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ABSTRACT Circular ground-based synthetic aperture radar (GBSAR) is a new type of GBSAR with
three-dimensional (3D) imaging capability. Its relatively low bandwidth-to-frequency ratio and donut shaped
spectrum cause high sidelobes problem, which seriously affects the quality of SAR images. To solve this
problem, a multi-phase-center sidelobe suppression method for circular GBSAR based on sparse spectrum is
proposed in this paper. This method optimizes the sparse spectrum distribution of multi-phase-center circular
GBSAR to suppress the originally high sidelobes. In this paper, the signal model of multi-phase-center
circular GBSAR is established, the point spread function (PSF) is derived, and the relationship between
the sparse spectrum distribution and the sidelobe level is also analyzed. Moreover, we provide the optimal
distribution of the sparse spectrum, thus the optimal distribution of multiple phase centers can be calculated
with given imaging geometry, providing the best sidelobe performance. The proposed method is verified via
simulation experiments.

INDEX TERMS GBSAR, circular GBSAR, three-dimensional imaging, multi-phase-center, sidelobe sup-

pression, sparse spectrum.

I. INTRODUCTION

In recent years, GBSAR has been used in multiple applica-
tions, like landslide monitoring [1], [2], volcano monitoring
[3], [4], glacier monitoring [5], [6], open pit monitoring [7],
[8], bridge and building monitoring [9]-[12], and so on. How-
ever, traditional GBSAR with a straight rail, referred as linear
GBSAR, can only acquire two-dimensional (2D) images and
can’t get the 3D terrain information of monitoring scenes.
Because of the “layover” phenomenon, the linear GBSAR is
also not suitable for complex terrain. Therefore, the study of
GBSAR with 3D imaging capabilities has become a research
hotspot in this field.

At present, 3D imaging GBSAR includes multi-baseline
linear GBSAR and circular GBSAR. The multi-baseline lin-
ear GBSAR forms 2D synthetic aperture by moving the phase
center in the azimuth and vertical, to achieve 3D resolution.
Its geometry is shown in Figure 1 (a) [13], [14]. Figure 1 (b) is
one of its implementations, it uses a horizontal array to scan
in the vertical direction. The azimuth aperture is the length
of the horizontal array, and the vertical aperture is formed by
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the movement of the array in the vertical direction [15]. The
limitation of the multi-baseline linear GBSAR is its system
complexity and time consumption for data acquisition.

The geometry of circular GBSAR is shown in Figure 2
[16]. It forms 2D synthetic aperture through the rotation of
the phase center, to achieve 3D imaging [17]. The data acqui-
sition only needs one rotational scan of antenna. Therefore,
the system is of low complexity, and the data acquisition
is fast.

Currently, circular GBSAR mainly uses a single antenna
for data acquisition, we refer it as single-phase-center circular
GBSAR [16]. The spectrum of single-phase-center circular
GBSAR is donut shaped as shown in Figure 3 (a). Its rel-
atively low bandwidth-to-frequency ratio and donut shaped
spectrum cause high sidelobes problem in azimuth and verti-
cal, which seriously affects the imaging quality [18]. In SAR
images, the high sidelobes of strong targets will conceal the
weak targets nearby, resulting in poor image contrast and low
image clarity. Thus, it seriously affects the imaging quality.

The existing sidelobe suppression methods for SAR
images mainly include frequency domain windowing
method, spectrum reshaping technology, and spatially variant
apodization filtering algorithm [19]-[21]. The frequency
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FIGURE 1. Geometry of multi-baseline linear GBSAR (a) imaging
mechanism, (b) an implementation.
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FIGURE 2. Geometry of circular GBSAR.

domain windowing method smooths the edge of spectrum to
suppress sidelobes. However, it can’t suppress high sidelobes
caused by the donut shaped spectrum of circular GBSAR.
The spectrum reshaping technology generates the sidelobe
direction difference information to realize the separation
between the main lobe and the sidelobe. Since the sidelobe
of circular GBSAR is omnidirectional, the sidelobe direction
can’t be changed. Thus, the spectrum deformation technol-
ogy can’t suppress the high sidelobes of circular GBSAR.
The spatially variant apodization filtering algorithm finds
the minimum amplitude value from a set of raised cosine
weighted windowing results to suppress the sidelobes. It also
belongs to the windowing method, so it is not applicable
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FIGURE 3. The 2D spectrum distribution diagram (a) single-phase-center
spectrum, (b) continuously broadened spectrum with multiple phase
centers, (c) sparsely optimized spectrum with multiple phase centers.

for suppressing the sidelobes of circular GBSAR. In addi-
tion, sparse representation method is another existing side-
lobe suppression method. It is a regularization optimization
method based on sparse scene, and its point spread function is
impulse response [22]-[24]. However, the proposed method
suppresses the high sidelobes based on the sparse distribution
multiple phase centers.

For the high sidelobe problem of circular GBSAR, a new
circular array SAR (CASAR) was proposed in reference [25].
It uses the rotation of an array to form multiple concentric
circular apertures, and the final spectrum is still donut shaped
but broadened as shown in Figure 3 (b), thus achieving
lower sidelobes. However, with a given condition of lim-
ited phase center numbers, the length of the array would
be very short, and results in weak spectrum broadening
effect. Under this condition, the sidelobe can’t be effectively
suppressed.

In order to effectively solve this problem, a multi-phase-
center sidelobe suppression method for circular GBSAR
based on sparse spectrum is proposed in this paper. However,
the main idea of our method to suppress the sidelobes with
limited phase center, is to optimize the sparse distribution
of the spectrum. Figure 3 (c) shows the schematic diagram
of sparse spectrum distribution. Compared to Figure 3 (b),
the spectrum in Figure 3 (c) is not continuous.

