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Abstract— In the bistatic synthetic aperture radar (SAR),
the comodulation effect induced by transmitting and receiving
antennas to the image amplitude is the main factor affecting the
radiometric accuracy. Therefore, the corresponding mechanism
must be determined, and a correction method must be developed.
However, there is no effective calibration target and method for
measuring the bistatic SAR range round trip antenna pattern.
In this letter, it is pointed out that the comodulation effect is not
only related to the transmitting and receiving one-way antenna
patterns but also to the range variation of the bistatic angle
in the swath caused by the bistatic SAR observation geometry.
To increase the radiometric accuracy in bistatic SAR images,
a comodulation effect correction method based on accurate
antenna models is proposed, and different error factors related
to the range round trip antenna pattern are analyzed. Moreover,
simulation experiments are conducted to verify the effectiveness
of the proposed method.

Index Terms— Bistatic synthetic aperture radar (SAR),
comodulation effect, correction method, range round trip antenna
pattern.

I. INTRODUCTION

IN MONOSTATIC synthetic aperture radar (SAR), the mod-
ulation of the range (or elevation) round trip antenna pattern

to the SAR image amplitude is the main factor affecting
the radiometric accuracy, and this issue must be corrected
in radiometric calibration [1]. Similarly, the comodulation
effect induced by transmitting and receiving antennas is the
main factor in bistatic SAR. For the monostatic SAR system,
the range round trip antenna pattern can be directly measured
by point target calibrators or distributed targets [2], [3], and the
SAR image can be corrected using this antenna pattern. For
the bistatic SAR system, since there is a lack of available point
target calibrators and a few studies have focused on the bistatic
scattering characteristics of distributed targets [4], [5], there
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are nearly no measurement methods for bistatic SAR range
round trip antenna pattern. Theoretically, the transmitting
and receiving one-way antenna patterns can be measured,
respectively, by using ground transmitter or receiver [6], [7],
but the comodulation still needs to be considered for bistatic
SAR radiometric calibration and correction.

For bistatic SAR, the measurement of the range round trip
antenna pattern is significantly more complex, and a few
specific measurement methods have been given in the pub-
lished studies. Moreover, a technique that uses the transponder
is applicable for measuring the antenna patterns of bistatic
SAR [8]. However, the design of active calibration targets
does not consider the range variation of the bistatic angle in
the swath, which may lead to incorrect measurement results.
In addition, modern SAR systems based on active phased-
array antennas typically have over thousands of antenna
beams, and the in-orbit measurement of all the antenna
beams with transponders is time-consuming, laborious, and
costly [9], [10].

In this letter, we show that the range variation of the bistatic
angle in the swath will affect the range round trip antenna
pattern, which can provide guidance suggestion for designing,
pointing, and field deployment of bistatic radiometric calibra-
tion equipment. Furthermore, based on the transmitting and
receiving antenna models, a comodulation effect correction
method for different antenna beams is proposed, which can
be quickly calculated and performed according to the bistatic
SAR observation geometry. This correction method is also
valid for airborne bistatic SAR, especially with large bistatic
angles, thus effectively improving the radiometric calibration
accuracy.

The rest of this letter is organized as follows. Section II
analyzes the influence mechanism of transmitting and receiv-
ing antennas to the bistatic SAR image amplitude. The error
factors for the comodulation effect are analyzed in Section III.
Section IV provides the comodulation effect correction method
and verifies the correction method through simulation experi-
ments. The conclusions are given in Section V.

II. COMODULATION OF TRANSMITTING

AND RECEIVING ANTENNAS

The bistatic SAR radar equation can be written as [11]

PR = PT gT GT (θT , φT )gRG R(θR, φR)λ2

(4μ)3 R2
T R2

R

σ (1)
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where PT is the transmitting power, PR is the receiving power,
gT is the processing gains of the transmitter, GT (θT , φT ) is the
transmitting antenna pattern, gR is the processing gains of the
receiver, G R(θR, φR) is the receiving antenna pattern, λ is the
radar wavelength, RT is the slant range from the transmitting
antenna to target, RR is the slant range from the target to
the receiving antenna, respectively, and σ is the bistatic radar
cross section (RCS) of the target.

