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Abstract—Synthetic aperture radar (SAR) image positioning is
commonly affected by factors such as platform instability, aging
of onboard instruments, and changing observation environments.
Thus, geometric calibration is needed to improve the accuracy of
image positioning before mapping and application. An improved
geometric calibration model for SAR images was developed, which
does not require long-delayed meteorological data and geometric
calibration fields. In this method, the standard atmospheric and
Saastamoinen models (SAM-S) are combined for atmospheric de-
lay correction, and this integrated method named SAM-S was used
for the first time in SAR image geometric calibration. The method
was applied to China’s Gaofen-3 satellite and a case study was
conducted in the Yangtze River Delta, where the weather is cloudy
and rainy. By selecting three images, four images, and five images
from eight candidate images with a bandwidth of 60 MHz for
calibration experiments, where the geometric positioning accuracy
was increasingly stable with more SAR images included in the
combination. The root mean square of the calibrated SAR images
was about 6 m for different combinations and the maximum error
was about 12 m for all images. Two selected areas showed that
the geometric calibration has reduced the geometric distortion,
showing shapes in the SAR images close to the ground targets. The
positioning accuracy improvement of Gaofen-3 images can help
improve their application potential in global remote sensing map-
ping, land-use change monitoring, and ground target detection.
The proposed geometric calibration method can also be applied to
other SAR missions such as ERS, RADARSAT, and TerraSAR-X.

Index Terms—Atmospheric delay correction, geometric calibra-
tion, grouped calibration, synthetic aperture radar, Yangtze river
delt.

I. INTRODUCTION

M ICROWAVE remote sensing, especially synthetic aper-
ture radar (SAR), is an effective technique for imple-

menting earth observation [1], [2], [3]. Relying on the unique
imaging advantages of microwave remote sensing, SAR im-
ages have been widely used to produce geographic information
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products, such as digital orthophoto maps (DOMs) and digital
elevation models (DEMs), disaster prevention and mitigation,
military object detection, and ship and oil spill detection [4],
[5], [6], [7], [8]. Although SAR satellites have been calibrated
on the ground before launch, various effects including the
severe shocks of the satellite launch, the space environments
with drastic temperature changes, and the aging of instruments
may cause SAR sensors to operate deviating from the default
settings [9], [10], [11]. Thus, geometric calibration is necessary
to improve the positioning accuracy of SAR images to further
release their application potential, especially in regions where
optically multispectral and hyperspectral images cannot provide
useful ground information.

Regular on-orbit geometric calibration can help eliminate
the accumulated systematic errors in the whole life-cycle of
satellites, and it is the most cost-effective way to improve
the geometric positioning accuracy of SAR images [12], [13],
[14]. The essence of SAR geometric calibration is to reduce
the positioning difference for the same ground target between
the field surveying and the geometric positioning model [15].
By estimating calibration parameters, the calibration models
have been applied to improve the positioning accuracy of SAR
images. The literature shows that the European Space Agency
has achieved the calibrated geometric positioning accuracy of
20 m for ERS-1 and 10 m for ERS-2 [16], [17]. RADARSAT-2
and ALOS-PALSAR can also achieve a positioning accuracy
of better than 10 m after geometric calibration [18], [19], [20].
With the reform of the design and manufacturing of onboard pay-
loads and the improvement of geometric calibration tasks, the
positioning accuracy of SAR images after geometric calibration
may exceed the nominal spatial resolution of SAR images. The
positioning accuracy of Sentinel-1A and Sentinel-1B images is
about 7 m in the interferometric wide swath mode with a spatial
resolution of 5 m×20 m [21], [22]. The positioning accuracy of
the TerraSAR-X images in the Stripmap model is about several
centimeters after geometric calibration [23].

Earlier publications indicated that the positioning accuracy of
TerraSAR-X in China is about several centimeters in the azimuth
direction and 1 m in the slant range direction [24]. For China,
Gaofen-3 is the first C-band fully-polarized SAR satellite with
multiple imaging modes and global observation capability, and is
freely available to international users [10], [25]. The positioning
accuracy of TerraSAR-X images is better than 3 m in China after
jointly geometric calibration with Gaofen-3 images using sparse
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control points, where the root mean square (rms) of Gaofen-3
images is better than 7.5 m [26]. It is reported that the positioning
accuracy of Gaofen-3 after joint geometric calibration in a large
area is better than 8.5 m and the maximum error is less than
13 m [27]. Some indicated that the positioning accuracy of the
calibrated Gaofen-3 images can reach 3 m when using calibra-
tion fields in northern China [9], [28]. The practice indicates a
decaying geometric performance of SAR images in the areas
far away from the geometric calibration fields, and the calibra-
tion experiments may yield different positioning accuracies at
different times or places. Because of the decaying geometric
performance of these images, an independent assessment should
be reconducted in the areas far from the calibration fields [12].
The Gaofen-3 images are valuable earth observation datasets
and their accuracy assessment and improvement are necessary
for the consequent application. Because it is very costly to build
geometric calibration fields, there is an urgent need to develop
a suitable, convenient geometric calibration model to produce
better Gaofen-3 SAR images.

