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Demonstration of Dual-Channel TOPS SAR Imaging
With Airborne C-Band Data
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Abstract—Multichannel in azimuth synthetic aperture radar
(SAR) operating in the terrain observation by progressive scans
(TOPS) acquisition mode has attracted much attention recently
for its capability to achieve ultrawide-swath imaging with a high
spatial resolution. In order to verify the feasibility and operability
of this newly developed remote sensing concept, a C-band airborne
azimuth dual-channel TOPS SAR has been designed by the Insti-
tute of Electronics, Chinese Academy of Sciences, as a test bed for
future spaceborne realizations. This paper introduces the experi-
mental SAR system and reports the data processing results of an
outfield experiment conducted in late September 2014. The impor-
tance of the experiment resides in its potential to validate several
important technical aspects of this novel SAR operation with real
experimental data, including channel mismatch cancellation and
unambiguous signal reconstruction. Besides, two kinds of process-
ing methods are proposed to calibrate the influence of antenna
phase center fluctuation occurred in the dual-channel TOPS SAR.
Finally, the experimental results obtained, including the phase mis-
match cancellation and the focused imageries, are presented and
analyzed.

Index Terms—High-resolution wide-swath (HRWS) imaging,
multichannel in azimuth synthetic aperture radar (SAR), terrain
observation by progressive scans (TOPS).

1. INTRODUCTION

N THE synthetic aperture radar (SAR) community, imaging
I of a continuous wide unambiguous swath has been one of the
most important features for better observation of the dynamic
process on the surface of the earth [1], [2]. Future spatial mis-
sions, such as vegetation mapping, soil moisture determination,
and maritime domain surveillance, will necessitate a complete
and frequent coverage of the earth’s surface with a reasonably
high geometric resolution [3]. In order to satisfy the increasing
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demand for large-scale scene imaging, attention has been turned
to various acquisition modes of the SAR system.

The scanning SAR (ScanSAR) mode has been developed to
promote the wide-swath imaging capability of the conventional
stripmap SAR system, which slices the entire azimuth antenna
pattern (AAP) to cover multiple swathes in the range dimen-
sion [4]. However, this mode has several drawbacks, such as
a variation of the signal-to-noise ratio and the azimuth am-
biguity ratio, and the scalloping phenomenon along azimuth
[5]. Terrain observation by progressive scans (TOPS) [6] is an
alternative that achieves the same capability as the ScanSAR
but dramatically alleviates its drawbacks. The TOPS mode also
employs a periodic stepwise beam switching to image several
subswaths, which can be stitched together to form a wide-swath
image. In azimuth, the beam is uniformly steered from aft to
fore to generate a virtual shrinking of the AAP, entailing a com-
plete illumination of each target in the scene. The experimental
TOPS mode has been successfully implemented in the X-band
TerraSAR-X [5] and the C-band RADARSAT-2 [7]. The Euro-
pean Space Agency’s Sentinel-1A satellite has also employed
the TOPS mode as its main operational mode, i.e., the interfer-
ometric wide-swath mode [8]. However, both the burst modes
regretfully suffer a degradation of spatial resolution in the pur-
suit of wide-swath imaging, restricted by the minimum antenna
area constraint inherent to a monoaperture system [3].

In recent years, detailed investigations on multichannel in
azimuth SAR have revealed that the aforementioned contradic-
tion can be effectively alleviated by collecting additional spatial
samples for each transmitted pulse [9]. The effectiveness of
the multichannel SAR system operating in the stripmap mode,
including system design and signal processing, has been veri-
fied using German Aerospace Center’s (DLA) F-SAR [10] and
TerraSAR-X [11]. Besides, some RADATSAT-2 modes have
been designed to use dual-channel receiver apertures to double
the effective pulse repetition frequency (PRF) without sacrific-
ing the swath width [12]. However, the continuous coherent
monitoring of the earth with a weekly revisit time requires an
imaging swath width of at least 400 km [13], which exceeds the
capability of the conventional multichannel stripmap SAR with
acceptable antenna dimensions. A possible solution to avoid
an undue increase of the antenna length is the multichannel
SAR system employing the burst mode operation [3]. Consid-
ering its superior performance, the TOPS acquisition mode in
combination with the multichannel configuration is a promising
candidate to achieve ultrawide-swath imaging with a reasonably
high spatial resolution.
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However, the new system concept for ultrawide imaging also
faces many challenges. In addition to the complex system archi-
tecture of multiple subapertures configured with the 2-D beam
sweeping, the signal processing of the multichannel TOPS SAR
also necessitates novel solutions. In the multichannel TOPS
mode, the beam rotation in the along-track direction within the
data acquisition interval makes the Doppler bandwidth span-
ning more than N-PRF [13], which results in a more intricate
Doppler aliasing. Consequently, the conventional spectrum re-
construction algorithms [14], [15], in their original form, cannot
be applied directly. In order to address this problem, an innova-
tive adaptively squinted multichannel processing strategy based
on time-dependent blockwise division has been proposed in [3].
Inspired by the two-step focusing technique presented in [16]
and [17], a kind of full-aperture strategy has been proposed [13],
[18], which embeds the traditional multichannel reconstruction
algorithm in the prefiltering step of the two-step procedure.
Additionally, another full-aperture processing approach for the
beam steering (BS) SAR has been presented in [19] and vali-
dated using the synthesized multichannel TOPS data originally
obtained from a monoaperture airborne SAR. Although detailed
theoretical analysis and innovative processing strategies have
been provided for the signal reconstruction in the multichannel
TOPS mode, to the best of our knowledge, these achievements
have not been validated with real field-collected data. More-
over, another important aspect of real multichannel TOPS data
processing—channel mismatch calibration—has also not been
investigated in the literature.

