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Abstract. Due to the larger orbital arc and longer synthetic aperture time in medium Earth orbit
(MEO) synthetic aperture radar (SAR), it is difficult for conventional SAR imaging algorithms to
achieve a good imaging result. An improved higher order nonlinear chirp scaling (NLCS) algo-
rithm is presented for MEO SAR imaging. First, the point target spectrum of the modified equiv-
alent squint range model-based signal is derived, where a concise expression is obtained by the
method of series reversion. Second, the well-known NLCS algorithm is modified according to
the new spectrum and an improved algorithm is developed. The range dependence of the two-
dimensional point target reference spectrum is removed by improved CS processing, and accu-
rate focusing is realized through range-matched filter and range-dependent azimuth-matched
filter. Simulations are performed to validate the presented algorithm. © The Authors. Published
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1 Introduction

Synthetic aperture radar (SAR) is a well-established remote sensing technique, capable of acquir-
ing images of Earth’s surface independent of weather conditions and sunlight illumination.'
Since SEASAT was launched in 1978,> spaceborne SAR has received much attention for its
capabilities of Earth observation and environment monitoring. So far, most existing spaceborne
SAR systems operate at the low Earth orbit (LEO) near or below 800 km.? Because of their orbit
height, the limitations of LEO-SAR are obvious, such as a long revisit period and narrow map-
ping swath. Compared with LEO SAR, the medium Earth orbit (MEO) SAR has better acces-
sibility and greater coverage.*> However, along with the ascension of the orbit, the relative
Satellite-Earth geometry of the MEO SAR will significantly deviate from a straight line, which
poses many challenges for spaceborne SAR signal processing, particularly the imaging part.
An accurate range model and efficient imaging algorithm are the basis of MEO SAR signal
processing. The most well-known range model in spaceborne SAR is the hyperbolic range equa-
tion model (HREM),*’ which is derived from the straight track and is adapted to the curved orbit
of spaceborne SAR by equivalent velocity and squint angle. However, for MEO SAR systems,
the much longer integration time will introduce significant phase errors in signal processing
based on old range models. Eldhuset®® proposed a fourth-order Doppler range model
(DRM4) to describe the range history of high-resolution spaceborne SAR, where the third-
and fourth-order phase errors can be fully compensated and a better imaging result can be
obtained. However, the model does not consider the effect of higher order phase errors,
which limits its application in MEO SAR. An advanced HREM for MEO SAR was proposed
by Huang et al.,'® where an additional linear term is introduced into the conventional HREM so
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that it can handle the focusing issue of an azimuth resolution around 3 m at altitudes ranging
from 1000 to 10,000 km. However, for higher altitudes, its performance degrades dramatically.
The method of series reversion is another range model for spaceborne SAR imaging,'' where the
range equation is expressed by a series expansion, and its accuracy is dependent on the number
of terms used. To meet the requirements of MEO SAR imaging, more than four terms are needed
in the expansion, which results in a high-complexity system. In this paper, a modified equivalent
squint range model (MESRM), which was employed in our work in Ref. 12, is used as the range
model for MEO SAR.

The chirp scaling (CS) algorithm is a common approach adopted for the processing of space-
borne SAR data due to its good phase preservation and high efficiency properties.'* However, the
traditional CS algorithm was derived based on HREM and cannot be directly applied to our
MESRM. In this work, we derive the point target spectrum (PTS) of the MESRM-based signal,
and develop an improved higher order nonlinear chirp scaling (NLCS) algorithm for MEO SAR
imaging where the improved CS processing is applied to remove the range dependence of a two-
dimensional (2-D) point target reference spectrum (PTRS), and the higher order phase compen-
sation, range-matched filter, and range-dependent azimuth filter are used to realize accurate
focusing. Extensive simulations are performed to show the significantly improved imaging
result.

