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Abstract—The generation of high-precision ground digital
elevation models (DEMs) based on synthetic aperture radar
interferometry (InSAR) technology has attracted wide attention.
Compared with the linear InSAR technique, the 360◦ aperture gives
circular InSAR (In-CSAR) the capability to generate a full-angle
DEM of the observed region. The backprojection (BP) algorithm
is considered as a preferred candidate for In-CSAR imaging since
it does not impose any restrictions on flight trajectories. After
phase unwrapping, a global unknown phase ambiguity exists in
the unwrapped phase. Up to now, high-efficient frequency-domain
methods, such as the split-bandwidth technique, have commonly
been used to estimate the phase ambiguity. However, the
split-bandwidth technique cannot be effectively integrated with
the BP-focusing image due to the highly nonlinear and nonparallel
trajectories of the airborne In-CSAR platforms. We present, for the
first time, the combination of BP and split-bandwidth techniques
for absolute phase estimation of In-CSAR interferogram in this
article. The proposed method can avoid the phase offset induced
by split-bandwidth processing under the conditions of highly
nonlinear and nonparallel platform trajectories. In addition, the
spectral characteristics of the BP-focusing subimage are derived in
detail to correct its 2-D space-variant spectral support. In order to
reduce the impact of coherence, the weighted least square is adopted
to estimate unknown phase ambiguity. The processing results of
simulation and real data verify that the proposed approach can
effectively estimate the phase ambiguity even under the conditions
of highly nonlinear and nonparallel platform trajectories.

Index Terms—Back projection algorithm (BPA), circular
synthetic aperture radar interferometry (In-CSAR), split-band-
width, weighted least square (WLS).

I. INTRODUCTION

IN RECENT years, the technology of synthetic aperture
radar interferometry (InSAR) has been developed rapidly [1].
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Researchers have made great achievements in the field of data
processing. Compared to the high-frequency InSAR system, the
repeat-pass low-frequency InSAR system has a larger beam
angle and a smaller attenuation. Therefore, the repeat-pass
low-frequency InSAR system can generate an accurate digital
elevation model (DEM) on a large scale. Unlike conventional
SAR from linear trajectories, circular SAR (CSAR) [2] (meaning
echo acquired along a circular trajectory), with a high revisit
rate, has the ability of a full-angle observation, which makes it
possible to obtain a full-angle DEM of the imaging scene. For
CSAR interferometry (In-CSAR), three main merits have been
exploited. First, compared with the single-angle observation,
the multiangle observations of the same target give CSAR the
capability to obtain a more accurate DEM. Second, as mentioned
in [3], the 360◦ aperture gives it the capability to detect a hidden
target when its orientation is unknown. Third, the multiangle
echo of CSAR can reduce the influence of occlusion and shadow
while improving the sensitivity of DEM data to topographic
relief.

Conventional imaging algorithms are divided into two cate-
gories. One is frequency-domain algorithms, such as the range-
Doppler (RD) algorithm [4], chirp scaling algorithm [5], and
wavenumber domain algorithm [6]. Another is the time-domain
algorithm, such as the time-domain backprojection (BP) al-
gorithm [7]. In general, frequency-domain algorithms need to
compensate for deviations of the platform trajectory from a
linear track. For airborne In-CSAR systems, the deviations
mainly include two parts. One is induced by the highly non-
linear circular trajectory of the In-CSAR platform. Another
is caused by the influence of airflow. Due to the latter, the
airborne platform presents significant time-varying in the for-
ward direction. Therefore, the frequency-domain algorithms
require complex motion compensation, which increases the
difficulty of SAR imaging. Compared with frequency-domain
algorithms, the time-domain BP algorithm can greatly ensure
the accuracy of imaging and phase preservation by coherent
integration. Moreover, unlike frequency-domain interferometry,
time-domain interferometry can be implemented without flatten-
ing and removal of topographic phase components [8]. Thus, the
BP algorithm is widely used in the field of SAR imaging and
interferometry.

One main problem in interferometric processing is the phase
ambiguity in the generated interferogram. Determining the
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number of integer phase cycles has been a problem since the
first SAR interferograms were formed [9]. In general, the in-
terferometric phase obtained by unwrapping is different from
the absolute phase. The unknown constant phase ambiguity
can be estimated by the spatial-domain or frequency-domain
algorithms. In spatial-domain algorithms, the residual delay
estimation (RDE) [10] algorithm is widely used. RDE ob-
tains the residual delay related to phase ambiguity by image
registration. However, the complexity of the RDE algorithm
increases as the number of estimated values increases. Typical
frequency-domain algorithms mainly include split-bandwidth
[10], [11], [12] and multichromatic analysis (MCA) [13]. In
general, the split-bandwidth algorithm involves two strategies as
follows.
� One potential strategy is to execute split-bandwidth pro-

cessing within the echo domain. First, the raw echo is
demodulated to obtain baseband signal. Then, the subband
echo is generated by the bandpass filter. Finally, the full-
band and subband single look complex subimages (SLCs)
are obtained from the echoes of one fullband and two
subbands, respectively.

� Another potential strategy is to execute split-bandwidth
processing within the image domain. After imaging pro-
cessing, the spectrum of fullband SLC is split to obtain the
lower and upper subband SLCs.