The new sidelobe suppression method based on sparse
spectrum is proposed to solve the high sidelobe problem of
circular GBSAR. It can effectively suppress the high side-
lobe, only using a limited phase centers number. When the
phase-center number is 3, the proposed method can suppress
the maximum sidelobe of circular GBSAR from —7.9dB
to —13.8dB, while the maximum sidelobe of traditional lin-
ear GBSAR is about —13.2dB. Thus, the proposed method
can effectively improve the sidelobe of circular GBSAR.
Moreover, the optimal spectrum distribution can be obtained
according to the phase change diagram. Meanwhile, the
proposed method is available for the whole monitoring
scene.

This paper is organized as follows. The geometry and
signal model of multi-phase-center circular GBSAR are
introduced in Section 2. The spectrum and PSF of circular
GBSAR are given in Section 3. Section 4 analyzes the
relationship between the spectrum distribution and side-
lobes, and proposes an optimization method based on phase
change diagram to get the optimal spectrum distribution.
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The spatial-variant property of sidelobes is discussed in
Section 5, and it verifies that the optimal spectrum distribu-
tion works for the whole observation scene. The proposed
method is verified by 3D imaging simulations in Section 6.
Section 7 discuss the concluding remarks.

Il. GEOMETRY AND SIGNAL MODEL

Circular GBSAR forms 2D synthetic aperture by rotating
the phase center, so it has resolving capability in azimuth
and vertical, and its range resolution is related to the signal
bandwidth. Thus, it has 3D resolving capability. This section
introduces the geometry and signal model of multi-phase-
center circular GBSAR.

A. GEOMETRY

The geometry of multi-phase-center circular GBSAR is
shown in Figure 4. N phase centers are sparsely distributed on
the rotating arm. They make one rotation around X axis, and
form N concentric circular apertures in the YOZ plane. These
phase centers observe the target area for the whole aperture.

FIGURE 4. Geometry of multi-phase-center circular GBSAR.

In Figure 4, point O is the rotation center of phase centers,
ay, az, ..., ay represent phase centers, r, r, . .., ry are the
rotating radius of phase centers, ry is equal to the length of
the rotating arm L, N is the number of phase centers (when
N = 1, Figure 4 shows the geometry of single-phase-center
circular GBSAR), 6, is the instantaneous rotation angle of
phase centers, P; represents the point target, R, is the distance
between phase center a, and point target Py, Ry is the projec-
tion length of R, in the X direction.

According to the position coordinate of phase center a,
and the position coordinates of point target Py, the distance
R, between phase center a, and point target P; can be
expressed as

Ro=y (5= 5) + 0n—np) +@—2) ()

where, x;, ¥, and z,, are the coordinates of ay, x,, y, and z,
are the coordinates of P;.

To simplify calculation, the coordinate of phase center a,
can be expressed as (0, r,;, cosf,, r, sinf,), r, is the rotating
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radius of phase center a,. Therefore, the slant-range from
phase center a,, to point P; can be obtained as follows

R, (ry, 9a)=\/(xp)2+(rn - cos 9a—yp)2+(rn . sinea—zp)z_
)

B. SIGNAL MODEL
Step frequency continuous wave (SFCW) signal, frequency
modulated continuous wave (FMCW) signal and linear fre-
quency modulation (LFM) signal can all be used as the trans-
mitted signal of multi-phase-center circular GBSAR. In this
section, the linear frequency modulation (LFM) signal is used
as the transmitted signal, to introduce the signal model.
Generally, range pulse compression is performed in the
frequency domain, so the frequency domain form of the
preprocessed echo signal can be expressed as

N
SOuf)=0- Zrect(f/B,)
n=1

- exp{—j4m (f +f) Ru (rn. 02) [c}. (3)

where, f € [—B,/2, B,/2], o is the scattering coefficient, B,
is the signal bandwidth, f; is the center frequency, c is light
speed. The symbol & is the phase in (3).

After performing range pulse compression in the frequency
domain and performing Inverse Fourier Transform (IFT),
the time domain expression of range compressed signal can
be obtained as follows

N
Sre (Bar 1) = 0+ Y _sinc {[t — 2Ry (ra, 0)]/c}

n=1

- exp { AT fRy (. 0a) [c} . (4)

where, t € [—T,/2, T;/2], T, is the pulse width of transmitted
signal.

Back-projection (BP) algorithm is used to acquire 2D
images [26], [27]. Circular GBSAR can achieve 3D space
imaging by superimposing 2D images at different range. The
3D imaging process of multi-phase-center circular GBSAR
is shown in Figure 5.

Multi-phase-center circular GBSAR performs imaging on
any pixel P(x,y, z), to obtain its pixel value f(x,y, z). Its
expression is as follows

N 2
S, p,2) ZZ /(; Src (Ba, 1) -eXp {j47chRyz (n, ea)/c}dga,
n=1
&)

where, n represents the nth phase center, Ry, (r,, 8,) is the
distance from phase center ay, to pixel P.

IIl. SPECTRUM AND POINT SPREAD FUNCTION

This section mainly introduces the spectrum and the point
spread function (PSF) of circular GBSAR. The PSF of multi-
phase-center circular GBSAR is formed by superimposing
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FIGURE 5. The 3D imaging process of multi-phase-center circular GBSAR.

multiple phase centers’ PSF. Here, the point target is assumed
to be on the rotating axis (X axis).

