
4774 IEEE JOURNAL OF SELECTED TOPICS IN APPLIED EARTH OBSERVATIONS AND REMOTE SENSING, VOL. 13, 2020

The Space-Time Variation of Phase Imbalance for
GF-3 Azimuth Multichannel Mode

Mingyang Shang , Xiaolan Qiu , Senior Member, IEEE, Bing Han, Junying Yang , Lihua Zhong,
Chibiao Ding, and Yuxin Hu

Abstract—Azimuth multichannel (AMC) synthetic aperture
radar (SAR) is an advanced technology that can prevent the
minimum antenna area constraint and provide high-resolution
and wide-swath SAR images. The calibration of phase imbalance
is an important topic in the AMC SAR signal processing since
it has a significant impact on the image quality. For one SAR
image, the phase imbalance is usually considered as a constant.
However, because of the attitude errors, antenna position errors,
target elevation, target motion, and phase mismatch of the antenna
pattern, the actual phase imbalance is time-varying in azimuth
and space-varying in range. Although the space-time variation of
phase imbalances is too tiny to make a little effect on the product
quality, it is still meaning to study the variation. On the one hand,
it is possible to quickly estimate the phase imbalance of the whole
observing operation and eliminate the influences of target motion,
on the phase imbalance. On the other hand, some parameters,
such as motion, can be retrieved by the phase imbalance. This
article first establishes the signal models between phase imbalances
and attitude errors, antennal position errors, and target elevation.
Then, the signal model is verified by some simulations based on the
parameters of Gaofen-3 (GF-3). In addition, the phase imbalance
of the real data acquired by GF-3 is processed. Finally, based on
the procession results of GF-3 real data, this article makes some
discussions and points out the direction for the future work.
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I. INTRODUCTION

S INCE the first spaceborne synthetic aperture radar (SAR)
was launched in 1978, SAR has been an effective means

of earth observation with the excellent capability of working
in all weather and all time. As an advanced technology, the
azimuth multichannel (AMC) SAR was first proposed by Currie
and Brown [1]. Compared with the traditional strip-map SAR,
the AMC SAR contains a transmitting antenna and multiple
receiving antennas along the azimuth. The transmitting antenna
emits signals and all the receiving antennas receive echo signals
reflected from targets on the ground simultaneously. Then the
spatial samples can be used to supplement the temporal samples.
So, by properly combining the signals of the M channels (M is the
number of receiving channels), the equivalent pulse repetition
frequency (PRF) can be increased by a factor of M, while the
actual PRF is not very large. In other words, the AMC SAR can
prevent the minimum antenna area constraint [2], [3], which is
the inherent contradiction of strip-map SAR [4], and provide
high-resolution and wide-swath (HRWS) SAR images [5], [6].

In order to obtain the unambiguous HRWS SAR images, not
only the nonuniform signal reconstruction [7]–[9] is required but
also the channel imbalances the calibration, especially the phase-
imbalance calibration [10], [11], must be considered. To estimate
the phase imbalance, various methods were put forward. Zhang
et al. [12] proposed the orthogonal subspace method and Yang
et al. [13] proposed the signal subspace comparison method.
Both of these methods are based on the fact that the subspace
spanned by signal eigenvectors is equal to the subspace spanned
by steering vectors. Inspired by the “Sign-Doppler Estimator”
proposed by Madsen [14], Liu et al. [15] addressed the time-
domain correlation method and Feng et al. [16] addressed the
azimuth correlation method. Based on the real data acquired by
Gaofen-3 (GF-3), we proposed the correlation method in the
2-D frequency domain to estimate the phase imbalance, range
sampling time imbalance (RSTI), and along-track baseline, in
the former work [17]. But all these methods treat the phase
imbalance as a constant without considering the time-varying
in azimuth and the space-varying in range.

When there are antenna position errors, Zhang et al. [18]
found that the phase imbalance changed in the range and the
range-varying phase imbalance could make a terrible impact
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on the SAR images. When there are attitude errors, Kuang et
al. [19] derived the relationship between attitude errors and the
phase imbalance and found that the phase imbalance varied both
in the range and azimuth. On the basis of the external digital
elevation model and attitude information, Qiang and Huaitao
[20] proposed a new phase-mismatch calibration method and
improved the quality of the AMC SAR images on the mountain
scenes significantly. However, all the above-mentioned works
are based on the airborne SAR model and not verified in the
spaceborne model.

The phase imbalance not only affects the azimuth ambiguity-
to-signal ratio [17], [21] but also can be used to retrieve some
information about the imaging scene. In fact, the phase imbal-
ance of AMC SAR just is the interferogram in the along-track
interference (ATI) SAR [22]–[25]. And the main difference
between the AMC SAR and ATI is that the echo data received
by each channel are undersampling for the AMC SAR but
full-sampling for the ATI. Similar to the interferogram of ATI,
the phase imbalance of the AMC SAR contains the motion
information of the imaging scene. In order to extract the motion
information, the phase imbalance caused by other causes must
be stripped in advance. So, it is necessary to fully understand
the source and the change law of the phase imbalance.

The spaceborne AMC SAR has been verified by a series of
satellites, such as the TerraSAR-X [10], [26] launched in June
2007 by Germany, the RadarSat-2 [27] launched in December
2007 by Canada, the ALOS-2 [28] launched in May 2014
by Japan, and so on. In August 2016, GF-3 was launched in
Taiyuan (Shanxi Province, China) [29]. As the first Chinese
spaceborne AMC SAR, GF-3 contains two receiving apertures
along the azimuth in the ultrafine strip-map (UFS) mode. And
the theoretical analysis about the space-time variation of the
phase imbalance is a need.

This article begins in Section II with an overview of the signal
model of the relationship among phase imbalance and attitude
errors, antenna position errors, and target elevation. Based on the
parameters of GF-3 in the UFS mode, some simulations are used
to verify the signal mode in Section III, and the phase imbalance
of the real data acquired by GF-3 is analyzed using the inner
calibration data, attitude and orbit parameters, and echo data. In
Section IV, this article discusses the processing results of the real
data of GF-3 under different scenarios and analyzes the causes of
the space-time variation of the phase imbalance in depth. And
two special applications using the space-time variation of the
phase imbalance are described. Finally, Section V makes the
final conclusion and points out the direction for the research in
the future.