Generally, considering the flexibility and cost, airborne SAR
systems have always been a step ahead in terms of technical
development, allowing demonstration of new techniques that
are later implemented in spaceborne SAR missions [20]. As an
operation verification method, experiments implemented with
SAR systems mounted on an airborne platform can offer an
opportunity to predict potential technical difficulties and pro-
vide valuable advices for future space-based SAR systems. Ac-
cordingly, a C-band airborne dual-channel TOPS SAR system
was designed, and an experimental campaign was successfully
carried out in late September 2014. This paper presents an in-
troduction to this newly developed airborne SAR sensor and
demonstrates the processing results using the experimental data
obtained.

During the processing of the experimental data, we have also
studied the problem of antenna phase center fluctuation (APCF)
in the dual-channel TOPS SAR system. When the antenna beam
rotates in azimuth, the subaperture antenna phase centers (APC)
will no longer be along a straight line but swing periodically with
the variant beam angle. The phenomenon of APCF introduces an
unfavorable phase error, which should be compensated before
signal reconstruction and subsequent image processing. In this
study, we address this problem using two different methods:
by calculating the phase error caused by APCF based on the
data collection geometry, or by estimating and compensating
the APCF-induced phase based on the echo signal.

This paper is organized as follows. Section II introduces the
system specifics of the C-band airborne dual-channel TOPS
SAR sensor. Section III describes the phenomenon of APCF
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Fig. 1. Imaging geometry of the airborne dual-channel TOPS mode.

in the dual-channel TOPS operation, and two kinds of cali-
bration methods are developed to eliminate its influence. Sub-
sequently, experimental dual-channel TOPS data processing,
including channel mismatch calibration, unambiguous signal
reconstruction, and subsequent single-channel TOPS data pro-
cessing, is discussed in Section IV. The imaging results are
presented and analyzed in Section V. Finally, in Section VI, this
paper closes with a discussion and summary of our work.

II. AIRBORNE DUAL-CHANNEL TOPS SAR SYSTEM

The newly designed airborne SAR system on active service
in the Institute of Electronics, Chinese Academy of Sciences,
is mounted on a fixed-wing aircraft, which can fly over 8000
m above the ground with a mean velocity of approximately
130 m/s. In this experiment, the system was operated in the
right-looking geometry, and a transmitting bandwidth of 200
MHz was selected to achieve a theoretical resolution of 0.75 m
in the slant range dimension.

Equipped with a phased-array antenna (capable of scanning
in both the azimuth and range directions), the versatile airborne
SAR system can be commanded to work in various modes,
including sliding spotlight, TOPS, and ScanSAR under azimuth
dual-channel operating circumstances. When operated in the
dual-channel TOPS mode, as shown in Fig. 1, the entire antenna
(azimuth size of 0.624 m) was used to emit pulse waveform at
the transmitting end (Tx) and was divided into two channels
(0.312 m apart in azimuth) to receive the echoed signal in the
receiving end (Rx). This transmitting—receiving antenna design
guarantees a high transmission power and entails a hybrid AAP
close to the pattern formed with the full antenna aperture in this
system. In the cross-track dimension, three beams are arranged
with a preset off-nadir angle of 44° (beam 1), 54° (beam 2), and
64° (beam 3), respectively. In the along-track dimension, both
azimuth subapertures follow the same BS law to rotate uniformly
from aft to fore within a span of 7.6° (beam 1), 7.0° (beam 2), and
6.2° (beam 3), respectively. The main configuration parameters
of the airborne dual-channel TOPS SAR system are summarized
in Table I.