This paper is organized as follows: with a brief description of the MESRM, the PTRS based
on MESRM is derived in Sec. 2. The corresponding improved algorithm for MEO SAR is devel-
oped in Sec. 3. Simulation results are provided in Sec. 4, and conclusions are drawn in Sec. 5.

2 Signal Model for Medium Earth Orbit Synthetic Aperture Radar

2.1 Range Model

The spaceborne SAR geometry in Earth-centered rotating coordinates is illustrated in Fig. 1,
where the actual path is represented by the black solid line, and the paths based on HREM and
MESRM are denoted by the blue dotted line and red dashed lines, respectively. For a short inte-
gration time, the straight path approximation is sufficient in the LEO cases. However, for the
MEO SAR, the straight path approximation cannot properly fit the actual path and another
degree of freedom should be used to make the range model more accurate. To improve the pre-
cision of the range model, an additional cubic component and quartic component are introduced
in the range equation,'” as shown below:

Path of HREM

Actual path
Path of MESRM

Fig. 1 Geometry of a typical spaceborne synthetic aperture radar (SAR).
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where ¢ is the azimuth time, r( is the slant range at Doppler center time, v, is the equivalent
velocity between the scatterer and the SAR, ¢, is the equivalent squint angle, A is the signal
wavelength, and f4, f., fi3 and f,4 denote the Doppler centroid frequency, the azimuth FM
rate, the rate of the azimuth FM rate and the second-order derivative of the azimuth FM
rate, respectively, given by

2(V _Vtar ) Rsat_Rar
fd:_(sal ) ( t)7 (3)

/1r0

2(Asat - Atar) ! (Rsat — Rtar) _ Z(Vsat B Vlar) ) (Vsat - Vtar) + ﬁ

= - 4
fr /11’() /1}’0 2"0 ( )
_ 2(A/sat - Allar)(Rsat B Rtar) 6(Asat B Atar)(Vsat - Vtar) 3Afdfr
fia=- - + ; )
/1r0 /1]"0 27‘0
_ _ 8(A,sat - A/tar)<vsat - Vtar) _ 6(Asat B Atar)(Asat - Atax)
4 /Iro /1}"0
_ 2(A”sal B A”lax)(Rsat B Rtar) + 3lfr2 + 2’1fdfr3 i (6)
Aro 27‘0 ro

where R, V, A, A’ and A’’ denote the position vector, velocity vector, acceleration vector, and
the rate of the acceleration vector and its second-order derivative, respectively. The subscript sat
represents the satellite, and tar represents the ground target. Compared with the traditional range
model, the MESRM not only perfectly compensates the actual range history up to the quartic
term, but also partially compensates the higher order terms, which makes MESRM more suitable
for MEO SAR.

2.2 Signal Model

Based on the MESRM, after demodulation to baseband, the received signal for a point target can
be described as

S = - ntt= oo 20 xp ETROY g [, RO

where o, represents the scattering coefficient, w,(-) and ,(-) denote antenna pattern functions in
the range and azimuth directions, respectively, c is the speed of light, K| is the range chirp rate, 7
is the fast time, and ¢, is the Doppler center time of point target.

In order to obtain the 2-D PTS of the above echo expression, the principle of stationary phase
and Fourier transformation (FT) is applied. The 2-D PTS of the echo signal can be obtained as
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where f, is the range frequency, f, is the azimuth frequency, and #,(-) is the stationary point
obtained by solving the following equation:
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Considering the complexity of the range model, it is difficult to find a closed-form solution
for the stationary point.'* To facilitate the derivation of the following imaging algorithm, we
expand the signal phase by a power series with respect to f, as follows:
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where f is the carrier frequency and a, 3, and y are the Doppler parameters of the echo signal,
given by
"o
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From Eqgs. (15) to (17), it can be seen that the Doppler parameters a, 3, and y vary with range
ro, which increases the difficulty for the following imaging process. Figure 2 shows the curve of
the Doppler parameters with respect to slant range displacement. There is a nearly linear
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Fig. 2 Doppler parameters as a function of the range displacement.

relationship between the Doppler parameters and the range displacement. To describe the range
dependence of the Doppler parameters, a linear hypothesis is used to deduce the following im-
aging algorithm, which is given by

a=a; + ay(rg = rer)
B =P+ Pa(ro = Feer) - (18)
v =71+ 7r2(ro = Feef)

Substituting Eqs. (18) into (10), the PTS based on the MESRM can be obtained, and the
corresponding improved imaging algorithm is presented in the following section.