To improve the positioning accuracy of SAR images, the
geometric calibration models commonly need high-precision
ground control points (GCPs). Useful GCPs can be derived using
corner reflectors deployed in calibration fields, field surveying
of natural feature points using global navigation satellite system
(GNSS) devices, the panel coordinates and the elevation col-
lected by DOMs, and the global DEMs [15], [22], [26], [29],
[30], [31]. Although corner reflectors in calibration fields can
provide high GCP accuracy, they are quite costly and their
limited positions may not satisfy the geometric calibration in
large-scale areas. In addition, field surveying is inefficient and
unable to collect GCPs in areas (e.g., deserts and great moun-
tains) that are inaccessible to humans. The rigorously verified
high-precision DOMs and DEMs can provide useful GCPs,
which can be applied to geometric calibration worldwide. Thus,
the generic GCPs collection method is the key to constructing
this improved geometric calibration model.

Considering the atmospheric delay of SAR microwave signals
propagating in the earth’s atmosphere, many earlier works
adopted field-measured weather parameters or the weather
reanalysis products to eliminate the delay, then improving the
geometric calibration accuracy [32], [33], [34]. This requires
collecting meteorological products before performing the
geometric calibration. However, the weather reanalysis products
are often released with a latency of several months, and only have
a coarse spatiotemporal resolution [35], [36], [37], leading to the
difficulty of collecting accurate, timely, and local atmospheric
parameters. Because the products are usually derived from fu-
sion and assimilation of multisource meteorological observation
data, they may deviate from the actual atmospheric parameters
[38], [39]. Although these long-delayed tropospheric correction
methods and products have been widely used to perform atmo-
spheric delay correction [34], [40], it is necessary to propose
new methods to perform atmospheric delay correction for SAR
geometric calibration. For this purpose, this article integrated the
standard atmosphere model and the Saastamoinen model (SAM-
S) in performing SAR geometric calibration. The standard
atmosphere model provides the tropospheric parameters in near
real-time and the Saastamoinen model derives the tropospheric

delay [40], [41]. The SAM-S method has been widely applied
to the tropospheric delay corrections in the GNSS pseudorange
corrections and the multispectral image geometric corrections,
which performs well worldwide [42], [43]. Earlier publications
show that the modified positioning accuracy using the SAM-S
method is about a decimeter-level lower than using the real
meteorological data [40]. For large-scale geometric calibration,
the decimeter-level loss in positioning accuracy is acceptable
considering the efficiency and feasibility of the SAM-S method.
Regarding the tradeoff between accuracy and efficiency, there
is an urgent need to develop an improved geometric calibration
model that can be applied to any region worldwide.

This article builds an improved geometric calibration model
in SAR processing, with a case study in the Yangtze River
Delta (YRD) area of China, where the most drastic land-use
change was found in the last two decades. The YRD’s cloudy,
rainy weather has caused difficulties in mapping and updating
using optically remote sensing [44], [45]. SAR has the ad-
vantage of capturing weather-independent ground images and
thus provides an ideal data source for coastal mapping. [46],
[47]. This article is aimed at developing an improved geometric
calibration method of Gaofen-3 for large areas without the use
of long-delayed meteorological data and geometric calibration
fields. This improved model can help remote sensing users to
perform geometric calibration at any time to improve the initial
positioning performance of SAR images without complicated
processing procedures. Also, it is suggested that this model can
streamline the ON-orbit geometric calibration mission process
of future SAR satellites and help to quickly start the operational
services of SAR satellites. This article intends to answer the
following questions: 1) Can the SAR geometric positioning
accuracy be improved using the proposed geometric calibration
model without long-delayed meteorological data and geometric
calibration fields? and 2) Whether the proposed geometric cal-
ibration model can retrieve reliable calibration parameters and
can stand the test of various calibration scenarios? To answer
these questions, tropospheric delays were estimated in near real-
time using the SAM-S method, and GCPs in DOMs and DEMs
were collected as inputs to the geometric calibration model. To
compare the positioning accuracy of Gaofen-3 images before
and after geometric calibration, three scenarios of one-by-one
calibration, joint calibration, and grouped calibration based on
the SAR bandwidth were designed. To validate the applicability
of the proposed geometric calibration method, Gaofen-3 images
were collected in three regions of China for geometric calibration
experiments in three imaging modes.

II. METHODOLOGY

A. Geometric Error Sources

The purpose of geometric calibration is to eliminate the
systematic errors of SAR satellites, then establish the accurate
mapping relationship between SAR images and the earth’s sur-
face [15], [28]. Specifically, the electronic time-delays of digital
signal processors (DSP) and the atmospheric delays caused the
slant range measurement errors, while the time-shifts between
onboard DSP and GNSS devices caused the along-track range
measurement errors [22], [27], [33]. Fig. 1 shows that there are
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Fig. 1. Three main sources that cause the geometric positioning errors of SAR images. (a) The electronic time-delays. (b) The DSP-GNSS time-shifts. (c) The
atmospheric delays.