It is necessary to illustrate that this airborne SAR system
can be commanded to work with a fixed PRF or constant PRF-
to-velocity ratio. In order to achieve equally spaced sampling
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TABLE I
SAR SYSTEM PARAMETERS

Parameters Value
Platform height 8600 m
Carrier frequency 5.4 GHz
Bandwidth 200 MHz
Sampling rate 266 MHz
PRF 1245 Hz
Platform velocity 130 m/s
Off-nadir-angle 44° 54° 64°
sweeping angle +3.8° £3.5° +3.1°
Burst duration 1.36's 1.54s 1.82s
Beam rotation rate ~ 5.59°/s 4.55°/s 3.41°s
\D/(2-N),
! ! Sensor track
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Fig. 2. Azimuth spatial sampling of the dual-channel SAR system.

instead of equally temporal sampling, the PRF of the system
can be instantaneously adjusted with the platform velocity. In
the dual-channel TOPS experiment, the PRF of the system has
been set to trace the platform velocity with a ratio of 9.6, i.e.,
PRF/V = 9.6 m !, where V signifies the sensor velocity.

In addition, since the data take obtained from the airborne
SAR system exhibits high oversampling in azimuth, a prelim-
inary decimation process has been performed to produce data
takes of aliased channels. Different decimating strategies re-
sult in different azimuth signal sampling uniformities. As de-
picted in Fig. 2, the signal spatial uniformity can be calculated
as follows:

V/ (PRF/Ngown) — (N —1)- D/ (2- N)

“= D&ZN) M

where D is the azimuth antenna length, N stands for the channel
number, and the original data is downsampled with Nggyy -
According to (1), where 100% corresponds to the optimum
offset with uniform sampling and 0% corresponds to coinciding
samples [14], the sampling uniformity is 99.7% (three-to-one)
and 33.5% (two-to-one), respectively.

III. APCF IN THE DUAL-CHANNEL TOPS MODE

The location of the radar is defined as the reference position
from which radar measures range. In SAR systems, the APC
is assumed to be the location where the antenna transmits and
receives phase-encoded signals. The ability of a SAR system
to create a high-resolution image is dependent on maintain-
ing subwavelength knowledge of the platform position, i.e., the
APC location, from pulse to pulse during the synthetic aper-
ture time. Besides, in multichannel SAR systems, the success of
nonuniform sampling reconstruction also relies on the accurate
knowledge of the phase center locations.
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Fig. 3. Phenomenon of APCF in the dual-channel TOPS system.
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Fig. 4. APC of both channels during system operation. (a) Before and (b)
after APCF calibration.

A. Phenomenon of APCF in the Dual-Channel TOPS Mode

In recent years, the phased-array antenna, which can change
the beam direction in a flexible and reliable manner, has been
widely utilized throughout the SAR community. In contrast to
the mechanically rotating antenna, the effective AAP of the
phased-array antenna is reinforced in the desired direction and
suppressed in the undesired directions by introducing a relative
phase offset in each array element. The phased-array antenna
used in the airborne dual-channel TOPS system is composed
of 4 x 16 (range x azimuth) array elements, each connected to
a phase shifter. In this experiment, the outermost phase shifter
(labeled (D)in Fig. 3) is set as the reference phase point, where
the applied offset phase is fixed during system operation. Other
phase shifters work in variant states to achieve the rotation of the
constant-phase wavefront. In Fig. 3, the dashed line L1 and the
dotted-dashed line L2 stand for the electromagnetic constant-
phase wavefront corresponding to beam rotation angle #; and
62, respectively, and the solid line LO signifies the constant-
phase wavefront of the stripmap operation. Therefore, when the
beam is steered in azimuth, the subaperture APCs will deviate
accordingly from their expected positions (P; and P) and fluc-
tuate by following a regular law. This phenomenon is referred
to as APCF in the following sections.

In the dual-channel TOPS SAR system, the synthetical spatial
samples originating from different channels produce a sawtooth-
shaped appearance with time-variant beam pointing, as illus-
trated in Fig. 4(a). The resulting high-frequency phase error
causes paired echoes in the system impulse response, which
further results in unfavorable ambiguities in the imagery [21].
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Fig. 5. APCF sketched in the slant-range Cartesian coordinate system.

