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ABSTRACT Bistatic synthetic aperture radar (BiSAR) is an extended and complementary observation
method to conventional monostatic SAR remote sensing. When high range and azimuth resolution are
required in BiSAR, the transmitting platform, i.e., the LEO satellite, should work in the spotlight or sliding
spotlight mode, which means a wide bandwidth Chirp signal is transmitted, and the targets are illuminated for
a long enough time as well. In order to reduce the sampling frequency in the receiving system and improve
the efficiency of the focusing procedure for this BiSAR configuration, the echoes should be dechirp received.
A bistatic extended frequency scaling algorithm (Bi-EFSA) is proposed in this paper to deal with the dechirp
received bistatic SAR echoes. The first step of Bi-EFSA is the range walk correction in the 2-D time domain,
which reduces the space variance of the range curvatures and removals the serious coupling between range
and azimuth caused by the high squint angle. After that, the range compression is achieved by secondary
range compression (SRC) and bulk shift. Then, the space variance of the azimuth frequency modulation
rate, introduced by the range walk correction step, is corrected by implementing the azimuth nonlinear
chirp scaling (ANCS) operation. Following this, the focused results in the range frequency and azimuth
time domain are obtained by the azimuth compression. The point targets and extended-scene simulations
validate the effectiveness of the proposed algorithm.

INDEX TERMS Bistatic SAR, high squint angle, dechirp received, bistatic extended frequency scaling
algorithm, azimuth nonlinear chirp scaling.

I. INTRODUCTION When high range and azimuth resolution are required at

Bistatic synthetic aperture radar (BiSAR) is an extended
and complementary observation method to conventional
monostatic SAR remote sensing [1]. For the BiSAR, the
transmitter can be settled on different types of platforms, such
as airplanes, un-manned aerial vehicles (UAVs), LEO, MEO,
and GEO satellites, while the receiver is mounted on airplanes
or UAVs. The transmitter-receiver separated configuration
offers more observation possibilities and design flexibility for
remote sensing systems, which does not affect the observation
of the monostatic SAR itself [2], [3]. Furthermore, its various
viewing directions provide more scattering characteristics of
complex objects, among which arouses intensive interest in
key region observations and surveillance [4], [5], [6].
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the same time in BiSAR, the transmitting platform, i.e.,
the LEO satellite, should work in the spotlight or sliding
spotlight mode, which means a wide bandwidth Chirp signal
is transmitted, and the targets are illuminated for a long
enough time as well. In some observation tasks, i.e., key
region imaging, the receiver must work with high squint
angle instead of the side looking [7]. To reduce the sampling
frequency in the receiving system and improve the efficiency
of the focusing procedure for such a BiSAR configuration,
the echoes should be dechirp received [8]. Also, the imaging
algorithm should be able to removal the significant coupling
between the range and the azimuth caused by the high squint
angle.

The present BiSAR imaging algorithms fall into two
broad categories: the time domain algorithms, i.e., the
back-projection algorithm (BPA) [9], [10], [11]; and the
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frequency domain algorithms, which include the range-
Doppler algorithm (RDA) [12], [13], the chirp scaling
algorithm (CSA) [14], [15], the nonlinear chirp scaling
algorithm (NLCSA) [16], [17], [18], [19], [20], [21], the
wave number domain algorithm (wKA) [22], [23], [24], the
frequency scaling algorithm (FSA) [25], and Space-Surface
Bistatic SAR (SS-BiSAR) image formation algorithm [26].
The RDA simplifies imaging processing into two one-
dimensional pulse compression processes by decoupling
distance and azimuth processing under certain conditions.
The RCM of different targets is corrected in the range-
Doppler domain by interpolation. The CS algorithm is based
on the scaling principle to modulate the frequency of the
chirp signal. The RCM correction is completed by phase
multiplication instead of interpolation in the time domain.
The wKA achieves uniform focusing by multiplying the two-
dimensional matched filter function of the reference range
after 2-D Fourier transform of the SAR echo data. The
correction of the spatial-variant RCM, the range-azimuth
coupling, and the azimuth compression are completed by
supplementing the Stolt interpolation in 2-D frequency
domain. However, the traditional BPA, RDA, NLCS, and
KA lacks imaging efficiency because of interpolation
operations. In addition, the RDA, CSA, NLCS, and wKA
cannot process the dechirp received echo.

The FS algorithm is utilized to process the dechirp received
signal but cannot be applied to the BiSAR with high squint
angle. FS algorithm is first proposed in [27], which is
used for monostatic spotlight SAR data processing. In [25],
the FS algorithm is extended to Bistatic Spotlight SAR
configuration, in which the transmitter and receiver are
assumed to operate in parallel and at equal speed. Based on
an exact analytical bistatic point target spectrum obtained
by a geometry-based formula (GBF) method, [28] used
the FS algorithm in tandem configuration Bistatic SAR.
To reduce the spectrum shift caused by the range scaling
operation, the Extended frequency scaling algorithm (EFSA)
is proposed in [29]. Compared to the FSA, the EFSA is
more competent in large-squint applications. Deep research
into the EFS algorithm for nonequal operating velocities of
transmitter and receiver in a general bistatic configuration
with high squint angles is worthy of deep analysis. The
SS-BiSAR image formation algorithm in [26] processes the
dechirp received signal with the transmitter-receiver direct
signal as a reference. But, the transmitter-receiver direct
signal is significantly inconsistent with the echo charac-
teristics of the scene, which leads to inaccurate focusing
results.

