IEEE Access

Multidisciplinary : Rapid Review : Open Access Journal

Received January 7, 2020, accepted January 25, 2020, date of publication February 4, 2020, date of current version February 20, 2020.

Digital Object Identifier 10.1109/ACCESS.2020.2971660

High-Efficiency and High-Precision
Reconstruction Strategy for P-Band
Ultra-Wideband Bistatic Synthetic
Aperture Radar Raw Data
Including Motion Errors

HONGTU XIE”12, (Member, IEEE), JUN HU®1, (Member, IEEE),
KEQING DUAN®1, (Member, IEEE), AND GUOQIAN WANG "3

!School of Electronics and Communication Engineering, Sun Yat-sen University, Guangzhou 510006, China
2College of Electronic Science, National University of Defense Technology, Changsha 410073, China
3Sun Yat-sen Memorial Hospital, Sun Yat-sen University, Guangzhou 510120, China

Corresponding authors: Guogian Wang (30134537 @qq.com) and Jun Hu (348158489 @qq.com)
This work was supported in part by the National Natural Science Foundation of China under Grants 61801510 and Grant 61871397, and in

part by the National Defense Research Nurture Project of Sun Yat-sen University (Research of the bistatic forward-looking low frequency
UWB SAR imaging system and technology).

ABSTRACT P-band ultra-wideband bistatic synthetic aperture radar (UWB BSAR) has the well capability
of the foliage penetrating, high-resolution imaging and adding the scattered information, which is potential
of detecting the concealed target. However, the P-band UWB BSAR raw data is of the huge amount, big
spatial-variance, significant range azimuth coupling and complicated motion error, which increases the
difficulty of the efficient and precise reconstruction. In this paper, we propose a reconstruction strategy
for the P-band UWB BSAR raw data including the motion errors, which can solve the above problems with
the high-efficiency and high-precision. This method requires the local beamforming from the raw data as an
intermediate processing in the slant range plane instead of ground plane, which can be exactly referenced
to the tracks of the transmitter and receiver considering platform altitudes. And, it derives the requirement
for selecting the subapertures and subimages by analyzing the bistatic range error considering the motion
errors, as well as sampling requirement of the beam for the subimages, which offers a near-optimum tradeoff
between the precision and efficiency. Simulated and measured results show that the proposed strategy is
effective, and can achieve the near optimal performance with the low computational complexity.

INDEX TERMS Bistatic synthetic aperture radar (BSAR), fast factorized backprojection (FFBP),

high-efficiency and high-precision reconstruction, motion errors, P-band ultra-wideband.

I. INTRODUCTION

With the rapid development of the remote sensing tech-
niques [1]-[7], the huge amount of the remote sensing data
has been acquired from the sensor platforms such as the
satellites and aircrafts [8], [9], complemented by the sur-
face and subsurface measurements and mapping [10], [11].
The remote sensing data is useful for the inventarisation
and management of the natural resources (such as the
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agricultural land, forests, soils, mineral deposits and water
resources) [12]-[16] and the environment (such as the indus-
trial pollution, biodiversity, natural hazards and land degra-
dation) [17]-[19]. Synthetic aperture radar (SAR) [20] is the
widely used sensor, which plays a very significant role in the
remote sensing, earth observation and so on, and hence it is
attracted in the military and civilian fields [20]-[25].
Bistatic SAR (BSAR) [26], compared with the monostatic
SAR, has an advantage of the reduced vulnerability, which
can allow the passive receiver to be located close to a hostile
area but the vulnerable transmitter stays in a safe standoff
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range [27]-[29]. And, BSAR has another advantage of the
single-pass interferometry with a long baseline to greatly get
the height accuracies [30]. Also, BSAR has the potential of
the cost reduction by using one active transmitter and several
passive receivers [31]. On account of the flexible deployment,
BSAR can increase the scattered information; the reason is
that the scattering characteristics of targets depend on the
line-of-sight (LOS) vectors to receiver and transmitter [29].

P-band ultra-wideband (UWB [32]) BSAR system, in com-
parison with the P-band UWB monostatic SAR, is able to
improve the foliage penetration ability due to the short inte-
gration time for the BSAR working in a long range [33],
which can increase the detection performance of concealed
targets under the foliage or subsurface. Besides, the P-band
UWB BSAR has an increase of the target to clutter ratio,
because the dihedral-like scattering mechanism dominates
many of the strong clutter return [34]. Recently, the interest on
the P-band UWB BSAR technique has rapidly increased, and
then the UWB BSAR systems have been studied and built.
So far, several UWB BSAR experiments with the different
configurations have been carried out, and then the experimen-
tal results were also obtained [31]-[34].

However, P-band UWB BSAR raw data is of the huge
amount, significant range-azimuth coupling, large spatial-
variance, and complex motion error, which may increases
the difficulty of the efficient and precise reconstruction of
the raw data. In general, the BSAR raw data reconstruc-
tion strategy is classified into the time-domain reconstruc-
tion (TDR) and frequency-domain reconstruction (FDR),
which can be developed and modified from the corresponding
reconstruction strategy for the monostatic SAR raw data.
Bistatic FDR strategy mainly includes the range Doppler
(RD) method [35], frequency scaling (FS) method [36],
Omega-k (WK) method [37], polar format (PF) method [38],
chirp scaling (CS) method [39] and nonlinear CS (NCS)
method [40]. However, the bistatic FDR strategy is only
valid for the raw data reconstruction of some limited
BSAR systems [35]-[40], because there is the approximate
processing in the reconstruction of the BSAR raw data,
including the approximation of the range-azimuth coupling,
spatial-variance and motion error, which may cause some
phase errors for the special bistatic case like the P-band UWB
BSAR system. Luckily, the bistatic TDR strategy, like the
backprojection (BP) method, is regarded as a linear transfor-
mation for the BSAR raw data processing, thus it can be used
to reconstruct the BSAR image with the high-precision [41].
The bistatic BP method can work with almost all config-
urations of BSAR systems, thus there is no limitation for
the speed, track, and altitude of the transmitter and receiver
platforms, i.e., there is also no limit for the bistatic angle [46].
However, the bistatic BP method has a high computational
complexity, which cannot be used as a standard strategy for
BSAR data reconstruction.