The lower and upper subband SLCs generate the lower and
upper subband interferograms. Based on the conjugate multi-
plication between the lower and upper subband interferograms,
both of the abovementioned strategies can generate the double
differential interferogram (DDI). In general, the DDI can be used
to estimate the unknown phase ambiguity [12]. Compared with
the approach in the image domain, the approach in the echo
domain introduces greater complexity due to multiple imaging.
However, as discussed in [10], the DDI generated from subband
echo has a higher accuracy. Unlike the split-band algorithm,
MCA uses interferometric pairs of SAR images processed at
range subbands and explores the phase trend of each pixel
as a function of the different central carrier frequencies to
infer absolute optical path differences. However, due to the
highly nonlinear and nonparallel trajectories of the airborne
In-CSAR platforms, the high-efficient frequency-domain algo-
rithms cannot be effectively integrated with the BP-focusing
image.

In this article, for In-CSAR, we quantitatively characterize the
interferometric phase of the BP-focusing subimage to estimate
the phase ambiguity accurately. On this basis, we propose a
novel method of absolute phase estimation, which combines the
BP and split-bandwidth techniques. The contributions of the
proposed method can be summarized as follows.

1) The 2-D space-variant spectral support of the BP-focusing
subimage is corrected by phase compensation. On this
basis, the split-bandwidth processing can be correctly
implemented on the compensated BP-focusing subimage.

2) Under the conditions of nonlinear and nonparallel trajec-
tories, the DDI is fitted by the unwrapped interferometric
phase to avoid the phase offset induced by split-bandwidth
processing.

3) To reduce the impact of low coherence region, the
weighted least square (WLS) estimation is used to estimate
the unknown phase ambiguity.

4) Although the DDI is obtained from the image domain, our
proposed method achieves a similar level of estimation
accuracy as split-bandwidth processing implemented in
the echo domain.

The rest of this article is organized as follows. In Section II,
the geometric configuration of In-CSAR and BP focusing tech-
nology are presented. We present a novel method of absolute
phase estimation based on BP and split-bandwidth techniques in
Section III. To examine the validity of our method, the simulation
results and analysis are presented in Section IV. The results of
absolute phase estimation based on real data are presented in
Section V. Finally, Section VI concludes this article.

II. GEOMETRIC CONFIGURATION OF IN-CSAR AND BP
FOCUSING TECHNOLOGY

A. Geometric Configuration of In-CSAR

The geometric configuration of the repeat-pass In-CSAR sys-
tem is shown in Fig. 1(a), with the centerO of the imaging scene
being defined as the origin of coordinates. The In-CSAR system
is equipped on an aircraft and flies along two circular trajectories
with radii r1 and r2. The heights of the trajectories are denoted
by H1 and H2, respectively. B denotes the baseline of the
repeat-pass In-CSAR system. For the circular trajectory, the
azimuth angle of the radar platform is denoted by ϕ. Therefore,
the instantaneous slant range Rc,i from the antenna phase center
Pc,i to the point scattering target A can be expressed as

Rc,i (ϕ) = ‖Pc,i (ϕ)−A‖2 , i = 1, 2 (1)

where the subscripts i = 1 and i = 2 represent master and slave
trajectories, respectively. ‖ • ‖2 represents the 2-norm, and the
stationary target A is located at (x, y, z). Under the condition of
a circular trajectory, the position of the subaperture can be given
by {

Pc,i (ϕ) = [ri cos (ϕ) , ri sin (ϕ) , Hi]
ϕ ∈ (ϕ0 −Δϕ/2, ϕ0 +Δϕ/2)

(2)

where ϕ0 is the central azimuth of the subaperture. Δϕ is the
integration angle, which is simply referred to as subaperture
angle. On account of the symmetry of the flight path, we can
rotate the coordinate system with O as the origin. For the
simplicity of carrying out the following analysis, the rotation
angle is set toϕ0. ExpandingPc,i(ϕ) into a Taylor series around
ϕ = 0 yields {

Pc,i (ϕ) ≈
[
ri − ri

2 ϕ
2, riϕ,Hi

]
ϕ ∈ (−Δϕ/2,Δϕ/2) .

(3)

After rotation, the X-axis and Y-axis directions of a Cartesian
coordinate system represent the ground range and azimuth di-
rections, respectively. Affected by airflow, the actual trajectory
of the platform usually deviates from the ideal trajectory, as
illustrated in Fig. 1(b). In such cases, the actual master and
slave trajectories are represented by the black and red curves,
respectively. The ideal trajectory is represented by a blue dashed
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Fig. 1. Geometric configuration of the repeat-pass L-band In-CSAR system. (a) Side view. (b) Corresponding top view. Typically, airborne platforms struggle to
maintain ideal circular motion.

line. Therefore, the true position Pt,i of the subaperture can be
expressed as

Pt,i (ϕ) ≈ Pc,i (ϕ) +Pe,i (ϕ) (4)

where Pe,i is the error between the actual and ideal trajectories.
Expanding Pe,i(ϕ) into a Taylor series around ϕ = 0 in the
spatial coordinate system yields

Pe,i (ϕ) = σi

[
1, ϕ, ϕ2

]T
+O (ϕ)

=

⎡
⎣σx0,i σx1,i σx2,i

σy0,i σy1,i σy2,i

σz0,i σz1,i σz2,i

⎤
⎦
⎡
⎣ 1
ϕ
ϕ2

⎤
⎦+O (ϕ) (5)

where σi is the coefficient matrix. O(ϕ) is the summation of the
higher order terms (≥2nd).

