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Abstract. This paper presents the practical spaceborne synthetic aperture radar (SAR) data
focusing method based on the realistic end-to-end spaceborne SAR simulation. Our simulation
reflects main factors of the satellite SAR that induce errors to degrade the focused image
severely, which are related to the sensor hardware, the antenna beam pointing, the effective
velocity, and the Doppler frequency. To minimize errors due to them in the spaceborne SAR
image formation, we suggest and utilize the preprocessing as the internal calibration, the analysis
of orbital data of an SAR satellite, the calculation of an effective velocity and the Doppler fre-
quency utilizing the two-way slant range equation, and the usage of the phase gradient algorithm
combined with the extended chirp scaling algorithm based on the azimuth signal deramping. The
processing results for realistic simulated raw data of a spaceborne SAR are presented to validate
the proposed methods. © 2013 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10
.1117/1.JRS.7.073494]
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1 Introduction

The spaceborne synthetic aperture radar (SAR) system is the all weather-imaging active sensor in
which backscattered microwave pulses are collected by a satellite and processed to form images
of the surface of the Earth day and night.1 Nowadays, most of the spaceborne SAR systems
require high-resolution image with a resolution of several meters. Therefore, very accurate
SAR data processing is needed to make high-quality SAR images without errors.

Especially, critical factors that may induce errors in the SAR image have to be analyzed
precisely and processed properly in SAR data focusing. These factors are mainly related to
the antenna beam pointing, the effective velocity, the Doppler frequency, and the pulse error
in the hardware (H/W) of a spaceborne SAR sensor. Inaccurate analyses of them induce deg-
radation of the focused SAR image quality such as resolution loss, geometric distortion, contrast
loss, and spurious targets.

In order to perform practical spaceborne SAR data focusing, we have a newly developed
spaceborne SAR simulator on which the main characteristics of a real spaceborne SAR system
are able to be reflected.2,3 Unlike conventional simulations that partially model data acquisition
of a spaceborne SAR system for the specific purpose,4–8 we carry out the end-to-end simulation
of a satellite SAR system related to sensor dynamics/attitude, target observation, antenna beam
patterns, antenna beam pointing errors, sensor H/W pulse errors, and raw data generation. In
particular, our simulator generates raw data for multipoint targets taking into account the real-
istic spaceborne SAR operation and reproduces main spaceborne SAR functionalities without
considering system H/W choices. Furthermore, it can be used for the design of the real satellite
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SAR system and to improve the scientific understanding of the complex radar backscattering
behavior.

Through our simulation, we are able to acquire raw data that are almost identical to that
acquired by the real spaceborne SAR system. These raw data are generated in the time domain
in order to take into account many degrees of freedom of the SAR impulse response and also for
modularity. It is utilized usefully for the development and performance evaluation of our focus-
ing methods.

The main contribution in our work is also to develop the precise spaceborne SAR data focus-
ing methods that can reduce error effects arising from inherent characteristics of the spaceborne
SAR system used to achieve raw data, so that reasonable image quality is retained at the
same time.

In our focusing processes, the preprocessing is performed to compensate pulse errors induced
from the SAR H/W. In addition, we propose the effective velocity and the Doppler frequency
calculation methods that utilize two-way slant range models and orbital data of the SAR satellite
based on the Hermite interpolation.9 Furthermore, the azimuth block processing is suggested to
reduce signal level of ambiguities due to sidelobes of antenna beam. Also, in order to compen-
sate phase error due to antenna beam pointing errors, we utilize the phase gradient algorithm
(PGA) combined with the extended chirp scaling (ECS) algorithm based on the azimuth signal
deramping.10–12 Related to these methods, in this paper, we provide expanded processing pro-
cedures and results with simulation that were not described in our previous paper. (An earlier
version of this paper was presented at the 2010 SPIE Asia-Pacific Remote Sensing Conference
and was published in its proceedings).3

The rest of this paper is organized as follows. In Sec. 2, our realistic spaceborne SAR sim-
ulation is introduced. In Sec. 3, the proposed methods for practical spaceborne SAR data focus-
ing are described. In Sec. 4, experimental results of proposed methods through computer
simulations are shown. Finally, its performance is validated and evaluated.

2 Spaceborne SAR Modeling and Simulation Considering
Characteristics of the Real System

2.1 Overall Modeling and Simulation Concepts

For the practical spaceborne SAR data processing, we focus our attention on key characteristics
of the real satellite SAR system, which are the pulse error in the SAR H/W, the antenna beam
pointing, the effective velocity, and the Doppler frequency.

To get the accurate spaceborne SAR focusing method that reflects their effects, the end-to-
end simulation of the spaceborne SAR system has been conducted considering real operations of
it. In particular, it consists of mathematical models based on operation and system parameters of
the real spaceborne SAR system. And it is able to generate simulated raw data of point targets on
the WGS-84 Earth ellipsoid that is acquired from the satellite SAR system. Furthermore, because
critical error factors of the spaceborne SAR system are modeled mathematically in our simu-
lation, the performance of SAR image formation methods using generated raw data can be tested
and evaluated efficiently. Also, it can analyze various effects related to raw data processing to get
a high-quality SAR image.

In Fig. 1, the overall modeling flow of our spaceborne SAR simulation, which includes main
characteristics of the real satellite SAR system, is shown. As shown in Fig. 1, the developed
simulator consists of several models, such as the sensor dynamics/attitude model, the target
observation model, the antenna beam pattern model, the antenna beam pointing error model,
the sensor H/W pulse error model, and the raw data generation model. In particular, when
the SAR illuminates a beam on targets to get raw data, various effects such as two-way antenna
beam pattern, beam pointing errors, and Doppler effects are reflected on generated raw data.
Also, it is able to simulate the dynamics/attitude operation on the orbit similar to the real space-
borne SAR sensor.