In order to improve the reconstruction efficiency, the effi-
cient realization of the bistatic BP method was studied,
i.e., bistatic fast factorized BP (FFBP) method [42]-[49],
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which was developed from the corresponding monostatic
FFBP method [50]. Author of [42] first extended the FFBP
method to reconstruction the one stationary BSAR raw data,
but didn’t provide the relational experiments. Author of [43]
gave the basic principle of the bistatic FFBP method to focus
the BSAR raw data, however, it didn’t offer the specific
realization. Author of [44] proposed a bistatic FFBP method
for the spaceborne-airborne BSAR system, and it represented
the subimage in the elliptical polar grid, which was only
referenced to the track of the receiver or transmitter. How-
ever, in the derivation of the sampling requirement for the
elliptical polar grid, only the linear track BSAR system with a
higher angular velocity has been considered, therefore it was
limited in some special BSAR circumstances. Based on [44],
an improved bistatic FFBP method in the elliptical polar
coordinate was proposed, it derived the sampling requirement
for the elliptical polar grid considering the motion errors,
while the elliptical polar grid was also only referenced to
the transmitter track [45]. Authors of [46] presented a novel
bistatic FFBP method based on the subapertures and local
polar coordinates for the general airborne BSAR system, and
the sampling requirements for the polar grids were derived
in [47]. However, the motion error of the radar tracks was
not considered in the derivation of the sampling requirement
for the polar grids, which cannot offer a near-optimum trade-
off between the phase errors and computational complexity.
Authors of [46] also developed another bistatic FFBP method
for the raw data reconstruction for the UWB BSAR system
with a linear track, which was based on the subaperture
processing and local beamforming [48]. However, it only
provided the requirement for selecting the subapertures and
subimages, but didn’t offer the sampling requirements of the
beams for corresponding subimages. Moreover, it requires the
local beamforming from the radar raw data as an the interme-
diate processing in the ground plane, which cannot be exactly
referenced to the radars’ track considering the platform alti-
tudes. Similarly, the motion error of the radar track was not
considered in the derivation of the requirement or sampling
requirement, which also cannot offer a near-optimum tradeoff
between the phase error and computational complexity.

On the basis of the previous researches, we present a
high-efficiency and high-precision reconstruction strategy for
the P-band UWB BSAR raw data including the motion errors,
which is also based on the subaperture processing and local
beamforming [43], [48]. Compared with [48], in the pre-
sented method, the motion errors of the radar platforms are
considered in the deviation of the requirement for selecting
the subaperture and subimage and sampling requirement of
the beam for the subimages, which can give a near-optimum
tradeoff between the phase error and computational com-
plexity in the P-band UWB BSAR raw data reconstruction.
Besides, the presented method requires the local beamform-
ing from the radar raw data as an intermediate processing
step in the slant range plane instead of the ground plane,
which can be accurately referenced to the tracks of the
transmitter and receiver considering the platform altitudes.
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Finally, the presented method not only can precisely han-
dles the P-band UWB BSAR raw data of the huge amount,
big spatial-variance, significant range-azimuth coupling and
complicated motion error, but also keep the accuracy and
robust of the FDR strategy but with a reduced computa-
tional complexity. A part of this work has been published
in [49] and [51].

The organization of this paper is listed. In Section II, the
geometric configuration of the P-band UWB BSAR is built,
and the bistatic BP method for the raw data reconstruction is
derived. In Section III, the subaperture processing and local
beamforming in the presented FFBP method are proposed,
and the requirement for selecting the subaperture and subim-
age is derived by analyzing the bistatic range error consider-
ing the motion errors, as well as the sampling requirement of
the beam for subimages. The realization and computational
complexity of the presented FFBP method are analyzed,
and the speed-up factor of the presented FFBP method with
respect to the bistatic BP method is derived. In Section 1V,
the presented FFBP method is tested and validated by the
simulated and measured P-band UWB BSAR data. Section V
provides a conclusion.

II. BISTATIC BP METHOD FOR P-BAND UWB BSAR

A. GEOMETRIC CONFIGURATION

Geometric configuration of the P-band UWB BSAR sys-
tem with the platform altitude including the motion error
can be shown in Fig.1. The ideal flight tracks of the trans-
mitter and receiver are represented as the dashed beelines
l1 and I3, but their actual tracks are represented as solid
curves [ and Iy, respectively. rr(n) = (xr(n), yr(n), zr(n))
and rr(n) = (xr(n), yr(n), zr(n)) are the positions of the
transmitter and the receiver at slow time 7, respectively.
Without loss of generality, in this geometric configuration,
the receiver operates in the side-looking spotlight mode,
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FIGURE 1. Geometric configuration of the P-band UWB BSAR system with
the platform altitudes including the motion errors.
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while the transmitter operates in the forward-looking spot-
light mode [49]. Provided that the transmitter’s illuminating
beam is always covered by the receiver’s illuminating beam
to insure the synchronization of this P-band UWB BSAR
system [49]. Suppose that P is an arbitrary scatterer in the
illuminated scene, with the position rp = (xp, yp, 0). Thus,
the bistatic distance from the scatterer P to the transmitter and
receiver at the slow time 7 is [49]

R(n,rp) = Ry(n, rp) + Rr(n, rp)
= JGern — 0% + () — yp)? + Gr(n)?
k) — )% + (RO — ¥p)? + RO,
)

Transmitted radar signal p(r) is assumed to be the linear
frequency modulation signal, after the range-compression,
the received raw data from the scatterer P becomes [49]

o B (- 0] g [R50
Sre(T, m)=0ppr |B t_T eXp f ’
2

op is the coefficient of the scatterer P, p,. [-] is the range-
compressed envelope, B is the bandwidth, 7 is the fast time,
c is the light speed, and f. is the carried frequency.

B. BISTATIC BP METHOD

The backprojection of the range-compressed P-band UWB
BSAR raw data in the bistatic BP method is performed over
an ellipsoidal mapping [49]. Here, the foci of the mapped
ellipsoid are the actual transmitter and receiver positions,
which can be used to define the major axis of the mapped
ellipsoid [48]. Provided that r = (x,,, y,, 0) is an arbitrary
sample in the illuminated scene, and the value of the P-band
UWB BSAR image at the sample r, reconstructed by the
bistatic BP method [49], is given by

ne+T/2 "
I(r) = / Sre (R(): r)7 n) exp [@} dn, 3)

ne—T/2

T is the integration time, and 7. is the time corresponding
to the aperture center of the transmitter (receiver). R(n, r) is
the bistatic distance from the transmitter and receiver to the
sample r at the slow time 7 [48], which is given by

R(nv r) = RT(’% l') + RR(’% r)
= G — 5 + 0 — v + Grn)?

/R — %) + GROD — y)? + (RN,
@

Note that, the sample r and other samples belonging to the
reconstructed P-band UWB BSAR image, which have the
same bistatic range R(7, r), are assigned the same sample
of the range-compressed raw data matched to this bistatic
distance [48].
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1Il. BISTATIC FFBP METHOD FOR P-BAND UWB BSAR

In this section, an improved bistatic FFBP method is proposed
based on the subaperture processing and local beamforming,
which is developed from the researches in [43] and [48],
but the motion error is considered in the bistatic range error
analysis to derive the requirement of selecting the subaper-
ture and subimage, which can offer a near-optimum tradeoff
between the precision and efficiency in the reconstruction
of the P-band UWB BSAR raw data. Unlike the bistatic
FFBP method given in [48], the local beamforming is highly
performed in the slant range plane instead of the ground plane
in the proposed FFBP method, which can be accurately refer-
enced to the tracks of the transmitter and receiver considering
the platform altitudes.
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FIGURE 2. Subaperture processing and local beamforming in the
proposed method.