In this paper, a bistatic extended frequency scaling
algorithm (Bi-EFSA) is proposed to deal with the dechirp
received bistatic SAR echoes with high squint angle. Instead
of the transmitter-receiver direct signal, the echo of the
imaging scene centroid is used as the reference signal. The
first step of Bi-EFSA is the range walk correction in the 2-D
time domain, which corrects the linear component of range
migration and removals the serious coupling between range
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FIGURE 1. The configuration of the BiSAR with highly squinted angle.

and azimuth caused by the high squint angle. After that, the
range compression is achieved by SRC and bulk shift. Then,
the space variance of the azimuth frequency modulation rate,
introduced by the range walk correction step, is corrected by
implementing the azimuth nonlinear chirp scaling (ANCS)
operation. Following this, the focused results in the range
frequency and azimuth time domain are obtained by the
azimuth compression. The proposed algorithm processes
the dechirp received signal with the echo of the imaging
scene centroid as the reference signal and implements
the ANCS algorithm to achieve azimuth focusing. The
algorithm can deal with the BiSAR with high squint angle
and achieves good focusing performance and computational
efficiency.

The remainder of the paper is organized as follows. The
echo model of BiSAR with high squint angles is introduced
in Section II, and the dechirp received signal is also derived in
this section. In Section III, the Bi-EFSA is introduced to deal
with the dechirp received bistatic SAR echoes in details. The
point targets simulations and the extended-scene simulations
of BiSAR with high squint angles imaging are employed to
validate the proposed algorithm in Section IV. Finally, the
conclusion is drawn in Section V.

II. SIGNAL MODEL

The considered bistatic imaging geometry is showed in
Figure 1. The transmitter and receiver platforms travel along
their own moving directions at the altitudes of Hr and Hg
with constant velocities vy and vg. The shortest slant ranges
for them to the reference point Py (which is also the original
point of the scene) are Rycen and Rgeen. The x — y plane is
locally tangent to the Earth’s surface by using the righthand
Cartesian coordinate system. The reference point target Py is
in the imaging plane x —y, which is also set to be the origin of
the coordinates. 6y,7 and g are the squint angles for Py at
the azimuth zero time. P is an arbitrary point of the imaging
area, which is nearby the Py.
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According to Figure.1, the instantaneous slant range of an
arbitrary target is obtained as

R(n)
= Ry (n) +Rg (n)

= JVZ (0= 10)? + R — 2Vr (1 — 1) Rro sin(Bsq7)
+JVZ (1= 10)? + Ry — 2Vi (1 — 10) Ryo sin(Bsgp)
(1)

in which 7 is azimuth time, and can be expanded into Taylor
series at 1o:

R(n) = Ro + ki (1n — no) + ka2 (n — no)*
+hks(m—n0)? +hka(m—no)*+... (2

no is the azimuth zero time for beam center crossing the
reference target (i.e., the target with no = 0). Ry donates the
sum of transmit slant range Ry and receive slant range Rgo
at the beam center crossing time. The derivative coefficients
of each order are given in [30] and are all weakly associated
with the azimuth and range of the target during the synthetic
aperture time.

The received original echo signal from a point target after
baseband demodulation can be express as

so (T, 1)

(52 el - 22)
=rect| ——— |wm exp2nfe T — ——
T, c
2
- exp IjnKr (I_Ri’?)) ] (3)

where 7 is the fast time; T}, is the width of transmitted plus
signal; w (n) is the azimuth envelope given by the composite
antenna pattern; f. is the carry frequency; K, is the range
frequency modulation rate.

The dechirp operation can be achieved by utilizing a
dechirp-receiver. After dechirp receiving, the range echo of
the target turns into single frequency signal, which only relay
to the difference between the slant range of the point target
P,ie., R(n, Ro) and the reference range of Py, i.e., Rcen. The
reference signal for the dechirp-received is

H, dechirp

=expy—jnkK, |t — expi—j2nfe |t —
c ¢
“)

where R.ey = R7cen + RReen denotes the sum of the transmit
and receive ranges between the scene central reference
point and the synthetic aperture midpoint for bistatic SAR.
The reference signal for dechirp receiving is derived and
calculated based on the two-way slant ranges from the
imaging scene centroid point to the transmitter and receiver,
which significantly differs from that of the literature [26]
and can help the consequent processing to get better focused
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results. Then, the dechirp-received signal expression of the
arbitrary target is derived and given by

s1(T,n)

_ RM.Ry
T K,
= Arect TC exp [—] T[R(n, Ro) — Rcerﬂ]
p
- rect (77

C
—770) { .2JTR(7I,R0)]
exp |
[ 2
- exp1j

cen R (779 RO) cen]]
J— [R (n, Ro) — WF] )

- exp

A is a complex constant, including the information on
reflection coefficients of antennas and the ground; 7, is the
synthetic aperture time. The range echo turns into single
frequency signal after dechirp receiving, and the single
frequency is —K; (R (n, Ro) — Reen) / c. The dechirp received
signal helps to reduce the sampling frequency in the receiving
system and improve the efficiency of the focusing procedure
for such a BiSAR configuration. The last term of (5)
represents the residual video phase (RVP), which is generated
in the process of dechirp and needs to be compensated. In the
subsequent derivation, R (1, Ro) is simply expressed as r.