As derived in [21], the system performance of peak sidelobe
level ratio (PSLR) is related to the amplitude of the sinusoid-
like phase error ® as follows:

2
PSLR = 20 @)
4
Considering our C-band airborne dual-channel TOPS SAR sys-
tem as an example, the beam rotates uniformly at an aver-
age rate of 0.0594 rad/s (beam 3) in azimuth within the an-
gle span [—3.1°,3.1°]. Typically, the zero-to-peak amplitude
®, should be maintained within 0.35 rad to obtain a good
PSLR(< —15dB) [21], while the phase error between the two
channels reaches as high as approximately 1.91 rad in the dual-
channel TOPS system, i.e., at the start and end of a burst, which
is beyond the tolerance of coherent azimuth processing. Conse-
quently, some technical preprocessing is necessary to calibrate
the fluctuating APCs to an ideal straight line in the heading
direction, as presented in Fig. 4(b), before subsequent signal
reconstruction.

It should be emphasized that the appearance of APCF is de-
pendent on the selection of the reference phase center employed
in this airborne SAR system. If each receiving channel is set with
areference phase point positioned at the center of each subaper-
ture, theoretically, the phenomenon of APCF can be avoided.
Otherwise, additional ground processing is necessary to cancel
the influence of APCF.

B. APCF Calibration With the Data Acquisition Geometry

Subsequently, we provide further analysis of the fluctuating
regularity of the APC in the dual-channel TOPS operation, and
attempt to provide an analytical expression for direct APCF
calibration. For the sake of mathematical tractability, a 2-D
Cartesian coordinate system, illustrated in Fig. 5, is employed,
which supports the slant range plane. It is assumed that the
coordinates of the subaperture APC before and after calibra-
tion, i.e., Papc and Pypc, and a scene target 7' are listed

where 0, = wt signifies the beam scanning angle, w is the beam
rotation rate, and ¢ denotes the azimuth slow time. Furthermore,
Xp and Ry describe the azimuth and slant-range position of
target T', and L,, represents the physical along-track distance
between the reference phase point and the APC of channel n.
The phase history variation caused by APCF of the channel n
can be calculated as follows:

2T —
*(RT — Rr)

Pn

:2W\/(XT—L)

A
\/(XT - 71,)2 + RT2~

27r
A
Considering that the beam is steered within a small angle
span (which is even smaller in the spaceborne situation), the
hypothesis of (5) is satisfied

+ (Rr + Ly, -tan(6,))* (4@

(X7 — L,)* + Rp? > 2Ry L, tan(6,.) + (L, - tan(6,))>.
5
Similarly, the quadratic term (L, - tan(6,))? can be safely
omitted. Furthermore, the phase error caused by APCF can be

simplified by a quadratic approximation
27 Ry

SDn ~ T P 5

\/(XT - Ln) + RT

Furthermore, the following equation can be derived by con-
sidering the imaging geometry of the dual-channel TOPS mode:
R
cos(f,) ~ d . (7
V(X1 - L) + Ry

By inserting (7) into (6), the APCF phase error can be ex-

pressed as follows:
27

- Ln - si er ~
A sin(6,.)

Assuming a small scanning angle and a uniform beam rotat-
ing velocity, the phase history error caused by APCF follows an
approximately linear trend. Given the theoretical expression of
(8), the APCF-induced phase mismatch can be effectively com-
pensated in the azimuth time domain with the explicit system
parameters A, w, and L, .

- L, - tan(6,). 6)

2
o0 = T Lywt. ®)

C. APCF Calibration Based on Echo Data

The APCF calibration method proposed in Section III-B is
derived from the data collection geometry, which is attractive
from the computational perspective. Nevertheless, other factors,
such as inaccurate measurements of the subaperture along-track
distances [22] or inaccurate knowledge of the beam pointing
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TABLE II
PROCEDURE OF APCF CALIBRATION BASED ON ECHOED DATA

APCEF calibration procedure

Step 1
Step 2
Step 3
Step 4
Step 5

Perform fast Fourier transformation (FFT) in azimuth to obtain complex image.

Perform range compression and range cell migration correction (RCMC) on the echo data of the reference channel.
Azimuth multiplication of the range compressed data by the reference quadratic phase signal (9).
Select the range bins with high energy, with the assumption that these range bins are more likely to encompass bright point-like scatterers.

Perform a second selection to choose the range bins with isolated point-like scatterers using the contrast analysis method. Clip the section that includes the point scatterer

with a proper window function in each range bin, whose width should approximately cover the energy distribution of the scatterer.

Step 6
linear phase in the phase-history domain.
Step 7
Step 8
Step 9
phase mismatch.