3 Higher Order Chirp Scaling Algorithm

Based on the proposed signal model in Sec. 2, an improved imaging algorithm is presented here:
higher order cross-coupling is removed by higher order phase compensation, the accurate range
cell migration correction (RCMC) and secondary range compressed (SRC) are accomplished by
the improved CS processing, and accurate azimuth focusing is achieved through the range-de-
pendent azimuth-matched filtering. The block diagram of our proposed algorithm is shown in
Fig. 3. In the following, details of the basic operations are provided according to the signal flow
in the diagram.

It starts with higher order phase compensation and cubic phase filtering in the 2-D frequency
domain, where cubic phase filtering is used to provide the most accurate accommodation of
range dependence of SRC, and the higher order cross-coupling is removed by the higher
order phase compensation. The higher order phase function and cubic phase function are
given by

Hl(frvfa;rref) :exp{_d)HOP{frvfa;rref}}’ (19)

2
HZ(frvfa;rref) :exp{j?ﬂy(fa)fg}v (20)

where Y(f,) is the azimuth-frequency varying cubic phase filter coefficient, given by
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Y = . 21
(a) 812K o) (B3 ) + 252(7) @b

After higher order phase compensation and cubic phase filtering, the signal is transformed
into the range-Doppler domain by range inverse FFT (IFFT). Considering that the cubic phase
term is small enough, the range-Doppler domain representation of the filtered signal can then be
written as

S(T’ fa; rO) = Goa)a(f’ fa) ' wr(T) : exp{jﬂKm(fa; 7‘0)[77 - Td(fa; rO)]Z}

2
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Raw SAR data

Two-dimensional FFT

Higher order phase compensation

H,(f..1.)

Cubic phase filtering
LAVSA

1o

Range IFFT

Nonlinear chirp scaling processing

H;(Z',f;)

-

Range FFT

Range processing filtering

H4(f‘r’f¢‘1)

1+

Range IFFT

Range-dependent azimuth filtering
Hy(1.)

+

Azimuth IFFT

Fig. 3 Block diagram of the proposed higher order imaging algorithm.
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To remove the range dependence of SRC and RCM, NLCS processing is performed, where
the NLCS function Hs(z, f,), centered at the reference range 74(f,; rt), is given by
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From Egq. (30), it can be seen that the RCMC and SRC are independent of range r,, and the
bulk RCMC and SRC can be performed accurately and efficiently across the range swath.
Accordingly, the range processing filter H,(f,, f,) is given by
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Km(fa; rref> |:1 + #}

H4(frv fa) = exp{jZHfTTI(fa)} - eXp Jr

(fa)[l _TZ(fa) ]f%
3|:1 +72(f )C:|

- exp{ —jm (32)

After the range IFFT takes the data back to the range-Doppler domain, range-dependent
azimuth-matched filtering and residual phase compensation can be performed by the azimuth
processing filter Hs(f,)

HS (fa; rO) = exp{_d)azi(fa; )"0)} : exp{_q)()(fa; rO)}' (33)

Finally, a well-focused target is generated by the azimuth IFFT.

4 Simulations and Analyses

Now, simulations are performed to first validate the MESRM for MEO SAR. Then, the accuracy
of the derived 2-D spectrum is verified with a different azimuth resolution. Finally, the perfor-
mance of our proposed imaging algorithm is demonstrated. The simulation parameters are listed
in Table 1.
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Table 1 Simulation parameters for modified equivalent squint range model (MEO SAR).