Fig. 2. Workflow of the improved SAR geometric calibration method.

two onboard-error sources and one transmission-error source.
The electronic time-delays, which are caused by the transmit
and receive processing of signals within the DSP, usually lead
to measurement errors of the initial slant range in the range
direction [see Fig. 1(a)]. The DSP-GNSS time-shifts, which
are caused by the time reference difference between the DSP
and GNSS devices, usually lead to the inconsistency of imaging
timestamps in the azimuth direction [see Fig. 1(b)]. The atmo-
spheric delay caused by the reflection of microwave signals in the
earth’s atmosphere usually results in an inaccurate measurement

of the slant range that is greater than the actual distance between
the phase center of the SAR satellite antenna and the observation
target [see Fig. 1(c)].

B. Improved Geometric Calibration Workflow

Fig. 2 shows the crucial processes of the improved geometric
calibration method, which includes six steps.

1) Collecting the coordinates of SAR images and the earth-
centered-earth-fixed (ECEF) coordinates of the tie points
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in the SAR images, DOMs, and DEMs, where the plane
coordinates are provided by DOMs and the elevation is
provided by DEMs.

2) Based on the auxiliary files of the SAR images, the initial
Range Doppler (RD) model was built to establish the
relationship between the SAR image space and the world
space.

3) The initial RD model was used to quantify the positioning
errors of SAR images after geometric positioning, with
selected GCPs as references.

4) A GCP acquisition scenario was then developed and the
SAM-S method was used to construct an improved ge-
ometric calibration model for estimating the calibration
parameters of the SAR satellite.

5) The calibration parameters were applied to update the RD
model.

6) Finally, the feasibility of this method was verified by a
case study of Gaofen3 images in YRD.

C. Geometric Calibration Model

The onboard systematic errors that lead to decreases in SAR
image positioning accuracy are consistent and reoccurring over
time. The quality of geometric calibration depends on the in-
herent stability of the SAR imaging system and its capability
to determine the geometric features [9], [15]. To eliminate the
systematic errors and improve the absolute positioning accuracy
of SAR images, precise GCPs are usually adopted to estimate
the parameters of the geometric calibration models, which can
be given by [28]{

trng = trng0 +Δtrng +
x
fr

+
Rdelay

C

tazi = tazi0 +Δtazi +
y
fa

(1)

where trng and tazi are the record timestamps of the target (x, y)
in the range and azimuth directions of the SAR imaging system,
respectively, trng0 and tazi0 are the initial time in the range and
azimuth directions, respectively, Rdelay is the troposphere delay
caused by the signal propagation in the atmosphere, which can
be estimated using the SAM-S method, Δtrng is the electronic
time-delay of the SAR imaging system, Δtazi is the DSP-GNSS
time-shift, fr is the radar pulse sampling frequency, fa is the pulse
repetition frequency, and C is the speed of light in vacuum.

SAR satellites are featured by side-looking imaging, and they
can adjust the bandwidth of the emission microwave signal
according to different incident angles to achieve similar/identical
spatial resolution in the same imaging mode [28], [34], [48].
Even in the same imaging mode, different bandwidths can lead
to different electronic time-delays. Usually, the SAR imaging in
a large-scale area is related to different bandwidths and pulse
widths, which are needed to be considered when conducting
geometric calibration.

D. Atmospheric Delay Correction

To perform a robust estimation of the main parameters of
SAR geometric calibration, the atmospheric delay should be
eliminated first [33]. This article adopts the standard atmosphere

model (SAM) to estimate the atmospheric parameters in near
real-time, then used the Saastamoinen model (S model) to cal-
culate the tropospheric delay. The combined model was called
SAM-S, where the SAM can be given by [49], [50]

⎧⎪⎪⎨
⎪⎪⎩

Press = 1013.25× (
1− 2.2557× 10−5h

)5.2568
Temp = 15.0− 6.5× 10−3h+ 273.15

Wpress = 6.108× e
17.15Temp−4684.0

Temp−38.45 × w

(2)

where Press indicates the atmospheric pressure, Temp indicates
the thermodynamic temperature, h indicates the elevation of the
ground target, w indicates the relative humidity, which is as-
signed to 0.7 in the absence of observed atmospheric parameters,
and Wpress indicates the partial pressure of water vapor.

In the Saastamoinen model of calculating the tropospheric
delay, the zenith tropospheric delay (ZTD) can be represented
by the sum of zenith hydrostatic delay (ZHD) and zenith wet
delay (ZWD), where ZHD typically accounts for more than 90%
of ZTD. The tropospheric delay can be given by [40]

⎧⎪⎪⎨
⎪⎪⎩

ZHD = 0.0022768×Press
1+0.00266×cos(2ϕ)−0.00028×h

ZWD = 0.0022768×
(

1255
Temp + 0.05

)
×Wpress

tropospheric delay = ZTD
cos(ϕ) = ZHD+ZWD

cos(ϕ)

(3)

where ϕ is the satellite incident angle and Press, Temp, and
Wpress is presented in the previous equation.