The performance of suggested spaceborne SAR simulations has been verified through our
several tests and evaluations.2,3

Shim and Ro: Practical synthetic aperture radar image formation based on realistic spaceborne. . .

Journal of Applied Remote Sensing 073494-2 Vol. 7, 2013

Downloaded From: http://remotesensing.spiedigitallibrary.org/ on 01/15/2014 Terms of Use: http://spiedl.org/terms



2.2 Realistic Spaceborne SAR Modeling

In case of developing the practical spaceborne SAR focusing method, the realistic simulation is
needed to get raw data in which the main characteristics and the operation mechanism of the real
spaceborne SAR system are reflected. In this section, we describe principle models of our sim-
ulation that have critical effects on the performance of the spaceborne SAR focusing algorithm.

2.2.1 Sensor dynamics/attitude modeling

In azimuth time modeling, azimuth time instants tn, to define pulse transmission timing of the
SAR according to the raw data acquisition mode are calculated. In operation orbit modeling, the
sensor trajectory is simulated using the Keplerian orbital elements: the orbit semimajor axis a,
the orbit eccentricity e, the true anomaly υ, the orbit inclination αi, the longitude of the ascending
node Ω, and the argument of perigee ω.13

In order to simulate the state vector and the attitude of the spaceborne SAR, the position
vector P̄S ECEF and the velocity vector V̄S ECEF of the SAR sensor in the Earth-centered
Earth-fixed (ECEF) frame are provided as orbital quantities, as shown in Fig. 2.2,3 Also, the
sensor geodetic pointing attitude in terms of pitch and roll angles is modeled.

2.2.2 Target positioning and observation modeling

The data acquisition geometry of the spaceborne SAR is modeled for target observation. Point
targets are positioned on theWGS-84 ellipsoid, and their reflectivity rT as a complex number can
be set. For each azimuth time instant tn, the target position vector P̄T ECEF in the ECEF frame is
calculated, and the target position vector P̄T SP in the sensor pointing frame is computed using
P̄S ECEF, P̄T ECEF, and sensor attitude values evaluated by the sensor dynamics/attitude model-
ing.2 It is used to evaluate sensor observation angles such as the elevation observation angle θ
and the azimuth observation angle ϕ of targets.

2.2.3 Antenna beam pattern modeling

For each target in each azimuth time instant, the antenna radiation pattern G as in Eq. (1) is
modeled for transmission and receiving, which is defined as the product of the array factor
Ea and the element pattern Ee.

Fig. 1 Overall modeling flow of the developed spaceborne synthetic aperture radar (SAR)
simulator.
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Gðθ;ϕÞ ¼ Eaðθ;ϕÞ · Eeðθ;ϕÞ: (1)

Furthermore, by calculating the elevation observation angle θ and the azimuth observation
angle ϕ of targets, and evaluating azimuth steering angles for the whole data acquisition time,
antenna radiation patterns for transmission and reception are reflected on targets. Therefore,
effects related to the antenna beam pattern of the real spaceborne SAR are inherent in the simu-
lated raw data.

In particular, for a planar antenna, the array factor Ea is defined as the product of two in-
dependent factors for transmission and reception, as in Eq. (2).14

Eaðθ;ϕÞ ¼
�X

m

jamjejϕmej
2π
λ m·dy sin θ

��X
l

ejϕl ej
2π
λ l·dx cos θ sin ϕ

�
; (2)

where m and l represent the m’th row and the l’th column of the planar array antenna, dx and dy
are the linear distances from the adjacent radiators in the azimuth and elevation directions, and λ
is the radar wavelength.

In our modeling, as the element pattern Ee, the sinc radiation pattern is used for the rectan-
gular aperture with uniform illumination, as in Eq. (3).14

Eeðθ;ϕÞ ¼ sinc

�
dx
λ
· sin ϕ · cos θ

�
· sinc

�
dy
λ
· sin θ

�
: (3)

Figure 3 shows the antenna beam pattern modeled based on the above method, which is the
same as the real satellite SAR sensor. In addition, related to antenna beam pattern modeling,
mask design techniques for the antenna beam pattern used to optimize the system performance
of an real spaceborne SAR can be utilized on it.15

2.2.4 Antenna beam pointing error modeling

The unstable antenna beam pointing generates errors such as bias, drift, and jitter. They induce
phase errors between received pulses on raw data and the degradation of the SAR image quality.
In particular, antenna beam pointing variations induce shifts of the Doppler centroid. The inac-
curate value of the Doppler centroid produces the azimuth resolution loss, the signal-to-noise
ratio loss, the signal to Doppler ambiguity ratio loss, and the swath localization error.

In our simulation, the beam pointing errors in terms of roll γr, pitch αp, and yaw βy angular
coordinates are modeled during raw data acquisition time. In particular, drift and jitter pointing
errors are taken into account in this modeling. For each axis of roll, pitch, and yaw, pointing
errors are modeled as the superimposition of two terms: (a) the drift term that represents the
linear error contribution and (b) the jitter term that represents the random error contribution.

These antenna beam pointing errors are defined mathematically as follows. First, the math-
ematical model of a drift error ed is defined as in Eq. (4).

ed ¼ Ad;pp · tn; tstart ≤ tn ≤ tend; (4)

Fig. 2 Sensor dynamics and target observation geometry.
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where Ad;pp is the peak-to-peak variation rate of pitch, yaw, and roll, tstart is the azimuth start
time, and tend is the azimuth end time. Next, the jitter error ej is defined as in Eq. (5).

ej ¼
XM
m¼1

Aj;pp · sinð2πfmtn þ φmÞ; tstart ≤ tn ≤ tend; (5)

where Aj;pp is the peak-to-peak amplitude of jitter for pitch, yaw, and roll, fm is the jitter fre-
quency, which has M sampling frequencies, and φm is the random initial phase of jitter.