Parameter Value
Semi-major 16,378 km
Eccentricity 0.00
Inclination 90 deg
Argument of perigee 90 deg
Wavelength 0.24 m
Bandwidth 150.0 MHz
Look angle 15.0 deg
Azimuth resolution 3.0m
Antenna length 258 m
Antenna width 11.8 m
Doppler centroid —2.09 Hz
Azimuth FM rate 5.30 Hz/s
fra —-0.44 mHz/s?
fra -1.33 puHz/s®

4.1 Simulation for Modified Equivalent Squint Range Model

The capability of a given range model is mainly determined by the azimuth phase error. To show
the accuracy of the MESRM, the azimuth phase errors caused by range deviation as a function of
orbit altitude are provided in Fig. 4, where the azimuth resolution is set to be 1.5 m, and the other
parameters are listed in Table 1. It can be clearly seen that the MESRM is more accurate than the
ESRM, AESRM, and DRM4. Under the azimuth phase criterion of 0.257, MESRM performs
very well up to 12,000 km, whereas the performance of the AESRM degrades dramatically
above 1700 km. Figure 5 illustrates the phase errors caused by range deviation as a function
of the synthetic aperture time. It is shown that, under the azimuth phase error criterion of
0.257z, the maximal synthetic aperture time for MESRM is up to 300 s. As a result, an azimuth
resolution higher than 1.5 m can be achieved.

4.2 Simulation for Two-Dimensional Spectrum

The 2-D PTS is the basis of an imaging algorithm. To verify the accuracy of the 2-D spectrum,
we compress the echo signal with the 2-D spectrum based on MESRM, AESRM, and DRM4.

10

N
Y

Phase error (rad)

-’

0 5000 10000 15000
Orbit altitude (km)

Fig. 4 Phase error caused by range deviation as a function of orbit altitude.
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10

N

Phase error (rad)

0 100 200 300 400 500
Synthetical aperture time (s)

Fig. 5 Phase error caused by range deviation as a function of the (SAR).

The impulse response widths (IRWs) (normalized to the theoretical value) and the peak sidelobe
ratio (PSLR) with respect to azimuth resolution are plotted in Figs. 6 and 7, respectively. It can be
seen that the 2-D spectrum can maintain sufficient accuracy even if the azimuth resolution is up
to 1.5 m, where the deterioration of IRWs is less than 1% and the degradation of PSLR is less
than 0.4 dB, which can meet the requirements of MEO SAR.

4.3 Simulation for Algorithm

To demonstrate the performance of the proposed imaging algorithm, raw data are first generated
in our simulation for point targets using the parameters given in Table 1, with the scene shown in

1.1

1.08}

1.06f

IRW

1.04f

1.02}

0.98

1 2 3 4 5 6 7 8
Azimuth resolution (m)

Fig. 6 Impulse response width (IRW) as a function of azimuth resolution.

-9
s AESRM
DRM4
pre— |
-10 -
o
T 11
1
|
[
o
-12
_1 3 ............

1 2 3 4 5 6 7 8
Azimuth resolution (m)

Fig. 7 Peak sidelobe ratio (PSLR) as a function of azimuth resolution.
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E [ ] [ ] [ ]
‘N
<
PT2 PTS PT8
- - - Range
PT1 PT4 PT7
[ ) [ ) [ ]

Fig. 8 Targets distribution in the simulated scene.

PT1

Azimuth

Range

Fig. 9 Focused result by the NLCS algorithm.

Fig. 8. The distances of different targets along the range and azimuth are 40.0 and 0.6 km,
respectively. Moreover, rectangular weighting is used for both azimuth and range processing.