The neutral molecules in the atmosphere higher than the
tropospheric layer (above the earth’s surface at 50 km) are
ionized due to the excitation of high-energy rays, reducing
the speed of electromagnetic waves and then causing the slant
range measurement errors of the radar imaging system. The
ionospheric delay can be defined as [32], [51]

ionospheric delay =
40.28× TEC
f2 cos (ϕ)

(4)

where TEC is the total electron content and f is the radar center
frequency. The TEC data can be automatically collected using
a web crawler at the Center for Orbit Determination in Europe
(ftp.aiub.unibe.ch/CODE/IONO), which provides global TEC
maps every two hours.

E. Solution of the Geometric Calibration Model

To construct the geometric calibration model, this article first
explores the relationship between SAR image pixels and ground
targets. The RD model describes the geometric relationship
between the satellite and the ground targets, and is a rigorous
geometric imaging model for spaceborne SAR sensors [52]. The
model has most widely been used in SAR imaging geolocation
processing to derive high positioning accuracy because it is
independent of the sensor attitude [53], [54]. The RD model
includes all imaging geometric parameters and is ideal for
geometric calibration. The elements of the RD model can be
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written as [27]⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Xs = a0 + a1tazi + a2t
2
azi + a3t

3
azi

Ys = b0 + b1tazi + b2t
2
azi + b3t

3
azi

Zs = c0 + c1tazi + c2t
2
azi + c3t

3
azi

Vx = a1 + 2a2tazi + 3a3t
2
azi

Vy = b1 + 2b2tazi + 3b3t
2
azi

Vz = c1 + 2c2tazi + 3c3t
2
azi

tazi = tazi0 + y
fa

R =
√

(Xs −X)2 + (Ys − Y )2 + (Zs − Z)2

(5)

where (a0, a1, a2, a3, b0, b1, b2, b3, c0, c1, c2, c3) are the
coefficients of the polynomial that describes the satellite orbit,
(X, Y, Z) and (Xs, Ys, Zs) are the coordinates of the ground target
and the satellite in the ECEF coordinate system, respectively,
and R is the slant range between the satellite and the ground
target.

The RD model can be given by [26], [55]⎧⎪⎪⎪⎨
⎪⎪⎪⎩

R−
(
trng0 +

x
fr

)
· C

2 = 0

−2
λR [(Xs −X)Vx + (Ys − Y )Vy + (Zs − Z)Vz] = 0

(X2+Y 2)
(a+h)2

+ Z2

(b+h)2
− 1 = 0

(6)
where (a, b) are the semimajor axis and semiminor axis of the
earth and h is the elevation of the ground target.

The geometric model can be solved with the input of GCPs
based on the principle of least squares. The correction of iterative
solution for the imaging geometric parameters can be calculated
with only one or more GCPs, where more GCPs could improve
the reliability of the geometric calibration [26]. However, col-
lecting high-precision GCPs could increase the cost, especially
in harsh environments that are inaccessible to humans. For ge-
ometric calibration and image positioning accuracy verification
in large-scale areas, the demand for excessive GCPs in different
regions makes it difficult to collect sufficient, suitable GCPs
from geometric calibration fields or field surveying. Collecting
GCPs from DOMs and DEMs may be the most economical way
to perform the SAR geometric calibration. The GCP selection
is to find ground target points with strong reflections, which
are commonly surrounded by weak back-scattering objects. Be-
cause it is difficult to visually identify ground targets from SAR
images, it requires finding features of significant geometric and
reflective characteristics. DOMs from Google Earth and Bing
Map can provide the plane coordinates of GCPs while freely
available DEMs (e.g., SRTM DEM, ALOS DEM, and NASA
DEM) can provide the elevation of GCPs. The gray weighted
centroid (GWC) method was applied to search for the strongest
scattering point.

A single image-based geometric calibration scenario (one-
by-one) can best improve the positioning accuracy of the SAR
image, and can also be used for the calibration of SAR images
nearby. A joint geometric calibration scenario is to construct
the model using multiple SAR images, which can apply to all
the images over time. The joint scenario can realize a more
robust estimation of SAR imaging system errors, thus improving
the positioning accuracy and reducing the negative impacts of
inaccurate GCPs on the definition of model parameters.

F. Three Calibration Scenarios

To examine the reliability of the proposed SAR geometric
calibration model, three calibration scenarios were performed
in this study, including one-by-one calibration, joint calibration,
and grouped calibration.

1) The one-by-one calibration method is carried out for one
image only, where the initial calibration parameters are
calculated according to the GCPs in the same image and
the geometric calibration model. The final calibration
parameters can be calculated based on the least-squares
method.

2) The joint geometric calibration method is carried out for
multiple images, where some (or all) of these containing
GCPs are selected for calibration and the rest are used
for validation. The initial calibration parameters of each
image in calibration are calculated based on the GCPs and
the geometric calibration model, then the least-squares
method is used to derive the optimal calibration parameters
for multiple images in calibration.