Now, the phase error Φe Pt induced due to beam pointing errors is modeled mathematically.
Figure 4 shows the graphical geometry for movements of antenna beam pointing angles of the
spaceborne SAR.2,3 In this figure, r̄0 is the ideal antenna beam pointing vector. The beam point-
ing vector r̄0 is converted to r̄1 due to roll γr, and r̄1 is moved to r̄2 by pitch αp. Finally, r̄2 is
moved to r̄3 by yaw βy.

The Doppler frequency fD that corresponds to antenna beam pointing angles is represented
mathematically as in Eq. (6).

fD ¼ 2v
λ
v̄ · r̄ ¼ 2v

λ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tan2ðαpÞ þ tan2ðθLþγrÞ

cos2ðαpÞ

1þ tan2ðαpÞ þ tan2ðθLþγrÞ
cos2ðαpÞ

vuuut · sin

�
βy þ tan−1

�
sinðαpÞ

tanðθL þ γrÞ
��

; (6)

where v̄ is the satellite velocity vector, v is the norm value of v̄, r̄ is the antenna beam pointing
vector, the symbol ð·Þ is the scalar product of vectors, and θL is the look angle of an antenna.

The phase error due to pointing errors can be expressed as in Eq. (7). It is based on the theory
that the derivative of the phase Φ is the frequency f; dΦ∕dt ¼ 2πf.

Φe PtðtnÞ ¼ Φe Ptðtn−1Þ þ fDðtnÞ ·
2π

PRF
; (7)

where Φe Pt (tn) is the phase error of the pulse at tn. fDðtnÞ is the Doppler frequency of the pulse
at tn. It can be calculated using Eqs. (4), (5), and (6). Based on these models, the raw data that
antenna beam pointing errors are reflected on are generated in our simulation.

Fig. 3 Antenna beam pattern model.
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2.2.5 Sensor hardware pulse error modeling

Amplitude and phase errors of pulses that are induced in the SAR H/W are simulated.
Particularly, they are modeled using linear, quadratic, and random components, as in
Eqs. (8) and (9). That is, these error models make the performance of the SAR H/W be reflected
on received raw signals.

Ae HWði; τh; tnÞ ¼ 1þ 10
αl
20 − 1

Tp
·
h
τh þ naT −

Tp

2
− td;iðtnÞ

i
þ 4 ·

�
10

αq
20 − 1

	
T2
p

·
h
τh þ naT −

Tp

2
− td;iðtnÞ

i2
þ �

10
αr
20 − 1

	
· randðτhÞ;

(8)

where αl, αq, and αr are linear, quadratic, and random amplitude components of the H/W pulse
error, and the unit of them is a decibel. The randð·Þ is the function to give normally distributed
pseudorandom numbers. T is the pulse repetition interval (PRI), Tp is the chirp duration, and na
is the ambiguity number. τh and td;i are defined as in Eqs. (11) and (12).

Φe HWði; τh; tnÞ ¼
φl

Tp
·
h
τh þ naT −

Tp

2
− td;iðtnÞ

i
þ 4φq

T2
p
·
h
τh þ naT −

Tp

2
− td;iðtnÞ

i2
þ φr · randðτhÞ;

(9)

where φl, φq, and φe are linear, quadratic, and random phase components of the H/W pulse error.
The unit of them is a radian.

2.2.6 SAR raw data generation modeling

To generate raw data of our modeled spaceborne SAR, the received signal is simulated as the
function of the range and azimuth time instants that represent all transmission and receiving
instants during the whole raw data acquisition. In particular, the mathematical model of the
received signal SRx is defined as Eq. (10) using sensor parameters, antenna radiation patterns,
target and sensor positioning, beam pointing errors, and H/W pulse errors.

Fig. 4 Antenna beam pointing movements due to pointing errors.
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SRxðτh; tnÞ ¼ ejΦe PtðtnÞ ·
XNT

i¼1

rT;i · GTx · GRx · rectTp

h
τh þ naT −

Tp

2
− td;iðtnÞ

i

· e
jπγ

h
τhþnaT−

Tp
2
−td;iðtnÞ

i
2

· e
−j2πfc

h
Tp
2
þtd;iðtnÞ

i
· Ae HWði; tn; τhÞ · ejΦe HWði;tn;τhÞ;

(10)

where NT is the number of targets, GTx and GRx are gain values of transmission and reception
antenna radiation patterns for each target, γ is the chirp rate, and fc is the carrier frequency. τh is
the h’th range time instant within the sampling window of the receiving signal, and it is defined
according to the following equation:

τh ¼ tSWS þ
ðh − 1Þ

fs
; h ¼ 1: : : ns; (11)

where ns is the number of range time samples, tSWS is the sampling window start time, and fs is
the sampling frequency.

In Eq. (10), td;i represents the two-way delay generated by the propagation of the signal
between transmission and reception, as in Eq. (12).

td;iðtnÞ ¼
jP̄S ECEFðtnÞ − P̄T ECEF;ij

c
þ jP̄S ECEFðtn þ naTÞ − P̄T ECEF;ij

c
; (12)

where c is the speed of light.

