−1BD− A−1CE (A17)

Thus, Equation (3) can be solved conveniently according to Equation (A17).
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Appendix C

In this Appendix, we give the conversion relationship between the dual aircraft motion
error in the imaging coordinate system and the ECF coordinate system.

The conversion process consists of two steps: axis rotation and position conversion.
Assuming that the aircraft heading Angle is ψ, the rotation matrix Cg

b transformed from the
imaging coordinate system to the ENU coordinate system can be expressed as:

Cg
b =

 cos ψ sin ψ 0
− sin ψ cos ψ 0

0 0 1

 (A18)

The position conversion matrix Ce
g transformed from ENU to ECF can be expressed as:

Ce
g =

 − sin L cos L 0
− sin B cos L − sin B sin L 0
cos B cos L cos B sin L sin B

T

(A19)

where B and L are the latitude and longitude of the ENU origin, respectively. Therefore,
the transformation relation of the aircraft motion error in two coordinate systems can be
expressed as: 

dXS
dYS
dZS

 = Ce
g · C

g
b ·

dxs
dys
dzs


dVX

dVY
dVZ

 = Ce
g · C

g
b ·

dvx
dvy
dvz

 (A20)

where (dxs,dys,dzs) and (dvx,dvy,dvz) are the position and velocity error of the aircraft in
range, azimuth and altitude, (dXS,dYS,dZS) and (dVX,dVY,dVZ) are the position and velocity
error of the aircraft in the direction of X, Y and Z under ECF.
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