Shift the selected scatterer to the azimuth center of each range bin to remove the position-relevant frequency offset. This is conducted by complex multiplication with a

Sum all the range bins in the cross-track dimension and find the phase history of the composite point-like target.
Repeat the same process in the other channel, but with the same circular shift volume used in the reference channel in Step 6.
After both channels finish the whole procedure, find the phase history difference between the two channels to give a maximum likelihood estimation of the APCF-induced

[12], directly influence the calibrating performance. Accord-
ingly, a model-independent method is developed in this section
to eliminate the influence of APCF.

If there exists a high-intensity point-like scatterer in the illu-
minated scene, an analysis of the target phase history in different
channels provides an estimation of the subaperture APC foot-
mark. However, choosing a range bin with only one isolated
high-intensity point-like scatterer in real data processing is un-
realistic. In this study, we adopt the strategy of multipoint ac-
cumulation, with the hypothesis that the signal is superimposed
coherently whereas noise is superimposed randomly. Moreover,
the window functions are applied to preserve the width of the
dominant energy distribution of each point target while discard-
ing the part that cannot contribute to the processing.

However, the direct superimposition of the selected high-
intensity scatterers in the range-compressed phase-history
domain is problematic, since they possess different Doppler
frequency offsets and different original phases [23]. Coherent
superimposition of multiple signals demands that their Doppler
history and original phase should be consistent. In order to
address this problem, two elegant processing strategies have
been employed, which are inspired by the phase gradient
autofocus technique [23]. First, the strongest scatterer in each
range bin is selected and shifted to the azimuth center to remove
the frequency offset. Subsequently, in order to resolve the
conflict arising from inconsistent original phase, the difference
between the phase history estimation of different channels is
determined. The complete procedure of APCF phase estimation
is summarized in Table II. The selected reference signal used
in Step 2 is given as follows:

_2v? Az, 2
hin (t) = exp | jm—— -(t— 2v) : 9)

where 7 represents the slant range array and Ax,, is the physical
along-track distance between the transmitting antenna and the
nth receiving antenna.

D. Verification With Simulated Data

An airborne scene with multiple point scatterers is simulated
to validate the newly developed APCEF calibration methods, and
the main system parameters are set according to our airborne
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Fig. 6. Designed experimental scene with multiple point-like scatterers.

SAR system. The distribution of the simulated point scatterers is
illustrated in Fig. 6, where the points are set to be relatively ran-
dom. In addition, these targets are weighted with different inten-
sities to represent distinguishable reflecting radar cross sections.
The APCF phase calculation method proposed in Section III-B
is scene insensitive and can be implemented directly with (8).
The APCF phase error obtained is compared to the data-based
APCEF calibration output in the following section.

The simulated data are subsequently input into the data
processor designed using Table II. Since the operations of
range compression, RCMC, and azimuth dechirp have been
sufficiently investigated in a previous study [24], they are not
discussed in detail in this paper. Subsequently, we proceed to
choose range bins that contain isolated high-intensity point-like
scatterers. In practical implementations, the energy-based
criterion can screen out the range bins, which stand a good
chance of including high-intensity point-like scatterers, and the
contrast-based selection allows us to effectively exclude those
range bins that encompass more than one neighboring target.
Subsequently, proper windows are applied to the selected
high-power scatterers and the operation of circular shift is
performed. Finally, the summation of all the selected range bins
in the cross-track dimension entails a composite point target,
and a phase history can be obtained. After all the channels are
implemented with the data processor, the difference between
the phase history of the reference channel and the other channel
is considered as the final APCF phase error estimation.

Fig. 7(a) relates to the APCF phase error between the two
channels obtained using the aforementioned calibration meth-
ods. It is evident that the calculated APCF phase (green) is
consistent with the estimated APCF phase (blue), and an almost
linear trend is easily observed.
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APCF phase error extraction. (a) Simulated experiment: estimated APCF phase (blue) and calculated APCF phase (green). (b) Experiment with

field-collected data: estimated APCF phase (blue) and its polynomial fitting result (red), calculated APCF phase with system parameters (green).

E. Verification With Real Dual-Channel TOPS Data

The same plots shown in Fig. 7(a) but with the airborne dual-
channel TOPS experimental results are illustrated in Fig. 7(b). It
is evident that a similarly linear trend of the APCF phase estima-
tion (blue) can also be obtained. Besides, the calculated APCF
phase (green) acquired using (8) is also presented, which is ap-
proximately parallel to the estimation based on the echoed data.
It is worth noting that there is a fixed phase offset between the
two APCEF calibration outputs. This is reasonable since the data-
driven method also has the potential to extract other systematic
phase mismatches simultaneously. Accordingly, the data-based
APCEF calibration method can be classified as a kind of channel
mismatch calibration technique.