Ill. BISTATIC EXTENDED FREQUENCY SCALING
ALGORITHM (BI-EFSA)

The bistatic extended frequency scaling algorithm (Bi-EFSA)
is proposed to deal with the dechirp received bistatic SAR
echoes with high squint angle. The RWC is used in the
2-D time domain first, to reduce the linear component of
range migration and removal the serious coupling between
range and azimuth caused by the high squint angle. After
that, the range compression is achieved by SRC and bulk
shift. The ANCS method is implemented to correct the space
variance of the azimuth frequency modulation rate, which is
introduced by the range walk correction step. This section
details the derivation and analysis of the Bi-EFSA for the
bistatic high squint SAR.

A. RVP CORRECTION AND RANGE WALK CORRECTION

In the pre-processing stage, the RVP correction is completed.
It is implemented in the fast time frequency domain and is
known as the deskew operation. Then, multiply it by the
deskew function as (6) after converting (5) to the fast time
frequency domain.

.
Heskew = €Xp (_J —f, rz) 6)
K,

After deskew operation, the signal is converted back to the
fast time domain. It is worth noting that the center of the
signal envelope in equation (7) has changed to 7., / c.

2 (T, 1)
T — L 2 :
= Arect ( < ) exp |—]—7T ( ( — rw,,)) r]
T, c

~ 27K, Tear
'rect(n no)exp Ij 7K, Teen (T_rﬂ)] o
T, c c
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According to the double hyperbolic range expansion (2)
and the signal s (7, ), the range walk can be corrected by
multiplying the RWC function in the 2-D time domain

Hewe(t, 1)

21 LK T
exp (]T( = (r— Cce")) km)
2 AK, Tcen
exp _JT c ('L' — c )

(VT sin g1 + Vg sin equ) 77) (8)

The signal after RWC can be expressed as

s3(T, )

T_r('ﬂ
%Arect( = )
T,
21 LK, 7
X exp[— T( ( — L;")) (r—km)]
n—no 27K Teen Feen
-rect( T )exp[]f(r— . )] ©)]

a

To derive the expression in the range Doppler domain of
the signal, only the azimuth time phase expression needs to
be considered:

2 A«Kr cen
o) = —= (1+ (- ))(r—km) —2mfyn

(10)

According to the POSP, azimuth frequency can be express
as

_ 1 AK; Tcen /
__X<1+ c (T_ c))(r—km)

1 AK; Tcen
5 (142 (e )

2ky (n — o)
X(+3k3(17—no)2+4k4(77—770)3) an

In order to relate the azimuth time 7 and the azimuth
frequency f;, the coefficients of the inverse function are
calculated from the coefficients of the given function as
follows [16], [30]

fo (1) = a1 (n — no) + az (n — 10)* + a3 (n — no)*
n (fn) —no = Alfr] +A2f;72 +A3f;73 +

where
21<k 3Kk 4Kk
ay = ——Kkp, a) = ——K3, 43 = ———
1 A 2 2 A 3 3 3 4
32

A= g LAy = -k ks,

! 2K 2 2T g2 B
Ay = —— kS (9k _ 4k k)

3 16K3 3 2K4

K — MK, ( _ rce,,)

C C
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The phase function of f;, can be derived as

@ (fy) =@ (n(f))

21t ( Ry — kino + k2 (n — 10)* )
——id »
) (+k3(n—no)3+k4(n—n)4 St
2
=K -Ro—k 2 _
S (Ro — kino) + nfnno+2ka +.

T2 k3 3
4K2k3 n

nk 1
) o

Obviously, the phase function is difficult to express as a
function of t directly. Thus, expanding (12) in Talyor series
atT = Feep / c is crucial for the subsequent analysis.

q’(f fn;RO)
Fcen
=@, (fn, RO) + ¢ (fn’RO (T )
2

02 (- R) (7 = )
+63 (f,, Ro) (r - rcce") + ¢4 (£, Ro) (r - r“;”)4

(13)

The coefficients in (13) are shown in (14), as shown at
the bottom of the next page. The constant term represents
the azimuth modulation, the prominent expression of azimuth
processing. The first-order phase term corresponds to the
residual range migration, which is reflected in the range
frequency domain because of the dechirp received. After the
RWC, the range curvature is the major component of the
range migration and is space variance. The quadratic phase
term represents the SRC term. The cubic and quartic terms
represent the third- and fourth-order phase terms.