3 Practical Spaceborne SAR Image Formation

3.1 Overall Spaceborne SAR Focusing Processes

We use the well-known ECS algorithm as the fundamental SAR data focusing technique.10,11

Overall processing flow of the proposed SAR image formation method is showed in Fig. 5. In
our SAR raw data focusing, data processes for blocks drawn by the dotted line in it are fully
described in Refs. 10 and 11, which are those such as range/azimuth fast Fourier transform
(FFT), range/azimuth inverse FFT (IFFT), chirp scaling, etc.

As the key process of our spaceborne SAR image formation method, the preprocessing is
conducted to compensate pulse errors in a sensor H/W, and the azimuth deramping is added to
use the PGA for phase error correction due to antenna beam pointing errors. Furthermore, to
reduce the signal level of ambiguities due to sidelobes of the antenna beam pattern and to resolve
the processing memory limitation due to large-scale Stripmap raw data, the azimuth block
processing is proposed for the spaceborne SAR data focusing.

Especially, for the spaceborne SAR data focusing, the effective velocity Vr of the illuminated
beam on a ground is a very important parameter from which the range cell migration (RCM)
factor is calculated. It is different from the flight velocity of a satellite SAR, and its incorrect
value is enough to cause serious degradations of the focused SAR image. Also, the Doppler
frequency fD is the key factor for the azimuth compression of raw data.

In particular, for the ECS algorithm,11 the RCM factor β is expressed as in Eq. (13), which is
the key factor for the exact RCM correction (RCMC).

βðfDÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

�
fD · λ
2 · Vr

�
2

s
: (13)

As seen from Eq. (13), the RCM factor β is dependent on the Doppler frequency fD and the
effective velocity Vr. Therefore, the effective velocity Vr and the Doppler frequency fD have to
be calculated correctly to get the accurate RCM factor β. In this paper, calculation methods of the
effective velocity Vr and the Doppler frequency fD based on the two-way slant range equation
model using orbital data and scene center coordinates are suggested for precise spaceborne SAR
processing.
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3.2 Preprocessing

Preprocessing means the internal calibration to compensate pulse errors induced in a sensor H/
W. We use preprocessing methods suggested in Ref. 16. First, the unbiasing to eliminate DC
offsets of the simulated received signal SRx is conducted. Next, gain imbalance of in-phase (I)
and in-quadrature (Q) components of the SAR received signal is compensated. Last, compen-
sation of nonorthogonality of I and Q components is performed.

3.3 Azimuth Block Processing

The azimuth block processing is the SAR image formation technique by which blocks of raw
data divided in the azimuth direction are focused and merged to get the whole focused image. In
the azimuth block processing, azimuth pulse data in the area that is larger than the mainlobe
(3 dB Doppler bandwidth) of the antenna beam in the azimuth direction have to be compressed
at the same time to get the full azimuth resolution.

Particularly, as shown in Fig. 6, to get the focused image of the gray area, we use the azimuth
block that consists of Np block pulses, which are twice pulses of the antenna beam mainlobe. This
block is compressed in azimuth at the same time, and then focused data for (Np block∕2þ 1)’th to

Fig. 5 Block diagram of suggested SAR image formation flow based on the extended chirp scaling
algorithm.
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(Np block)’th pulses are discarded. That is, through one block processing, only 1st to
(Np block∕2)’th pulses azimuth data are compressed with the full Doppler bandwidth. To get
whole compressed data in azimuth, this block processing has to be repeated for entire raw data.

3.4 Satellite Position/Velocity Data Analysis

In order to calculate the effective velocity Vr and the Doppler frequency fD exactly, we utilize
orbital data of the satellite SAR system such as orbital time and state vector data, as defined in
Table 1. However, most of the spaceborne SAR systems are not capable of measuring their
orbital and attitude data at each PRI, so they provide them only at an interval of specific
time during the raw data acquisition.

These data are not enough to calculate the accurate Vr and fD for precise spaceborne SAR
signal focusing. That is, the SAR image formation requires interpolation of given sparse orbital
data to the PRI. In order to increase samples of orbital data, we use the simple interpolation
technique that makes use of Hermite polynomials. This approach is precise, but only as accurate
as the input state vectors used, and its detail procedures are described in Ref. 9.

3.5 Calculation of the Effective Velocity

The satellite SAR signal focusing depends critically on the precise model of the raw data acquis-
ition geometry as it evolves through time. The operation geometry of the satellite SAR produces
an interesting problem because both the satellite and the Earth’s surface move with time. That is,
evaluation of the accurate effective velocity is not easy due to the Earth’s curvature and rotation.

However, it can be calculated by the hyperbolic slant range equation using additional infor-
mation such as state vectors of the spaceborne SAR and scene center coordinates.17 In case of the
real satellite SAR system, these are provided as attributes of acquired raw data.

The raw data acquisition geometry of the satellite SAR system is shown approximately in
Fig. 7. In this figure, RðtnÞ is the slant range from the SAR to the scene center at the azimuth time

Fig. 6 Azimuth block formation and processing.

Table 1 Orbital data of the spaceborne synthetic aperture radar (SAR) system.

Data Definition

Orbital time T (s) Array of times at which the satellite orbital
data are supplied in seconds

Earth centered Earth fixed (ECEF)
position Pðx; y; zÞ (m)

Position of the spaceborne SAR on the orbit in
ECEF frame corresponding to the orbital times

ECEF velocity V ðx; y; zÞ (m∕s) Velocity of the spaceborne SAR on the orbit in
ECEF frame corresponding to the orbital times
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tn, R0 is the closest slant range from the SAR to the scene center, and t0 is the azimuth time
for R0.

Based on the raw data acquisition geometry of Fig. 7, the hyperbolic slant range equation is
defined as Eq. (14), and it can be expressed as Eq. (15).