In practical processing, the subaperture closer to the refer-
ence phase point is selected as the reference channel, and the
APCF-induced phase extracted, as plotted in Fig. 7(b), is ap-
plied to the other channel to achieve consistent transfer func-
tions. For better illustration of the performance, the interfero-
metric phase diagrams between the two channels are presented
in Figs. 10 and 11. It is evident that, after the APCF calibration,
the approximately linear phase characteristic along azimuth in
Figs. 10(a) and 11(a) has been effectively eliminated, as illus-
trated in Figs. 10(b) and 11(b). As discussed previously, other
system phase mismatches can also be partially calibrated by the
estimated APCF calibration method. This advantage results in
a greener interferometric phase diagram, via the comparison of
Fig. 11(b) with Fig. 10(b), indicating a closer phase character-
istic between the two channels. The residual phase mismatch
will be resolved in the following section of channel mismatch
calibration.

IV. MULTICHANNEL PROCESSING

Compared with the ScanSAR operation, the signal acquired in
the TOPS mode possesses different properties owing to the uti-
lization of beam rotation in azimuth. In this section, subsequent
processing of the airborne dual-channel TOPS data follows the
flowchart shown in Fig. 8.
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Fig. 8. Block diagram of the airborne dual-channel TOPS data processing.

A. Channel Mismatch Cancellation

Prior to the unambiguous reconstruction of the multichannel
SAR signal, each channel needs to be well calibrated; otherwise,
the performance of the reconstruction processor will degrade or
even lose its effectiveness [25]. In practice, interferences in the
returned signal among different channels are unavoidable. It
could be due to, for instance, nonideal receiver hardware, an-
tenna attitude, or different antenna gain patterns. Generally, the
channel mismatches can be approximately classified into three
categories: amplitude imbalance, range sampling time error, and
phase mismatch. Usually, the amplitude imbalance results from
inconsistent antenna patterns, which can be adaptively calibrated
in the range-frequency domain [22] as follows:

_ flSl (frvt)|dt
J 182 (fr )] dt

where S (f,,t) and Sy(f,,t) signify the dual-channel signal
in the range-frequency domain. Fig. 9 presents the amplitude
of the signal Doppler spectra before and after calibration. The
influence of the range sampling time error, mainly caused by
the differences between the analog-to-digital devices and a poor

AAp (fr) (10)
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Fig. 11.  Interferometric phase of the experimental data. (a) Before any calibration. (b) After estimated APCF calibration. (c) After residual phase compensation.

performance of the synchronizing circuit, can be effectively
compensated by the internal calibration system.

Practically, phase mismatch dominates the ambiguous re-
sponse in the reconstructed imagery [10]. In the airborne sit-
uations, owing to the impact of crosswind and airflow, the an-
tenna baseline usually deviates from the ideal sensor track. As
derived in [26], the perpendicular baseline, mainly caused by
the antenna yaw and pitch, results in range-variant phase mis-
matches. In the case of this airborne SAR system, a yaw of 1°
causes a phase mismatch of approximately 32° and a pitch of 1°

causes a phase mismatch of approximately 15°. Besides, other
factors such as receiver hardware differences result in additional
approximately constant phase mismatch. Various methods have
been introduced in the literature for the calibration of phase
mismatch [25]-[28]. In this study, we choose to employ the
azimuth cross correlation method [28] to address the residual
phase mismatch. In practical processing, the echoed signal is
divided into blocks in the cross-track dimension to calibrate the
range-variant phase mismatch. The entire greenish appearance
of the interferometric phase diagram, as shown in Figs. 10(c)
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and 11(c), indicates that the channel interferometric phase dis-
tribution is now centered round O rad.

In order to provide an intuitive demonstration and compari-
son, an analysis of the phase statistic histogram is performed,
which is presented in Fig. 12. The plotted curves reveal the in-
terferometric phase distribution of Figs. 10 and 11, respectively.
Without calibration, the phase mismatch distribution spreads
dispersively (blue), owing to the influence of APCF and chan-
nel phase mismatch. After calibrating the phase error caused
by APCEF, the phase distribution appears more concentrated, but
with the peak deviated from O rad (red). After the blockwise cal-

ibration of phase mismatch, the sharp-shaped and zero-centered
phase distribution (black) is aligned with the result shown in
Figs. 10(c) and 11(c), which illustrates the effectiveness of chan-
nel mismatch calibration.