A. SUBAPERTURE PROCESSING AND

LOCAL BEAMFORMING

The subaperture processing and local beamforming in the
proposed FFBP method is given in Fig.2. Provided that
the complete transmitter and receiver apertures are split
into L subapertures, while the full reconstructed P-band
UWB BSAR scene is also split into K subimages. In Fig.2,
PIT) . and Pﬁe, . are defined as the centers of the /-th transmit-
ter and receiver subaperture, respectively. (xx, yx) is defined
as the center of the k-th subimage in the ground plane.
For the /-th transmitter and receiver subapertures and the
k-th subimage, the beam b'**(7) is the link-line between the
center point of the positions PIT’ . and Pﬁe, . and the position
(xk, yr). It is found that a minimum selection of the length of
the beam b"K(7) is limited by two solid ellipsoid [48]. The
sample number of the beams should be selected to be big
enough to cover the Nyquist sampling subimages [49], and
therefore the sampling requirement of the beam b"*(z) for
the reconstruction of the P-band UWB BSAR raw data needs
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to satisfy
)Abl’k(t)) <¢/B. (5)

where, Rl(n,xk, vk) is the bistatic distance from the aper-
ture positions belonging to the /-th transmitter and receiver
subapertures to the center of the k-th subimage, i.e., (xx, yx)
at n [48], which is given by

R\, %k, yi)
= RL-(n, %k, yi) + Re(n, X, i)

= \/(xrfr(n) —x)” + 05 —w)” + (&)
(k) — ) + (= 3) + (). )

where, (x7.(n), ¥ (1), Zp(m) and (xg(n), Y(n), Zg() indi-
cate the aperture positions belonging to the /-th transmitter
and receiver subapertures at the slow time 7, respectively.
In the local beamforming, all the range-compressed raw data
sre(t, n) belonging to the /-th transmitter and receiver sub-
apertures are shifted in the fast time R! n, Xk, Yk) / ¢, so the
shifted range-compressed raw data in the fast time t is rep-
resented as s,.(t + Rl(n, Xk s yk)/c, n) [49]. And, the shifted
range-compressed raw data belonging to the /-th transmitter
and receiver subapertures are projected into the samples of
the beam b""¥ (1) over an elliptical mapping in Fig.2, and then
added coherently to form the beam b"*(t), which is

17£.+Tl/2

R'(n, xi, yk)
bl’k(f) = / Sre (‘C + %7 77)

ne=T' /2
Rl
X exp [j2nfc <r + M)} dn, ()

né is the slow time corresponding to the [-th subaperture
center, and T is the integration time of the /-th subaperture.

B. REQUIREMENT FOR SELECTING SUBAPERTURE AND
SUBIMAGE BY ANALYZING BISTATIC RANGE ERROR
COSIDERING MOTION ERRORS

For the [-th transmitter and receiver subapertures, the bistatic
range error analysis considering the motion errors is shown in
Fig.3. Let us consider one of the aperture positions belong-
ing to the /-th transmitter subaperture (e.g. the first one),
the sample (x,,, y,) belonging to the k-th subimage, the cor-
responding aperture position belonging to the /-th receiver
subaperture (e.g. also the first one) [49]. The true bistatic
distance from the considered transmitter and receiver aperture
positions to sample (X, y,) is marked by the black dashed
lines in Fig.3, which is given by

Rl,k,m,n — R;,k,m,n _'_Ri,k,m,n’ (8)

Rf;k’m'” is the distance from the considered receiver aper-
ture position to the sample (x;,, y,), but RlT’k’m’” is the dis-
tance from the considered transmitter aperture position to the
sample (x,,, y,). In the proposed FFBP method, the sample
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FIGURE 3. Bistatic range error analysis considering the motion errors.

(%, yn) belonging to the k-th subimage is actually mapped
by the i-th sample of the beam b“*(t) over an elliptical
mapping, and this mapping is marked by a dashed ellipsoid
in Fig.3, whose major axis is the link-line between the center
of the /-th transmitter and receiver subapertures [48]. Hence,
the processed bistatic distance is the range from the consid-
ered transmitter and receiver aperture positions to the i-th
sample of the beam b"* (), which can be marked by the black
solid lines in Fig.3, which is given by

Rl — Rl,k,i _i_Rl,k,i’ )

Rl ki js the distance from the considered receiver aperture
posmon to the i-th sample of the beam b'¥(7), but Rl k.t
is the distance between the considered transmitter aperture
position and the i-th sample of the beam b"*(t). There is
a difference between the true bistatic distance R“*"" and
processed bistatic distance R'*!, which may causes phase
errors in the P-band UWB BSAR raw data reconstruction.

The bistatic distance from the centers of the /-th transmitter
and receiver subapertures to the sample (x;,, y,) is marked by
a red dashed lines in Fig.3, which is given by

Rll,k,m,n — Rl,k,m,n +Rl,kc,m,n’ (10)

where, Rl k "1 is the distance from the center of the
I-th receiver subaperture to the sample (x,, y,), while Rl k,m,n
is the distance between the center of the /-th transmltter sub-
aperture and the sample (x,,, y,). The bistatic distance from
the center of the /-th transmitter and receiver subapertures to
the i-th sample of the beam b'*(1) can be marked by the red

solid lines in Fig.3, which is given by
Rl,k,i — Rl,k,i +Rl,k,i (11)

Rl ki js the distance from the center of the [-th receiver
subaperture to the i-th sample of the beam b"*(r), while
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Rl k ! is the range between the center of the /-th transmitter
subaperture and the i-th sample of the beam b'"¥ (7).

Letd, !"be the length of the [-th receiver subaperture along
the receiver ideal track, but 8f€ is the across-track deviation
of the [-th receiver subaperture along the LOS direction
from the receiver ideal track [49]. Analogously, di can be
used to denote the length of the /-th transmitter subaperture
along the transmitter ideal track, and 8; is used to denote
the across-track deviation of the /-th transmitter subaperture
along the LOS direction from the transmitter ideal track.
As show in [49], Dﬁe is the beeline between the /-th receiver
subaperture center and the considered receiver aperture posi-

tion, with its length Db = \/(d}/2)* + (8%)°. D} is the

beeline between the /-th transmitter subaperture center and
considered transmitter aperture position, and its length is