R2ðtnÞ ¼ R2
0 þ V2

rðtn − t0Þ2; (14)

Vr ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2ðtnÞ − R2

0

ðtn − t0Þ2

s
: (15)

Furthermore, to enhance the accuracy of the calculated effective velocity, we propose a
method that uses the two-way slant range equation model. In particular, there is the difference
between positions at pulse transmission and at pulse reception because the distance between the
spaceborne SAR and targets on the ground is very far. In other words, there is the ambiguity
number na that takes into account the time interval between the transmission and the reception of
pulses in terms of pulse repetition intervals.

Therefore, RðtnÞ in Eq. (14) has to be defined as Eq. (16), where RTx (tn) and RRx (tn) are
slant ranges from the SAR to the scene center at pulse transmission and pulse reception, respec-
tively. To calculate RTx (tn) and RRx (tn), scene center coordinates in the ECEF frame that are
provided as the attribute value of raw data in case of a real SAR system can be used, and the
minimum value of RðtÞ becomes R0 in Eq. (15).

RðtnÞ ¼
RTxðtnÞ þ RRxðtn þ na · PRIÞ

2
for all range sample bins: (16)

In order to get the accurate two-dimensional (2-D) RCM factor, Vr has to be calculated for all
range sample bins. To calculate Vr for all range sample bins, the index of the center bin for range
samples, idRgBin Center, has to be computed, and it can be calculated as in Eq. (17).

idRgBin Center ¼ fs ·

�
2 · Rref

c
− swst −

na
PRF

þ Tp

2

�
þ 1; (17)

where Rref is the slant range for the scene center. Next, to compute local coordinates of all range
sample bins, the ground range ΔRg and the slant range ΔRs for one range sampling interval are
computed using Eq. (18). The local coordinate is defined as the Cartesian coordinate where the
origin is located in the scene center. In the local coordinate, X axis, Y axis, and Z axis represent
the azimuth direction, the range direction, and the height, respectively.

ΔRg ¼
Re

a · sinðjΔθj þ jθ0jÞ
· ΔRs; ΔRs ¼

c
2fS

; (18)

where Re is the norm value of scene center coordinates in the ECEF frame, a is the sum of the
altitude of the SAR sensor and Re, θ0 is the antenna beam elevation angle, and Δθ is the
mechanical off-nadir angle.

Fig. 7 Raw data acquisition geometry.
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The local coordinates (0, Y, 0) for all range sample bins in one range line in which the scene
center is located can be acquired using Eq. (19).

Y ¼ ΔRg × ðidRgBin
− idRgBin CenterÞ; (19)

where idRgBin
is the index of each range sample bin. These local coordinates of range sample bins

can be converted to ECEF coordinates. Therefore, for all range sample bins, RðtnÞ and R0 can be
computed using the above suggested method. Finally, Vr is also calculated exactly for total range
sample bins; hence, the accurate 2-D RCM factor β is acquired for precise spaceborne SAR
image formation.

In order to show the effectiveness of the above-proposed method, some results of our sim-
ulation related to the two-way slant range model are shown in Fig. 8. As seen in Fig. 8(a), there
are differences between RðtnÞ and RTx (tn), RRx (tn) represented in Eq. (16). Hence, the effective
velocity Vr in Eq. (15) is different at each slant range. These differences induce the degradation
of the quality of a focused image, as shown in Figs. 8(b) and 8(c). In conclusion, different from
the conventional methods,10,11,18 the effective velocity Vr should be calculated using the method
proposed based on the two-way slant range model to enhance the quality of a focused
SAR image.

Fig. 8 Simulation results related to the two-way slant range model: (a) Slant ranges from SAR to
the scene center; RTx (t n) (blue), RRx (t n) (red), and Rðt nÞ (green). (b) Interpolated and weighted
azimuth impulse response functions (IRFs), focused using Vr based on each RTx (t n) (blue), RRx

(t n) (red), and Rðt nÞ (green). (c) The expanded image of (b).
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3.6 Calculation of the Doppler Frequency

The Doppler frequency can be calculated using position and velocity vectors of the SAR sensor
and the target. Particularly, the following mathematical model is utilized to compute it.1,17

fD ¼ −
2

λ
·
ðP̄S ECEF − P̄T ECEFÞ · ðV̄S ECEF − V̄T ECEFÞ

RST
; (20)

where V̄T ECEF is the velocity vector of the target in the ECEF frame, and RST is the slant range
from the SAR sensor to the target.

In order to utilize Eq. (20) for the spaceborne SAR data focusing, ECEF coordinates of the
scene center should be used as P̄T ECEF. Furthermore, V̄T ECEF is the cross-product of P̄T ECEF

and the vector [0, 0, ωe], where ωe is the Earth’s rotation rate according to the WGS-84 Earth
model, and its value is 7.2921151467 × 10−5 rad∕s.

As has been mentioned, there is the position variation of the SAR sensor on the orbit at pulse
transmission and reception. Therefore, the mathematical model of Eq. (20) should be represented
as in Eq. (21) for more accurate spaceborne SAR data focusing.

fD ¼ −
1

λ

�ðP̄S ECEF Tx − P̄T ECEF TxÞ · ðV̄S ECEF Tx − V̄T ECEF TxÞ
RST Tx

�

−
1

λ

�ðP̄S ECEF Rx − P̄T ECEF RxÞ · ðV̄S ECEF Rx − V̄T ECEF RxÞ
RST Rx

�
:

(21)

In order to calculate the Doppler frequency fD of Eq. (21), the position and velocity vectors
of the SAR sensor at each pulse should be computed using the interpolated orbital data as
described in Sec. 3.4.