B. Nonuniform Sampling Reconstruction

With multiple azimuth receiving subapertures, the multichan-
nel high-resolution wide-swath (HRWS) SAR systems resolve
azimuth temporal subsampling using additional spatial sam-
ples. Besides, a suitable reconstruction processor is required to
deal with the nonuniformly sampled multichannel data. In the
multichannel TOPS mode, azimuth beam progressive sweeping
results in a broaden Doppler bandwidth; hence, the conventional
reconstruction algorithms [14], [15] cannot be applied directly
in their original forms. In order to address this problem, var-
ious processing methods have been proposed in the literature
[31, [13], [18], [19]. In our work, the preprocessing strategy
proposed in [13] has been applied to achieve unambiguous re-
construction of the dual-channel TOPS data, which combines
the two-step focusing technique in [16] with the conventional
multiple reconstruction filter processing [14].

Similar to the Spectral Analysis algorithm [24], the key point
of the prefiltering is the azimuth convolution of the raw data by
the quadratic phase signal hs , (¢):

han(t) = exp (11)

Az, \?

)
where R, = =V, /w and Vj is the ground beam velocity. Fur-
ther calculation shows that the operation of azimuth convolution
can be implemented with a chirp multiplication, a subsequent
Fourier transform (FT), and a residual phase compensation [13].
An azimuth multichannel reconstruction algorithm can subse-
quently be embedded in the prefiltering step to achieve the un-
ambiguous recovery of the Doppler spectrum.

Fig. 13 presents the reconstructed Doppler spectra using dif-
ferent resampling of the original data. Generally, unambiguous
Doppler spectra in both situations have been recovered. A further
inspection of Fig. 13(a) reveals a discontinuity, which is almost
invisible in 13(b). Similar results also occurred when processing
the TerraSAR-X experimental data in the dual receiver antenna
mode [11], which is reasonable since the channel mismatch
compensation is never perfect. In the dual-channel data recon-
struction, the Doppler spectrum is separately recovered within
the range of [—PRF, fq.] and [fq., PRF], which are subse-
quently concatenated to produce a wide Doppler spectrum. The
Doppler spectrum amplitude of the reconstruction filter function
shows a staircase-like behavior, which is relevant with the sig-
nal sampling uniformity. The residual imbalance will cause an
inaccurate reconstruction, which makes the Doppler spectrum
interrupted at the conjunction of the reconstruction filter, and the
jump in the reconstructed spectrum is related to the sampling
uniformity.

o 2V? ‘
T . _
J )\Rro‘r
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Fig. 14.  Experimental scene. (a) Optical image (Copyright Google). (b) Reference image obtained with oversampled single-channel data.
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Fig. 15. Ambiguous imaging results with incomplete process of channel mismatch cancellation. (a) Image processed without channel mismatch calibration.
(b) Image processed with conventional channel mismatch calibration. The real targets are circled with solid-line polygons and the ambiguities are circled with

dashed-line polygons.
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C. Processing of Coherent Single-Channel TOPS Data

After the unambiguous reconstruction, the acquired data can
be regarded as that sampled by an equivalent single-channel
TOPS system. Many studies have contributed to the processing
of monoaperture TOPS data [29]-[31]. The baseband azimuth
scaling approach proposed in [32] has been employed in our
work to process the reconstructed single-channel TOPS data.
The key aspect of the procedure is the replacement of the hy-
perbolic azimuth phase with a purely quadratic phase function
before azimuth compression [32], which successfully addresses
the azimuth folding of the focused image.

V. IMAGING RESULTS

The dataset processed in this study was acquired during an ex-
perimental campaign conducted on the eastern shore of Hainan
Province in late September 2014. Fig. 14 presents the ambiguity-
free image processed with oversampled single-channel data,
along with an optical reference image from Google Earth. It is
evident that, owing to the utilization of azimuth beam rotation
from aft to fore, the TOPS image shows wider coverage in the
far range than in the near range. The illuminated scene shows the
urban area of Qionghai City, which is located near the Wanquan
River. This image is obtained from an azimuth burst of beam
3 (with off-nadir angle 64°) with azimuth one-look processing.
The vertical side corresponds to the range direction, from (top)
near to (bottom) far. The slant range swath is approximately
7.9 km and the azimuth extension is approximately 5.1 km.

Fig. 15(a) presents the ambiguous image reconstructed using
the dual-channel TOPS experimental data, but without calibrat-
ing the channel mismatches of the multichannel SAR system.
Compared with the reference image of Fig. 14(b), the notewor-
thy features in Fig. 15(a) are the following. First, the entire
image is heavily blurred, and the reduction of image readability

(b)

Reconstructed imageries with (a) the calibrated APCF calibration and (b) the estimated APCF calibration.

Azimuth

aSuey

Fig. 17.