DL =./(d}/ 2)2 + (8] )2 The angle from the beeline D to
the receiver ideal flight is aR, but a indicates the angle from
the beeline Dl to the transmitter 1deal flight. The angle from
the distance Rl k.m.n 16 the receiver ideal flight is 6. but 91
is the angle from the distance Rl k.m.n to the transmitter 1dea1
flight. Let A@l be the angle between the distances Rl k,m,n
and R;k i and the angle between the distances R[ kmn and
Rl ki s A@l k is defined as the space between the sample
(xm, Vn) and the i-th sample of the beam bl’k(r) belonging to
the k-th subimage ellipsoidaly mapped by that beam sample.
Since the maximum value of ¥ is not more than half of the
maximum dimension of the k-th subimage, i.e., the diagonal
of the k-th subimage d*, thus ¢& < d* / 2 is reasonable
in reality [48]. Applying the law of cosine, the monostatic
distance RZT'k'i is calculated and expanded using the Taylor
series [49], which is

1k,i
R !
2 1/2
_ |:(R1T”/Z”> + (D’ ) —2RL%Dhcos (G’T+A9;+alr)]
= R;’f’ DT cos (9% + A@% + a;)
+ <D1T> sin (9} + A0+ a;)/ZRlT’f’i b D)
Due to DIT < er’ﬁ’i, the distance RlT’k’i is approximated as
RlT’k’i A RIT'f’ — Dl cos (9} + AGL + alT) . (13)
. . IJ{7 j .
Similarly, R;;™' can be calculated and approximated as

l,k,i
Rk
1/2
[(Rl»"*")zju(Dl )2—2Rl*k*iDl cos (91 YN +ozl)i| /
R.c R R,c R R R R

~ Ri’f’i — Dﬁe cos (9113 + A@IIQ + ai) (14)

Analogously, the monostatic distances RlT’k’m’" and Ré’k'm’"

can be respectively calculated and then approximated as
lk,mn ~ pl.k.mn _ nl l [
RlTk ~ R Dy cos (9T + ozT) (15)
Komun o plk,m, [ l I
Ry ~ RLS™! — Dip cos (O +a) -
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On the basis of the property of the ellipse in Fig.3, we have
1k,m, Lk,mn _ plk,i 1k,i
RT,cmn+RR,cmn _RT,Cl+RR,CZ‘ (16)
The bistatic distance error between the sample (X, y,)
belonging to the k-th subimage and the i-th sample of the
beam b'"¥ (1) is given by
ARI,]{ — Rl,k,m,n _Rl,k,l
~ DIT [cos <OIT + AGZT + a;) — Cos (9; + aé)]

+D§e [cos (911e + AGIIe + aé) — cos (9}3 + ai)] .
A7)
Since the value of the angles AG} and AQIIe is usually very

small for the /-th transmitter and receiver subapertures, then
the bistatic range error AR* is further approximated as [49]

AR ~ —Dij sin(0] + ! ) A0} — Df sin(0 + o) Abf.
(18)
According to the geometric configuration in Fig.3, we have

]sin(@lT—i-alT)} <lI, |s1n(9’ +o )| <1
k

a0 e J S
1 gt < gt VSN i <
(19)

where, Rl k, r’['fn" and R’ k, : " are the minimum value of these
monostatic distances R’ km.n and Rl k.mnrespectively. Using
the definition in [49], the upper bound of the bistatic range
error is given by

)AR”" (
1 gl [ gl
Did Dyd
= 1k,m, 1.k,m,
ZRT,z‘,rTinn ZRR,z‘,rZilnn
! ! 2 ! ! 2
dk (dT) (Z(ST mdx) (dR) (26R max)
B
(20)
SIT max and 8R max are the maximum value of the distances

8l and 81 Thus, the maximum phase error caused by the
blstatlc range error is given by

A
2 2
[ [ [ [
JTdk \/(dT) (ZST max) \/(dR) (23R max)
" 2min RLEmn i Rl

On the basis of [50], if the maximum phase error of the
FFBP method is smaller than or equal to =« / 8, the phase
error effect caused by the range error can be neglected in
the reconstruction of the SAR raw data with the far-field
configuration. Therefore, the requirement of selecting the
subaperture and subimage for the /-th transmitter and receiver
subapertures can be given by (22), shown at the bottom of this

page.

C. REALIZATION PROCEDURE

The realization procedure of the proposed FFBP method for
reconstructing the P-band UWB BSAR raw data is similar
to that of the bistatic FFBP method given in [48], while it
calculates the subimages on the beams in the slant range
plane instead of the ground plane, which can be accurately
referenced to positions of the transmitter and receiver. Anal-
ogously, the reconstruction of the P-band UWB BSAR raw
data by the proposed FFBP method can be divided into
two steps: beamforming (BF) step and backprojection (BP)
step [49]. The realization procedure of the proposed FFBP
method is shown in Fig.4. The BF step is included in the red
dashed rectangle, while the BP step is included in the purple
dashed rectangle.

Provided that the number of the aperture positions for both
transmitter and receiver are Ny, . Further assumed that it can be
found a factorization of the number of the aperture positions
Ng, into P integer factors matching to P steps [49], which is
given by

NL_H

where F), is the reduction in the number Ny, for the transmitter
and receiver during the p-th step.

In the first BF step, the full transmitter and receiver aper-
tures are firstly split into L first order subapertures. In addi-
tion, the complete reconstructed P-band UWB BSAR scene is
split into K first order subimage according to (22). Then, the

F, p=1,---,P, (23)

first order beams are defined as the link-line between the cen-
ter point of the /;-th transmitter and receiver subaperture cen-
ters and the center of the k1 -th subimage, and these beams are
sampled according to the sampling requirement in (5). At last,
the range-compressed raw data belonging to /;-th transmitter
and receiver subaperture are shifted with respect to the center
of the k;-th subimage, and the shifted range-compressed raw
data are projected into the beam samples of the first order

@D beam b"-¥1 (1) over an ellipsoid, finally accumulated coher-
where Apip is the minimum radar wavelength. ently to form the first order beam bl (7) [48], which is given
A l,k,m,n Rl k,m,n

min T,c,min

d* <

o + (5
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FIGURE 4. Realization procedure of the proposed FFBP method for reconstructing the P-band UWB BSAR raw data.

by

Il
ne +T1 /2 R (n, Xty 5 Vi,)
b“”‘l(r)=f, Sre (r+—1 ‘ ,n)
ﬂcl_Tll/2 ¢

Rh
_exp [jznfc <r + M)] dn, (24)

where, né‘ is the slow time corresponding the [j-th
subaperture center and T'! is the integration time for the
[1-th subaperture. R! (n, xx, yx) is the bistatic distance from
the aperture positions belonging to the /;-th transmitter and
receiver subaperture to the center position of the k1 -th subim-
age, i.e., (X, yx,) at the slow time », which is

Ry, xi,, i)
) )
= R} (1, Xy yi) + Rp (1, Xk, yiy)

= (o= )+ (e =)+ (Fhom)’
+ \/<qu' (1) — X >2+ (yie' (M =k >2+ (zg(n))z. (25)

X .5, 2 0n ) and (g G, yid ), Z4()) are respec-
trvely the aperture positions belonging to the /1 -th transmitter
and receiver subapertures at the slow time 7. After the first
BF step, L1 x K first order beams are formed to cover K
subimages [49]. The sample number of the beams should be
selected big enough to cover the beams created in the next BF
step [48].