In order to describe the spectrum of circular GBSAR,
the 3D wavenumber domain coordinate system O1K,K,K;,
is established. Due to the Fourier characteristic of phase-
modulated signal, the instantaneous wave numbers K, and
K, can be obtained by respectively calculating first-order
partial derivatives of y, and z,, for phase ®. They can be
expressed as

9 -
Ky= 22 = o2 ©6)
dyn R,
9 -
K,= 2= = g% )
0Zn R,

where, ® is the phase in (3), its expression is shown in (8).
Here, K is defined as wave number, its expression is shown
in (9).
® = —dr (f+f)Ry/c 8)
K =2n(f+f)/c )

where, K € [Kmin, Kmax]- The instantaneous wave number in
the X direction can be expressed as

K¢ = —J4K2 — K2 — K2 (10)

According to (8)-(10), we can obtain the 3D spectrum of
single-phase-center circular GBSAR. Assume the point target
P located on the X axis, its 3D spectrum support is shown
in Figure 6.
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FIGURE 6. The 3D spectrum support of single-phase-center circular
GBSAR.

It can be seen from Figure 6 that the spectrum support of
single-phase-center circular GBSAR is the outer surface of
circular truncated cone. Where, 8 is the half vertex angle
of circular truncated cone. O1K,K,K; is the wave number
domain coordinate system corresponding to the space domain
coordinate system O; X'Y'Z'.

The high sidelobes mainly exist in the O; Y'Z' plane, so we
only project the 3D spectrum support of single-phase-center
circular GBSAR on the O1 K, K; plane. The 2D spectrum sup-
port of single-phase-center circular GBSAR in the O KK,
plane is shown in Figure 7.

Y,

Duin \, i Dimax
Ol K,v

FIGURE 7. The 2D spectrum support of single-phase-center circular
GBSAR in 0,KyK; plane.

In Figure 7, the outer radius of the 2D spectrum support in
the O1 KK, plane is represented as byax, and its inner radius
is represented as bpyip. Their expressions are as follows

bmin = Kin - sin B
bmax = Kpax - sin B

(11)

where, the half vertex angle § = arctan(r/x.), r is the rotating
radius of phase center a, x. is the abscissa of point target P..

The PSF is the IFT of the spectrum. The PSF in range is a
sinc function, and its expression can be referred to reference
[28]. The PSF in the OY’Z’ plane is a Bessel function, and
it is circular symmetric [28]. It can be expressed as

Jo (bmaxp)  for bmin = bmax
2 [bmaxJ1 (Bmaxp) — bminJ1 (bminp)]

8eyz (P) = (12)
> o (brznax - brznin)
otherwise
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where, p = /(y'> + 7%), Jo(-) is the first kind of zero-order
Bessel function, Ji(-) is the first kind of first-order Bessel
function, and bnin = bmax indicates that the transmitted
signal is single-frequency signal.

Define the ratio «, to represent the bandwidth-to-
frequency ratio of spectrum, and its expression is as follows

g = (bmax — bmin)/bmax = (Kmax — Kmin)/Kmax (13)

where, o, € [0, 1]. Then bpj, can be represented by bmax and
o, and its expression is as follows

bmin = (1 — og) bmax (14)

From (12) and (14), it can be known that the PSF of single-
phase-center circular GBSAR is determined by bpy,x and
bmin, While its sidelobe is determined by the ratio «.

The parameters that affect the 3D imaging performance
include center frequency and bandwidth-to-frequency ratio.
The 3D imaging performance is reflected in resolution and
sidelobes. The signal bandwidth affects range resolution,
and the maximum frequency affects azimuth resolution. The
bandwidth-to-frequency ratio affects the sidelobes of single-
phase-center circular GBSAR. The phase center number and
distribution affect the sidelobes of multi-phase-center circular
GBSAR.

From Figure 6, we can derive the resolution expression in
X direction, and it is as follows

8x = ¢/ (2B, cos B) (15)

For circular GBSAR, 8 is quite small. Thus, the resolution
expression in X direction is mainly related to the signal
bandwidth B,

From Figure 7, we can derive the resolution expression
of the O;Y'Z’ plane. From (12), we can know that the PSF
in the O;Y’Z’ plane is circular symmetric, so the resolution
expression in Y direction is same as that in Z direction. Their
expression are as follows

(Sy =4, = ana (@) - 77/2bmax = an () - C/(4fmax - sin B)
(16)

where, the factor ap is related to «,, and its value range is
[0.765, 1.22]. B is determined by the rotating radius » and the
target range x.. Thus, when x. is given, the resolution of the
01Y'Z plane is related to the rotating radius.

For multi-phase-center circular GBSAR, the 3D spectrum
support is shown in Figure 8. It is the N outer surfaces of
circular truncated cone with different radius.

InFigure 8, B1, B2, . . ., Bn are the half-apex angle of phase
center ap, az, ..., ay. By projecting the 3D spectrum sup-
port of multi-phase-center circular GBSAR into the O1K,K;
plane, the 2D spectrum support in this plane can be obtained.
It is shown in Figure 9.

It can be seen from Figure 9, the 2D spectrum support of
multi-phase-center circular GBSAR in the O1 KK plane is N
concentric circular rings. The outer and inner radius of these
rings are denoted by bumax and b,min. The outer ring radius

133806

R, K,

NINE1 16, |
[1m By (/f:( i \/f,\/f:\/f\ L /
o [o3 | 0y | X(Ko)

FIGURE 8. The 3D spectrum support of multi-phase-center circular
GBSAR.

bimin Dyimax

FIGURE 9. The 2D spectrum support of multi-phase-center circular GBSAR
in 0,KyK; plane.

and inner ring radius are represented by bumax and bymin-
Their expressions are as follows

{bn max = DN max - Sin ,Bn/Sin BN (17)

byumin = (1 — otg) by max

where, bymax 1S the outer ring radius of Nth phase center. 8,
is the half-apex angle of phase center a,, it can be expressed
as

, = arctan (r, /x) (18)

where, r, is the rotation radius of phase center a,,.