II. SIGNAL MODEL

The space-time variation of the phase imbalance for AMC
SAR is related to many factors, such as radar electronic system,
satellite attitude errors, antenna position errors, target elevation,
target motion, and antenna pattern mismatch. The effects of the
radar electronic system can be calibrated by the inner calibration
data. The effects of target motion on the phase imbalance are the
same as the effect on the interferogram of ATI and it can be found

Fig. 1. Geometric model of the AMC SAR with attitude errors.

in [22] and [23]. The effect of antenna pattern can be calibrated
by using the phase of the antenna pattern or by the statistic of a
large amount of data under the same antenna beam. Therefore,
this section focuses on analyzing the space-time-varying phase
imbalance caused by attitude errors, antenna position errors, and
target elevation.

A. Attitude Errors and Phase Imbalance

Due to the earth rotation, the Doppler centroid of the space-
borne SAR is not zero. In order to enable the Doppler centroid to
be total zero, GF-3 needs to steer the yaw and pitch of the satellite
[30], [31]. However, because of the control and measurement
error, there will also be satellite attitude errors, which will cause
an additional phase imbalance. The geometric model of the
AMC SAR with attitude errors is shown in Fig. 1, where the
satellite flies along the Y-axis with the velocity Vs and the height
H , XOY is the ground where the curvature of the earth is
ignored, the Z-axis is determined according to the right-hand
criterion. O′ is the position of the transmitting antenna phase
center, and the O′X ′Y ′Z ′ coordinate is generated by translating
the origin of the OXY Z coordinate to O′. Dm is the position of
the mth receiving antenna phase center without attitude errors,
andD′

m is the position of the mth receiving antenna phase center
with attitude errors when the yaw error is θy, pitch error is θp,
and roll error is θr. P is a stationary point on the X-axis whose
look-angle is θL and the minimum slant range is R0.

In the OXY Z coordinate, the position of O′ is (0, Vsη,H),
where η is the azimuth time. Obviously,O′ is on the Z-axis when
η = 0. The position of Dm and D′

m can be written as follows:

Dm (0, Vsη + dm, H) (1)

D′
m (dmsinθycosθp, dmcosθycosθp, dmsinθp) (2)

where dm is the distance between O′ and Dm. The range history
between P and Dm can be written as follows:

rm (η) =

√
x2
0 + (Vsη + dm)2 +H2

≈ R0 +
1

2R0
(Vsη + dm)2. (3)
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Fig. 2. Geometric model of the AMC SAR with antenna position errors.

And the range history between P and D′
m can be written as

(4), at the bottom of this page. Taking the first channel as the
reference, the phase imbalance of the mth channel can be written
as (5), at the bottom of this page.

On the one hand, the Δφm1 in (5) is related to the azimuth
time η, and Δφm1 is time-varying in azimuth but this variation
is usually negligible since Vs � R0 and cosθycosθp ≈ 1. On
the other hand, Δφm1 is related to the look-angle θL and Δφm1

is space-varying in the range since different range gates have
different look angles. In addition, only θy and θp can lead the
phase imbalance, and θr will make some influences on the gain
of the echo signal, instead of the phase. Therefore, the attitude
errors, including the yaw error and pitch error, will introduce the
space-time-varying phase imbalance.

B. Antenna Position Errors and Phase Imbalance

Due to the installation errors, thermal deformation, etc., there
will also be the position errors of the antenna phase center, which
are also called the antenna position errors in this article. The
geometric model of the AMC SAR with antenna position errors
is shown in Fig. 2. Except for the attitude errors and antenna
position errors, other symbols in Fig. 2 are exactly the same as
Fig. 1. Dm is the position of the mth receiving antenna phase
center without antenna position errors and D′

m is the position of
the mth receiving antenna phase center with antenna position
errors when the errors in the X-axis, Y-axis, and Z-axis are
Δxm, Δym, Δzm, respectively.

In the OXY Z coordinate, the position of D′
m can be written

as follows:

D′
m (Δxm, Vsη + dm +Δym, H +Δzm) . (6)

The range history between P and D′
m can be written as (7), at

the bottom of this page. In an actual SAR system, the following
relationships shown in (8) are usually satisfied.

Δxm, Δym, Δzm, dm � R0. (8)

Then

r′m (η) ≈ R0 +
1

2R0

[
(Vsη + dm)2 − 2x0Δxm

+ 2 (Vsη + dm)Δym + 2HΔzm

]
.

(9)

Taking the first channel as the reference, the phase imbalance
caused by the antenna position errors for the mth channel can be
written as

Δφm2 =
2π

λ
{[r1 (η)− r′1 (η)]− [rm (η)− r′m (η)]}

≈ 2π

λ
·
{

Vs

R0
(Δym −Δy1) η + cosθL (Δzm −Δz1)

− sinθL (Δxm −Δx1)

}
. (10)

Obviously,Δφm2 is related to not only the azimuth time η but
also the look-angle θL of the target. So, similar to the attitude
errors, the phase imbalance caused by the antenna position errors
is space-time varying. And the phase imbalance caused by Δym
is time-varying in azimuth, and the phase imbalance caused by
Δxm and Δzm is space-varying in the range.

In fact, the attitude errors can be regarded as a special case of
antenna position errors. They both change the range history and
then cause additional phase imbalance.