In the p-th (1 < p < P) BF step, the p-th order beams
can be generated from the (p-1)-th order beams formed in
the last BF step [49]. At the beginning, every F, smaller
(p-1)-th order transmitter subapertures in order are combined
together to form a larger p-th order subaperture, therefore the
number of the transmitter subapetures is reduced from L,_1
to L,. This step is used to the same number of (p-1)-th order
receiver subaperture, and the number of the receiver subape-
tures is reduced to from L, to L,. Conversely, the larger

VOLUME 8, 2020

(p-1)-th order subimages are further split into a number of
the smaller p-th order subimages, thus the number of the
subimages increases from K, to K,,. Second, the p-th order
beams are defined as the link-line between the center point
of the /,-th transmitter and receiver subaperture centers and
the center of the kp-th subimage. Finally, each beam sample
of the p-th order beam b»"¥(t) is projected from the beam
samples of the (p-1)-th order beam b%~1-%-1(7) over an ellip-
soid, and supposed coherently to form the p-th order beam
blrke (1) [48], which is
lI’F P

2

lyo1=1+(p—DF,

blwkp(-g) — blpfl’kpfl |:-[ + g}
C

) AR
X exp |:1271fc (T>i| (26)

where AR is the bistatic distance difference, which is
AR = R () = RE (13- @D)
where
R (xty i)

[, 1,
= Ry (%, k) + R o (k0 i)
I 2 1 2 L-1\2
=G =) O ) ()
lpl 2 lp—l 2 lp—] 2
(b =)+ (R =)+ () @9

lp—1
ch (xkp,l ’ }’kp,l )

and

I, I
= RY,Z,CI (xkp—l ’ ykp—l) + R£,61 (xkp—l 4 )’k,,_,)
/ 2 i 2 N2
= \/('pr Cl xkp—l) + <y;'c1 ykp—l) + (Z; Cl>
I 2 I, 2 11\ 2
(o = Ol =) ()

(29)
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lP*I lp*l lp*l . .
and YR YRe o ZRc indicate

the centers of the /,_i-th transmitter and receiver subaper-
tures, respectively. (ka,l , yk,,,l) and (xkp, Vk,) are the centers
of the kp—1-th subimage and k,-th subimage, respectively.
After the p-th BF step, L, x K, p-th order beams are formed to
cover K, subimages [49]. It is found that this step is repeated
until the final BF step. Please note that the sample number
of the beams should be selected big enough to cover either
the beams created in next BF step if there are any or the
subimages in the BP step [48].

In the BP step (i.e., the P-th step), in order to reduce the
computational complexity, the (P-1)-th order beams are used
to form Kp the P-th order subimages in the ground plane
over an ellipsoid [49]. Firstly, all F,, smaller (P-1)-th order
transmitter subapertures are combined together to generate
the complete transmitter aperture. This step is applied to the
same number of (P-1)-th order receiver subapertures. While,
the larger (P-1)-th order subimages are further split into a
number of smaller P-th order subimages, thus number of the
subimages increases from Kp_j to Kp. Secondly, the image
grid (x;,, y,) belonging to the kp-th P-th order subimage in the
ground plane is defined, i.e., (X, kp, Yn,kp)- Finally, the beam
samples of the kp_1-th (P-1)-th order beams are projected into
the image grid (X kp, Yn.kp) and added coherently to form the
kp-th P-th order subimage, which is given by

L1 L1 L,
where, (x;,c ’ yTI:,c ’ ZTIz,c

k
1 P(xm,kp’ yn,kp)

F, Ip_ Ip_
ZP blP—IskP—l [RCP 1()Cm,kp» yn,kp) - ch ](-xkp_l , ykp_l):|

Cc

lp1=1

Ip_ Ip—
o [ﬂn . (Rc” ks k) = R Gy iy >>}

c
(30)

where

R (X, kp» Ynkp)

Ip_ Ip_
= R;ycl (Xm,kp’ YH,kp) + Rlicl (Xm, kp» yn,kp)
lp—1 2 Ip—1 2 Ip_1\2
= (xT,c - xm,kp) + (yT,C _yn,kp) + (ZT,C )
lp—1 2 Ip—1 2 Ip_1\2
+ xR,C — Xm.kp + yR,C — Yn,kp + ZR,C

€2y

and
Ip—
RCP l(xkp,l ’ ykp,l )

Ip_ Ip_
= RTP,C1 (Xkp_ys Yip—y) + ngcl (Xkp_y s Yip—1)
Ip—1 2 Ip—1 2 Ip—1 2
= X7 e — Xkp_y + IT.c _ykP—l) + irc
Ip—1 2 Ip—1 2 Ip—1 2
+ XR.c T Xkp_i + YR — Ykp_i + ZR.c

(32)

Ip—1 _Ip—1 _lp—1

Ip—1 _lp—1 _lp— Sy
and XRe s YRe 2R indi-

where, (x7 .. yr. .21,
cate the centers of the /p_;-th transmitter and receiver
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subapertures, respectively. (xx,_,, ykp_,) is the center of the
kp_1-th subimage.

The final P-band UWB BSAR image is obtained by a union
of all subimages in a correct order, which depends on how the
P-band UWB BSAR scene is split at the outset [48]. Firstly,
Kp P-th order subimages can be arranged to build up Kp_
(P-1)-th order subimages, until K first-order subimages are
obtained. Secondly, these K; first-order subimages are com-
bined to reconstruct the complete P-band UWB BSAR scene.
Therefore, the final expression of the proposed FFBP method
is given by

1 (xs yn)
K ki (K2/K1) ky—1(Kp /Kp—1)
kgl kz—1+(k1L:Jl)(Kz/K1) k,,=1+(kp1LJl)(K,, /Kp—1)
kp(Kp/Kp—1)
U 1% Gt Vi kp) (33)
kp=1+(kp—1)(Kp/Kp—1)

D. COMPUTATIONAL COMPLEXITY

The computational complexity (operation number) of the pro-
posed FFBP method mainly includes the operation numbers
of the BF and BP, which not only depends on the number
of the transmitter and receiver aperture positions and sample
number of the P-band UWB BSAR scene, but also is depen-
dent on the selection of the subaperture length and subimage
area size [45].