The focused result of the NLCS algorithm is shown in Fig. 9 for comparison, where the
HREM is used and the corresponding parameters are calculated for each range bin. It can
be seen that the focused results suffer from severe degradation, and significant azimuth mainlobe
broadening and sidelobe rising are observed for all targets. Figure 10 shows the focused result
based on our proposed algorithm. The interpolated contours of PT1, PTS5, and PT9 are presented
in Fig. 11 to evaluate the image quality. Compared to the NLCS algorithm result, the focusing
performance has been significantly improved. To quantify the focusing performance, the point
target analysis results are listed in Table 2, where the subscript m represents the measured value,
and c represents the calculated value. The ideal PSLR and the integrated sidelobe ratio (ISLR)
are 13.26 and 9.68 dB, respectively, using the rectangular window.

L=
=
g

N

<

Fig. 10 Focused result by the proposed algorithm.
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PT1 PT5 PT9

Azimuth direction (m)
Azimuth direction (m)
Azimuth direction (m)

E -20 -
-20 -10 0 10 20 -20 -10 0 10 20 = - 0 10

Range direction (m) Range direction (m) Range direction (m)

(a) (b) (©)

Fig. 11 Interpolated result of (a) PT1, (b) PT5, and (c) PT7 by the proposed algorithm.

Table 2 Performance analysis of point targets.

Range Azimuth

Pr,m (m) Prc (m) PSLR (dB) ISLR (dB) Pam (m) Pac (m) PSLR (dB) ISLR (dB)

PTA1 0.889 0.886 -13.36 —10.30 1.514 1.506 -12.82 -10.21
PT2 0.892 0.886 -13.42 -10.27 1.514 1.506 -13.00 -10.20
PT3 0.894 0.886 -13.53 —-10.46 1.519 1.506 -12.98 -10.33
PT4 0.886 0.886 -13.26 —-10.05 1.499 1.489 -13.00 -10.21
PT5 0.886 0.886 -13.23 -10.07 1.499 1.489 -13.27 -10.23
PT6 0.886 0.886 -13.28 -10.05 1.501 1.489 -12.97 -10.20
PT7 0.887 0.886 -13.33 -10.18 1.483 1.471 -13.14 -10.29
PT8 0.891 0.886 -13.35 -10.26 1.486 1.471 —13.01 -10.18
PT9 0.889 0.886 —13.46 -10.34 1.491 1.471 -12.64 —-10.08

According to Table 2, it can be seen that the deterioration of IRW in the range direction is less
than 1% and that in the azimuth direction is less than 1.5%. The PSLRs and ISLRs have less than
5% degradation in both the azimuth and range directions. All these indicate that the correspond-
ing focusing algorithm can effectively meet the imaging requirement of the MEO SAR.

Location is another index with which to evaluate the performance of imaging algorithms.
Table 3 shows position deviations of all targets after being compressed, where the

Table 3 Location results of point targets.

Point targets Position in imaging scene (m) Position in focused scene (m) Position deviation (m)

PT1 (11031287.70, —660.32) (11031287.52, —660.55) (~0.18, —0.23)
PT2 (11031214.66, 1.40) (11031214.48, 1.58) (~0.18, 0.18)
PT3 (11031141.65, 657.55) (11031141.36, 657.31) (~0.19, —0.24)
PT4 (11058435.71, —662.63) (11058435.73, —662.87) (~0.02, —0.25)
PT5 (11058359.89, 0.00) (11058359.89, —0.25) (0.00, —0.25)
PT6 (11058284.10, 662.63) (11058284.05, 662.37) (~0.05, —0.26)
PT7 (11085986.48, —660.73) (11085986.33, —660.88) (~0.15, —0.15)
PT8 (11085907.85, 5.70) (11085907.67, 5.48) (-0.18, —0.22)
PT9 (11085929.27, 672.09) (11085829.02, 671.91) (~0.25, -0.18)
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slant-range imaging plane is taken as the reference. We can see that position deviation in both the
range and azimuth directions is less than 0.3 m, showing a high location accuracy for our pro-
posed algorithm.