Partial enlargements of the Qionghai Railway Station in obtained
SAR images. (a) is obtained from Fig. 14(b). (b) and (c) are obtained from
Fig. 15(a) and (b). (d) and (e) are obtained from Fig. 16(a) and (b).

caused by untreated channel mismatches is significant. Sec-
ond, the ambiguities associated with the Wanquan River and
the Qionghai high-speed railway station appear significantly.
Finally, the weak-scattering Wanquan River at the lower part of
the image is significantly polluted by the ambiguities of the con-
textual surroundings. In Fig. 15(b), the image processed with
the conventional channel mismatch calibration is illustrated. In
this processing, the channel amplitude mismatch is calibrated
using the procedure presented in Section I'V, and the phase mis-
match is addressed using the azimuth cross correlation method.
The image quality has been improved to a certain extent, but the
ambiguities of high-reflecting targets are still visible.

Fig. 16 exhibits the images obtained using the process shown
in the flowchart of Fig. 8, including the channel amplitude
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Fig. 18.
Stitched large-scale image in the azimuth dual-channel TOPS mode.

mismatch cancellation, APCF-induced phase mismatch calibra-
tion, residual phase mismatch compensation, and multichannel
signal reconstruction. Both APCF phase calibrating methods
proposed in Section III have been utilized. Fig. 16(a) shows
the image processed using the calculated APCF processing, and
Fig. 16(b) shows the image processed using the estimated APCF
processing. It is evident that the imaging performances are
highly improved and are visually close to the reference image.

Fig. 17 provides the corresponding zooms of the obtained
SAR images of the Qionghai railway station for further com-
parison. Accordingly, Fig. 17(a) is from Fig. 14(b); 17(b) and
(c) from Fig. 15(a) and (b), respectively; and 17(d) and (e) from
Fig. 16(a) and (b), respectively. Noticeable effects of uncom-
pensated channel mismatches can be observed in Fig. 17(b).
First, the paired ambiguities of the high-scattering buildings in
the area T appear symmetrically at the areas of Al and A2 in
Fig. 17(b). Second, compared with Fig. 17(a), the image con-

(b)

Mosaic imagery formed with six bursts in azimuth and three beams in range. (a) Illuminated area presented in Google Earth (Copyright Google). (b)

trast in the area T appears much more attenuated in Fig. 17(b).
This is a direct consequence of the Doppler spectrum aliasing,
which leaks energy of the real target to the ghost targets. A
similar phenomenon can be observed in the areas Z1 and Z2. In
Fig. 17(c), the situation is improved, but the ambiguities are still
visible. With additional processing of the APCF calibration, as
shown in Fig. 17(d) and (e), it is evident that the image con-
trast has been greatly improved and the ambiguities have been
effectively suppressed.

In the TOPS operational mode, the bursts in both directions
need to be connected together to achieve continuous wide-swath
imaging. In this section, six bursts in azimuth and three beams in
elevation are combined together to cover an area of about 7 km x
16 km (azimuth x range). Fig. 18 illustrates the sutured single-
look TOPS SAR image and a corresponding optical image from
Google Earth. A detailed inspection of both images reveals
satisfactory connection of the illuminated scene, such as the
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continuous rivers and urban streets. Besides, the absence of
scalloping is evident.

VI. DISCUSSIONS AND CONCLUSION

A multichannel SAR system in the TOPS mode combines the
advantages of both operations, i.e., the HRWS imaging capa-
bility of multichannel in azimuth technique and the extended
coverage mapping capability of the TOPS mode; thus, it is a
promising candidate for ultrawide-swath imaging applications.
In this paper, a C-band dual-channel airborne SAR system in
the TOPS operation was systematically introduced, as a test bed
for future spaceborne realizations. With the field-collected ex-
perimental data, the complete data processing flow and the final
imaging results were presented.

In addition, the phenomenon of APCF in this dual-channel
TOPS SAR system was discussed, and two kinds of calibrating
techniques were proposed to address the problem. With an ac-
curate measurement of the subaperture along-track distance and
a precise knowledge of the beam pointing, the calculated APCF
calibration method is competent and computationally attractive.
Otherwise, the estimated APCF calibration based on the echo
data can be utilized to obtain robust performance, which is rel-
atively time consuming.

It is worth mentioning that, despite being developed for the
dual-channel TOPS SAR system, the processing flow will pro-
vide a useful reference for multichannel sliding spotlight SAR
data processing, owing to the similar time—frequency relation-
ship of both modes. Actually, we have performed another air-
borne experiment working in the azimuth dual-channel sliding
spotlight mode, for the applications that prefer very high spa-
tial resolution with wide-swath coverage, such as transportation
infrastructure management in the urban environment. Efforts
are being currently undertaken in our team to investigate this
interesting SAR mode with the experimental data.
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