The fourth-order phase term is omitted and will be
discussed in the Results Section. Priority can be given to
compensating the third-order phase term for the subsequent
FS operation and secondary range compression. Based on
the results of the expansion calculation of the phase term
described above, the third-order phase term is compensated
as follows

3
Hia (7. fy) = exp (—j¢3 (e Ro) (v = =) ) (15)

The signal after compensated is as

s4 (T, fy)
= A'exp {j#, (. Ro) } exp {j¢1 (f2- Ro) (T - rc:n)]

exp [j¢2 (fa- Ro) (7 - rf")zl

2K
X exp [J% (r- r)] (16)

c

where A’ is related to A and constant term resulted from POSP.
The range and azimuth envelop are ignored for simplicity.
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B. FREQUENCY SCALING

According to the study in Subsection III. A., the range
curvature is space variance. To correct the range curva-
tures of all targets at once, the space variance must be
reduced, which can be achieved by using the frequency
scaling (FS) operation in the two-dimension frequency
domain.

After the RWC and third-order phase compensation, the
third and fourth-order phase terms of the signal equation (13)
are small enough to be neglected during the conversion to
the two-dimension frequency domain. This can be verified
by numerical simulation.

By using POSP, the signal in two-dimension frequency is
derived, and the range and azimuth envelop are ignored for
simplicity.

Sa (fesfn) = exp {igo (fys R,) }

LT Kireen 2
: eXpI_JK_ [fr - (fv + T)i| }

X exp {—jZTr Teen r} a7

where (18), as shown at the bottom of the next page, K,
represents range frequency modulation rate after RWC; f; is
the position of the point target in range frequency domain. For
different range sampling points, AR denotes the difference
value of the transmit and receive slant ranges at azimuth
zero time relative to the reference point in the scene center.
Then, AR can be represented as AR = Ry — reen = R0 +
RRro — RTcen — RReen- In the bistatic SAR configuration, ¢y,
@1, and ¢ are space variances as was discussed previously,
and it is difficult to obtain their analytical expressions
regarding AR (essentially the analytic expressions of 1 / ka,
k3 /k3 and (ks — 9k3 /4k>) [ k5 regarding AR). Firstly, in the
center of the scene, place a fixed number of point targets
at equal intervals along the range and calculate the slant
range at zero slow time for each point target Rrce;, + RRcen-
The AR corresponding to each point target is obtained.
Then, the coefficients 1/ks, k3 /k3 and (ks — 9k3 /4k,) /&3
corresponding to each point target are calculated separately.

TABLE 1. Experiment parameters for airborne BiSAR.

Simulation Paraments Transmitter Receiver
Altitude 3000 m 2000 m
Velocity 262 m/s 200 m/s

Yaw angle 37° 0°
Squint angle 68° 40°
Center frequency 5.3 GHz
Range Bandwidth 80 MHz
Transmitted pulse duration 10 us
PRF 1200

Lastly, a quadratic curve was fitted based on the calculated
results relative to the numerical relationship of AR.

1/ky = mo + m AR + my AR?
ks [I = lo+ AR+ AR

(k4 - 9k32/4k2)/k§ = qo+ QAR+ AR (19)

Substituting the expansions into equation (14), the analyti-
cal expressions for ¢g, ¢1, and ¢, in terms of AR are obtained.
And the expressions for ¢ and f; are as

b1 (fn, AR) = 2xfs =21 -
K (, )
- ( (f,) + B(;) AR + C(f,) AR )

(20)
where
324
A(fi’]) - (RO + kl T’O) + merl + — Qf]] qur)
R I Vo
B(ﬁ]) = Zmlfn + lefr] - q]f‘)]
22 23
C(fy) = ——mofy + ~bf) — — zf4 1)
Ty n 4 “n 16 927y

Based on the simulation parameters listed in Table 1, the
simulation results of coefficients A(f;), B(f;;) and C(f;) are
given in the Figure 2. When the image width is small, C(f;) is
insignificant and the phase —27 K, /c-(C(f;) AR?) is less than
T / 4. C(fy) can be ignored. The proposed algorithm takes

[ 2 3 9k3
¢0 (f- Ro) = =3 (Ro — kino) — 27fym, + S &7 + 2 ,3 3L (k4 4k2)fn

é1 (fy, Ro) = — 2K (Ry — kyo) — ke

£ 2nf,
_ wPK2 10, 3nAKl ks
92 (s Ro) = S5 ifif + T3l —
£ 7K,
_ mK 10 alK) ks
¢3(fi]aR0)__ 2C3r5n - 3 fr;

TKA 2y STAKY ks .3
¢4 (f)’]s RO) = 264r Efn 4C4 f
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1 )»Kk 3K, 1
R —g(k4—4k2)f4

3rK? |
4c2 g (k4 - 4k2)fy; (14)

570 Kr 1 _ 9%k 4
yr <k4 4k2)f’7

15727k 1 4
s i\ = )y
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FIGURE 2. The simulation results of coefficients A(f,), B(f,) and C(f;).

quadratic curve fitting to obtain the numerical relationship
of AR. Thus, the limitation of phase —27 K, / c (C (f,,)ARZ)
also determines the swath of imaging, which will be
analyzed in Section III. /. Furthermore, if wide swath
application is needed for proposed algorithm, new fitting
method should be considered to obtain more accuracy
results.