Furthermore, to enhance the capability of SAR data focusing, the Doppler frequency of azi-
muth signal in each range bin should be calculated using the calculation method for the range bin
center coordinates suggested in Sec. 3.5. In conclusion, the Doppler centroids fDC of each range
bin are accurately acquired as the mean values of the Doppler frequencies calculated for each
range bin and used for the precise SAR data focusing.

In order to show the effectiveness of the suggested method, some results of simulations
related to the Doppler frequency are shown in Fig. 9. As seen in Fig. 9(a), the difference between
fD Tx, fD Rx, and fD is incurred; fD Tx and fD Rx are the Doppler frequencies for transmission
and reception, respectively. Hence, the Doppler centroid and the Doppler frequency rate are
different for each case. These differences induce the degradation of the quality of a focused
image, as shown in Fig. 9(b). In conclusion, different from the conventional methods,10,11,17

the Doppler frequency should be calculated using the method based on the two-way path
model to enhance the quality of a focused SAR image.

Fig. 9 Simulation results related to the Doppler frequency. (a) The Doppler frequencies for f D Tx

(blue), f D Rx (red), and f D (green). (b) Interpolated and unweighted azimuth IRFs, focused using
fDC Tx (blue), fDC Rx (red), and fDC TxRx (green).
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3.7 Phase Error Estimation and Correction

In order to compensate phase distortion induced by antenna beam pointing errors, we use the
PGA,12 that is, the representative autofocus technique. In particular, we suggest combining it
with the ECS algorithm for SAR data focusing. To do it, azimuth chirp signals should be
deramped in the process of the ECS algorithm as proposed in Fig. 5.

In other words, azimuth chirp signals should be converted to sine wave signals, and then
deramped azimuth signals are compressed to impulse response function (IRF) by doing the
Fourier transform. In this process, the PGA can be applied to the azimuth deramped signal.
Therefore, phase errors of azimuth signals induced by antenna beam pointing errors can be esti-
mated and compensated. These processing results are shown in Ref. 3 in detail.

3.8 Windowing

The windowing processing is needed to increase the performance of IRF of targets in a focused
image. In our weighting process, the general cosine-like window17 that is modeled in the fre-
quency domain as Eq. (22) is applied during processing of range and azimuth compression, and
we used 0.7 as the value of its amplitude weighting coefficient α.

Wðf; FÞ ¼ αþ ð1 − αÞ cos
�
2πf
F

�
; −

F
2
≤ f ≤

F
2
; (22)

where F is the window length in the frequency domain. It is used in range and azimuth window
weighting of the SAR focusing process, and its value is equal to each processing bandwidth for
range and azimuth data.

3.9 Consideration on Radiometric Calibration

In general, any scientific application that involves a comparative study of radar reflectivities
requires some level of radiometric calibration. Radiometric calibration is the process whereby
the digital values of a remotely sensed image can be related to physical quantities of the scene,
such as reflectivity, phase, and location. The goal of radiometric calibration is to account for all
of the contributions in the radiometric values that are not due to target characteristics, so that the
backscatter values of targets can be compared to one another or a reference.1

That is, for any quantitative analysis, it is necessary to convert the digital number (DN) image
data to calibrated radar backscatter (Sigma naught; σ°) data.19,20 However, in this paper, we do
not perform to radiometrically compensate our focused SAR image because it passes beyond our
scope to focus SAR raw data for the qualitative analysis. In spite of that, for further quantitative
study, we introduce the process of the radiometric calibration described in Ref. 21.

The DN image values can be converted to radiometrically calibrated SAR backscatter σ°
values using the following mathematical representation:

σ°½dB� ¼ 10 log10½DN2 − N2
S� − Kþ10 log10

��
Rta

Rref

�
3 sinðθtaÞ
sinðθrefÞ

1

GTxðθ;φÞGRxðθ;φÞ
GS

GK

�
; (23)

where DN is the digital number of SAR image in amplitude, NS is the system noise of the SAR
sensor, K is the calibration constant in dB, and Rta and Rref are the slant range to a target area and
the reference slant range in meters, respectively. θta and θref are the incidence angle at a target
area and the reference incidence angle in degrees, respectively. GTx ðθ;φÞ and GRx ðθ;φÞ are the
transmission and reception gains of an antenna for the elevation and azimuth angle to a target
area. GS and GK are the system gain and the system gain at which K was determined,
respectively.

The calibration constant K is used to relate the digital values in an SAR image to the clutter
backscatter coefficient for the area of interest. Subsequently, the behavior of it reflects system
radiometric stability. It can be calculated using the backscatter from a point target with correction
for the accompanying mean clutter, as in Eq. (24).
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K½dB� ¼ ε − σ þ 10 log10

��
Rt

Rref

�
3 1

sinðθrefÞ
1

GTxðθt;ϕtÞGRxðθt;ϕtÞ
�
; (24)

where σ is the radar cross-section of a point target in dBm2, Rt is the slant range to a point target
in meter, and GTx (θt;ϕt) and GRx (θt;ϕt) are the transmission and reception gains of an antenna
for the elevation and azimuth angle to a point target. ε is defined as in Eq. (25).

ε ¼ 10 log10

(�XB
x;y

DN2
x;y −

B
B − A

XB−A
x;y

DN2
x;y

�
δrδa

)
; (25)

where B are samples of a point target and adjacent clutter, A are samples of a point target accom-
panied by clutter, and δr and δa are slant range coordinate sample spacing and azimuth coor-
dinate sample spacing in meters, respectively.

In order to take σ° from the SAR image focused using our simulation, the individual terms in
Eq. (23) can be calculated from our spaceborne SAR models such as the antenna beam pattern
model, and focusing method described previously. Especially, values of NS, GS, and GK can be
set to one due to preprocessing and characteristics of our simulation.