B. BP Focusing Technology

Due to the time-variant line-of-sight (LOS) of In-CSAR,
the ground range SAR image is obtained by the time-domain
imaging algorithm. A brief derivation of the time-domain BP
algorithm is given in this section.

The linear frequency modulation signal is used as the trans-
mitted signal. After demodulation and pulse compression, the
echo Si of target A echo is modeled as

Si (t, ϕ) = sinc

{
Br

[
t− 2Rt,i (ϕ)

c

]}
exp [−jkcRt,i (ϕ)]

(6)

where sinc(x) = sin(πx)/(πx). t and c are the fast time and
the speed of light, respectively. Br and kc are the bandwidth
and wavenumber, respectively. The instantaneous slant range
Rt,i(ϕ) = ‖Pt,i(ϕ)−A‖2. The most important step for the
BP algorithm is coherent superposition of contributions from

each pulse. Suppose that the target A is focused near pixel A′.
Therefore, the correction function generated by the distance be-
tween the pixel A′ and the radar platform is used to compensate
the phase component in (6). After coherent superposition, the
backprojected signal of the target A can be expressed as

Ii =

∫
ϕ

Si (t, ϕ) exp
(
jkc‖Pt,i (ϕ)−A′‖2

)
dϕ. (7)

The stationary pixel A′ is located at (x′, y′, z′). Substituting (6)
into (7), we can obtain

Ii =

∫
ϕ

sinc

[
2Br

c
ΔRi (ϕ)

]
exp [jkcΔRi (ϕ)]dϕ (8)

where ΔRi(ϕ) = ‖Pt,i(ϕ)−A′‖2 − ‖Pt,i(ϕ)−A‖2. Ex-
panding the range differenceΔRi(ϕ) into a second-order Taylor
series, we have

ΔRi (ϕ) ≈ ΔRi,0+ΔRi,1ϕ+ΔRi,2ϕ
2 (9)

where⎧⎪⎨
⎪⎩
ΔRi,0 = ‖Pt,i (ϕ)−A′‖2 − ‖Pt,i (ϕ)−A‖2
ΔRi,1 ≈ σ1,i·(A−A′)

‖Pt,i(ϕ)−A′‖2
ΔRi,2 ≈ σ2,i·(A−A′)

2‖Pt,i(ϕ)−A′‖2

(10)

where (·) is the dot product. The vector σ1,i and σ2,i can be
expressed as

{
σ1,i = [σx1,i, σy1,i + ri, σz1,i]
σ2,i = [2σx2,i + ri, 2σy2,i, 2σz2,i] .

(11)

Obviously, the vectors σ1,i and σ2,i are related to the veloc-
ity and shape of the subaperture, respectively. Substituting (9)
into (8), we can obtain
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Fig. 2. Imaging geometry of a single subaperture based on In-CSAR. Points
A′ and A are the physical center of the pixel and the actual phase center of a
scattering target, respectively. Obviously, the vector P1A and vector P1A

′ lie
in the same Doppler plane.

Ii ≈ Δϕ

∫
ϕ

sinc

[
2Br

c
ΔRi (ϕ)

]
exp [jkc (ΔRi,1ϕ)] dϕ

× exp

[
jkc

(
ΔRi,0+ΔRi,2

Δϕ2

12

)]
. (12)

We can see from (12) that the focusing position of the target is
determined by the two terms in the integral sign. In addition to
constant and quadratic components of the range differenceΔRi,
the linear component can also shift the position of the impulse
response. The phase is determined by the last term in (12). Thus,
the constant and quadratic components of the range difference
induce a phase offset. For In-CSAR model, the phase center Pi

of the subaperture is given as

Pi = [Xi, Yi, Zi]

≈
⎡
⎣ri + σx0,i + (2σx2,i − ri)Δϕ2/24
σy0,i + σy2,iΔϕ2/12
Hi + σz0,i + σz2,iΔϕ2/12

⎤
⎦
T

. (13)

Corresponding to (11), the equivalent velocity Vi of the sub-
aperture can be expressed as

Vi = [Vx,i, Vy,i, Vz,i]

≈
[
σx1,iϕ

ta
,
[σy1,i + ri]ϕ

ta
,
σz1,iϕ

ta

]
(14)

where ta is the slow time of subaperture. The location algorithm
of airborne SAR image based on RD model can be expressed as{‖Pi −A‖2 ≈ ‖Pi −A′‖2

Vi · (Pi −A) ≈ Vi · (Pi −A′) . (15)

Therefore, the imaging geometry of a single subaperture based
on In-CSAR is shown in Fig. 2. θ and Δθ are the incidence
angle and differential incidence angle, respectively. Substituting
(13)–(15) into (12), the BP-focusing subimage in the ground-
range plane can be expressed as

Ii = sinc [βy (y
′ − y +Δyi)] sinc [βx (x

′ − x+Δxi)]