C. Target Elevation and Phase Imbalance

Whether the attitude errors or the antenna position errors, they
all influence the space-varying phase imbalance in the range

r′m (η) =

√
(x0 − dmsinθycosθp) + (Vsη + dmcosθycosθp)

2 + (H − dmsinθp)
2

= R0 +
1

2R0

(
d21 + V 2

s η
2 − 2x0dmsinθpcosθp + 2Vsηdmcosθycosθp + 2Hdmsinθp

)
(4)

Δφm1 =
2π

λ
{[r1 (η)− r′1 (η)]− [rm (η)− r′m (η)]}

≈ 2π

λ
dm

{
Vs

R0
(1− cosθycosθp) η + (sinθLsinθycosθp − cosθLsinθp)

}
(5)

r′m (η) =

√
(x0 −Δxm)2 + (Vsη + dm +Δym)2 + (H +Δzm)2

≈ R0 +
1

2R0

(
Δx2

m +Δy2m +Δz2m − 2x0Δxm + (Vsη + dm)2 + 2 (Vsη + dm)Δym + 2HΔzm

)
(7)
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Fig. 3. Geometric model of the targets with the same minimum slant range
but different elevation on the zero-Doppler plane.

through the look-angle. Suppose that there are two targets with
the same slant range but different elevations on the zero-Doppler
plane, as shown in Fig. 3. Taking P0 as the reference, the height
of P1 is h. In the OXY Z coordinate, the position of P1 can
be written as P1(x1, 0, h). And the look-angle of P0 and P1

is θL0 and θL1, respectively. Since P0 and P1 have different
look-angle and the same minimum slant range, they are in the
same range gate in the SAR image, but the phase imbalance
of the mth channel is different when there are attitude errors or
antenna position errors. The effects of the target elevation on the
phase imbalance in the presence of attitude errors and antenna
position errors are discussed as follows.

1) Target Elevation and Attitude Errors: According to (5),
the phase imbalance caused by the attitude errors of P0 and P1

can be written as φm10 and φm11, as shown in (11) and (12), at
the bottom of this page, respectively.

Therefore, because the elevations are different, the resulting
phase imbalance can be expressed as follows:

Δφm3 = Δφm10 −Δφm11

≈ 2π

λ
dm {sinθycosθp (sinθL0 − sinθL1)

− sinθp (cosθL0 − cosθL1)} (13)

where

sinθL0 − sinθL1 =
x0

R0
− x1

R0

= 1/R0[x0 −
√

(H2 + x2
0 − (H − h)2)]

(14)

cosθL0 − cosθL1 =
H

R0
− H − h

R0
=

h

R0
. (15)

Then

Δφm3 ≈ 2π

λR0
dm

{
sinθycosθp

[
x0 −

√
H2+x2

0−(H−h)2
]

− hsinθp

}
. (16)

Obviously, the greater h is, the greater Δφm3 is, and
Δφm3 = 0, when h = 0.

2) Target Elevation and Antenna Position Error: According
to (10), the phase imbalance caused by the attitude errors of P0

andP1 can be written as (17) and (18), at the bottom of this page,
respectively. Therefore, because the elevations of the targets at
the same range gate are different, the resulting phase imbalance
can be expressed as (19), at the bottom of this page. Obviously,
the greater h is, the greater Δφm4 is, and Δφm4 = 0, when
h = 0

D. Total Phase Imbalance

In the above-mentioned sections, the models of attitude errors,
antenna position errors, and target elevation are established
separately. However, the phase imbalance is caused by all of
these factors jointly. In fact, the attitude errors are usually less
than 0.01° and the antenna position error is usually less than 5
mm. And the coupling between the attitude errors and antenna
position errors can be ignored. Therefore, the total phase imbal-
ance can be approximately regarded as the sum of each phase
imbalance caused by attitude errors, antenna position errors, and

Δφm10 ≈ 2π

λ
dm

{
Vs

R0
(1− cosθycosθp) η + (sinθL0sinθycosθp − cosθL0sinθp)

}
(11)

Δφm11 ≈ 2π

λ
dm

{
Vs

R0
(1− cosθycosθp) η + (sinθL1sinθycosθp − cosθL1sinθp)

}
(12)

Δφm20 ≈ 2π

λ
·
{
Vs

R0
(Δym −Δy1) η + cosθL0 (Δzm −Δz1)− sinθL0 (Δxm −Δx1)

}
(17)

Δφm21 ≈ 2π

λ
·
{
Vs

R0
(Δym −Δy1) η + cosθL1 (Δzm −Δz1)− sinθL1 (Δxm −Δx1)

}
(18)

Δφm4 = Δφm20 −Δφm21

≈ 2π

λ
{(Δzm −Δz1) (cosθL0 − cosθL1)− (Δxm −Δx1) (sinθL0 − sinθL1)}

=
2π

λR0

{
h (Δzm −Δz1)− (Δxm −Δx1)

[
x0 −

√
H2 + x2

0 − (H − h)2
]}

(19)
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TABLE I
SOME PARAMETERS OF GF-3 IN UFS MODE

TABLE II
ATTITUDE ERRORS IN SIMULATION

target elevation. This conclusion will be verified by subsequent
simulations.

III. SIMULATION AND REAL DATA PROCESSING

In Section II, the signal models among phase imbalance and
attitude errors, antenna position errors, and target elevation are
established, respectively. Although, the above-mentioned signal
models are based on the airborne model and do not take into
account some factors under the spaceborne model, such as the
orbital curvature, earth curvature, and earth rotation, since these
factors are so complicated and it is difficult to express them
accurately with equations.

Under the parameters of GF-3 in the UFS mode, as given
in Table I, this section first uses the simulation to verify the
accuracy of the above-mentioned signal models. And then, the
space-time variation of the phase imbalance is analyzed using
the inner calibration data, attitude data, and echo data acquired
by GF-3 in the UFS mode.

A. Simulation

Based on the parameters given in Table I, this section sim-
ulates the phase imbalances caused by attitude errors, antenna
position errors, and the target elevation, respectively. And then
the simulated values of phase imbalance are compared with the
calculated values using the signal models.

1) Attitude Errors: According to the geometric model shown
in Fig. 1 and the parameters given in Table I, when there are
the attitude errors, as given in Table II, generate the echo of a
stationary point target located in the center of the scene with the
look-angle of 31.57°. The first channel is used as the reference
and the phase imbalance along the cumulative time of the second
channel is shown in Fig. 4. In Fig. 4, the abscissa indicates
the cumulative time in the azimuth, the ordinate indicates the
phase imbalance caused by the attitude errors, the solid line
indicates the simulated value, and the dashed line indicates the
calculated value using the signal model in (5). Obviously when

Fig. 4. Simulated and calculated values of the phase imbalance caused by
attitude errors when θy = 0.005° and θp = −0.005°.