After receiving the echo signal, the image is generated by
the quantization processor and imaging processor, (1) can be
written as

P I
R(R) = PT gT GT (θT , ϕT )gR G R(θR, ϕR)GeG pλ

2τp fs

(4μ)3 Ls

×
(

Ts f p

R2
T R2

R

)
σ + Pn (2)

where Ge is the quantization processing gain, G p is the
imaging processing gain, τp is the pulsewidth, fs is the range
resolution, f p is the azimuth resolution, Ts is the synthetic
aperture time, Ls is the propagation and system loss within
the system signal path, and Pn is the noise.

Since Ts = min((YT /V ), (YR/V )) depends on the antenna
with a relatively short time for the comment irradiation
area [12], where V is the velocity and YT and YR repre-
sent the transmitting antenna and receiving antenna azimuth
beamwidth, respectively, the bistatic SAR radiometric calibra-
tion model can be divided into two categories [13]. One is the
Ts is determined by the transmitting antenna

P I
R(R) = PT gT GT (θT , ϕT )gR G R(θR, ϕR)GeG pλ

3τp fs f p

(4μ)3Ls V DT

×
(

1

RT R2
R

)
σ + Pn (3)

the other is the Ts is determined by the receiving antenna

P I
R(R) = PT gT GT (θT , ϕT )gR G R(θR, ϕR)GeG pλ

3τp fs f p

(4μ)3Ls V DT

×
(

1

R2
T RR

)
σ + Pn . (4)

According to (3) and (4), the two antenna gain terms,
GT (θT , φT ) and G R(θR, φR), corresponding to the transmit
and receive antennas, are functions of the elevation and
azimuth angle at which a given target is observed and are
major sources of calibration uncertainty. The antenna patterns
must be known very precisely and corrected in radiometric
calibration.

To facilitate the following analysis, the one-way antenna
pattern is expressed as [14]:

G(θ, φ) = sin c

(
μ · DA(sin φ − sin φ0)

λ

)

· sin c

(
μ · DA(sin φ − sin φ0)

λ

)
(5)

where DA and DR are the antenna length in azimuth and ele-
vation, respectively, φ is the azimuth angle, θ is the elevation
angle, and (θ0, ϕ0) is the antenna beam pointing.

Fig. 1. Definition of azimuth and elevation angles.

The monostatic SAR uses a single location for both
transmitter and receiver, so the round trip antenna pattern
is G2(θ, ϕ). However, the bistatic SAR operates with a
separate transmitter and receiver. According to the bistatic
SAR radar equation, the round trip antenna pattern can be
expressed as follows:

F(θ, ϕ) = GT (θT , ϕT )G R(θR, ϕR). (6)

Due to the separation of the transmitter and receiver,
the geometric configuration is more flexible, and the bistatic
SAR imaging models are diversified, such as translation-
invariant mode, constant velocity mode, and general mode.
In addition, the bistatic SAR can be used in side- or forward-
looking modes [15], [16]. In this letter, to maintain clarity
and simplicity, the influence of the azimuth antenna pattern
and the coupled effect with the range antenna pattern is not
considered. We also assume that the bistatic SAR is working
in side-looking translation-invariant mode. The elevation and
azimuth angles of the round trip antenna pattern are based
on the elevation and azimuth angles of the receiving antenna.
As shown in Fig. 1, assuming that the target is located at the
origin of the coordinates, (θT , ϕT ) is the pointing angle of the
transmitting beam to the target, and (θR, ϕR) is the pointing
angle of the receiving beam to the target, where ϕT = ϕR = ϕ.
Therefore, (6) can be written as

F(θR, ϕ, β) = GT (θT , ϕ)G R(θR, ϕ). (7)

The bistatic angle β is the angle between the transmitting
beam and the receiving beam. According to Fig. 1, the bistatic
angle satisfies β = |θT − θR |, so the round trip antenna pattern
can be obtained by translation, as shown in Fig. 2.