3) The grouped calibration method is also carried out for
multiple images (e.g., n), where some of these (e.g., s
images from total n images) are randomly selected for
the calibration, generatingCs

n combinations of calibration
schemes. For each combination, the joint geometric cali-
bration method is used to derive calibration parameters.

III. APPLICATION AND THE RESULTS

A. Study Area and Datasets

This study area covers more than 170 000 km2 in YRD,
including part of Anhui province, Jiangsu province, and Zhe-
jiang province, and all areas of Shanghai city (see Fig. 3).
Cloudy and rainy weather in YRD leads to the failure of optical
remote sensing satellites in capturing the earth’s surface, while
microwave remote sensing (especially SAR satellites) can pro-
vide high-resolution, day-and-night, and weather-independent
images. SAR satellites provide efficient data sources for coastal
area mapping tasks [46], [56]. The geometric performance im-
provement of Gaofen-3 SAR images using the geometric calibra-
tion model would effectively release the potential of producing
fundamental geographic information products. Therefore, this
study area is an ideal choice for the positioning accuracy assess-
ment of the geometric calibration model. In addition, 6 images
of FSII mode in Beijing and 4 images of FSII mode in Xinjiang
were acquired to verify the applicability of the model. All images
were acquired with different combinations of bandwidth and
pulse width between December 2016 and September 2020 (see
Table I).

For the Gaofen-3 satellite, the FSII mode SAR images are
a suitable choice for large-scale mapping tasks because they
satisfy the spatial resolution (10 m) and image swath (100 km).
In Fig. 3, both the control points and checkpoints are GCPs
selected in advance, where the former was used to solve the
calibration parameters while the latter was used to validate the
geometric calibration model and the positioning accuracy. In
addition, the reliability of geometric calibration is highly related
to the accuracy of GCPs. In this article, each SAR image includes
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Fig. 3. SAR image footprints that cover parts of YRD, Beijing, and Xinjiang. The images of YRD were used to verify the effectiveness of the model (Experiment-1),
and the images from Beijing and Xinjiang were used to verify the model’s applicability.

at least three control points and five checkpoints (see Fig. 3),
which could not be easily prepared using a calibration field
because of the high construction cost.

Fig. 4 shows four pairs of targets selected both in the aerial
orthophotos with meter-level positioning accuracy and in the
uncalibrated Gaofen-3 SAR images. All the GCPs were col-
lected by the aerial orthophotos provided by the Shanghai Sur-
veying and Mapping Institute. The GCPs in the Bing Maps
(multispectral images) were matched and linked to the Gaofen-3
SAR images (see Fig. 4). The tie points were identified and
then recorded their coordinates in both the geodetic coordinate
system and the SAR image coordinate system. The geodetic
coordinates were converted to the ECEF coordinates based on
the WGS84 reference ellipsoid. The elevation values of the tie
points were provided by SRTM DEM. Due to the severe speckle
noise in SAR images, the targets usually cannot be identified
clearly. To ensure accuracy, the intersection points of roads and
the relatively fixed features near rivers and lakes were selected
as the candidate GCPs. For example, a wind turbine is a suitable
target that indicates similar characteristics to a corner reflector
in SAR images.

B. Atmospheric Delay Estimation

It has been acknowledged that the product of the International
GNSS Service (IGS) is the benchmark [57], [58]. However, the
IGS product only detects specific monitoring stations that may

not be in the region of interest. In this regard, if the results of the
SAM-S method approximate those of IGS in the atmospheric
delay correction, the method can be properly applied elsewhere.
The IGS product was compared with the SAM-S approach using
data from three IGS stations (i.e., BJFS in Beijing, SHAO in
Shanghai, and URAM in Xinjiang). Table II shows the differ-
ences in the atmospheric delays between the IGS and the SAM-S
method, at the three IGS stations at the time of SAR imaging.
The incident angle of the Gaofen-3 SAR sensor generally ranges
from 20° to 40°, and the related difference in the atmospheric
delays ranges from 0.06 m to 0.4 m with a mean value of 0.2 m.
By projecting the atmospheric delay into the ground, the caused
ground error is less than 1.2 m with a mean value of about 0.5 m.
This error is far smaller than the SAR image’s spatial resolution
(10 m). This proves the effectiveness of the SAM-S model, which
can be used to perform fast atmospheric delay correction for
regular geometric calibration tasks in large-scale areas.

C. Preliminary Geometric Calibration

To verify the model accuracy and the Gaofen-3 image’s
geometric performance in YRD, multiple experiments were
performed to inspect the geometric positioning accuracy before
and after geometric calibration. Table III shows that, before
calibration, the rms of the collected Gaofen-3 images is 38.41 m.
After one-by-one calibration and using each image as both the
calibration and validation, the rms of the calibrated images is
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TABLE I
GAOFEN-3 SAR IMAGES SELECTED FOR VERIFYING THE GEOMETRIC CALIBRATION MODEL

TABLE II
COMPARISON OF THE ESTIMATIONS OF THE ZTD BETWEEN IGS AND SAM-S
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Fig. 4. Typical targets selected in both the Bing Maps (multispectral images) and the Gaofen-3 SAR images. For the same area, both the red rectangle center and
the green-cross link to the same ground target. In this figure, (a), (b) a wind turbine, (c), (d) the corner of a dam, (e), (f) a bridge pier, and (g), (h) a metal sculpture
in an artificial lake.