For simplification, it is assumed that there is a constant fac-
torization of the number of transmitter and receiver aperture
positions Ny, during all steps, i.e., N = FP (F, = F for
all p). According to the theoretic resolutions of the Cartesian
BSAR image, we can define that the BSAR scene has samples
Na X NR in the azimuth and range, respectively. For the first
BF step, provided that the number of the beam sample of all
first order beam is Np1, thus the number of the operation to
form the first order beams at this step is given by

01 =(Np1-F)-Li-K; =Npi KNy, 34

where F' - L1 = Np. For the p-th (1 < p < P — 1) BF step,
provided that the number of the beam sample of all p-th order
beam is Np,,. It can be assumed that N, ~ NBl/Fp’], thus
the number of the operation to form the p-th order beams at
the p-th BF step can be calculated in a similar way, which is

Op = (Ngp-F) - Ly - K,

NBI Ll 2(p—1)
:[FP_I-F]-Fp_l«[Kl-F |=NmKiNL. 39)

Hence, the total number of the operation to form all beams
at the BF step is computed by

P—1
Opr =Y _ 0p = (P — 1)Ng K|NL. (36)

p=1
For the BP step, the number of the operation to recon-
struct the P-band UWB BSAR scene in the ground plane is
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given by

Opp = Ns; - Lp_1-Kp
_[ Ny - Np i| L

K. F2PD | P2’ [Kl 'FZ(P_D] = NaNgF.

37)

where, Ng; is the number of each subimage samples at the
BP step. Hence, the total operation number (computational
complexity) of the proposed FFBP method is given by

OFFBP Method = Opr + Opp = (P — 1)Np1 K| N, + NANRF
(38)

In the P-band UWB BSAR scene reconstruction, the num-
ber of the aperture positions of the transmitter and receiver
subapertures (i.e., the length of the transmitter and receiver
subapertures) are usually inversely proportional to the num-
ber of the subimage samples (i.e., the square root of the
square subimage area) [48]. For the first BF step, there is

relationship
F =N /L = u/Ki/(Na - Ng). (39

where p is an integer number (i >> 1). Because the max-
imum value of the beam samples Np| is not more than the
maximum dimension of the first order subimage, we can
assume that

Na\> [ Ng\? \/N§+N,§
Npi ~ || —= — ) =, /A% o
o \/<\/K_1> +<«/71> K o

Substituting (39) and (40) into (38), the operation number
(computational complexity) of the proposed FFBP method is
given by

OFFBP Method

P— DN.F
_ P DNLE [ N2 4 N2) NoNg + NaNRF
"

_ (logp Ni, — DNLF
w

(N} 4+ N3) NaNg + NsNgF.
(41)

Similarly, the computational complexity to reconstruct the
P-band UWB BSAR scene by the bistatic BP method can be
also computed as [45]

OBP Method = (Na - NR) Ny 42)

According to [45], the speed-up factor of the proposed
FFBP method with respect to the bistatic BP method is
defined as (43), shown at the bottom of this page.

It is found that the speed-up factor « is determined by
the factors Na, Ng, Nr, F and n. When the number of the
transmitter and receiver aperture position Ny increases, only

the factor logy Nz, in (43) increases, where Na, Ng, F and p
are assumed to be constant. Taking an example to examine
the computational complexity of the proposed FFBP method
with respect to the bistatic BP method. We assume that the
BSAR scene is square, i.e., N\ = Ng = N, and then the
number of the transmitter and receiver aperture positions is
assumed to be N, i.e., N = N, and the integer number u
is also assumed to be N, i.e., u = N. The speed-up factor «
is simplify given by

K=N/F [ﬁ(logFN—1)+1]. (44)
14 F HE. L. T
F=2 ;
12F F=4 | i A
F=8
o 10} F=16
g F=32
5 8f 5
sl
w0
2 ............
0 b

5 10 15 20
Radar pulse number [log2]

FIGURE 5. Logarithm (base 2) of the speed-up factor of the proposed
FFBP method.

From (44), it can be found that the computational complex-
ity of the proposed FFBP method is reduced approximately
k times compared with the bistatic BP method. According
to (44), the logarithm (base 2) of the speed-up factor «
with respect to N for the different factorization F' is shown
in Fig.5. In Fig.5, it is seen that the logarithm of the speed-up
factors marked by the different colors are almost directly
proportional to log, N in the most range. It can be found
that, the larger the factorization F, the smaller the speed-up
factor k. Moreover, for a constant value of F, as the radar
pulse number N increases, the speed-up factor k increases.
In addition, the speed-up factor « for different factorization
F are smaller than one, when the radar pulse number N is
very small. It can be found that the reason is that the proposed
FFBP method has more operation number on the calculation
and interpolation of the beam samples than that of the bistatic
BP method [45]. In comparison to the bistatic BP method,
the proposed FFBP method has a well acceleration for the
high resolution reconstruction of the P-band UWB BSAR raw
data, but doesn’t offer any acceleration for the low-moderate
resolution reconstruction of the P-band UWB BSAR raw
data [45].

OBP Method

UNANRNL

K = .
OFFBP Method [(logr N — DNLF] /(N3 + N3) NaNg + uNsNgF
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FIGURE 6. Geometric configuration of the simulated P-band UWB BSAR
experiment.

IV. EXPERIMENTAL RESULTS

In order to validate the proposed FFBP method for the recon-
struction of the P-band UWB BSAR raw data, the exper-
imental results based on the simulated and measured data
are shown and analyzed. The simulated P-band UWB BSAR
data of the scene containing several point-like scatterers and
measured BSAR data acquired by the P-band UWB BSAR
experiment are reconstructed by the proposed FFBP method
and bistatic BP method.

A. SIMULATED DATA OF POINT-LIKES SCATTERERS

Fig.6 shows the geometric configuration of the simulated
P-band UWB BSAR experiment including the motion errors.
The parameters of the simulated P-band UWB BSAR experi-
ment are shown in Table 1. The receiver ideal track is parallel
to the Y axis, and the angle between the ideal track of the
transmitter and the X axis is about 33.69°. The transmitter
and receiver positions at n = 0 are (xr9, ¥70, 270) and
(xr0> YRO, ZRO), Tespectively. For simplicity, we assume that
the same motion error is added to the ideal tracks of both
transmitter and receiver. The motion error in the X axis
is 7y = Opy = 4sin (Zn(l/Ta)r/) + 0.2n, the motion
error in the Y axis is 67y = 0gy = sin (Zn(O.l/Ta)n) 4+
0.3, and the motion error in the Z axis is 7, = g, =
2sin (2(0.3 /T,)n) + 0.1n. T, is the synthetic aperture time
in Table 1. The size of the simulated BSAR scene is 300m
x 300m in range and azimuth, respectively. The scene con-
tains nine point-like scatterers labeled as A~ in 3 rows and

TABLE 1. Parameters of the simulated P-band UWB BSAR experiment.