Fig. 5. Phase imbalance caused by attitude errors. (a) Relationship between
the phase imbalance and yaw when θp = [−0.01°, −0.005°, 0°, 0.005°, 0.01°].
(b) Relationship between the phase imbalance and pitch when θy = [−0.01°,
−0.005°, 0°, 0.005°, 0.01°].

the cumulative time is 3 s, the simulated value changes by less
than 0.0002°, which is so small and can be ignored. The deviation
between the calculated value and the simulated value is less than
0.0002°, which is very small and can be ignored. The reason
for the deviation is that the signal model in (5) ignores, on the
one hand, the higher-order terms about azimuth time η, on the
other hand, the bend of the orbit and the earth, and the earth
rotation. Using the method proposed in [17] to estimate the phase
imbalance of the simulated echo data, and the result is 2.9189°,
which is similar to the result shown in Fig. 4.

Because of the measurement errors and control errors, the
attitudes of the platform may change during the flight, and then
the phase imbalance will also change. To analyze the effects
of the yaw and pitch on the phase imbalance separately, let θp
= [−0.01°, −0.005°, 0°, 0.005°, 0.01°], and the relationship
between the phase imbalance and pitch can be found in Fig. 5(a).
Let θy = [−0.01°, −0.005°, 0◦, 0.005°, 0.01°], and the relation-
ship between the phase imbalance and yaw can be found in
Fig. 5(b). It should be noted that the phase imbalance, as shown
in Fig. 5, is the calculated value using the signal model in (5)
when η = 0. It can be found that when the look-angle is 31.57°,
the yaw changes by 0.01° and the phase imbalance changes by
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Fig. 6. Relationship between the phase imbalances caused by the attitude
errors and the look-angle with the coverage of 30 km.

Fig. 7. Change amount of phase imbalance in the range caused by the attitude
errors with the coverage of 30 km. (a) Relationship between the change amount
of phase imbalance in the range and yaw when θp = [−0.01°, −0.005°, 0°,
0.005°, 0.01°]. (b) Relationship between the change amount of phase imbalance
in the range and pitch when θy = [−0.01°, −0.005°, 0°, 0.005°, 0.01°].

about 2.35°; the pitch changes by 0.01° and the phase imbalance
changes by about 3.54°.

When the coverage reaches 30 km for the UFS mode of GF-
3, the corresponding look-angle of the imaging scene is about
30.75°–32.40°. When the attitude errors are given in Table II,
the relationship between the phase imbalance and look-angle
can be found in Fig. 6. It can be seen that the change amount of
phase imbalance from the near range to the far range is about
0.02°.

To analyze the effects of yaw and pitch on the change amount
of phase imbalance in the range separately with the coverage of
30 km, let θp = [−0.01°, −0.005°, 0°, 0.005°, 0.01°], and the
relationship between the change amount of phase imbalance and
pitch can be found in Fig. 7(a). Let θy = [−0.01°, −0.005°, 0°,
0.005°, 0.01°], the relationship between the change amount of
phase imbalance and yaw can be found in Fig. 7(b). Obviously,
the change amount of phase imbalance in the range caused by
the attitude errors is less than 0.2°, when both the yaw and pitch
errors are less than 0.01°.

For the spaceborne AMC SAR system, the phase imbalance
caused by the attitude errors will make a bad influence on the
quality of images [17]. In order to ensure the quality of the

TABLE III
ANTENNA POSITION ERRORS IN SIMULATION

Fig. 8. Phase imbalance caused by the antenna position errors when Δx2 =
2.3 mm, Δ y2 = 3.1 mm, Δ z2 = −1.5 mm.

SAR images, very strict requirements should be imposed on
the attitude control and measurement system. Fortunately, the
change amount of the phase imbalance in the range caused by
the attitude errors can be ignored for the UFS mode of GF-3.

2) Antenna Position Errors: Except that the attitude errors
shown in Table II are replaced by the antenna position errors
shown in Table III, the others of the simulation in this section
are exactly the same as the simulation of the attitude errors.
For simplicity, the simulation assumes that there are no antenna
position errors for the first channel, i.e., Δx1 = Δ y1 = Δ z1
= 0. And the phase imbalance of the stationary point target
located at the center of the imaging scene can be found in
Fig. 8, where the solid line represents the simulated value and the
dashed line represents the calculated value by the signal model
in (10). When the cumulative time is 3 s, the deviation between
the calculated value and the simulated value is about 0.03°.
But this deviation has little effect because both the calculated
value and simulated value are symmetrical about the time η =
0, and the final phase imbalance of the stationary point target is
the result of the accumulation of the entire cumulative time. In
other words, the phase imbalance of the stationary point target
can be approximated as the simulated value or calculated value
when η = 0, i.e., 16.10°. Using the method proposed in [17]
to estimate the phase imbalance of echo data and the result is
16.0955°–16.10°.

In (10), Δx2 and Δz2 are independent of each other, so the
effects of Δx2 and Δz2 on the phase imbalance can be analyzed
separately. Let Δ y2 = Δ z2 = 0, the relationship between the
phase imbalance andΔx2 can be found in Fig. 9(a), and letΔx2

= Δ y2 = 0, the relationship between the phase imbalance and
Δz2 can be found in Fig. 9(b). For example, when Δx2 = 2.3
mmand Δ z2 = −1.5 mm, the phase imbalance caused by the
antenna position errors is 16.0955° (7.8083° + 8.2872°), just as
shown in Fig. 8.

As the look-angle of the imaging scene is about 30.75°–
32.40°, the phase imbalance from the near range to the far range
can be found in Fig. 10, with the antenna position errors of Δx2

= 2.3 mm and Δ z2 = −1.5 mm. It can be seen that the change
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Fig. 9. Phase imbalance caused by antenna position errors. (a) Relationship
between the phase imbalance andΔx2, whenΔ y2=Δ z2=0. (b) Relationship
between the phase imbalance and Δz2, when Δx2 = Δ y2 = 0.