According to (17), fs + Ky reen / ¢ denotes the target’s loca-
tion in range frequency domain; consequently, f; substitutes
fs + Krreen/c. And f] is as

k rcen

Kr / /
fi=f+ =—— [A¢)+B(HAR] (22

where

324

3
A(fy) = kino + mofn —llf,,3 Te

B’<f>—1+—2mf2+)‘—lf3—3— 7@
L T

Based on the idea of chirp scaling operation, the FS
operation is applied in frequency domain. The FS operation
modifies all migratory trajectories to be consistent with the
scene’s center target Py by correcting space variance of
parameters such as f;. The above analysis demonstrates that
the FS reference function is constructed using a point target
migration factor to perform the scaling.

HFS(f?]af‘[) = exp

T ; (B/(fn) - 1) (fr _fref)Z]
(24)

In the formula f,, = —Kr/c~ [A’(fn)—kmo] |,70:0.
Since Kper = Ku(fy, Ro) is a space variance, we use
the linear modulation frequency Kper = Kpu(fy, Rc) of
the central reference point in the reference scene as an
approximation.

After the FS operation, the two-dimension frequency
domain expression of the echo signal is obtained as

S5 (ff,fn) = Az exp {]¢0 (ffi’ RO)}

X exp [—J

-5V

- exp {72, f exp s (. Ro)
(25)

inwhich f = —K, /c- (A'(f;) + AR). After FS operation, the
range curvature is only related to the azimuth frequency and
the reference slant range, and all point targets’ echoes have
the same amount of range curvature in the range frequency
domain. Therefore, it is possible to correct the range curvature
of all target points at once.

The FS operation introduces residual phase ¢y (f;. R,) as
shown in (26), which will be compensated for after range
compression.

K\’
B (B —1) (7AR) (26)

mref

Pres (fr]: RO) = -

C. SECONDARY RANGE COMPRESSION AND BULK SHIFT
Secondary range compression and bulk shift will implement
range compression and range curvature correction in the
range Doppler domain. After the FS operation, the two-
dimension frequency domain signal is converted to the range
Doppler domain by using POSP and is as

Se (z.1n)

Kmer cen 2
— Aqexp {ido (. Ro) } exp [f”B,(f)f (e "2)']

X - exp {]27'[]?Y (1: — rT)} exp {jgres (fy- Ro)} (27)

The SRC and bulk shift transform function should be as
follows.

merf Feen\2
Hsresny (T./fy) = eXP[—J B, ( - ) ]

X exp {—JZT[fref (r - rcce")} (28)

(29) is obtained by multiplying (27) with the transform
function and converting the multiplication results to the range
frequency domain. B, is transmit signal bandwidth.

S, (e 1)

. K,
= A4smc[Br (, + —AR)]
C

x exp {jgo (fy. Ro) } exp {@res (. Ro)} (29)

VK2 |

_ 3x K2 iy
= 22 ke ’7

4c2 k?fr]

2
fi=-K [(RO +hing) + G Bf +
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2
1 %3 4
cz 5 (k4 Ak )fn
Mhkie3d 3241 4
4k3f __6_4 k4_4k2)f i|

(18)
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The residual phase compensation function is given by:
T B/(fn) -1, 2
— i s —frr) p 30)
merf Bl(fn) (fs f )
The range compressed signal is obtained after all the
preceding processes.

Sg(ft,fn)=A4sinc[ (, —AR)]exp{j¢o(fn,R0)}
(€2

After the SRC and Bulk Shift operation, the trajectory
becomes parallel to the azimuth frequency axis. The simula-
tion results after FS operation are given in RESULTS section.

rpc(fr;’ AR) = &Xp [

D. AZIMUTH FREQUENCY MODULATION ANALYSED

The targets are compressed to the corresponding range cells
through range compression. And the focusing of the echoes
in the azimuthal direction will be accomplished in next step.
The signal obtained from the preceding processes is analyzed,
and the azimuthal modulation is determined by ¢y (f;, Ro).

Al
0 (fy. Ro) = —2mfymo — ”— o

x2 k3 731 9k2
f3 k 3
A e\

The signal expression is obtained by substituting
o (fn, Ro) into the signal (31) and replacing the envelop with
P, (f;). For simplicity, replace A4 with A, which is a complex
constant.

2
- (Ro + kino)

(32)

S8 (f.fy) = AP, (fr) exp {—j2nfymo}
TaArl o, .3 .4
- exp [—JT Ef” ] exp {Jﬁl)afn}exp {]</’4fn}
(33)
in which
_ A2 k3
BT
A3 1 ok2
= ky-2 34
©4 A k§(4 4k2) (34)

And the azimuth frequency modulation rate K, is given by
the second phase term of (33), which is azimuth-dependent
after range compression. The K, can be expressed and
expanded as that in [19] and [20], K, = —2k; / A= Ky +
Ka1no. Kyo is the frequency modulation at reference point
in azimuth. While K is the space variance of azimuth for
frequency modulation, and it must be calibrated before the
azimuth compression.

Despite the introduction of perturbation terms in the
azimuth processing in the literature [16] and [31] to
equalize the azimuth frequency modulation, this would
cause geometric distortions in the azimuth, and additional
interpolation would be required subsequently to correct
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the distortions, affecting the computational efficiency. The
correction of azimuth frequency modulation and the azimuth
focusing is achieved by ANCS, specifically including FFT
and multiplication operations, which are more efficient.