It can be known from Figure 8 and Figure 9 that the
spectrum of multi-phase-center circular GBSAR is formed
by superimposing the spectrum of N phase centers. There-
fore, the PSF of multi-phase-center circular GBSAR can be
expressed by summation of N phase centers’ PSF. The PSF
in the O;Y'Z’ plane is as follows

N
ZJO (bnmaxp) Jor bymax = bpmin
n=1
N
8meyz ()~ {Z (61 maxJ1 (B max0) —bpmind1 (Brminp)]
=1
n 2 .
"~ otherwise
o Zl (b% max b;% min)
n—=

19)

It can be known from (19) that the PSF of multi-phase-
center circular GBSAR in the O;Y'Z’ plane is related to the
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GBSAR with lower sidelobe, (c) the 1D point spread function in 0;Y’Z’ plane.

inner ring radius b,ni, and the outer ring radius b,max of 2D
spectrum. Moreover, the sidelobe of multi-phase-center cir-
cular GBSAR is determined by the ratio ¢, and the spectrum
distribution b;;max/bnmax-

Equations (16) shows that the resolution of single-phase-
center circular GBSAR in the O;Y'Z’ plane is related to the
maximum wavenumber bp,x. Thus, the resolution of multi-
phase-center circular GBSAR in the O;Y'Z’ plane is almost
the same as that of single-phase-center circular GBSAR,
when bymax i equal to bygax.-

Figure 10(a) and (b) compares the PSF between single-
phase-center circular GBSAR and multi-phase-center circu-
lar GBSAR in the O;Y’Z’ plane. In order to show the sidelobe
difference, here the maximum outer ring radius of multi-
phase-center circular GBSAR bymax is equal to the outer
ring radius of single-phase-center circular GBSAR bpax, o4
is same for two models, and the distribution b,;max/bNmax 1S
randomly selected. From (12) and (19), we can know that the
PSF in the O;Y’Z’ plane is circular symmetric. Therefore,
only the PSF of circular GBSAR in the radial direction is
shown in Figure 10(c). Figure 10 shows that the sidelobe of
multi-phase-center circular GBSAR in the O;Y'Z’ plane is
lower than that of single-phase-center circular GBSAR.

In summary, the PSF of multi-phase-center circular
GBSAR is the superimposition of N phase centers’ PSF, so its
PSF is related to the phase center distribution. By comparing
the PSF of single-phase-center circular GBSAR with that
of multi-phase-center circular GBSAR, it can be found that
the sidelobe of multi-phase-centers circular GBSAR in the
01Y’Z plane is lower than that of single-phase-center circu-
lar GBSAR.

IV. SIDELOBE SUPPRESSION METHOD BASED ON
SPARSE SPECTRUM

The analysis in Section 3 shows that the point spread func-
tion (PSF) of circular GBSAR in the O;Y'Z’ plane is Bessel
function and it has the high sidelobe problem, while the
circular GBSAR with multiple phase center can suppress the
sidelobe of the PSF in this plane. In order to find the lowest
sidelobe, this section will analyze the relationship between
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the sidelobe of the PSF in the O;Y'Z’ plane and the sparse
spectrum distribution, and use the phase change diagram
to find the optimal spectrum distribution under the condi-
tion of given phase center number and given bandwidth-to-
frequency ratio. Section 4.1 analyzes the relationship between
the bandwidth-to-frequency ratio and the sidelobe of single-
phase-center circular GBSAR. Under the condition of a given
bandwidth-to-frequency ratio, Section 4.2 analyzes how the
spectrum distribution of multi-phase-center circular GBSAR
affects the sidelobe. Section 4.3 proposes an optimization
method based on phase change diagram to get the optimal
spectrum distribution for the lowest sidelobe.

A. SIDELOBE OF SINGLE-PHASE-CENTER CIRCULAR
GBSAR
From (12) and (14), the point spread function of single-
phase-center circular GBSAR is related to the bandwidth-
to-frequency ratio o, and the maximum wavenumber in the
O1KyK; plane bpyax. In order to analyze the influence of
bandwidth-to-frequency ratio on the sidelobe, the PSF of
single-phase-center circular GBSAR with the same by, and
different o, is shown in Figure 11.

It can be seen from Figure 11 that when the ratio «, is 0,
1/2, and 1, the bandwidth is 0, bax/2, and bpmgax, respectively.

Amplitude(dB)
8 8 &

&
S

&
&

%0 L ALl

p*bmaxlrr(m)

FIGURE 11. The point spread function of single-phase-center circular
GBSAR with different oq.
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The sidelobe of the PSF with different ratio is —7.9dB,
—10.16dB and —17.57dB. Obviously, the bandwidth-to-
frequency ratio significantly influences the sidelobe of single-
phase-center circular GBSAR.

Figure 12 shows the peak sidelobe ratio (PSLR) curve with
respect to the bandwidth-to-frequency ratio. It can be seen
that the larger o, the less the unknown region inside the ring-
shaped spectrum, the lower sidelobe. In order to get an ideal
PSLR, we need to increase the bandwidth-to-frequency ratio
o, as much as possible. However, compared with spectrum
bandwidth, the working frequency of radar is quite large in
GBSAR applications. Therefore, it is difficult to increase the
bandwidth-to-frequency ratio «, for an acceptable PSLR.

PSLR(dB)

a
a

FIGURE 12. ag— peak sidelobe ratio curve.

B. SIDELOBE OF MULTI-PHASE-CENTER CIRCULAR
GBSAR

Multi-phase-center circular GBSAR provides extra spectrum
information to the originally unknown region inside the ring-
shaped spectrum by superimposing the spectrum of multiple
phase centers, to achieve sidelobe suppression. In order to
analyze the sidelobe of different spectrum distribution, this
section discusses the relationship between different spectrum
distribution and the sidelobe under the condition of given
phase centers number and given bandwidth-to-frequency
ratio.