Parameter Value Parameter Value
Carried frequency 600MHz Synthetic aperture time 12.6s
Signal bandwidth 200MHz Receiver ideal altitude 20m

Sampling frequency ~ 300MHz Receiver ideal speed 50m/s
PRF 100Hz Transmitter ideal altitude 100m
Pulse duration lus Transmitter ideal speed 45m/s
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3 columns, which are equally spaced in an area. Both the
azimuth and range intervals of all point-like scatterers are
100m in the ground plane, and the RCS of all point-like
scatterers are assumed to be 1 m?. The point-like scatterer E is
located at the center of the scene, i.e., (1650, 0, 0)m. The sam-
pling intervals of the Cartesian BSAR image grid are assumed
to be 0.8m in the azimuth and 0.6m in the range, respectively.
Please note that, for the evaluation purpose, the effects of the
radio frequency interference (RFI), jamming, clutter, noise,
multi path, and local reflection are not considered in this

paper.

1750
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& 1650}
[=
©
@ 1600

1550

1500 : . E E 1 :

-100 0 100 -100 0 100
Azimuth(m) Azimuth(m)
(a) (b)

FIGURE 7. Reconstruction results of the simulated P-band UWB BSAR raw
data. (a) Bistatic BP method; (b) Proposed FFBP method.

Fig.7 gives the reconstruction results of the simulated
P-band UWB BSAR raw data by two methods. In Fig.7(a),
all point-like scatterers in the simulated BSAR scene are
well focused by the bistatic BP method, and appear like
the points. In Fig.7(b), it can be found that the simulated
BSAR scene can be also well reconstructed by the proposed
FFBP method, and all point-like scatterers also appear like
the points. It is seen that the focusing quality of all point-like
scatterers in Fig.7(b) looks quite like that in Fig.7(a). Fig.8
shows the reconstruction results of the point-like scatterers E,
I and A, which are extracted from Fig.7. Because the range
and azimuth resolutions of the selected point-like scatterers
is different, thus the scale of the images in the range and
azimuth direction is different in Fig.8, in order to offer a
clearer comparison of the focusing performance of selected
point-like scatterers obtained by the two methods, both in the
range and azimuth. In Fig.8(a), it can be found that the P-band
UWB features of the selected point-like scatterers, such as
the symmetrical, nonorthogonal and orthogonal sidelobes.
However, it can be found that the azimuth nonorthogonal
sidelobes of the selected point-like scatterers in the lower
left and upper right are weaker than those in the upper left
and lower right, which could be dependent on the BSAR
geometric configuration, e.g., the angle between the tracks
of the transmitter and receiver. In addition, it is found that
the range sidelobes of the selected point-like scatterers are
inclined with a certain angle, which may depend on the
motion of the illuminating beam centers of the transmitter
and receiver. In Fig.8(b), it is found that the reconstruction
results of the selected point-like scatterers are very similar
to those in Fig.8(a). Also, the typical P-band UWB feature
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FIGURE 8. Contours of the reconstruction results of the point-like
scatterers E, | and A in Fig.7. (a) Bistatic BP method; (b) Proposed FFBP
method. Top row is the scatterer E, middle row is the scatterer I, and
bottom row is the scatterer A.

of the point-like scatterer illuminated by the P-band UWB
BSAR can be also observed in Fig.8(b). Unfortunately, the
reconstruction quality of the selected point-like scatterers in
Fig.8(b) is slightly degraded with respect to those in Fig.8(a),
since there may be little residual phase error caused by the
approximate processing in the proposed FFBP method. Fortu-
nately, the effect of the residual phase error is only small at the
lower contour levels, while hardly visible at the high contour
levels. That is to say, only the sidelobes of the point-like
scatterers may slightly suffer from the effect of this phase
errors.

To offer a more clear evaluation, the amplitude and phase
profiles of the reconstruction results of the selected point-like
scatterers in the azimuth and range are extracted from Fig.8§,
and plotted in Fig.9~ Fig.11. From Fig.9~ Fig.11, it is
seen the amplitude and phase profiles of the reconstructed
point-like scatterers by two methods are very similar. Prop-
erly speaking, in the mainlobe areas of the amplitude profiles,
it is hardly possible to see the differences between two meth-
ods. However, in the sidelobe areas of the amplitude profiles,
there is still slight difference between two methods, due to
the effect of the residual phase errors in the proposed FFBP
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FIGURE 9. Comparison between the reconstruction results by two
methods for the point-like scatterer E. (a) Range amplitude; (b) Range
phase; (c) Azimuth amplitude; (d) Azimuth phase.
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FIGURE 10. Comparison between the reconstruction results by two
methods for the point-like scatterer 1. (a) Range amplitude; (b) Range
phase; (c) Azimuth amplitude; (d) Azimuth phase.

method. It is clearly found that the similar performance can
be observed in the phase profiles for all selected point-like
scatterers by two methods. It is hardly possible to see any dif-
ference in the mainlobes of the angle profiles (phase profiles)
between two methods, while there is a slight difference in the
sidelobes of angle profiles between two algorithms. Luckily,
such influence of residual phase errors in the proposed FFBP
method only degrades slightly the quality of the P-band UWB
BSAR images.
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FIGURE 11. Comparison between the reconstruction results by two
methods for the point-like scatterer A. (a) Range amplitude; (b) Range
phase; (c) Azimuth amplitude; (d) Azimuth phase.

TABLE 2. Measured parameters of the selected point-like scatterers.

Methods Measured parameters Scat;erer Scat::erer Scat;erer
Resolution Range 0.740 0.737 0.736
Bistatic (m) Azimuth 1.238 1.146 1.061
BP PSLR Range -18.16 -18.16 -16.15
method (dB) Azimuth -16.54 -17.17 -18.20
ISLR Range -16.45 -16.46 -16.46
(dB) Azimuth -16.51 -15.41 -14.68
Resolution Range 0.776 0.776 0.772
Proposed (m) Azimuth 1.269 1.187 1.125
FFBP PSLR Re}nge -18.89 -18.72 -15.87
method (dB) Azimuth -17.41 -17.93 -18.77
ISLR Range -17.27 -17.27 -17.14
(dB) Azimuth -16.72 -15.46 -14.51

In order to quantitatively analyze the performance of the
proposed FFBP method, the measured parameters (i.e., the
resolution, peak sidelobe ratio (PSLR) and integrated side-
lobe ratio (ISLR)) of the P-band UWB BSAR image are
calculated based on the amplitude profiles in Fig.9~ Fig.11,
which are listed in Table 2. From Table 2, we can see that
measured parameters by two methods are nearly the same.
The PSLRs and ISLRs of the selected point-like scatterers by
two methods are very similar. However, the resolutions of the
selected point-like scatterers by the proposed FFBP method
become little worse than those of the bistatic BP method, due
to the effect of the residual phase errors in the proposed FFBP
method.