E. HIGH ORDER AZIMUTH PHASE FILTER

Both the cubic and quadratic phases in equation (32) must be
eliminated in ANCS processing since they cannot be ignored
in the bistatic highly squint configuration. The high order
phase filter is designed, in which Y3 and Y4 are undetermined.

Hewer (feofr) = oxp i (v + vet )| 639)

Multiplying (33) with (35), we got filtered signal is as
follow

So (frsfn)
Al
= AP, (fr) exp {_j2”fn770} exp [_]% Efnz]
cexp i@+ 1 f fexp i a+ Yo s} G6)

The signal in azimuth time domain is derived by converting
(36):

S5 (fe 1) = APy (F0) exp Ko (n — n0)?)
exp (g3 + o) K3 (= no)*)
x exp {j (s + Y K (1 =m0} G37)

F. ANCS OPERATION

The space variance of the azimuth modulation rate has been
analyzed, which can be corrected by implementing the ANCS
operation. The ANCS function is set as

Hancs () = exp {jﬂqznz +jmqsn’? +jﬂq4n4} (38)

Multiplying (37) with the ANCS chirp function and convert-
ing the results to the range Doppler domain with the principle
of stationary phase (POSP), we got the signal expressed as

SlO (frsfﬂ)
= APr (ff)CXp [

fn (fy + Kano) }

(39)

eXp[ . +q) [ — o) + a2 (fy+Kamo) ]]
3
+ Y K .
eXp[ TATPRE [(§03 3) K (fy — q2m0)
+ g3 (fn+Kun0 ]}
eXP’ [(¢4+Y4)K fy — Q2770)4

+q4 (fn + Kaflo ]

It is obviously that, the phase of signal depends on
fy and no. The phase is expanded into the Talyor series,
(40) and (41), as shown at the bottom of the next page, the
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azimuth modulation rate is analyzed in detail. The expanded
phase is shown in (40), which only includes the phase term
needed to solve for the parameters.

To correct the azimuth the space variance of the azimuth
modulation rate, the coefficients of nqf, 2 néfn, cubic and
quadratic phases are equal zero as shown in (41). The
reference azimuth position lies in 79, so the coefficient of
Sfyno must be —2m. It can be set to —27 / a for consistence
of the ANCS algorithm, where « has been discussed in [19]
and [20].

Solving (41), the paraments are given by (42)

q =Kuo (@ —1)
K Qa—1)
Y3+ @3 = 3K @)

g3 = $Ka (@ — 1) (42)
Y4+ @4 = [2K2 (S — 4) + 3K2 Kaoer] /12K (a0 — 1)
qs = [2K% (5o — 4) — 3K% Kqoot (a — 1)]/12Kq0

After implementing the ANCS operation, we can drive the
range Doppler domain signal expression (43), as shown at the
bottom of the next page, by Substituting (42) into (39).

According to (43), it is evident that the azimuth location
of the target is 1o / a. The second phase term represents
the azimuth modulation term, which has been eliminated
the azimuth-dependent and is only related to o and Kgo.

The third and fourth exponential terms are high order
phase terms, which need to be compensated before azimuth
compression. The remaining exponential terms, which are the
remaining phases, can be ignored due to the small magnitude
and has negligible effect on the final imaging result.

G. AZIMUTH COMPRESSION

Higher-order terms of f;, in (43) are not compensated. These
terms should be considered in the azimuth-matched filter,
which is set by referring to the reference target. The azimuth
compression function is as

7Ka1 3
34 («— DK f”]
20 (Sa — 4) K + 3K Kqo0? (2—a)f
124K, (0 — 1) 7

.
Hac = exp [Jﬁff] exp [

- exp {

Multiplying the signal with the azimuth compression
function, we got the azimuth compressed signal.

(44)

St (feofa) = AP: (h) Wa (fy) exp { =27 2, | 45)

W, (f,,) represent the azimuth envelope after azimuth com-
pression. Converting (45) to azimuth time domain, the

1 2w K0
2 {fy: mo) = 2! [_2 Ko+6]2fn ]

1 _ 4nKa 47 K1 K0 6 K>

+5 3 L N 0 [(Yz +93) Kaog5 + qa] nofy
3! Kao + q2 (Kao + q2) (Ka0 + q2)
1 [ 27TKa1 677Ka0 2

+ = [ q3 — (Y3 +¢3)K 042] naf,
37 [ (Kuo + q2)° (Kao +q)* "

Lol mKh 4 9T (Yt es) KigKags -4 37Kaigs (@2 — 2Kao) -4
47| Ko+a)® (Ko + q2)* (Kao + q2)*

(%4
(Ko + q2)*
1 37K,
T 4 [ > 3
4! (Ka0 + q2)

+ Pres (CIZ» q3, 44, fys 770)

[(Y3 +03) K22 — 6]3]

++4 (Ys+ 0
4+ 00 Kiods + qa | { /76

dn K, - 6

m[ —Ya+ @)K 0612]} Qf,73
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(40)