Fig. 10. Relationship between the phase imbalances caused by the antenna
position errors and the look-angle with the coverage of 30 km.

amount of phase imbalance from the near range to the far range
is about 0.22°.

To analyze the effects of Δx2 and Δz2 on the change amount
of phase imbalance in the range separately, let Δ z2 = 0, and
the relationship between the change amount of phase imbalance
and Δx2 can be found in Fig. 11(a). Let Δx2 = 0, and the
relationship between the change amount of phase imbalance and
Δz2 can be found in Fig. 11(b). As shown in Fig. 11, when Δx2

= 2.3 mm and Δ z2 = −1.5 mm, the change amount of phase
imbalance in the range is 0.2192° (0.3659°–0.1467°).

In fact, both cosθL(Δz2 −Δz1) and −sinθL(Δx2 −Δx1)
in (10) affect the phase imbalance by changing the line-of-sight
range history of the target. Since the final phase imbalance of
the stationary point target is the result of the accumulation of the
entire cumulative time, the effect ofΔy2 on the phase imbalance
can be ignored, even though it will directly affect the along-track
baseline. In the UFS mode of GF3, the antenna position errors are
relatively stable, which means that the phase imbalance caused
by the antenna position errors is stable in the azimuth but variable
in the range.

3) Target Elevation: Just as shown in Fig. 3, P0 is the point
target located at the imaging scene, andP1 is another point target,
which has the same slant range with P0 but a different elevation.
When the attitude errors are given in Table II, compared with

Fig. 11. Change amount of phase imbalance in the range caused by antenna
position errors. (a) Relationship between the change amount of phase imbalance
in the range and Δx2 when Δ z2 = 0. (b) Relationship between the change
amount of phase imbalance in the range and Δz2 when Δx2 = 0.

Fig. 12. Phase imbalance caused by the target elevation with (a) attitude errors
and (b) antenna position errors.

P0, the phase imbalance of P1 caused by the elevation is shown
in Fig. 12(a), where the solid line represents the simulated value
and the dashed line represents the calculated value by the signal
model, as shown in (13). When the antenna position errors are
shown in Table III, the phase imbalance caused by the elevation is
shown in Fig. 12(b), where the solid line represents the simulated
value and the dashed line represents the calculated value by the
signal model, as shown in (19).

As the target elevation increase, the deviation between the
simulated value and the calculated value gradually increases.
And the reason is that the signal model proposed in this article,
on the one hand, ignores the high-order terms, on the other hand,
does not take into account the orbital bending, earth rotation, and
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Fig. 13. Total phase imbalance caused by attitude errors and antenna position
errors.

earth curvature, etc. For the most images of GF-3 in the UFS
mode, the elevation of target change is within 2000 m. Therefore,
the effect of target elevation on the phase imbalance is relatively
small. In fact, it can be known from (16) and (19) that the effect
of the target elevation on the phase imbalance can be ignored
when h � H , which is satisfied for the spaceborne model.

4) Total Phase Imbalance: Assuming that the attitude errors
and the position errors exist at the same time, and these errors can
be found in Tables IIand III. Under the attitude errors and antenna
positions, the echo data of the stationary point target is simulated
with the parameters in Table I. Taking the first channel as the
reference, the solid line in Fig. 13 represents the simulated value
of phase imbalance, and the dashed line in Fig. 13 represents the
sum of the calculated phase imbalance shown in Figs. 4 and 8.
Obviously, the simulated and calculated values are very close.
In other words, the total phase imbalance can be approximately
regarded as the sum of each phase imbalance caused by attitude
errors and antenna position errors. Since the influence of the
target elevation on the phase imbalance is negligible, the effects
of target elevation on the total phase imbalance will not be
analyzed here.

B. Real Data Processing

The above-mentioned simulations verify the accuracy of the
signal model under the spaceborne model. The real data acquired
by GF-3 in the UFS mode are applied to describe the space-time
variation of the phase imbalance in this section. During one
observing operation in the UFS mode, GF-3 acquires 52 images
around the inland of China in June 2019 with the orbit ID of
15192, and the first 25 images are shown in Fig. 14, which are
all the terrestrial scenes and more detailed information about
these images can be found on the website of the China Centre
for Resources Satellite Data and Application [32].

Using the data shown in Fig. 14, this section first estimates
the phase imbalance based on the inner calibration data. Then
analyze the attitude errors and their influence on the phase
imbalance. In addition, the echo data are used to estimate the
phase imbalances of each image. Finally, other factors that
may cause the space-time variation of the phase imbalance are
discussed.

1) Inner Calibration Data Processing: Besides the normal
observing modes, several inner calibration modes are designed
to acquire the performance and operating states of the GF-3
payload [33]. And the inner calibration is carried out before and

Fig. 14. Images acquired by GF-3 in the UFS mode with the orbit ID of 15192.

TABLE IV
CHANNEL IMBALANCE ESTIMATED BY INNER CALIBRATION

after every observing operation, i.e., the head inner calibration
and tail inner calibration, respectively.

During the observing operation, the status of the radar system
may change, which will cause the phase imbalance to change
accordingly. And this change can be calibrated with the inner
calibration signal. According to the parameters provided by
the auxiliary file, pulse compressions for the inner calibration
signals of the two channels are carried. Then the amplitude
imbalance, phase imbalance, and RSTI can be estimated by
comparing the amplitude, phase, and time at the peak of the
signal for two channels. Taking the first channel as the reference,
the channel imbalances estimated by the inner calibration can
be found in Table IV.

Obviously, the phase imbalance estimated by the inner cali-
bration data is time-varying in the azimuth, since the estimated
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Fig. 15. Phase imbalance of 25 images fitted by the inner calibration data.

values by the head and tail inner calibration data are−185.1206°
and −183.4144°, respectively. For simplicity, the variation of
phase imbalance in the azimuth is considered as linear here.
Then the phase imbalance changes by about 0.82° for 25 images.
And the phase imbalance of each image can be fitted, as shown
in Fig. 15.

The head and tail inner calibration data can only reflect the
phase imbalances of the radar system before and after observing
operation but cannot describe the change during the observing
operation in detail. Therefore, the results shown in Fig. 14 will
be slightly biased when the states of the radar system change
irregularly.