The spectrum of multi-phase-center circular GBSAR in
the O;K,K; plane is a set of concentric rings as shown
in Figure 10 (a). Under the conditions of N = 3 and
o, = 0.05, the sidelobes of continuous distribution, uni-
formly sparse distribution, and randomly sparse distribution
are compared. And they have the same outer ring radius
b3max- Figure 13 shows the three typical spectrum distribu-
tions in the O1K,K; plane.

Figure 14 shows the point spread function of single-
phase-center circular GBSAR and multi-phase-center circu-
lar GBSAR with typical spectrum distributions.

It can be seen from Figure 14 that under the condition
of a given bandwidth-to-frequency ratio, different spectrum
distributions have different effects on sidelobe suppression.
The 3D imaging performance of single-phase-center circu-
lar GBSAR and multi-phase-center circular GBSAR with
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FIGURE 13. Typical spectrum distributions in 0, Ky K; plane
(a) continuous spectrum distribution, (b) uniformly sparse spectrum
distribution, (c) randomly sparse spectrum distribution.
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FIGURE 14. The point spread function of circular GBSAR with typical
spectrum distributions.

TABLE 1. The 3D imaging performance of typical spectral distributions.

Single-

phase Multi-phase center

center
Spectrum single Continuous Ur;;)f;)rrsr:ly Re;r;)t;(r)srgly
distribution distribution distribution  distribution
PSLR (dB) -7.9131 -8.0262 -10.9829 -12.2644
ISLR (dB) -3.0077 -3.5164 -8.9582 -8.7124
Resgﬁ;“on 2.6180 2.6180 2.9452 2.9452

continuous distribution, uniformly sparse distribution, and
randomly sparse distribution is given in Table 1.

As can be seen from Table 1, compared with single-phase-
center circular GBSAR, multi-phase-center circular GBSAR
has lower sidelobes. Moreover, the sidelobe of sparse spec-
trum distribution are lower than that of continuous spectrum
distribution. Meanwhile, the resolutions of these typical spec-
trum distributions in the O;Y'Z’ plane have some difference,
but they are almost close.

For multi-phase-center circular GBSAR with different
spectrum distributions, the spectrum distribution is related to
the phase center distribution. Here, we use bimax/b3max and
brmax/b3max to represent the spectrum distribution. According
to (15), the spectrum distribution can be expressed as

{bl max/b3max = sin ﬁl/Sin B3 (20)
by max/bS max = Sin ,32/5in B3
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Here, we use the ratio r1/r3 and the ratio r»/r3 to represent
the phase center distribution. According to (18), the relation-
ship between half-apex angle and phase center distribution is
as follows

sin 81 = rq /R]
sin B = r2/R2 21
sin B3 = r3/R3

where, r1rp and r3 are the rotating radius of phase centers aj,
ap and a3, and r3 is equal to the length of rotating arm L, Ry,
R> and Rz are the distance between the point target and phase
centers.

According to (20) and (21), the relationship between the
spectrum distribution and the phase center distribution can
be expressed as

r1/r3 = (bimax/b3max) - (R1/R3)
{UﬁBZ(%mu/%mu)(&MRﬂ (22)

When L < x, R1, Ry and R3 are approximately the same.
In the case of GBSAR, the length of the rotating arm L is
much less than the point target’s range. Thus, equation (22)
can be simplified to

rl/r3 ~ blmax/bSmax
(23)
r2/r3 ~ meax/b3max

According to the above analysis, we find that the
multi-phase-center circular GBSAR with randomly sparse
spectrum distribution has lower sidelobe. Moreover,
the relationship between the spectrum distribution and the

phase center distribution is given.

C. SIDELOBE ANALYSIS BASED ON PHASE CHANGE
DIAGRAM
From the analysis in Section 4.2, it can be known that
the sidelobe of multi-phase-center circular GBSAR in the
01Y'Z’ plane is related to the spectrum distribution in the
O1K,K; plane. In this section, under the condition of a given
bandwidth-to-frequency ratio, an optimization method based
on phase change diagram is used to get the optimal spectrum
distribution for the lowest sidelobe. Here, phase change dia-
grams of multi-phase-center circular GBSAR with N = 2
and N = 3 are both given. Figure 15 gives the flow chart of
the proposed sidelobe suppression method.

We set the peak sidelobe ratio of point spread function
in (19) as the objective function, and its expression is as
follows

PSLR = 20log;, {maX |[gmcyz (P) — &main (p)]/PPmaxH
(24)

where, PPr,x is the main lobe peak and g;,4in(0) is the main
lobe portion of gy (0), and its expression is

8main (P) = 8meyz (p) - Tect (/0//00) (25)

where py is the first zero crossing of gpcyz(0).
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Giving parameters such as bandwidth-to-
frequency ratio and phase center number

Y

1D point spread function simulation

v

Caleulating the maximum value of sidelobes

v

Calculating the phase change diagram between
spectrum distributions and sidelobes

v

Finding the lowest sidelobe and its optimal
spectrum distribution

v

Obtaining the optimal phase center distribution

FIGURE 15. The flow chart of the proposed sidelobe suppression method.

In order to get the optimal spectrum distribution, we need
to minimize the PSLR in (24). And the phase change curve
can help us to find the minimum PSLR.

When the phase center number N = 2, phase change dia-
gram is a 1-D curve. So, the value range of the spectrum dis-
tribution b1max/bamax 1 (0,1). The PSLR curve with respect
to spectrum distribution b1max/bamax 1S shown in Figure 16.