TABLE III
COMPARISON OF THE ONE-BY-ONE CALIBRATION AND JOINT CALIBRATION SCENARIOS

improved to 5.47 m, with a maximum error is 8.57 m. The
one-by-one calibration shows that the range of initial slant range
correction is 6.38 m (–20.20 m versus –13.82 m), and the range of
imaging time correction is 2.6 ms (–6.8 ms versus –4.2 ms); these
corrections vary greatly, thus, the correction of an image cannot
be applied to another. The joint calibration method applied to all
images, used as both calibration and validation, shows a slant
range correction of –17.15 m and an imaging time correction of
–0.0048 s, resulting in an rms value of 11.41 m for positioning
accuracy. Compared to the one-by-one calibration, the accuracy
decrease in joint calibration is largely caused by the first four
images with a bandwidth 80 MHz or 100 MHz. By excluding
these four images, the positioning accuracy of the remaining

images with a bandwidth 60 MHz is 6.90 m after joint calibration
(see Table III). This indicates that the bandwidth also greatly
affects the geometric calibration of SAR images, and more
accurate calibration should be grouped the SAR images based
on their bandwidths.

D. Grouped Geometric Calibration

To investigate the optimal group of images, further experi-
ments were done to select three, four, and five images from eight
candidate images with a bandwidth of 60 MHz as calibration
and all images as validation. There are 56 combinations of three
images, 70 combinations of four images, and 56 combinations



6936 IEEE JOURNAL OF SELECTED TOPICS IN APPLIED EARTH OBSERVATIONS AND REMOTE SENSING, VOL. 15, 2022

Fig. 5. Changes in geometric positioning accuracy when using different combinations of images.

Fig. 6. Changes in the calibration parameters when using different combinations of 3 images (a) and (d), 4 images (b) and (e), and 5 images (c) and (f).

of five images (see Fig. 5). The geometric positioning accuracy
of the grouped calibration is increasingly stable when more SAR
images are included in the combination. However, it is similar to
the previous joint calibration (see Table III) and could increase
the workload when using more than 5 SAR images. Fig. 5 shows
that the rms of the calibrated SAR images is about 6 m (the
yellow line) with a 95% confidence interval for three types of
combinations (three, four, or five images) and the maximum
error is less than 11 m. As more images are included in the
combination, the positioning accuracy is improved as shown by
the decreased maximum and mean errors, and the calibration
results are more reliable, as shown by the decreased standard
deviation.

To examine the sensitivity of the calibration parameters, this
article checked their changes related to different combinations
of images. Using the grouped calibration method, the slant range
and imaging time corrections are closer to their mean lines when

using more images (see Fig. 6). For example, the slant range
correction is about –17.06 m and the imaging time correction
is about –0.0051 s for the combination of five images. Similar
to the positioning accuracy, the range (Max minus Min) and
the standard deviation of these two corrections decrease when
more images are included in the calculation. The improved cali-
bration parameters enhance the geometric calibration accuracy,
thus avoiding using costly geometric calibration fields and the
accurate atmospheric parameters that are difficult to acquire.

E. Applicability Assessment

To assess the applicability of the improved model, geometric
calibration of the SAR images was performed in Beijing and
Xinjiang. In the Experiment-2 scenario, a joint geometric cali-
bration was performed in Beijing and obtained an rms of 6.75 m.
The calibration parameters were then applied to the Xinjiang
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TABLE IV
CROSS-VALIDATION OF GEOMETRIC CALIBRATION RESULTS IN BEIJING AND XINJIANG

Fig. 7. Overlapping areas of adjacent images in YRD (a), Beijing (b), and Xinjiang (c) show good positioning accuracy and geometric consistency after geometric
calibration.

images to verify the applicability of the model, and the rms for
Xinjiang was 8.37 m (see Table IV). In the Experiment-three
scenario, a joint geometric calibration was performed in
Xinjiang that yielded an rms of 9.48 m, then applied the
calibration parameters to images of Beijing to verify the model
applicability, and the rms of Beijing was 8.48 m. Compared to
the results of Experiment-3, the positioning accuracy of images
in Beijing calibrated using the parameters of Experiment-2 is
better (see Table IV).