2) Phase Imbalance Caused by Attitude Errors: Using the
orbit parameters of the GF-3 products, the attitude satisfying
the zero-Doppler of each image can be calculated [30], [31].
At the same time, the measurement value of the attitude corre-
sponding to each image can be extracted from the attitude file.
And the attitudes and the phase imbalance caused by the attitude
errors can be found in Fig. 16.

In Fig. 16(a), the solid and dashed lines represent the calcu-
lated and measurement value of yaw for each image, respec-
tively. For 25 images, the yaw changes from −3.35° to −3.56°,
and changes by about 0.084° for each image. In Fig. 16(b), the
solid line and dashed line represent the calculated and measure-
ment value of pitch for each image, respectively. The change
of calculated values is similar to a parabola whose change is
pretty slight but the measurement values are always −0.077°.
In Fig. 16(c), the solid line and the dashed line represent the
deviation between the calculated value and measurement value
for the yaw and pitch, respectively. It should be noted that the unit
of the available attitudes of GF-3 is 0.0055°, which means that
the attitude file cannot describe the changes less than 0.0055°.
This is the reason why the measurement values of the pitch
shown in Fig. 16(b) are all −0.077°, and the derivation between
the calculated and measurement values of the pitch is about
0.002°. Even so, the attitude error caused by the measurement
error is still insignificant. Using the signal model shown in (5),
the phase imbalance caused by the attitude errors shown in
Fig. 16(c) can be found in Fig. 16(d). Within about 115 s for
acquiring the echo of the 25 images, the stability of the attitude
error is pretty good, and the change of the phase imbalance along
the azimuth is less than 0.2°. As shown in Fig. 16(c), the yaw
and pitch errors are about 0.003° and 0.002°, respectively. When
the look-angel ranges from 30.75° to 32.40°, the change amount
of phase imbalance in the range is about 0.01°, which can be
ignored for the UFS mode of GF-3.

Fig. 16. Attitudes and the phase imbalance caused by attitude errors for the 25
images of GF-3. (a) Calculated and measurement value of the yaw. (b) Calculated
and measurement value of the pitch. (c) Attitude errors of the yaw and pitch.
(d) Phase imbalance caused by the attitude error.

3) Estimation of Phase Imbalance Based on Echo Data: Us-
ing the method proposed in [17], the phase imbalance estimation
results for the 25 images of GF-3 are shown in Fig. 17(a), where
the phase imbalance changes about 0.5° from the first image
to the last image, and this change is approximately linear. After
the range compression, the echo data of each image are divided
into 15 blocks in the range, then the phase imbalance of each
block is estimated separately. And the estimation results of the
1st, 6th, 11th, 16th, and 21st images can be found in Fig. 17(b),
where the phase imbalance changes by about 0.5° in the range.

4) Antenna Position Errors and Other Factors: The phase
imbalance caused by the attitude errors can be ignored since
it is pretty trivial. And then the cause of phase imbalances
of the echo data shown in Fig. 17, mainly includes the radar
system itself, antenna position errors, and other reasons. After
excluding the phase imbalance estimated by the inner calibration
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Fig. 17. Phase imbalance estimated by the echo data for (a) each image and
(b) different blocks in the range of the 1st, 6th, 11th, 16th, and 21st images.

TABLE V
PHASE IMBALANCE OF THE DATASET

aThis column represents the average of the phase imbalance estimation results based on the
echo data of terrestrial scenes.

bThis column represents the phase imbalance estimated by the head inner calibration data.
cThis column represents the phase imbalance estimated by the tail inner calibration data.

data and attitude file, Fig 18(a) shows the remaining phase
imbalance estimated by the echo data. Obviously, there is still
remaining a large systematic error in Fig. 18(a). Except for the
target elevation and attitude errors, the most likely causes of
the systemic error are the antenna position errors and phase
mismatch of the antenna pattern. However, it is pretty difficult
to accurately estimate the position of the phase center of the
antenna since the phase of the antenna pattern is not available.
Under the premise that the attitude errors are stable, the position
error of the same antenna beam should be stable too.

GF-3 payload employs a deployable planar active-phased-
array antenna[34], whose size is 15 m in the azimuth and 1.232 m
in the elevation [33]. Under the same beam of the antenna, i.e.,
the same look-angle, as the data shown in Fig. 14, the phase im-
balance caused by the antenna position errors should be similar.
Under the same beam, the systemic errors were continuously
monitored from April to June 2019. Table V provides some
information about the dataset, which includes ten sets of data.

Fig. 18. Systematic error of the phase imbalances estimated by the echo data
and inner calibration data. (a) Systematic error for the data shown in Fig. 13.
(b) Phase imbalance estimated by the echo data and inner calibration data for
the dataset shown in Table V. (c) Mean and variance of the systematic error for
the datasets shown in Table V.

And the first column represents the sequence number of the data.
The second column represents the acquired time, which is from
April 1, 2019 to July 14, 2019. The third column and the solid line
in Fig. 18(b) represent the average phase imbalance estimated by
the echo data of the terrestrial scenes, which can be considered
stationary with the same observing operation. If the ocean scene
data are used, the estimated phase imbalance will contain the
motion information, such as the currents and waves, on the ocean
surface. The fourth column of Table V and the dotted line with
points in Fig. 18(b) represent the phase imbalances estimated
by the head inner calibration data. The fifth column of Table V
and the dotted line with circles in Fig. 18(b) represent the phase
imbalances estimated by the tail inner calibration data. In order
to reduce the influence of the radar system states before and after
observing operation, the mean value of the phase imbalances
estimated by the head and tail inner calibration is taken, just like
the dotted line with asterisks, as shown in Fig. 18(b). The phase
imbalances estimated by the echo data and inner calibration data
are very consistent, except for the systematic deviation, as shown
in Fig. 18(c), where the deviations changes within [12.2°,13.7°]
with the mean of 13.09° and variance of 0.371°.