PSLR(dB)

\ y
N ~

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

1max/P2max

FIGURE 16. Phase change diagram (N = 2).

It can be seen from Figure 16 that there is an optimal
spectrum distribution, which has the lowest PSLR. The opti-
mal spectrum distribution is bimax/b2max = 0.476, bomax/
brmax = 1, and its minimum PSLR is —11.32dB. According
to the (23), its corresponding phase center distribution is
rip = 0.476L, r, = L. Using this phase center distribution,
the PSF shown in Figure 17 can be obtained, which has the
best sidelobe characteristic under the conditions of N = 2
and o, = 0.05.

When the phase center number N = 3, phase change
diagram is a 2-D figure. So, the value range of bomax/b3max 18
(0,1) and the value range of b1max/b3max 15 (0,1-b2max/b3max)-
The PSLR curve with respect to spectrum distribution
b1max/b3max and bamax/b3max 1s shown in Figure 18. Where,
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FIGURE 17. The point spread function of optimal phase center
distribution (N = 2).
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FIGURE 18. Phase change diagram (N = 3).
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FIGURE 19. The point spread function of optimal phase center
distribution (N = 3).

the grid interval dd = 0.002, the PSLR value is described by
the color bar.

In Figure 18, the optimal spectrum distribution is
bimax/b3max = 0.42, bomax/b3max = 0.56, b3max/b3max = 1,
and its minimum PSLR is —13.83dB. According to (23),
its corresponding phase center distribution is r; = 0.42L,
rp = 0.56L, r3 = L. The PSF shown in Figure 19 has the best
sidelobe characteristic by using this phase center distribution.

The phase change diagram of the PSLR with respect to
the spectrum distribution is given in this section. According
to phase change diagram, the optimal spectrum distribution
and the lowest PSLR can be found. The minimum PSLR
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in this example, for N = 2 and N = 3 are —11.32dB
and —13.83dB, respectively, with the given condition of
bandwidth-to-frequency ratio equal to 0.05. When the num-
ber of phase centers N = 3, the sidelobe suppression effect
of the optimal spectrum distribution has already satisfied
the needs for high-quality imaging. When N = 2, under
the constraint of bimax < o4 - bomin, the actual calcula-
tion grid numbers is 0.95 x (Ngg — 1), where Ny; is the
grid numbers. Under the CPU configuration of Intel Core
17-8550U, the time consumption is 0.1283s. When N = 3,
under the constraint of bimax < @4 * bomin and bomax <
g - b3min, the actual calculation grid numbers is (0.45 x
de — 1.3 x Ngg — 0.15). Under the same configuration, the
time consumption is 22.9546s. It can be seen that the higher
search space dimension, the more calculation complexity.
If a lower PSLR is needed, the phase center number can
be further increased, and the dimension of the phase change
diagram is also increased. If the value of N is large, the dimen-
sion of the search space will become high. Thus, efficient
searching method should be used to reduce the calculation
complexity [29]-[31].

V. SPACE-VARIANT PROPERTY OF SIDELOBES
Space-variant property refers to the difference in point spread
function (PSF) of targets at different positions.

According to the analysis in Section 3, multiple phase
center influences the sidelobes of circular GBSAR, and it has
little effect on its resolution. The resolution’s space-variant
property of circular GBSAR are consistent with that of tradi-
tional linear GBSAR. The resolution decreases with increas-
ing range. The point spread function of circular GBSAR has
the rotation property, which changes little with the azimuth.
However, the resolution of different azimuths is still the
same. Thus, we only need to concern about the space-variant
property of sidelobes.

In this section, we will analyze whether the solved opti-
mal spectrum distribution for sidelobe suppression works for
the whole observation scene. Since the geometry of circular
GBSAR is rotationally symmetric, we only need to analyze
the sidelobe space-variance with respect to range and azimuth
angle.

Firstly, we analyze the space-variance with respect to
range. From the previous section, we know that the sidelobe is
determined by the spectrum distribution. According to (20) to
(23), it can be known that the spectrum distribution is related
to sinB,/sinfBy, and thus related to r,/ry. This means that
for different ranges, the spectrum distribution will be slightly
different, and the sidelobe will be slightly different too.

Figure 20 shows the geometry of targets at different ranges.
Ranges from point targets P; and P; to point O are expressed
as x1 and xp, respectively. Half-apex angles of points P and
P, are expressed as By, and B,,,. It can be seen from Figure 20,
when the phase center distribution is given, the half-apex
angle B,,; becomes smaller as the range x;, increases, so the
sidelobe is related to the range x;,.
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FIGURE 20. Geometry of phase centers and targets at different ranges.
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FIGURE 21. xm— peak sidelobe ratio curve.

FIGURE 22. The 3D spectrum support of multi-phase-center circular
GBSAR for the edge point target.

Figure 21 shows peak sidelobe ratio (PSLR) curve with
respect to range, and the curve is obtained by numerical
simulation. As can be seen from the figure, when range is
above 20m, the sidelobe level is almost the same. This result
is consistent with (23), that is when the rotating arm L is
much less than the point target’s range, the space-variance
of sidelobe can be neglected.

Then, space-variance with respect to azimuth angle is ana-
lyzed. Figure 22 shows the 3D spectrum support of multi-
phase-center circular GBSAR for the edge point target is a set
of outer curved surfaces that approximate an elliptic truncated
cone.