× exp [jkc (‖Pi −A′‖2 − ‖Pi −A‖2)] (16)

where βy is the azimuth resolution. βx is the ground-range res-
olution. Given (16), the relationship between the azimuth offset
Δyi or range offset Δxi and the real DEM can be approximated
by⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Δyi = ζy,i (z − z′)

≈

⎛
⎝Zi−

z′ + z

2

⎞
⎠Vx,i−

⎛
⎝Xi−

x′ + x

2

⎞
⎠Vz,i

⎛
⎝Yi−

y′ + y

2

⎞
⎠Vx,i−

⎛
⎝Xi−

x′ + x

2

⎞
⎠Vy,i

(z − z′)

Δxi = ζx,i (z − z′)

≈

⎛
⎝Zi−

z′ + z

2

⎞
⎠Vy,i−

⎛
⎝Yi−

y′ + y

2

⎞
⎠Vz,i

⎛
⎝Xi−

x′ + x

2

⎞
⎠Vy,i−

⎛
⎝Yi−

y′ + y

2

⎞
⎠Vx,i

(z − z′) .

(17)

We can see that the coefficients ζy,i and ζx,i not only rely
on the real DEM but also depend on the velocity vectors and
phase centers of subapertures. Therefore, the position of im-
pulse response is related to the position and velocity of the
subaperture. To perform split-bandwidth processing correctly,
it is necessary to quantitatively characterize the 2-D spectral
support of fullband subimage. The 2-D Fourier transform (FT)
Di of the BP-focusing subimage can be expressed as

Di =

∫∫
x′,y′

Ii exp [−j (kx′x′ + ky′y′)] dx′dy′. (18)

We find that the position of the 2-D spectral support is related
to the position of the point target. Unlike the spectrum of the
echo Si, the spectral support of the BP-focusing subimage Ii is
2-D space-variant [14]. Therefore, an additional phase compen-
sation is needed before split-bandwidth in the image domain.
For the BP-focusing subimage, the exponential term generated
by the pixel A′ must be corrected. After phase compensation,
the compensated subimage Ic,i can be expressed as

Ic,i = Ii × Scor,i

= sinc [βy (y
′ − y +Δyi)] sinc [βx (x

′ − x+Δxi))]

× exp (−jkc‖Pi −A‖2) (19)

where the correction function Scor,i = exp(−jkc‖Pi −A′‖2)
generated from the phase center Pi of nonlinear subaperture
and the position of the pixel A′. From (13), the phase center
Pi can be estimated by the true position of the subaperture.
Corresponding to (18), the 2-D FT Dc,i of the subimage Ic,i can
be expressed as

Dc,i ≈ 1

βyβx
rect

(
ky′

2πβy

)
rect

(
kx′

2πβx

)

× exp (−jkc‖Pi −A‖2)
× exp [−jky′ (y −Δyi)− jkx′ (x−Δxi)] (20)

where rect(•) means the rectangle window. We can see from
(20) that the 2-D space-variant spectral support of the subim-
age has been corrected. Thus, the split-bandwidth processing
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can be correctly implemented on the compensated BP-focusing
subimage Ic,i. After InSAR processing, the interferogram QF

c

of fullband subimage can be expressed as

QF
c = Ic,1 · (Ic,2)∗

= sinc [βy (y
′ − y +Δy1)] sinc [βx (x

′ − x+Δx1)]

× exp [jkc (‖P2 −A‖2 − ‖P1 −A‖2)]
× exp [jkc (‖P1 −A′‖2 − ‖P2 −A′‖2)] (21)

where (•)∗ is the conjugate operation. The unwrapping opera-
tion is performed on the fullband interferogram QF

c to obtain
unwrapped phase Φunw. Due to the phase ambiguity, the un-
wrapped phase Φunw of the fullband interferogram QF

c can be
expressed as

Φunw = unwrap(∠QF
c )

= kc (‖P2 −A‖2 − ‖P1 −A‖2)
+ kc (‖P1 −A′‖2 − ‖P2 −A′‖2)− Φamb (22)

where unwrap(•) is the unwrapping operation. Φamb = 2nπ is
the phase ambiguity. n is an unknown integer. We can see from
(22) that the flat-Earth phase kc(‖P2 −A′‖2 − ‖P1 −A′‖2) is
removed. From (21), the absolute phase Φabs can be approxi-
mately expressed as

Φabs ≈ 2kc
(A−A′) · (P1 −P2)

‖P1 −A′‖2 + ‖P2 −A′‖2
. (23)

Substituting (23) into (22), the relationship between the un-
wrapped phase Φunw and the absolute phase Φabs can be ex-
pressed as

Φunw = Φabs − Φamb. (24)

To enhance the precision of DEM, an accurate estimation of the
unknown integer n is required after the unwrapping operation.

III. ABSOLUTE PHASE ESTIMATION IN REPEAT-PASS IN-CSAR

A. Split-Bandwidth Processing

For InSAR, the phase ambiguity is needed to compensate for
deviations of the unwrapped phase from the absolute phase. In
general, the high-efficient split-bandwidth technique [10], [11],
[12] can estimate the phase ambiguity effectively.