5 Conclusion

For MEO spaceborne SAR, an improved higher order NLCS algorithm based on MESRM has
been proposed in this paper, which takes into account the curved orbit and the range dependence
of the PTS. Based on the MESRM, the corresponding signal model as well as the PTS have been
derived. A modified higher order imaging algorithm has also been developed, where higher order
phase compensation is introduced to remove higher order cross-coupling, and accurate focusing
is achieved by the improved NLCS algorithm. Simulation results have been provided to verify
the effectiveness of the proposed model and the corresponding imaging algorithm.

Appendix: Derivation of Two-Dimensional Point Target Spectrum

To derive the 2-D PTS of the echo signal, we first expand the range model by power series with
respect to ¢
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e il [ e I
2ry 2ry 2rg

N {Aall Aasvg cos gy 3 sin @5(1 =5 cos ga%)] A

R([, ro) = TIp — Vg COS (p0t+

2ry 2r% 8 rg

(34)

Applying the series reversion in Eq. (9)"° yields the following 2-D spectrum
S(f‘r’ fa; rO) = GOwa(fav f‘r) : a)r(f‘r) ' exp{q)PTRS(fa; 7‘0)} : exp{q)HOP/{frv fa; V()}}, (35)

where
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c V8 sin g8 2V10 sin ¢l° V] sin ¢}
_a(fe+ fo)M* (Try cos gf  ro(1 =5 cos ¢p) (36)
c 2V¢ sin @f 2Vesin @f )’
— f, Af
M=+ (37)

Next,we expand the signal phase by power series with respect to f,, as follows:
q)PTRS(frﬁfa; rO) = q)azi(fa; rO) + (DRCM{fr’fa; rO} + q)rgZ{fﬁ fa; rO} + (DlillOP{fﬂ fa; rO}‘
(38)
Finally, we merge ®/jop With ®/{,,, and the 2-D PTS in Eq. (10) can be obtained.

Acknowledgments

This work was supported by the National Natural Science Foundation of China (NSFC) under
Grant Nos. 61132006 and 61171123.

References

1. J. C. Curlander and R. N. McDonough, Synthetic Aperture Radar: Systems and Signal
Processing, Wiley, New York, New York (1991).

2. W. Townsend, “An initial assessment of the performance achieved by the Seasat-1 radar
altimeter,” IEEE J. Ocean. Eng. 5(2), 80-92 (1980).

Journal of Applied Remote Sensing 096084-12 Vol. 9, 2015


http://dx.doi.org/10.1109/JOE.1980.1145459

Wang et al.: Higher order nonlinear chirp scaling algorithm for medium Earth orbit synthetic aperture radar

3. D. L. Evans et al., “Seasat—a 25-year legacy of success,” Remote Sens. Environ. 94(3),
384-404 (2005).

4. A. Moussessian et al., “System concepts and technologies for high orbit SAR,” in Proc.
IEEE MTT-S Int. Microw. Symp., pp. 1623-1626 (2005).

5. D. M. Tralli, W. Foxall, and C. Schultz, “Concept for a high MEO InSAR seismic
monitoring system,” in Proc. IEEE Aerosp. Conf., pp. 1-7, (2007).

6. J. Mittermayer, A. Moreira, and O. Loffeld, “Spotlight SAR data processing using the fre-
quency scaling algorithm,” IEEE Trans. Geosci. Remote Sens. 37(5), 2198-2214 (1999).

7. X. Sun et al., “Time-varying step-transform algorithm for high squint SAR imaging,” [EEE
Trans. Geosci. Remote Sens. 37(6), 2668-2677 (1999).

8. K. Eldhuset, “A new fourth-order processing algorithm for spaceborne SAR,” IEEE Trans.
Aerosp. Electron. Syst. 34(3), 824-835 (1998).

9. K. Eldhuset, “Ultra high resolution spaceborne SAR processing,” IEEE Trans. Aerosp.
Electron. Syst. 40(1), 370-378 (2004).