In Figure 22, o represents the azimuth angle of point
targets, and o > 0. Since « is rotationally symmetric with the
X axis, the sidelobe variation with angle « is analyzed only
in the XOZ plane. 8,1, B2, .. ., By 1s the half-apex angle of
elliptic truncated cone.
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Figure 23 shows the 2D spectrum support of the edge
point target in the O3K} K.’ plane. It can be known from
Figure 23 that the spectrum support of edge point target in
the O3K K’ plane is a set of elliptic rings. In Figure 23, bymin
and c,min are the long axis and short axis of inner rings, b,max
and cmax are the long axis and short axis of outer rings.

CNmax

FIGURE 23. The 2D spectrum support of multi-phase-center circular
GBSAR for the edge point target in 03K}’,Kz’ plane.

According to (20), it can be known that the spectrum distri-
bution is related to sinfy,/sinfyy and sinf,/sinfB,ny. Where,
sinBy, and sinf;, are both related to the azimuth angle .
This means that for different azimuth angles, the spectrum
distribution will be slightly different, and the sidelobe would
be slightly different too.

Figure 24 shows PSLR curve with respect to azimuth angle,
and the curve is obtained by numerical simulation. As can be
seen from the figure, when azimuth angle is 0° ~ 15°, the
sidelobe level is almost the same. This result is consistent with
(23), that is when the point target is within the beam irradia-
tion range, the space-variance of sidelobe can be neglected.

-13.8304888
-13.830489
-13.8304892 -
s -13.8304894 -

-13.8304896

PSLR(dB

-13.8304898

-13.83049 -

-13.8304902

-13.8304904
0
o)

FIGURE 24. o— peak sidelobe ratio curve.

In order to verify the above analysis results, we respec-
tively analyze the PSF of points A (50,0,0), B (506,0,0), and
C (500,0,80). Where, points A and B are point targets on the
X axis, points B and C are point targets with different azimuth
angles. Points A, B, and C are all within the beam irradiation
range.

Figure 25 shows the PSF of multi-phase-center circular
GBSAR at points A and B by using optimal phase center
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distribution. In the figure, their PSF are almost consistent, and
their PSLR are both -13.83dB. Therefore, the space-variance
with respect to range can be neglected.
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FIGURE 25. The point spread function of points A and B.

Figure 26 shows the PSF of multi-phase-center circular
GBSAR at points B and C by using optimal phase center
distribution. In the figure, their PSFs are almost consistent,
and their PSLR are both -13.83dB. Therefore, the space-
variance with respect to azimuth angle can be neglected.
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FIGURE 26. The point spread function of points B and C.

In summary, as the spatial position of point target changes,
the sidelobe of multi-phase-center circular GBSAR slightly
changes.

VI. SIMULATIONS
In this section, the effectiveness of the multi-phase-center
sidelobe suppression method based on sparse spectrum opti-
mal distribution is verified by point target’s 3D imaging
simulation. And we are going to compare the sidelobe
of single-phase center, single-phase center with Hanning
window, multi-phase centers with continuous spectrum dis-
tribution and multi-phase centers with sparse spectrum
distribution.

Table 2 lists the simulation experiment parameters.
GBSAR is usually used in slope monitoring. Its monitoring
range is about 100m to 1000m, and its azimuth angle is
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TABLE 2. Experiment parameters.

Je (GHz) a, L (m) Fsn () Fen (M)

17.55 0.05 1 0.42,0.56, 1 0.90,0.95, 1

about —15° to 15°. Thus, we set the distance of the point
target to about 500m. The simulation parameters here are
designed based on typical parameters of existing GBSAR
systems. Its common center frequency is 17.5GHz and the
bandwidth is often set to 1GHz. According to the existing
NCUT-ArcSAR parameters, the rotating arm length L is set to
1m [32]. The phase center distribution ry, is the parameter of
circular GBSAR with optimal sparse spectrum distribution,
and r¢, is the parameter of circular GBSAR with continuous
spectrum distribution.

Here, the center frequency f. is 17.55GHz and the
bandwidth-to-frequency ratio ¢, is 0.05, so the maximum
frequency fmax is 18 GHz and the bandwidth of the transmitted
signal bandwidth B, is 0.9GHz. The phase center distribution
with continuous spectrum is expressed as 7.,, and the phase
center distribution with sparse spectrum is expressed as rg,.
When L = 1m, the optimal phase center distribution is
rp = 0.42, r, = 0.56, r3 = 1, and the theoretical optimal
peak sidelobe ratio (PSLR) is —13.83dB.

Under the condition of phase center number N = 3,
the 3D imaging simulation results of the center point target
for the single-phase center, single-phase center with Han-
ning window, multi-phase centers with continuous spectrum,
and multi-phase centers with sparse spectrum are shown in
Figure 27.

It can be seen from Figure 27(b) that the single-phase
center with Hanning window method can’t suppress the high
sidelobes of circular GBSAR. Figure 27(c) shows that the
sidelobe suppression effect of multi-phase-center circular
GBSAR based on continuous spectrum distribution is very
little. Figure 27(d) shows that the sidelobe of multi-phase-
center circular GBSAR based on sparse spectrum is effec-
tively suppressed.

In order to quantitatively analyze the imaging quality of
these sidelobe suppression methods. Figure 28 shows their
2D slices in the YOZ plane.

Figure 28(b) shows that the sidelobes of single-phase cen-
ter circular GBSAR after the Hanning window is higher
than the original sidelobe. Figure 28(c) shows that the
high sidelobes of multi-phase-center circular GBSAR based
on continuous spectrum distribution is slightly suppressed.
Figure 28(d) shows that the proposed method can obtain
the significantly suppressed sidelobes. Thus, the proposed
method has better sidelobe suppression effect than the exist-
ing methods.