The split-bandwidth processing based on the BP-focusing
subimage is shown in Fig. 3. ±Δk are the upper and lower
subband positions of the subimages, respectively. The available
range bandwidth is 2πβx and the width of the subband is 2παβx.
α is the subband-to-fullband ratio. The error standard deviation
σsplit of the split-bandwidth estimator can be expressed as [15]

σsplit
1

2

1

1− α

√
1

α

1√
M

√
1− γ2

πγ
(25)

where γ denotes the coherence. M is the number of useful
pixels. From (25), as M increases, the robustness of the split-
bandwidth estimator increases. The standard deviation of the
split-bandwidth estimator is dependent on both subband location

Fig. 3. Bandpass filtering of the fullband subimages based on split-bandwidth
technique.

and bandwidth [9], [15]. For two subbands, the standard devia-
tion is minimized when the subband-to-fullband ratio α = 1/3.
In addition, the centers of the subbands are±Br/3 away from the
center of the fullband. Thus, in this article, the optimal subband
bandwidth Br/3 is used to process both simulated and real data.

First, the fullband SLCs of master and slave subapertures are
generated. Then, each of the master and slave SLCs is split
into a lower and an upper subband SLC. In addition, the lower
and upper subband interferograms are obtained by the lower and
the upper subband SLCs, respectively. Finally, the two subband
interferograms are used to generate a DDI. In the registration
processing, the subband image needs to be resampled. However,
the interpolating function used for resampling should be an ideal
low-pass filter [21]. To obtain baseband signal and improve the
accuracy of registration, the spectrum shifting (i.e., demodu-
lation) and lowpass filtering are used to replace the bandpass
filtering of split-bandwidth processing in this article. The 2-D
FT DL

c,i and DU
c,i of subband subimages based on In-CSAR

system can be expressed as
{
DL

c,i = F(Dc,i) exp [−jΔk (x−Δxi)]
DU

c,i = F(Dc,i) exp [+jΔk (x−Δxi)]
(26)

where F(·) is the lowpass filtering operation. The superscripts L
and U represent the lower subband and upper subband, respec-
tively. As we know, the range resolution is related to the band-
width. Thus, the split-bandwidth processing reduces the range
resolution. However, compared to the changes in resolution,
the phase changes are more worthy of attention. Consequently,
the relationship between the subband and the fullband SLCs is

{
ILc,i ≈ Ic,i exp [−jΔk (x−Δxi)]
IUc,i ≈ Ic,i exp [+jΔk (x−Δxi)]

(27)

where ILc,i and IUc,i represent the lower subband SLCs and the
upper subband SLCs, respectively. After InSAR processing, the
lower and upper subband interferograms can be expressed as

{
QL

c = ILc,1 ·
(
ILc,2

)∗ ≈ QF
c exp [−jΔk (Δx2 −Δx1)]

QU
c = IUc,1 ·

(
IUc,2

)∗ ≈ QF
c exp [+jΔk (Δx2 −Δx1)] .

(28)

Based on (28), in order to estimate the absolute phase, the
DDI Qdiff

c generated by the two subband interferograms can
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be obtained as

Qdiff
c = QL

c · (QU
c

)∗
= sinc [βy (y

′ − y +Δy1)] sinc [αβx (x
′ − x+Δx1)]

× exp [−j2Δk (Δx2 −Δx1)] . (29)

To make the comparison, it is necessary to derive the expression
of the DDI based on the echo domain. Corresponding to (16),
the DDI Qdiff

echo based on subband echo can be expressed as

Qdiff
echo = sinc [βy (y

′ − y +Δy1)] sinc [αβx (x
′ − x+Δx1)]

× exp [j2Δk (‖P1 −A‖2 − ‖P2 −A‖2)]
× exp [j2Δk (‖P2 −A′‖2 − ‖P1 −A′‖2)] . (30)

From (21) and (30), it can be seen that the terrain phase of
Qdiff

echo is proportional to the phase of QF
c . Comparison of (29)

with (30) indicates that the phase of Qdiff
echo, which is derived

from echo domain, remains independent of the velocity of the
platform. Therefore, the relationship between Qdiff

c and Qdiff
echo

can be expressed as{
Qdiff

c ≈ Qdiff
echo

s.t. Vx,i = Vz,i = 0.
(31)

From (21) and (31), we can see that the nonparallel trajecto-
ries have disrupted the proportional relationship between Qdiff

c

and QF
c . This means that the nonparallel trajectories of the

platform induce a phase offset in the DDI Qdiff
c . Therefore, the

split-bandwidth technique cannot be effectively integrated with
the BP-focusing image.

B. Novel Method of Absolute Phase Estimation

As mentioned previously, there is a phase offset in the DDI
Qdiff

c . To avoid this phase offset, the unwrapped phase of full-
band interferogram QF

c is used to fit the DDI Qdiff
c in this article.