10. L. Huang et al., “Focusing of medium-earth-orbit SAR with advanced nonlinear chirp scal-
ing algorithm,” IEEE Trans. Geosci. Remote Sens. 49(1), 500-508 (2011).

11. Y. Neo, F. H. Wong, and I. G. Cumming, “A comparison of point target spectra derived for
bistatic SAR processing,” IEEE Trans. Geosci. Remote Sens. 46(9), 2481-2492 (2008).

12. P. B. Wang et al., “A high-order imaging algorithm for high-resolution spaceborne SAR
based on a modified equivalent squint range model,” IEEE Trans. Geosci. Remote Sens.
53(3), 1125-1135 (2015).

13. R. K. Raney et al., “Precision SAR processing using chirp scaling,” IEEE Trans. Geosci.
Remote Sens. 32(4), 786799 (1994).

14. G. W. Davidson, I. G. Cumming, and M. R. Ito, “A chirp scaling approach for processing
squint mode SAR data,” IEEE Trans. Aerosp. Electron. Syst. 32(1), 121-133 (1996).

15. Y. Neo, F. H. Wong, and I. G. Cumming, “A two-dimensional spectrum for bistatic SAR
processing using series reversion,” IEEE Geosci. Remote Sens. Lett. 4(1), 93-96 (2007).

Pengbo Wang received his PhD degree in information and communication engineering from
Beihang University, Beijing, China, in 2007. Since July 2010, he has been with the school of
Electronics and Information Engineering, Beihang University (BUAA), as a lecturer. His current
research interests include high-resolution spaceborne synthetic aperture radar (SAR) image forma-
tion, novel techniques for spaceborne SAR systems, and multimodal remote sensing data fusion.

Wei Liu received his PhD degree in 2003 from the School of Electronics and Computer Science,
University of Southampton, United Kingdom. Since September 2005, he has been with the
Communications Research Group, Department of Electronic and Electrical Engineering,
University of Sheffield, United Kingdom, as a lecturer. His research interests include sensor
array signal processing, blind signal processing, multirate signal processing and their various
applications in wireless communications, sonar, radar, satellite navigation, speech enhancement,
and biomedical engineering.

Jie Chen received his BS and PhD degrees from Beihang University, China, in 1996 and 2002,
respectively. He is a professor with the School of Electronics and Information Engineering,
Beihang University (BUAA) from 2004. His current research interests include remote sensing
information acquisition and signal processing, topside ionosphere exploration based on space-
borne HF-SAR, high-resolution spaceborne SAR image formation, and modeling and simulation
for spaceborne SAR systems.

Wei Yang received his MS and PhD degrees from Beihang University, China, in 2008 and 2011,
respectively. He has been a lecturer with the School of Electronics and Information Engineering,
Beihang University, since 2013. His current research interests include high-resolution space-
borne SAR image formation and modeling and simulation for spaceborne SAR systems.

Yu Han received his BS degree from Beihang University in 2012. Currently, he is working
toward his MS degree at Beihang University. His research interest includes high-resolution
spaceborne SAR image formation.

Journal of Applied Remote Sensing 096084-13 Vol. 9, 2015


http://dx.doi.org/10.1016/j.rse.2004.09.011
http://dx.doi.org/10.1109/36.789617
http://dx.doi.org/10.1109/36.803414
http://dx.doi.org/10.1109/36.803414
http://dx.doi.org/10.1109/7.705890
http://dx.doi.org/10.1109/7.705890
http://dx.doi.org/10.1109/TAES.2004.1292176
http://dx.doi.org/10.1109/TAES.2004.1292176
http://dx.doi.org/10.1109/TGRS.2010.2053211
http://dx.doi.org/10.1109/TGRS.2008.919018
http://dx.doi.org/10.1109/TGRS.2014.2336241
http://dx.doi.org/10.1109/36.298008
http://dx.doi.org/10.1109/36.298008
http://dx.doi.org/10.1109/7.481254
http://dx.doi.org/10.1109/LGRS.2006.885862