In addition, to obtain good estimates of the backscattering coefficients, enough pixels have to
be averaged over an area extended target.19 This is why the problem of fading in SAR image
needs to be considered to determine the minimum size of the sampling unit for the estimation of
the backscattering coefficients. In order to determine the size of the sampling unit, the procedures
to calculate the number of pixels required to be averaged have been suggested by Patel et al.19

Supplementarily, recent radiometric calibration results for RISAT-1 and Radarsat-2 are sug-
gested in Refs. 22 and 23, respectively.

4 Experiments and Discussion

4.1 Spaceborne SAR Raw Data Generation

Experiments are performed to assess spaceborne SAR image formation methods that are sug-
gested in this paper. First, we have generated raw data for the Stripmap mode on which main
characteristics of the real spaceborne SAR system are reflected, using the mathematical model of
the SAR received signal represented in Eq. (10).

Table 2 shows values of spaceborne SAR system parameters and raw data acquisition geom-
etry parameters used in the experiment of this paper. In Table 2, LSW is the length of a sampling
window, BC is the chirp bandwidth, and Taz is the azimuth synthetic aperture time. Furthermore,
the length of an antenna used in this simulation is 4.2 m, and the width of it is 0.7 m. Also, the
ambiguity number na is 17.

Table 2 SAR system and geometry parameters for the experiment.

Parameter Value Parameter Value

f c 9.6 GHz ω 0 deg

PRF 3600 Hz αi 97 deg

Tp 50 μs Ω 0 deg

tSWS 214.87 μs a 6938.137 km

LSW 149.24 μs e 0.0015

BC 75 MHz υ0 0 deg

f s 107.2 MHz Δθ 34 deg

T az 5.5 s θ0 6.51 deg
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Table 3 Antenna beam pointing and hardware pulse errors.

Parameter Value Parameter Value

Drift 0.001 deg ∕s
in p-axis

Jitter �0.001 deg at
1 to 50 Hz

�0.005 deg at
50 to 100 Hz

αl 0.52 dB φl 0

αq 0.35 dB φq π∕10

αr 0.6 dB φe π∕15

Fig. 10 Position relation of point targets for raw data generation.

Fig. 11 Simulated raw data. (a) Amplitude image of raw data. (b) Azimuth signal of raw data that
the antenna beam pattern is applied.

Fig. 12 Chirp signal received from the point target in simulated raw data. (a) Amplitude of in-phase
chirp signal noised by hardware pulse errors. (b) Unwrapped phase of chirp signal; dashed line is
for chirp with no errors; solid line is for chirp with errors.
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In our experiments, the antenna beam pointing and H/W pulse errors are reflected on gen-
erated raw data, and values of their error are set as shown in Table 3.

Particularly, drift is applied only in the pitch axis, and jitter is produced at two frequency
bands in the pitch, yaw, and roll axis.3 Furthermore, to set values of amplitude and phase com-
ponents in the H/W pulse error, we utilized those of TerraSAR-X described in Ref. 24.

In our experiments, raw data are generated for point targets that are distributed as shown in
Fig. 10. There are nine point targets that are spaced 10 km apart from the center in range and
located at 5, 20, and 35 km from the origin in azimuth, and the values of their reflectivity rT are
1þ i0, respectively.

Raw data that realistic effects of the spaceborne SAR system are reflected on were generated
as seen in Figs. 11 and 12. That is, these simulated raw data have realistic effects such as the

Fig. 13 SAR raw data focusing results: (a) focused image of point targets. (b) Range IRFs in range
lines that point targets are located, TN 5 (blue), TC 5 (red), and TF 5 (green). (c) Azimuth IRFs in
azimuth lines that point targets are located, TF 5 (blue), TF 20 (red), and TF 35 (green).
(d) Interpolated two-dimensional focused image of the point target TF 5. (e) Interpolated and win-
dow weighted azimuth IRF of the point target TF 5.
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Table 4 Focusing performance results for point targets: resolution.

Index of
targets

Unweighted range
resol. (m)

Weighted range
resol. (m)

Unweighted azimuth
resol. (m)

Weighted azimuth
resol. (m)

TN 5 1.75 2.18 2.10 2.47

TC 5 1.81 2.25 1.98 2.35

TF 5 1.79 2.23 2.01 2.39

TN 20 1.77 2.21 1.93 2.30

TC 20 1.83 2.27 2.06 2.44

TF 20 1.81 2.25 1.94 2.31

TN 35 1.78 2.22 1.90 2.26

TC 35 1.85 2.29 2.29 2.60

TF 35 1.82 2.26 1.89 2.25

Table 5 Focusing performance results for point targets: peak side lobe ratio (PSLR).

Index of
targets

Unweighted range
PSLR (dB)

Weighted range
PSLR (dB)

Unweighted azimuth
PSLR (dB)

Weighted azimuth
PSLR (dB)

TN 5 −13.18 −21.63 −12.74 −20.12

TC 5 −12.93 −21.29 −12.58 −20.05

TF 5 −13.08 −21.51 −12.18 −19.70

TN 20 −13.23 −21.78 −12.74 −20.35

TC 20 −12.78 −21.12 −12.58 −20.35

TF 20 −12.95 −21.28 −12.18 −20.89

TN 35 −13.20 −21.74 −12.00 −20.89

TC 35 −12.64 −20.89 −12.78 −20.62

TF 35 −12.87 −21.07 −11.92 −20.83

Table 6 Focusing performance results for point targets: integrated side lobe ratio (ISLR).