Obviously, the fitting error is minimized when Φamb = 0. The
relationship between absolute DEM habs and the absolute phase
can be expressed as [16]

habs = z − z′

≈ Φabs
‖P1 −A′‖2 + ‖P2 −A′‖2

2kc
[
B‖/ tan (θ −Δθ/2) +B⊥

] (32)

where B‖ and B⊥ are the horizontal and vertical components
of the baseline B in the Cartesian coordinates, respectively.
However, the phase ambiguity is unknown. From (24), without
absolute phase determination, the DEM hunw generated by the
unwrapped phase can be expressed as

hunw = habs − hamb (33)

where hamb is the DEM ambiguity induced by the phase ambi-
guity. In general, the differential interferometric phase is related
to the velocity and position of the subapertures. Substituting (17)
into (29), the differential interferometric phaseΦdiff

f fitted by the
DEM hunw can be expressed as

Φdiff
f = 2Δk(ζ̂x,1 − ζ̂x,2)hunw (34)

where ζ̂x,1 and ζ̂x,2 are the estimated values of the coefficients.
Substituting the DEMhunw,Vi andPi into (17), the estimations
of the coefficients ζ̂x,1 and ζ̂x,2 can be obtained. Based on the
absolute DEM habs, the true differential interferometric phase
Φdiff

c of the DDI Qdiff
c can be expressed as

Φdiff
c = 2Δk(ζx,1 − ζx,2)habs. (35)

Based on (34) and (35), to estimate the phase ambiguity, the
differential phase ΔΦ for the Φdiff

c and Φdiff
f can be obtained as

ΔΦ = Φdiff
c − Φdiff

f

= 2Δk(ζ̂x,1 − ζ̂x,2)hamb − 2ΔkΔζhabs (36)

where Δζ = (ζ̂x,1 − ζ̂x,2)− (ζx,1 − ζx,2) is the error of the co-
efficient. Under the condition of Zi � hamb, we have Δζ ≈ 0.
In order to reduce the impact of coherence, the number of phase
ambiguity n̂ can be obtained by the WLSs estimation as

n̂ = round

[
(ΛTWΛ)−1ΛTWΔΦ

2π

]
(37)

where

Λ =
Δk(ζ̂x,1 − ζ̂x,2) (‖P1 −A′‖2 + ‖P2 −A′‖2)

kc
[
B‖/ tan (θ −Δθ/2) +B⊥

] (38)

where W denotes a M ×M weighting matrix. In the case of
uncorrelated noise, the form of W can expressed as

W = diag

{
1

σ2
1

,
1

σ2
2

, . . .,
1

σ2
M

}
(39)

where σm denotes the standard deviation of the differential
phases ΔΦ.

After WLS estimation, the fitted phase Φdiff
f can be updated

to reduce the error of the coefficient Δζ. Based on (36), in order
to improve the accuracy of estimation, the iterative algorithm is
used to correct the estimated values ζ̂x,1 and ζ̂x,2. If the previous
and subsequent estimated results are the same, the iteration will
be stopped. Thus, the termination condition of the iteration is
that the estimated value n̂ no longer changes. Fig. 4 shows the
flowchart of the proposed method. The procedure to perform the
absolute phase estimation in this article can be listed as follows.

Step 1: Preprocessing is necessary for the BP-focusing subim-
age. The phase compensation function is used to correct the 2-D
space-variant spectral support of the BP-focusing subimage.

Step 2: The split-bandwidth processing is carried out. The
fullband subimage is split into the lower and upper subband
subimages. Then, the differential interferogram is obtained.

Step 3: The preunwrapping-assisted minimum discontinuity
(PAMD) phase-unwrapping method is used to obtain the un-
wrapped interferometric phase of the fullband subimage [25].

Step 4: The absolute phase estimation is preformed. The
differential interferometric phase is fitted by the unwrapped
interferometric phase. The unknown phase ambiguity can be
estimated by WLS estimation.
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Fig. 4. Flowchart of absolute phase estimation using the BP-based split-bandwidth technique. For ground range BP-focusing images, the preliminary geometric
registration of the master and slave subimages has been completed. To achieve high-precision registration, the incoherent speckle correlation [15] is used to improve
the accuracy of registration.

TABLE I
IMAGING PARAMETERS OF REPEAT-PASS CIRCULAR INSAR

IV. SIMULATION RESULTS AND ANALYSIS

A. Result of InSAR Processing

In this section, the effectiveness and practicability of the
proposed approach are verified with the processing results of
simulation data. The main parameters involved in the simu-
lations are given in Table I. For repeat-pass L-band system,

Fig. 5. Imaging scene in the original DEM geometry. (a) Scattering coeffi-
cients. (b) Real DEM data (unit: m).

to ensure InSAR measurement accuracy and coherence, the
horizontal and vertical components of the baseline B are 10
and –30 m, respectively. In the interferometric phase, the noise
is assumed to be additive white Gaussian noise at a level of 3 dB.

Due to the time-variant LOS of In-CSAR, the ground range
SAR image is obtained in the original DEM geometry. The
scattering coefficients and DEM of the imaging scene are shown
in Fig. 5(a) and (b), respectively. The scattering coefficients of
the imaging scene are calculated from the incidence angle. As
shown in Fig. 5(b), the center of the cone coincides with the
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Fig. 6. Interferometric results of the fullband subimage in the original
DEM geometry (unit: rad). (a) Interferometric phase without flat-Earth phase.
(b) Unwrapped phase.