However, according to the bistatic SAR observation geom-
etry, the comodulation effect induced by the transmitting and
receiving antennas is shown in Fig. 3. The gain and the cor-
responding product of the transmitting and receiving antenna
pattern at different positions in the swath are calculated, and
then, the range round trip antenna pattern can be obtained
by interpolation. Taking the typical TanDEM-X satellite as an
example [17], the system parameters are shown in Table I.
The data in Fig. 4 show that the bistatic angle decreases
gradually in the swath, indicating that the range variation
of the bistatic angle should be considered when calculating
the pattern antenna in a point-by-point approach. In practice,
we should design or deploy the active or passive calibrators
according to the variation of the bistatic angle, which could
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Fig. 2. Translation process.

Fig. 3. Principle of the comodulation effect.

TABLE I

TANDEM-X SYSTEM PARAMETERS

lead to difficulties in the measurement process. Therefore,
this letter does not refer to the antenna pattern measurement
equipment and method, and the antenna pattern synthesis is
based on the transmitting and receiving antenna models.

III. ERROR FACTORS OF THE COMODULATION EFFECT

This section presents an analysis of the error factors, focus-
ing on the variation of the bistatic angle and the beam pointing
error of the comodulation effect.

A. Variation of the Bistatic Angle

First, TanDEM-X is used as an example to analyze the
variation of the bistatic angle for the range round trip antenna
pattern as the bistatic SAR with a small bistatic angle. We can
calculate that the bistatic angle corresponding to the center of

Fig. 4. Bistatic angle in different ranges.

Fig. 5. Effect of the variation in the bistatic angle on the range round trip
antenna pattern.

the width as 0.0464◦. Fig. 5 shows the range round trip antenna
patterns obtained by translating the bistatic angle correspond-
ing to the center of the swath (Fig. 2) and performing point-by-
point calculations based on the bistatic observation geometry
(Fig. 3), respectively. Under the condition of a small bistatic
angle, the maximum variation of bistatic angle in the swath
is very small, approximately 0.002◦, but this variation still
leads to a difference in the range round trip antenna patterns
obtained by the translation and observation geometry of less
than 0.01 dB. Thus, whether the variation of the bistatic angle
in different ranges is considered or not, the difference in the
final range round trip antenna patterns will be very small.

For the bistatic SAR with a large bistatic angle, there are
no eligible system parameters for satellite in orbit, so the
system parameters from airborne bistatic SAR experiments
performed by DLR and ONERA [18] are used to analyze the
large bistatic angle case, as shown in Table II. The bistatic
angle corresponding to the center of the width is 25.1506◦,
and the range round trip antenna pattern is shown in Fig. 6.
As is pointed out, the bistatic angle decreases gradually in
the swath, and the maximum variation is approximately 9◦
in this case. Furthermore, the difference in the range round
trip antenna patterns obtained by translation and observation
geometry is more than 0.5 dB, which cannot be neglected.
Therefore, the variation of the bistatic angle in the swath
is the main factor affecting the comodulation effect of the
transmitting and receiving antennas, and thus, the accuracy of
the range round trip antenna pattern can be guaranteed.
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TABLE II

RAMSES AND E-SAR SYSTEM PARAMETERS

Fig. 6. Effect of the variation in the bistatic angle on the range round trip
antenna pattern.