Table 3 shows the imaging performance of simulation
results for these sidelobe suppression methods in the YOZ
plane. The simulation results in the YOZ plane is circular
symmetric, so Table 3 only shows the peak sidelobe ratio
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FIGURE 27. The 3D imaging simulation results of the center point target (a) Single-phase center, (b) Single-phase center with Hanning window,
(c) Multi-phase centers with continuous spectrum distribution, (d) Multi-phase centers with sparse spectrum distribution.
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FIGURE 28. The 2D slices of the center point target in the YOZ plane (a) Single-phase center, (b) Single-phase center with Hanning window,
(c) Multi-phase center with continuous spectrum distribution, (d) Multi-phase center with sparse spectrum distribution.

TABLE 3. Imaging performance comparison in the YOZ plane.

Single-phase center with

Multi-phase centers with Multi-phase centers with sparse

Distribution Single-phase center Hanning window continuous spectrum spectrum
PSLR (dB) -7.9368 -7.9139 -8.0602 -13.8631
ISLR (dB) -3.6660 -3.2672 -4.1489 -9.3079
Resz’;gﬁ"“ 1.7361 1.7361 1.7361 1.9531

(a) (b)

(c) (d)

FIGURE 29. The 3D imaging simulation results of the edge point target (a) Single-phase center, (b) Single-phase center with Hanning window,
(c) Multi-phase centers with continuous spectrum distribution, (d) Multi-phase centers with sparse spectrum distribution.

(PSLR), integral sidelobe ratio (ISLR) and resolution in the
radial direction.

From results in Table 3, the sidelobe of multi-phase-center
circular GBSAR is lower than that of single-phase-center cir-
cular GBSAR, it proves the sidelobe suppression capability of
multi-phase-center circular GBSAR. Moreover, the sidelobe
of the proposed method is significantly lower than that of
the existing methods. Therefore, the sidelobe suppression
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capability of the proposed method is verified. Table 3 also
shows that the resolution of the proposed method in the YOZ
plane is slightly widened. However, it just has a little differ-
ence from that of the single-phase-center circular GBSAR.

In order to observe the 3D imaging performance of
these sidelobe suppression methods in the edge point target.
Figure 29 shows the 3D imaging simulation results of the
edge point target.
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FIGURE 30. The 2D slices of the edge point target in the azimuth-vertical plane (a) Single-phase center, (b) Single-phase center with Hanning window,
(c) Multi-phase center with continuous spectrum distribution, (d) Multi-phase center with sparse spectrum distribution.

TABLE 4. Imaging performance Comparison in the azimuth-vertical plane.

Single-phase

Single-phase center with

Multi-phase centers with Multi-phase centers with

center Hanning window continuous spectrum sparse spectrum
PSLR (dB) -7.8916 -7.9154 -8.0152 -13.8396
Azimuth ISLR (dB) -3.6168 -3.2764 -4.0968 -9.2914
Resolution (m) 1.7361 1.7361 1.7361 1.9531
PSLR (dB) -8.0049 -7.9154 -8.1328 -14.0026
Vertical ISLR (dB) -3.7014 -3.2764 -4.1845 -9.3487
Resolution (m) 1.7431 1.7431 1.7431 1.9610
5 ® % (C) 0 7 s -
Eo 5 » . o N o o Eo . “ . o
“ 6 | = L =0 L 0
I 0 Y 0 W N
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FIGURE 31. The 3D imaging simulation results of lattice targets (a) Single-phase center, (b) Single-phase center with Hanning window, (c) Multi-phase
centers with continuous spectrum distribution, (d) Multi-phase centers with sparse spectrum distribution.

Figure 30 shows that the 2D slices of the edge point target
in the azimuth-vertical plane is similar to those of the center
point target in the YOZ plane.

In order to analyze the imaging performance of simula-
tion results in the azimuth-vertical plane. Table 4 shows the
peak sidelobe ratio (PSLR), integral sidelobe ratio (ISLR)
and resolution in the azimuth direction and in the vertical
direction.

From results in Table 4, the azimuth imaging performance
is different from the vertical imaging performance, but they
are quite similar. In addition, the imaging performance of
these sidelobe suppression methods at the edge point target is
closed to that of the sidelobe suppression methods at the cen-
ter point target. Thus, it is proved that the proposed method
is effective at the edge point target.

In order to compare the 3D imaging performance of
these sidelobe suppression methods in the whole monitoring
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scenario. The 3D imaging simulation results of lattice targets
is shown in Figure 31.

Figure 31 shows that the proposed method has lower side-
lobes than the existing methods for lattice targets. Hence,
the proposed method is applicable to the whole monitoring
scenario.

VIl. CONCLUSION

In this paper, a new multi-phase-center sidelobe suppression
method for circular GBSAR based on sparse spectrum is
proposed. This method can effectively suppress the side-
lobes in the plane perpendicular to range with limited phase
centers. Multi-phase-center circular GBSAR provides extra
spectrum information to the originally unknown region inside
the ring-shaped spectrum. Thus, the sidelobe of multi-phase-
center circular GBSAR is lower than single-phase-center
circular GBSAR. By comparing point spread function of
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typical spectrum distributions, we find that multi-phase-
center with different spectrum distributions have different
effects on sidelobe suppression. Under the condition of given
phase center number, the optimal spectrum distribution is
obtained with the phase change diagram. In the example
of this paper, the sidelobe can be reduced from —7.9dB
to —13.8dB with three phase centers. The suppressed side-
lobe level is acceptable for GBSAR. The space-variant
property is also discussed, and since, the rotating arm
is far less than the target range in GBSAR applica-
tions, the space-variance of sidelobes can be neglected.
Thereby, the obtained optimal phase center distribution
applies to the whole observation scene. Moreover, the simu-
lation evaluates the 3D imaging performance of multi-phase-
center circular GBSAR. Simulation results also show that
the optimal spectrum distribution obtained by the proposed
method has better sidelobe characteristic.
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