The above-mentioned statistical results show that the devia-
tion of the phase imbalance estimated by the echo data and inner
calibration data is basically the same, under the same antenna
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beam. The reason for this deviation of the phase imbalance may
be that, on the one hand, there is a fixed error in the phase of
the antenna patterns of the two receiving channels, and on the
other hand, there may be the antenna position errors. Both of
these two reasons will affect the echo data of the AMC SAR but
cannot be calibrated with the inner calibration signals.

The variation of phase imbalance in the range under the same
antenna beam is similar to each other and the phase imbalance
changes about 0.45° from near range to the far range, which is
similar to Fig. 17(b). Just like the time-varying in the azimuth,
there are two main reasons for the space-varying of the phase
imbalance in the range. One is the antenna position errors and
the other is the phase mismatch of the antenna patterns for the
two receiving channels in the range.

The antenna position errors will not only cause the deviation
of the phase imbalance estimated by the echo data and the inner
calibration but also lead to the spatial variation of the phase
imbalance in the range. However, because the phase of the
antenna pattern of GF-3 in the UFS mode is not available, it
is impossible to accurately extract the phase imbalance caused
by the antenna position errors. Therefore, it is impossible to
estimate the antenna position errors based on the signal model
in (10). Fortunately, after obtaining the attitudes of satellite
and the phase imbalances estimated by the echo data and the
inner calibration data, a large amount real data of GF-3 can be
statistically calculated, and then the conjunct effects of the phase
mismatch of the antenna patterns and the antenna position errors
can be estimated.

IV. DISCUSSION

There are many factors, such as the attitude errors, antenna
position errors, target elevation, phase mismatch of the receiving
antenna patterns, and so on, that can cause the space-time varia-
tion of phase imbalances for the AMC SAR. In fact, if it is only to
suppress the false targets in SAR images, then it is not necessary
to consider the space-time variation of the phase imbalance for
the UFS mode of GF-3 because it has been proved through
simulations, when the phase imbalance is 10°, the intensity
of the false targets is still lower than −50 dB [17]. And the
variation of phase imbalance is much less than 10°. Even so, it
is still meaningful to study the space-time variation of the phase
imbalance. On the one hand, it can deepen the understanding
of the AMC SAR system and lay a solid theoretical foundation
for the more complex AMC SAR systems in the future, e.g.,
with more receiving channels, providing a higher resolution or
wider swath SAR images. On the other hand, it can provide
significant support for other technologies, e.g., estimating the
phase imbalance for the whole observing operation by the inner
calibration or a small amount of echo data and estimating the
current of the ocean using the phase imbalance. And this section
mainly discussed these specific applications of the space-time
variation of the phase imbalance.

A. Fast Estimation of the Phase Imbalances

In the current operating product generation system, the pro-
duction process of each image includes the estimation and

Fig. 19. Fast estimation of the phase imbalance based on the space-time
variation. (a) Phase imbalance estimated by all the echo data, inner calibration,
and partial echo data. (b) Error of the phase imbalance estimated by the inner
calibration and partial echo data compared with the phase imbalance estimated
by all the echo data.

compensation of the phase imbalance, and the detailed pro-
cessing flow of GF-3 in the UFS mode can be found in [17].
Dozens of images are usually obtained during one time of
observing operation, so the estimation of the phase imbalance
will consume a lot of time and computing resources, although
the phase imbalance is only estimated once by per image. For the
continuous terrestrial scenes, the phase imbalances of the AMC
SAR images are approximately linear. If the inner calibration
data are available, the phase imbalances of each scene can be
directly fitted using the head-to-tail calibration, after eliminating
the systematic deviation under the same antenna beam. If the
inner calibration data are not available, the phase imbalances
of two or more images can be estimated first. Then the phase
imbalances of each image are fitted.

Under the same antenna beam, another data acquired by GF-3
on May 21, 2019 with the orbit ID of 14616 in western China,
are used to verify the above-mentioned method. During this
observing operation, GF-3 acquires 25 images and the phase
imbalances estimated by the echo data are the dotted line in
Fig. 19(a). The phase imbalances estimated by the head and
tail inner calibration data are −171.3061° and −172.1622°,
respectively. After removing the deviation of 13.09°, as shown
in Fig. 18(c), the phase imbalances of each image fitted by the
inner calibration data are the solid line with circles in Fig. 19(a),
and the deviation of the phase imbalances estimated by the echo
data and the inner calibration data are the solid line with circles
in Fig. 19(b), where the mean is 0.4931°, and the variance is
0.0049°. The phase imbalances estimated by the echo data of the
first image and the last image are −157.8306° and −158.5688°,
respectively. The phase imbalances of each image fitted by the
first and last echo data estimated results are the solid line with
points in Fig. 19(a), and the derivation of the phase imbalances
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estimated by all echo data and partial echo data is the solid line
with points in Fig. 19(b), where the mean is 0.0048°, and the
variance is 0.0076°.

Since the phase imbalances are considered to be linear, there
will be errors in the fitted values regardless of whether the
inner calibration data or the partial echo data are used. When
calculating the systematic error shown in Fig. 18(c), only ten
sets of data are used, so the precision of the systematic error is
low. In addition, the attitude control and measurement accuracy
of GF-3 cannot describe the actual attitude errors of each group
data accurately, which will cause different phase imbalances to
different data. Therefore, there are still some errors in the phase
imbalances fitted by the inner calibration data.

Using more echoes to fit the phase imbalance may result in
better statistical values but it will consume more time and com-
puting resources. Under the same computing environment, the
time that per SAR image takes to estimate the phase imbalance
using the echo data is more than 1000× longer than processing
the inner calibration data. Therefore, when the user has high
requirements for efficiency instead of the image quality, such
as product thumbnails, the inner calibration data can be used to
estimate the phase imbalance for the AMC SAR. If the inner
calibration data are not available, the partial echo data can be
used.

However, this fitting method ignores the unique information
of each scene image, such as the motion of the imaged targets.
If the user has high requirements for the image quality, espe-
cially the phase, the phase imbalances of each image should be
estimated by their own echo data.