B. Beam Pointing Error

The beam pointing error in the elevation is mainly caused
by mechanical and electrical antenna pointing issues and
incorrect attitude (roll) control offsets. When the transmitting
and receiving antennas have pointing deviations in opposite
directions, the range overlap area will be greatly reduced,
resulting in errors in the final range round trip antenna pattern.
As the beam pointing error in elevation is 0.015◦ [19], we can
calculate the effect of the beam pointing error for the range
round trip antenna pattern. As shown in Fig. 7, a pointing error
of 0.015◦ could introduce no more than a 0.16-dB antenna
error, which indicates that for a general satellite pointing
accuracy, the accuracy of the range round trip antenna pattern
obtained based on the bistatic observation geometry is rela-
tively high and can be used for correction. Therefore, the beam
pointing error in the elevation must be controlled within a
certain range according to the radiometric calibration accuracy.

IV. SIMULATION EXPERIMENTS OF THE COMODULATION

EFFECT CORRECTION METHOD

We have analyzed the comodulation effect introduced by
transmitting and receiving antennas and presented the comod-
ulation effect principle and the range round trip antenna pattern
in Section II, which can be used to correct the bistatic SAR
image amplitude. Theoretically, the antenna pattern correction
normalizes the pattern gain by multiplying the reciprocal of
the range round trip antenna pattern by the radar data [1].

The main processing flow of antenna pattern correction is
shown in Fig. 8 and described as follows.

1) Obtain the range round trip antenna pattern based on the
bistatic observation geometry (see Fig. 3).

Fig. 7. Effect of the beam pointing error on the range round trip antenna
pattern.

Fig. 8. Flowchart of the antenna pattern correction.

2) Read the bistatic SAR image data.
3) Calculate the elevation angle range of the bistatic SAR

range round trip antenna pattern corresponding to the
slant range considering the system parameters and the
imaging geometry.

4) Obtain the range round trip antenna pattern correspond-
ing to the elevation angle.

5) Multiply the reciprocal of the range round trip antenna
pattern by radar data for normalization.

In this section, bistatic SAR imaging simulation experiments
are conducted to verify the effectiveness of this correction
method by comparing the point target energy before and after
correction. The bistatic SAR imaging system parameters are
shown in Table I, and the imaging algorithm is the range–
Doppler (RD) algorithm. It is assumed that the signal-to-
noise ratio (SNR) is 25 dB and the noise signal is White
Gaussian Noise. Moreover, the swath width is 1800 m, and
nine point targets are selected in the range with an interval
of 200 m, i.e., 100, 300, 500, 700, 900, 1100, 1300, 1500,
and 1700 m.

In the following simulation experiments, the transmitting
and receiving antenna patterns are used in the bistatic SAR
echo simulation, and the simulation images are corrected based
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Fig. 9. Image result before pattern correction.

Fig. 10. Image result after pattern correction.

TABLE III

POINT TARGET ENERGY BEFORE AND AFTER CORRECTION

on this antenna pattern correction method. The image results
before and after correction are shown in Figs. 9 and 10, and the
points target energy are shown in Table III. The uncorrected
image shows a high brightness of the point target in the center
and a decreasing illumination to the borders of the image in
the range direction. This is caused by the antenna pattern
spanning over range. In addition, the maximum difference
between each point target energy is approximately 1 dB,
which indicates that the brightness of each point target is
different in the image. After correction, the same acquisition
after antenna pattern correction with the characteristics of the
antenna being eliminated, the point target energy in different
ranges is basically the same, and the maximum difference is
approximately 0.2 dB, which can meet the basic radiometric
correction requirements. Therefore, the antenna pattern cor-
rection method is effective.

V. CONCLUSION

In this letter, the comodulation effect introduced by trans-
mitting and receiving antennas is analyzed and also pointed

out that the range variation of the bistatic angle in the swath
will affect the range round trip antenna pattern. They are,
therefore, helpful for designing measurement equipment and
methods to obtain the round trip antenna pattern. Moreover,
the variations in the bistatic angle and the beam pointing
error for the range round trip antenna patterns are analyzed to
ensure that the radiometric calibration accuracy is sufficient.
Theoretical analysis and simulation results also demonstrate
that the comodulation effect of correction method based on
precise antenna models is validated.
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