_ 27Ky _2_;-[

Ko+q =«
_ 27Ka 21 K41 Kao 3nK

Kao+aq2 (Ka0+q2)2 (Ko +q )z [(Y3 + <P3)Ka()6]2 + q3] =0

7 Kal 3nKq0 — (Y K _ O
Kaot+a2)® ' (Kaot+42)’ 93 = (V3 + ¢3) Kjyaz] = (41)

Koy O (V3+93)KgoKardy | 37Ka1q3(q2—2Ka0) 6m

_ a _ al a a Y K _0

Kaot42)° Kao+02)" Kao+02)* Koot )4 [(Ya+ 04) K35 +qs] =
_ 3K, 2 4mKy _
Ty L3+ 03) Koz = a3] + s [0, — (Ya o+ 00) Koygo] = 0
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FIGURE 3. Block diagram of the proposed algorithm.

focusing imaging without geometry correction is obtained as
. K,
S12 (fr,n) = Asinc {B, | fr + ?AR
x sinc {Ba (77 — @)} (46)
a

H. GEOMETRY CORRECTION

The finally location of the targets needs to move
Af = -=2K, / cAR - sin6, in range frequency domain,
in which 6, is determine by ki, k» and k3 [32]. And a scale
transformation by a factor of « is implemented in the azimuth
time domain.

The flow diagram of the proposed Bi-EFSA is showed in
Figure 3. The preprocessing of dechirp receiving is shaded
blue block, the range compression is shaded red block, and
the azimuth compression is shaded green block.

I. INVARIANCE REGION ANALYSIS
For each application, the imaging geometry and radar
parameters impact the size of the invariance region. There

are several factors that restrict the size of the invariance area.
Typically, the residual RCM acts as the governing factor.
Besides, the AR in frequency scaling operation is also an
important determinant in proposed algorithm. The following
analysis is limited only to the two factors.

Rt (Ax, Ay), Rg (Ax, Ay), 07 (Ax, Ay), and Og (Ax, Ay)
specify the slant ranges and squint angles of the transmitter
and receiver to a target locating at point (Ax, Ay), where Ax
and Ay are the range and azimuth offsets, respectively, from
the reference target Py (0, 0) in the coordinate system after
RWC.

According to (8), the residual RCM of a target for an
exposure time 7, is given by

ARgcm (Ax, Ay)
_ (1 + AK, (‘L’ _ rcen))
C C

[Vr sin (67 (Ax, Ay)) + Vgsin (O (Ax, Ay)] Ty,
— [V sin (87 (0, 0)) + Vg sin (6g (0, 0))] T,

(47)

To achieve focusing result, the residual RCM should be
maintained to a maximum of one range resolution cell p,
inside a processing block. The coefficient is expressed as
kyem, which should be less than 1. The maximum range
deviation Ax,., from reference target Py is as follows:

ARRcem (Axrem, 0) < kiempr (48)

While the maximum azimuth deviation Ay, from
reference target P is as follows. p, is one azimuth resolution
cell.

ARgrcm (0, Ayrem) < kremPa (49)

In section III.B., C(f;) is ignored due to insignificant
small. Though they have a similar form, they are the
combinations of coefficients in different orders of AR.
The phase |—27 - K, /c - C(f,) AR* (Ax, Ay)| should less
than 7 /4.

K,
2L
c

C(f,)AR* (Ax, Ay)‘ < % (50)

The maximum range deviation Ax;,, from reference target
Py is as follows:

22 () AR (Ax,O)) < % (51)
C

_ e P
$10 (feofy) = AP () exo | Jznafn}exp[ ]aKaof,,]ex

. 7K 3
P [J3a (a—1) Ksof" ]

I 2a (S — 4) K2, + 3K Ka00® 2 — )
X expiJj

1204K3) (0 — 1)

T K0 (@ — 1) TKq1 (@ — 1)
ff] exp ’J“T%]GXP [J“Tn?)]

. 1 i
x []7[ [—21{3] Kae @ = 1 4+ 2K3 Ky (5o = 4) (@ = 1 + 1) + 2K Ko (@ = 1) (@ — 2)} ng]

VOLUME 11, 2023

4
(43)

20071



IEEE Access

H. Zhang et al.: Extended Frequency Scaling Algorithm for Bistatic SAR With High Squint Angle

FIGURE 4. Simulation results of Point targets after FS operation.

While the maximum azimuth deviation Ay, from
reference target Py is as follows:

271% C(}",,)AR2 O, Ay)| < % (52)
Finally, the range invariance region size is founded as:
AXjy =2 - min {AXyem, Ax) (53)
and the azimuth invariance region size is founded as:

AYir =2 - min {Ayrcma Ay} (54)