Fig. 7. Result of split-bandwidth in the echo domain (unit: rad). (a) Lower
subband interferometric phase. (b) Upper subband interferometric phase.
(c) Real differential interferometric phase. (d) Fitted differential interferometric
phase based on the proposed method.

center of the imaging scene. It is assumed that a horizontal
reference plane is used for BP imaging without external DEM
assistance. After coregistration and flat-Earth phase removal,
the interferometric phase of the fullband subimage is shown in
Fig. 6(a). Based on the PAMD phase-unwrapping method, the
unwrapped phase is obtained. The unwrapped phase is shown in
Fig. 6(b). Comparison of Fig. 5(b) with Fig. 6(b) indicates that
the terrain height can induce a range offset in the BP-focusing
subimage.

In order to evaluate the accuracy of the proposed algorithm,
the split-bandwidth processing was performed in the echo do-
main and image domain, respectively.

B. Result of Split-Bandwidth in Echo Domain

The lower and upper subband interferometric phases obtained
by the split-bandwidth processing in the echo domain are shown
in Fig. 7(a) and (b), respectively. Correspondingly, the real

Fig. 8. Result of split-bandwidth in the BP-focusing image domain (unit: rad).
(a) Lower subband interferometric phase. (b) Upper subband interferometric
phase. (c) Real differential interferometric phase. (d) Fitted differential interfer-
ometric phase based on the proposed method.

differential interferometric phase for the lower and upper inter-
ferograms is shown in Fig. 7(c). The ratio of the carrier frequency
to the frequency difference between lower and upper interfero-
grams (i.e., kc/2Δk) is about 25. Obviously, the split-bandwidth
technique can reduce the number of interference fringes. Thus,
the absolute phase without ambiguity can be generated by split-
bandwidth technique. Comparison of Fig. 6(b) with Fig. 7(c)
indicates that the terrain phase is proportional to the differential
interferometric phase obtained by split-bandwidth processing in
the echo domain. After absolute phase determination and phase
filtering, the fitted differential interferometric phase is shown in
Fig. 7(d). The phase error between the real and fitted differential
interferometric phases is shown in Fig. 9(a). The variance of
phase error is 0.0017 rad.

C. Result of Split-Bandwidth in BP-Focusing Image Domain

The lower and upper subband interferometric phases gener-
ated by split-bandwidth processing in the BP-focusing image
domain are shown in Fig. 8(a) and (b), respectively. Corre-
spondingly, the real differential interferometric phase obtained
by split-bandwidth processing in the BP-focusing image domain
is shown in Fig. 8(c). Comparison of Fig. 7(c) with Fig. 8(c)
indicates that the phase offset is induced by the nonparallel
trajectories of the platform. Therefore, the difference in velocity
vectors between the master and slave subapertures will affect the
split-bandwidth processing based on the image domain. After
absolute phase determination, the fitted differential interfero-
metric phase is shown in Fig. 8(d). The phase error between
the real and fitted differential interferometric phases is shown in
Fig. 9(b). The variance of phase error is 0.003 rad.
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Fig. 9. Phase error. (a) Split-bandwidth processing in the echo domain.
(b) Split-bandwidth processing in the image domain.

Split-bandwidth processing in the echo domain requires six
times BP imaging. However, split-bandwidth processing in the
image domain only requires twice BP imaging. Comparison
of Fig. 9(a) with Fig. 9(b) indicates that the accuracy of the
proposed method is close to the split-bandwidth in the echo do-
main [10]. Obviously, compared to traditional split-bandwidth
in the echo domain, the proposed method is more efficient while
ensuring accuracy.

V. EXPERIMENTAL RESULTS

In the experiment, the real data were obtained by the airborne
CSAR system independently developed by the National Univer-
sity of Defense Technology. The location was Shaanxi Province,
China. The latitude and longitude of the CSAR imaging scene
center were 35.0◦ N and 109.5◦ E, respectively. The In-CSAR
data were acquired by an airborne repeat-pass L-band SAR
system. The flight vehicle of the experiment is shown in Fig. 10,
and the trajectory of the CSAR platform is shown in Fig. 11.

A. Result of InSAR Processing

The main parameters of the practical subaperture are given in
Table II. Fig. 12 shows the imaging results of a single subaper-
ture. The optical image of the imaging area is shown in Fig. 12(a).
The BP-focusing subimage is shown in Fig. 12(b). After InSAR
processing, the interferometric results of the fullband subimage
are shown in Fig. 13. To obtain a reliable interferogram, the
Goldstein [17] filter is used to suppress decorrelation noise.
For the fullband and subband interferograms, allowing weaker

Fig. 10. Experimental flight vehicle.

Fig. 11. Imaging scene of In-CSAR. The area of imaging is enclosed by the
inner circle, and the ideal trajectory of the In-CSAR platform is represented by
the outer circle.