Specifically, linear targets (e.g., boundaries of rivers and
straight roads) were selected to check the positioning accuracy of

the SAR images, especially the geometric consistency between
SAR images before and after calibration. Fig. 7 shows that the
three regions mosaicked using SAR images from YRD, Beijing
and Xinjiang have no seamlines after geometric calibration,
indicating the model has good geometric consistency. Fig. 8(a)
shows the locations of the two selected check regions in YRD.
Fig. 8(b) shows that, before calibration, the path in the farmland
yields irregular geometric offset; while it is corrected to the red
line after the calibration and the shape many accords to the real
path (the red lines in Fig. 8(c)–(d) are parallel lines). Fig. 8(e)
shows that the image of the river is distorted before calibration,
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Fig. 8. Geometric consistency of linear targets in YRD is improved after the geometric calibration.

and the shape [see Fig. 8(f)] is much closer to the real river [see
Fig. 8(g)] after geometric calibration. Fig. 9(a) and (d) shows
the locations of the two examined areas in Beijing and Xinjiang,
and the road [see Fig. 9(b)] and reservoir [see Fig. 9(f)] cannot
connect in the adjacent images before calibration. However, the
shapes of the road [see Fig. 9(c)] and reservoir [see Fig. 9(g)],
after geometric calibration, are more consistent with those in the
reference multispectral image [see Fig. 9(d) and (h)], indicating
that this improved model helps the calibrated images to recover
geometric consistency.

IV. DISCUSSION

This article constructed an improved geometric calibration
model of SAR images, which does not need long-delayed mete-
orological data and geometric calibration fields. This model is
suitable for the geometric calibration of large-scale SAR images
(e.g., China’s Gaofen-3 and Tianhui-2), and can also be applied
to the geometric calibration of SAR satellites worldwide (e.g.,
TerraSAR-X). The geometric positioning accuracy of Gaofen-3
SAR images was verified in YRD between July 2018 and May
2019. The results show that the rms of the geometric positioning
accuracy of Gaofen-3 is about 38.4 m before geometric calibra-
tion (cf., Table III), but it is reduced to smaller than 10 m after
geometric calibration (see Fig. 5). One contribution of this article
is that the proposed model, for the first time, uses SAM-S for the
tropospheric delay correction in the SAR geometric calibration,
and another is that the development of joint calibration scenarios
with different SAR image combinations provides a more reliable
geometric calibration for large-scale areas.

Because the atmosphere is highly complex, it is very dif-
ficult for current numerical weather products to provide high
precision, high spatial resolution atmospheric parameters in
near real-time [59], [60]. The SAM-S method can achieve well

estimated atmospheric delay correction when the earth’s atmo-
sphere is calm. Although the global weather reanalysis prod-
ucts can achieve better estimation in case of greatly changing
weather [37], [43], there is often a lag of several months in the
release of these products. Thus, this cannot be readily used to
perform timely estimation of geometric calibration parameters.
The SAM-S method in this article only lead to very minor
differences in the atmospheric delay estimation compared with
the IGS products (see Table II), indicating the effectiveness
of the SAM-S estimation. This article focused on the method
development of the geometric calibration of large-scale SAR
images by compromising the image positioning accuracy and the
cost; this means that this model does not need the long-delayed
meteorological data and geometric calibration fields. Also, ob-
vious differences in positioning accuracy are found before and
after considering the atmospheric delay corrections (the first-row
versus the second-row in Fig. 10), indicating the reliability of the
atmospheric delay correction method. In case of no atmospheric
delay correction, the number of images included in the modeling
does not make substantial differences to the geometric calibra-
tion (the first row in Fig. 10). When considering the atmospheric
delay correction, more images included in the modeling can
substantially reduce the positioning errors as shown by the
standard deviation and the rms (the second row in Fig. 10). After
considering atmospheric delay correction, the mean positioning
accuracy decreased from ∼5.2 m to ∼6.3 m, but the rms of all
combinations decreased from ∼6.5 m to ∼6.0 m. This indicates
that, based on the SAM-S method, the geometric calibration
resulted in a more robust estimation of SAR imaging system
errors, thus improving the calibration performance for most of
the SAR images.

In fact, one-by-one calibration is the best scenario, however,
it requires a large number of GCPs and SAR images, which
cannot be completed in actual data production, especially in
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Fig. 9. Geometric consistency of adjacent images is improved after geometric calibration in Beijing and Xinjiang.

Fig. 10. Comparison of positioning accuracy before and after considering the atmospheric delay corrections as well as for each SAR image under different
calibration scenarios.
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TABLE V
MODEL PERFORMANCE ASSESSMENT OF IMAGES OF DIFFERENT IMAGING MODES

large-scale or global calibration. The rms of the positioning
accuracy of one-by-one calibration is 5.47 m, while the rms of the
joint calibration with all images is 11.41 m (cf., Table III). The
decreases from 5.47 m to 11.41 m would likely be attributed to
the bandwidth effects because the joint calibration for the images
of 60 MHz is 6.90 m (rms), much better than the calibration
using all images (cf., Table III). Further analysis shows that
the positioning accuracy of the calibrated images for all com-
binations is about 6.0±2.7 m with a 95% confidence interval.
These indicate that the positioning accuracy (∼6.90 m) after
geometric calibration is much better than the nominal spatial
resolution (10 m) of Gaofen-3 FSII images, indicating the model
has satisfactory application ability.