B. Current Estimation Based on the Phase Imbalance

The phase information in the ATI SAR can be used to measure
the line-of-sight velocity of the oceanic surface current from the
aircraft or spacecraft [2]. Similar to the AMC SAR proposed in
this article, ATI also requires the SAR system with one transmit-
ting antenna and multiple receiving antennas along the azimuth.
The difference is that the echo data of ATI SAR received by each
channel are fully sampled and can be directly imaged. And the
purpose of ATI is to extra the radial velocity of the scene from
the interferogram of the two images. But as for the AMC SAR
system proposed in this article, the echo data received by each
channel are undersampling. And the purpose is to obtain the
HRWS SAR images by suppling the time samples by the spatial
samples. In fact, the phase imbalance in AMC SAR is just the
interferogram of ATI, which has a higher resolution. If the target
in the imaging scene is moving, then the phase imbalance due
to motion φmove can be expressed as follows [2]:

φmove =
2π

λ
· dm
Vs

· vr

where vr is the radial velocity of the moving target, and dm is
the distance between the mth channel and the first channel.

In order to describe the effects of current on the phase im-
balance, another data acquired by GF-3 in the UFS mode on
March 6, 2019, with the orbit ID of 13526, are selected. During

Fig. 20. Phase imbalances estimated by the echo data, where the asterisks
represent the ocean scenes, the points represent the land scenes, the circles
represent the ocean–land scenes, and the solid represents the phase imbalances
fitted by points.

this observing operation, GF-3 obtains 35 images that contain
a wealth of scene types, including the Pacific Ocean, Taiwan
Island, Taiwan Strait, and the inland of China. And the phase
imbalances of these 35 images estimated by the echo data can be
found in Fig. 20, where the asterisks represent the ocean scenes,
the circles represent the ocean–land boundary scenes, the points
represent the land scenes, and the solid line represents the phase
imbalances fitted by the points. It can be found that the phase
imbalances of the ocean scenes are obviously offset from the
solid line.

Taking the third image as an example, the thumbnail of this
SAR image is shown in Fig. 21(a), and the scene is a vast ocean
with no islands or ships. Under the influence of currents and
waves, the ocean surface is not completely static. After the range
compression, the echo data of this image are divided into 186
blocks in the azimuth and 158 blocks in the range, respectively.
And then the phase imbalance of each block is estimated and
the results can be found in Fig. 21(b). Although Fig. 21(b) has
shown the rough outline of the ocean current, it also contains the
space-time-varying phase imbalances caused by radar systems,
attitude errors, antenna position errors, antenna pattern phase
mismatch, and so on. By interpolating the solid line in Fig. 20, the
phase imbalances of each block in the azimuth can be obtained,
just as shown in Fig. 22(a). Using the 25th–30th images of the
terrestrial scene, the phase imbalances of each block in the range
can be estimated, just as shown in Fig. 22(b). After removing
the space-time variation of the phase imbalance from Fig. 21(b),
the remaining phase imbalance, as shown in Fig. 21(c), can be
obtained.

After eliminating the influence of radar system, attitude er-
rors, antenna position errors, and the phase mismatch of the
antenna pattern, the cause of the phase imbalances, as shown
in Fig. 21(c), is the movement of the ocean surface. However,
the relationship between the motion of ocean surface and the
phase imbalance is very complicated, which is related to many
factors, such as the wind filed in the ocean surface, current, and
Bragg scattering theory [35]–[37]. The purpose of introducing
this content in this article is to show that the analysis of the
space-time variability of phase imbalance can play a significant
role in some specific applications. And the detailed introduction
about estimating the current by the phase imbalance of AMC
SAR will be published in the future.
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Fig. 21. Thumbnail and phase imbalance of the third image in the dataset with the orbit ID of 13526 for GF-3. (a) Thumbnail. (b) Phase imbalance estimated by
the echo data. (c) Phase imbalance caused by the motion of ocean surface.

Fig. 22. Space-time variation of the phase imbalance of the image shown in
Fig. 18(a). (a) Space-varying phase imbalance in the azimuth. (b) Time-varying
phase imbalance in the range.

V. CONCLUSION

Based on the parameters of GF-3 in the UFS mode, this article
expresses the effects of the radar system, satellite attitude errors,
antenna position errors, target elevation, and the phase mismatch
of the antenna pattern on the space-time variation of the phase
imbalance. The radar system states before and after observing
operation can be calibrated by the head and tail inner calibration
data, respectively.

In most cases, the phase imbalances estimated by the head and
tail inner calibration data are different, which means that the state
of the radar system has changed. However, the detailed schedule
of the change is unknown. Since the change is not serious, this
article considers the change to be linear for simplicity. The unit of
the available attitudes provided by the GF-3 product is 0.0055°,
which cannot fully express the attitude errors, especially the
pitch. The real data processing shows that the attitude of GF-3 is
pretty stable. And in one time of observing operation, the space-
time variation of phase imbalance caused by the attitude errors
can be ignored. Under the same antenna beam, the influences of
the antenna position error and the phase mismatch of the antenna
pattern are similar to each other. But the phase of the antenna
pattern of GF-3 in the UFS mode cannot be available. And the
effects of antenna position errors and the phase mismatch of
antenna pattern cannot be separated, and only a large amount
of data can be used to calibrate them. As for the space-borne
SAR system, such as GF-3, the effect of target elevation on the
space-time variation of the phase imbalance can be ignored since
the elevation of the target in the imaging scene is much lower
than the elevation of the satellite.

In fact, the time varying in azimuth or the spatial variation in
the range of the phase imbalances for GF-3 in the UFS mode
is very small. If only the suppression of the false targets is
considered, the phase imbalance of each image can be regarded
as a constant. But exploring the space-time variation of the phase
imbalance has important significance in many fields. At first, it
will provide some references for the design of more complex
AMC SAR in the future, such as making the phase of the
antenna pattern available. In addition, based on the space-time
variation of the phase imbalance, the phase imbalances during
an observing operation can be quickly estimated, which can
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save a lot of time and computing resources. What is more, it
provides a way to estimate the scene motion information using
the phase imbalance. When the phase imbalances caused by
the above-mentioned factors are eliminated, the residual phase
imbalance is caused by the motion. This will be the focus of our
future research.
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