Index of
targets

Unweighted range
ISLR (dB)

Weighted range
ISLR (dB)

Unweighted azimuth
ISLR (dB)

Weighted azimuth
ISLR (dB)

TN 5 −9.97 −16.42 −9.67 −15.25

TC 5 −9.81 −16.13 −9.52 −15.22

TF 5 −9.89 −16.31 −9.24 −14.93

TN 20 −9.97 −16.53 −9.64 −15.45

TC 20 −9.69 −16.01 −9.54 −15.42

TF 20 −9.80 −16.13 −9.21 −15.86

TN 35 −9.94 −16.51 −9.09 −15.83

TC 35 −9.63 −15.83 −9.69 −15.64

TF 35 −9.78 −15.98 −9.04 −15.81
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antenna beam pattern, the phase error due to beam pointing errors, and the pulse error in the SAR
H/W. The effects of antenna beam pointing errors have been shown in our paper.3 These raw data
are enough to use for performance evaluation of the suggested focusing methods.

4.2 Simulation Results and Analyses

The focused images for point targets that are acquired using the proposed methods are showed in
Fig. 13. The focused full image is data of single look complex format, in the slant range and zero
Doppler projection.

Fig. 14 Focusing results for raw data of the real spaceborne SAR. (a) Quick look image of raw
data in the HDF5 format. (b) Focused image using the proposed methods. (c) Focused image of
one point target in (a). (d) Contour plot of the point target in (c). (e) Interpolated and unweighted
range IRF of the point target in (c). (f) Interpolated and unweighted azimuth IRF of the point target
in (c).
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As shown in Figs. 13(a), 13(b), and 13(c), spurious targets are shown due to sidelobes of
antenna beam pattern, but their amplitudes are acceptably low compared to that of point targets.
Additionally, as seen in Figs. 13(d) and 13(e), point targets have focused accurately.

The quality of IRF is evaluated for the performance check of the proposed SAR focusing
method, and its results are described in Tables 4, 5, and 6. In our experiments, the azimuth
resolution calculated is ∼2.1 m.

Furthermore, the unweighted slant range resolution measurement of point targets is approx-
imately equal to the one calculated, that is, ∼1.77 m, and the weighted slant range resolution is
∼2.24 m. Also, the peak sidelobe ratio (PSLR) values of unweighted range IRFs are measured at
about −13.0 dB, and the integrated sidelobe ratio (ISLR) values of them are taken at
about −9.8 dB.

As seen in Table 4, error-free results are acquired, and the performance of our proposed
method is verified. In other words, based on the processing methods proposed in Sec. 3, the
spaceborne SAR image formation has been executed precisely on our simulations.

In addition, to verify the effectiveness of the proposed methods, we have performed image
formation using our focusing methods for raw data used to develop the real spaceborne SAR
system of Thales Alenia Space Italia (TASI). These SAR raw data were generated by the tool
developed in the COSMO-SkyMed25 frame to better understand mission and data processing
aspects, which are shown as the quick-look image of the HDF5 format, as in Fig. 14(a). It
is RAW_B_ST.h5 of the HDF5 format that is generated in a Stripmap mode of the X-band sat-
ellite SAR for the swath that is 27 km in ground range and 48 km in azimuth.

The full image focused using our method is shown in Fig. 14(b). Unweighted IRFs of the
point targets in the focused image show ideal shapes as in Figs. 14(c), 14(d), 14(e), and 14(f).
That is, it was verified that the proposed methods can be utilized for image formation of the real
spaceborne SAR system.

5 Conclusion

Here, we have proposed the methods to realistically model and simulate the spaceborne SAR
system and also acquire raw data. For our modeling and simulation, main characteristics of the
real satellite SAR system are reflected, which are related to sensor dynamics/attitude, target
observation, antenna beam patterns, antenna beam pointing errors, sensor hardware pulse errors,
and raw data generation.

Furthermore, to focus spaceborne SAR raw data precisely, practical methods have been sug-
gested. Especially, as the key factors for the exact RCMC, the effective velocity and the Doppler
centroid have been calculated using the two-way slant range equation model. A core idea is
based upon the fact that there is a difference between positions at pulse transmission and at
pulse reception because the distance between the spaceborne SAR and targets on the ground
is very far. Using sensor state vectors and geometry data, the effective velocity and the
Doppler centroid are exactly calculated for total range sample bins; hence, the accurate 2-D
RCM factor is acquired for precise spaceborne SAR image formation.

The experiments based on our simulation have demonstrated the effectiveness of the pro-
posed methods. Particularly, in our experiments, suggested methods have compensated pulse
errors due to the sensor H/W and phase errors induced by antenna beam pointing errors.
Also, the effective velocity and the Doppler frequency are calculated correctly by proposed
methods based on the two-way slant range equation model. In addition, as the results of
raw data focusing, the mean values of slant range resolution, PSLR, and ISLR for the unweighted
point target IRFs in the focused image were about 1.80 m, −13.00 dB, and −9.83 dB, respec-
tively. Furthermore, the mean values of azimuth resolution, PSLR, and ISLR for the unweighted
point target IRFs were about 2.01 m, −12.41 dB, and −9.40 dB, respectively.

These results have shown the effectiveness of the proposed methods. That is, the performance
of spaceborne SAR image formation using the proposed method is very good for raw data, so
that various effects induced from real satellite SAR sensor are reflected. Moreover, it has been
validated through focusing raw data used to develop the real spaceborne SAR system of TASI.
Therefore, these results make our methods attractive for practical spaceborne SAR image
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formation. In future works, the effectiveness of the proposed method will be evaluated through
focusing of the real spaceborne SAR raw data. Furthermore, to extend the application of it to
ScanSAR and Spotlight mode, follow-up research will be performed.
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