TABLE II
IMAGING PARAMETERS OF REPEAT-PASS CIRCULAR INSAR

Fig. 12. Imaging scene. (a) Optical image from Google Earth. (b) BP-focusing
subimage.
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Fig. 13. Interferometric results of the fullband subimage. (a) Real terrain
phase based on Goldstein filter (unit: rad). (b) Fitted terrain phase (unit: rad).
(c) Reference DSM obtained by UAV (unit: m). (d) Coherence between the
master and slave subimages.

filtering to prevent the areas of high coherence (less noise)
from being overfiltered. For the DDI, allowing stronger filtering
in areas where there is a low coherence (high noise). Based
on Goldstein filter, the terrain phase of fullband interferogram
is shown in Fig. 13(a). From the optical image, most of the
observation scene is mountainous without vegetation coverage.
Therefore, we can obtain the digital surface model (DSM) data
of the imaging scene based on unmanned aerial vehicle (UAV)
optical photogrammetry technology, which serves as a reference
for the accuracy of absolute phase estimation, as illustrated in
Fig. 13(c). The terrain phase fitted by reference DEM is shown
in Fig. 13(b). Therefore, we can see that the real and fitted terrain
phases are basically the same. The coherence between the master
and slave subimages is shown in Fig. 13(d).

B. Result of Split-Bandwidth in Echo Domain

The results of absolute phase estimation by the proposed
method are shown in Fig. 14. The initial unwrapped phase is
shown in Fig. 14(a). Based on the reference DEM, the absolute
phase without ambiguity is shown in Fig. 14(b). After calcu-
lation, the unknown phase ambiguity is 6π. The differential
interferometric phase fitted by the initial unwrapped phase is
shown in Fig. 14(c). The differential interferometric phase fit-
ted by reference DEM is shown in Fig. 14(d). Comparison of
Fig. 14(c) with Fig. 14(d) indicates that the phase ambiguity can
cause a significant phase offset in DDI.

The lower and upper subband interferometric phases obtained
by split-bandwidth processing in the echo domain are shown
in Fig. 15(a) and (b), respectively. Correspondingly, the real

Fig. 14. Results of absolute phase estimation (unit: rad). (a) Initial unwrapped
phase. (b) Absolute phase without ambiguity. (c) Initial differential interfero-
metric phase fitted by unwrapped phase. (d) Differential interferometric phase
fitted by absolute phase.

Fig. 15. Result of split-bandwidth in the echo domain (unit: rad). (a)
Lower subband interferometric phase. (b) Upper subband interferometric phase.
(c) Real differential interferometric phase based on Goldstein filter. (d) Fitted
differential interferometric phase based on the proposed method.

differential interferometric phase for the lower and upper inter-
ferograms is shown in Fig. 15(c). After absolute phase determi-
nation, the fitted differential interferometric phase is shown in
Fig. 15(d). The phase error between the real and fitted differential
interferometric phases is shown in Fig. 17(a). The variance of
phase error is 0.0207 rad.
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Fig. 16. Result of split-bandwidth in the BP-focusing image domain (unit:
rad). (a) Lower subband interferometric phase. (b) Upper subband interferomet-
ric phase. (c) Real differential interferometric phase based on Goldstein filter.
(d) Fitted differential interferometric phase based on the proposed method.

Fig. 17. Phase error. (a) Split-bandwidth processing in the echo domain. (b)
Split-bandwidth processing in the image domain.

C. Result of Split-Bandwidth in BP-Focusing Image Domain

The lower and upper subband interferometric phases gener-
ated by split-bandwidth processing in the BP-focusing image
domain are shown in Fig. 16(a) and (b), respectively. Corre-
spondingly, the real differential interferometric phase obtained
by split-bandwidth processing in the BP-focusing image domain

Fig. 18. Full-angle SAR image.

is shown in Fig. 16(c). After absolute phase determination, the
fitted differential interferometric phase is shown in Fig. 16(d).
Comparison of Fig. 14(d) with Fig. 16(d) indicates that the
proposed method can estimate phase ambiguity effectively.

The phase error between the real and fitted differential in-
terferometric phases is shown in Fig. 17(b). The variance of
phase error is 0.025 rad. Although the DDI is obtained from the
image domain, our proposed method achieves a similar level of
estimation accuracy as split-bandwidth processing implemented
in the echo domain.

D. Result of the Full-Angle Processing Based on In-CSAR

To verify the effectiveness and practicability of the proposed
approach, the result of the full-angle processing is obtained.
First, the phase ambiguities of all subapertures are corrected and
the real DEMs are obtained. Then, based on the RD model, the
position offsets induced by the absence of DEMs are corrected.
Finally, the BP-focusing subimages are fused to obtain a full-
angle SAR image [19]. Fig. 18 shows the full-angle SAR image.
Compared with the single-angle image in Fig. 12(b), the main
advantage of the full-angle SAR image has lower speckle noise
and more abundant textural features.

VI. CONCLUSION

In this article, the absolute phase estimation of In-CSAR is
discussed. First, the interferometric phase expression of the BP-
focusing subimage is derived. Then, based on the In-CSAR sys-
tem, a novel method is presented to estimate the phase ambiguity.
The proposed method can estimate the residual phase ambiguity
under the conditions of the highly nonlinear and nonparallel
trajectories. Finally, the effectiveness and practicability of the
proposed approach is verified with the processing results of sim-
ulation and real data. Compared to traditional split-bandwidth
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in the echo domain, the proposed method is more efficient while
ensuring accuracy. However, the proposed method has some
limitations. For example, the bandwidth-to-frequency ratio of
the SAR image affects the accuracy of absolute phase estimation.
In the future, for narrowband systems, absolute phase estima-
tion based on multiangle characteristics of In-CSAR is under
development.
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