The calibration accuracy is affected by the GCP selection, the
atmospheric delay estimation and unknown errors. The results
show that the rms of different image combinations is about 6 m
(see Fig. 5), and the maximum error of all images is smaller
than 11 m (see Fig. 10). The enlarged areas (cf., Fig. 7) show
that the Gaofen-3 images can produce seamless scenes after
geometric calibration, and two selected areas show that, after
calibration, the geometric distortion is corrected and the shapes
in the SAR images are close to the ground targets (see Fig. 8).
Because GCPs were collected from aerial orthophotos with a
positioning accuracy of about 1 m, the accuracy of these GCPs
can be considered as twice (i.e., 2 m) the standard deviation of
the aerial orthophotos. The elevation is collected from SRTM
DEM, which has a spatial resolution of 90 m and an absolute
height error of smaller than 16 m [61]. Geometric calibration
accuracy is improved when higher elevation accuracy DEMs
are applied [26].

Large facilities such as wind turbines and bridge piers can be
selected as candidates for GCPs to ensure uniform distribution.
Although the accuracy of these GCPs may be reduced due to
phase center offset, background scattering, and image distortion
and noise, this does not deny their potential to provide useful
ground control information. The GWC method was applied to

search for the strongest scattering point, and the accuracy of its
phase center positioning can reach about 0.1 pixels. For large
facilities, the phase center offset of the wind turbine and bridge
pier causes an error of fewer than 0.5 pixels [cf., Fig. 4(a)–(b),
(e)–(f)], the scattering from the surrounding objects causes an
error of about 0.1 pixels, and the image distortion and noise
causes an error of about 0.5 pixels. Therefore, the accuracy of
GCPs in SAR images for these large facilities is about 0.7 to 1.1
pixels. For point targets [cf., Fig. 4(c)–(d), (g)–(h)], the phase
center offset is small (about 0.2 pixels), the scattering from the
surrounding objects causes an error of ∼0.1 pixels, and image
distortion and noise cause an error of ∼0.5 pixels. Therefore,
the accuracy of GCPs of these point targets in SAR images is
about 0.9 pixels. All these suggest that the accuracy of GCPs in
this article is about 1 pixel.

In addition, the residuals of atmospheric delay estimation may
lead to positioning biases, where the tropospheric delay error
may cause 1 m bias and the ionospheric delay error may cause
additional bias. The ionospheric delay correction was conducted
using a simple Klobuchar model, which can only capture 50% of
ionospheric range error worldwide [62], [63]. The errors are also
from unknown or random errors that cannot be well modeled
to date [28], [64]. Although the abovementioned errors have
not been well captured in this article, this improved method
can provide better SAR images in a large region like YRD and
should be useful elsewhere for the geometric calibration of SAR
images.

Applicability is an important feature of geometric calibration
models. In this article, geometric calibration was performed
in two distant regions, Beijing and Xinjiang, to verify the
applicability of the improved geometric calibration model (see
Table IV). The results show that this geometric calibration model
can effectively improve the positioning accuracy of SAR images.
The applicability of the model to SAR images with different
imaging modes was further evaluated (i.e., QPSI, SS, and FSII).
After geometric calibration, the rmss of all images for all three
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imaging modes were better than 6.3 m (see Table V). Due to
errors in the selection of GCPs and checkpoints, as well as
differences in imaging bandwidth, there are also differences in
the positioning accuracy after calibration for the same imaging
mode (e.g., L4384 and L4385). The improvement in image
positioning accuracy for the three imaging modes demonstrates
the good applicability of the improved geometric calibration
model, while further evaluation is needed for higher resolution
images (e.g., spotlight images).

V. CONCLUSION

SAR satellites have the advantages of earth observation re-
gardless of the weather and solar radiation conditions, and the
SAR images have already become powerful datasets for global
mapping of ground targets. However, SAR imaging is com-
monly affected by many influencing factors such as the space
environments with drastic temperature changes, thus, geometric
calibration should be conducted before mapping and application.
In this article, an improved geometric calibration model of SAR
images was constructed, it does not need long-delayed meteo-
rological data and geometric calibration fields. The method was
then applied to China’s Gaofen-3 satellite with a case study in
YRD where the weather is cloudy and rainy.

Contributions of this article include that 1) the proposed
geometric calibration model can be applied to geometric cal-
ibration tasks worldwide without the support of long-delayed
meteorological data and geometric calibration fields, 2) the
calibration scenarios can well verify the effectiveness of the
geometric calibration model in large-scale areas, and 3) after
geometric calibration, the positioning accuracy of Gaofen-3
images in YRD is much better than that before geometric
calibration. Importantly, the atmospheric delay correction im-
proves the stability of geometric calibration and the positioning
accuracy of SAR images, and the geometric distortion in SAR
images is significantly eliminated after geometric calibration.
The positioning accuracy improvement of Gaofen-3 images
can help improve their application potential in global remote
sensing mapping, land-use change monitoring, and important
ground target detection. The proposed geometric calibration
method can also be applied to other SAR missions such as ERS,
RADARSAT, and TerraSAR-X.
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