Compared to the bistatic BP method, the efficiency
improvement of the proposed FFBP method is decided by
the reduction of the reconstruction time of the BSAR scene
by the proposed FFBP method. Thus, the reconstruction time
of two methods is measured on the same condition. They are
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programmed and run in MATLAB on a Personal Computer
with a 2.93 GHz Dual-Core Central Processing Unit and
2.00 GB Random Access Memory. Reconstruction time of
the proposed FFBP method and bistatic BP method are 46.2s
and 665.8s, respectively. Thus, the reconstruction efficiency
of the proposed FFBP method, compared with the bistatic
BP method, can be improved about 14.5 times, which cor-
responds with the theoretical results in Fig.5.

B. MEASURED DATA OF P-BAND UWB BSAR EXPERIMENT
To prove the applicability of the proposed FFBP method,
the P-band UWB BSAR experiment has been conducted to
acquire the measured BSAR data [51], which is processed
by the two methods, and then the reconstruction results are
shown and analyzed.

7 A Metallic reflector

A
< I Metallic cylinder
® Metallic sphere
Metallic mast

Transmitting
antenna
Receiving

antenna
4
Va

,”1deal track

FIGURE 12. Along-track P-band UWB BSAR experiment. (a) Geometry;
(b) Vehicle-based P-band UWB BSAR system; (c) llluminated scene.

In the summer, a vehicle-based along track P-band UWB
BSAR experiment has been conducted in China [51], which
is shown in Fig.12. In Fig.12(a), the dashed line was the
vehicle’s ideal track, and the solid curve was its actual track.
In Fig.12(b), P-band UWB BSAR system was integrated
onboard an IVECO vehicle. The transmitting antenna was
set on the right front of the vehicle’s roof, and the receiving
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FIGURE 13. Bistatic raw data of the illuminated scene. (a) Bistatic raw data from one transmitted radar pulse, including the real (blue line) and imaginary
(red line); (b) Sum of the frequency spectrum of the bistatic raw data from 100 radar pulses.

antenna has been set on the right rear of the vehicle’s roof, To prove the feasibility of the proposed FFBP method,
which were arranged in a HH polarization [51]. Transmitter the vehicle-based along-track P-band UWB BSAR raw data
transmitted the chirp radar signal to the scene, whereas the is reconstructed by the bistatic BP method and proposed
receiver illuminated the same region and then received the FFBP method, which is shown in Fig.14. From Fig.14, it is

scattered signal of the scene. The global positioning sys- seen that the scene is well reconstructed by two methods,
tem (GPS) antenna was set on the middle of the vehicle’s and the metallic targets as well as the gymnasium are well
roof to record the vehicle position information. In Fig.12(c), focused, the P-band UWB feature of the metallic targets

the scene includes the triangle reflectors and cylinders (in the can be clearly observed. Besides, it is found that the BSAR
red rectangle), mast and sphere (in the green ellipse), street image in Fig.14(b) by the proposed FFBP method is very
lamp (in the yellow ellipse), as well as the gymnasium (in similar to the BSAR image in Fig.14(a) by the bistatic BP
the yellow rectangle). The positions of triangle reflectors are method. However, the reconstruction quality of the BSAR
about (37.8, 38.8, 0)m, (48.2, 49.2, 0)m and (58.6, 59.6, 0)m, image in Fig.14(b) is slightly degraded compared with that of
respectively. The positions of the cylinders are about (32.7, the BSAR image in Fig.14(a), since there may be still residual
46.6,0)m, (32.7,49.2,0)m and (32.7, 51.8, O)m, respectively. phase error in the proposed FFBP method.

The mast’s position is about (40, 31, O)m. To quantitatively evaluate the reconstruction quality of the
BSAR images in Fig.14, the resolutions and PSLRs in the
TABLE 3. Parameters of the along-track P-band UWB BSAR experiment. X and Y axes of the focused triangle reflector and cylinder
in the yellow circles in Fig.14 are measured, and then listed
Parameter Value Parameter Value in Table 4. From Table 4, it can be found that the measured
Signal frequency P-band Sampling frequency ~ 300Hz parameters by two methods are very similar, which proves the

Polarization HH Tral; L;ii?;;fi‘)e?ver 200ns validity of the proposed FFBP method.

PRF 1000Hz 86.9°

elevation angle

TABLE 4. Measured parameters of the selected reflector and cylinder.

The parameters of the along-track P-band UWB BSAR

experiment is listed in Table 3. The vehicle moves along the Y Methods Measured Pafam;’(te;s Relﬂgg(t)or C.‘{'illz“;er
axis with the speed about 3.5m/s. The initial positions of the Bistatic gp  Resolution (m) 5L 0227 0.185
transmitting and receiving antennas are about (0, 2, 4)m and method PSLR (dB) X axis -5.90 -8.16

(0, —2, 4)m. One data site was selected for the reconstruction: ; Zz:z '11 38522' '1131'5177
the scene is a flat area, which has the size about 110m Proposed FFBp  Reselution (m) v i 0301 0219

in the X axis and 80m in the Y axis. The scene center is method PSLR (dB) X axis -5.89 -8.20
about (75, 40, 0)m. Fig.13 gives the bistatic raw data of the Yaxis 1001 1326
scene in the frequency domain and time domain. In Fig.13(a),

the real (blue line) and imaginary (red line) components of The reconstruction time of the scene using the bistatic
the bistatic raw data is not complicated due to the geometric BP method is about 23028s, while the reconstruction time
configuration. In Fig.13(b), we can see the raw data of the of the scene using proposed FFBP method is about 2123s.
metallic targets in the frequency domain, since these metallic Compared with the bistatic BP method, the reconstruc-
targets were deployed at the flat and open square, the power tion efficiency of the proposed FFBP method is improved
of their raw data is strong in theory. about 10.8 times, which shows that it is able to satisfy
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FIGURE 14. Reconstruction results of the vehicle-based along-track P-band UWB BSAR raw data. (a) Bistatic BP

method; (b) Proposed FFBP method.

the high-efficiency and high-precision reconstruction of the
P-band UWB BSAR raw data in reality.

V. CONCLUSION

This paper presents a high-efficiency and high-precision
reconstruction strategy for the P-band UWB BSAR raw
data of the huge amount, large spatial-variance, significant
range-azimuth coupling and complicated motion error. This
method requires the local beamforming from the raw data as
an the intermediate processing in the slant range plane instead
of the ground plane, to be exactly referenced to the tracks
of the transmitter and receiver considering platform altitudes.
And, it derives the requirement for selecting the subapertures
and subimages by analyzing the bistatic range error consider-
ing the motion errors, as well as the sampling requirement
of the beam for the subimages, to offer a near-optimum
tradeoff between the reconstruction efficiency and precision.
The proposed reconstruction strategy has been verified by
the simulated and measured P-band UWB BSAR raw data,
which confirms that this proposed strategy is effective, and
can achieve the near optimal performance with a low com-
putational complexity. In the future works, we would like to
focus on the detection, identification and classification of the
concealed targets by the P-band UWB BSAR system, and
then the more extensive P-band UWB BSAR experiment with
the different operation modes will be carried out, and then the
corresponding data processing strategy will be studied.
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