IV. RESULTS

A. SIMULATION AND ANALYSIS OF PHASE FUNCTION

The phase expression of azimuth frequency in section III-A.
before FS operation is expanded into the function of fast
time t. We omit the fourth-order phase term in phase expand
expression (13), and analysis as follow. The different orders
of phase expressions are shown in Figure 4. The quartic
phase term is much smaller than the other order phases
and can be ignored. And for the BiSAR with high squint
angles, the major component for the azimuth processing
is the primary phase term. The simulations for different
orders of phases based on the GEO transmitter are shown in
Figure 5. Compared with Figure 4, the primary phase term
based on the GEO transmitter is significantly large due to the
GEO transmitter. The third-order phase based on the GEO
transmitter is around 5 / 4 which need to be compensated by
(15). The fourth-order phase terms for different transmitters
are similar and much smaller than the other order phases
despite the type of transmitter. According to simulations,
it should be noticed that even when the transmitter is settled
on airplanes, LEO, or GEO satellites, the fourth-order phase
term is still small enough to be ignored and the only difference
between them is the magnitude of the first-order phase.
Based on the dechirp receiving, the sampling frequency in
the receiving system is largely reduced, and the efficiency
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FIGURE 5. The imaging results of point targets before geometry
correction by Bi-EFSA.
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FIGURE 6. The imaging results of point targets before geometry
correction by NLCS algorithm.

of the focusing procedure for such a BiSAR configuration
is improved. Then, the RWC is carried out in the 2-D time
domain, which significantly reduces the serious coupling
between the azimuth and range caused by range walk. With
the operation of frequency scaling, the space variance of the
range curvatures is reduced, and the range curvatures of all
point targets are corrected to be consistent at once as shown in
Figure 4 (simulation results of point targets based on Table 1
parameters with 400 m in both range and azimuth directions).

B. SIMULATION RESULTS OF POINTS TARGETS

As analysis in the section IV-A., the platform of transmitter
is not the main challenge for the high squint angle BiSAR
imaging. As a result, the airborne bistatic with high squint
angles was employed for simulation to verify the accuracy
and imaging performance of the proposed algorithm. The
experiment parameters are shown in the Table 1.

The spatial distribution of point targets is in the x-y
plane with a 100 m distance between adjacent both in x
and y directions. The scene size is assumed to be 200 m
both in range and azimuth directions which is sufficient for
surveillance of key regions.
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FIGURE 7. Simulation results for different orders of phase based on
airborne transmitter.

FIGURE 8. Simulation results for different orders of phase based on GEO
transmitter.

The imaging results for the scene processed by the Bi-
EFSA are shown in Figure 7, in which all the targets are well
focused. The value of « coefficient for the ANCS operation
in azimuth compression processing is set to be 0.65, which
is enough to process the small key region [18], [33]. And
the energy of each target in the range frequency domain and
azimuth time domain is gathered into corresponding bins
in both the range and azimuth directions. In addition, the
simulation results of point target array by NLCS algorithm
before geometry correction are also given in Figure 8§,
in which all the targets are well focused. The geometry
correction is needed when processing the echo data of
area targets to get a final image that matches the real
area. In Figures 9(a) and (b) show the imaging results
after geometry by the proposed Bi-EFSA and the NLCS,
respectively.

The BP algorithm’s imaging results of point targets
are also simulated and given in Figure 10. Since the
BP algorithm calculates point-by-point to obtain focusing
imaging, the imaging results of point targets are similar to
those of the other two algorithms after geometry correction.
The BP algorithm simulation provides imaging results that
approximate the ideal image for reference. Compared with
the BPA simulation results, the effectiveness of the proposed
algorithm is proved.
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FIGURE 9. The imaging results after geometry correction. (a) by Bi-EFSA;
(b) by NLCS algorithm.

FIGURE 10. The imaging results of point targets by BP algorithm.

Based on the parameters in Table 1 and the configuration
of high squint angle BiSAR, the theoretical resolution
values are 1.40 m in azimuth and 2.11 m in range. The
targets PO, P1, and P2 are extracted from the scene and
up sampled to obtain the detail imaging results, which are
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TABLE 2. Simulated Results of the selected Targets by Bi-EFSA, NLCSA and BP.

Range

Azimuth

Point Target Algorithm

Resolution (m) PSLR (dB) ISLR (dB) Resolution (m) PSLR (dB) ISLR (dB)
Bi-EFSA 2.11 -13.70 -10.20 1.44 -12.12 -10.19
Target PO NLCSA 3.04 -13.27 -10.08 2.44 -12.56 -10.63
BPA 2.11 -12.53 -10.54 141 -13.35 -12.84
Bi-EFSA 2.11 -13.12 -10.55 1.50 -11.69 -10.09
Target P1 NLCSA 3.04 -13.78 -10.41 2.44 -12.32 -10.13
BPA 2.11 -12.45 -10.52 141 -13.34 -12.84
Bi-EFSA 2.11 -13.68 -10.21 151 -11.28 -10.01
Target P2 NLCSA 3.04 -13.49 -10.44 2.45 -12.43 -10.35
BPA 2.11 -12.52 -10.50 1.42 -13.35 -12.85
AERTATI b /\\
. o\/w"/\‘;‘w}“ f/ \.\“‘ \ \‘f\f\‘(‘ 'l‘. "l' | \ q
y I(l | M ('( rl [ = /‘ \\//\
Nz g
! I ER .N e/ \
R L/ \/]
v \

w0 20 50 10 150 20
Azimuth(samples)
(e)

Contour plots of the target

‘I" 'M

Azimuth profiles of the target

Nomalized Amplitude(dB)

100 150 200 250 300
Azimuth(samples)

100 150
Range(samples)

(@) (h)

FIGURE 11. Detailed imaging results of three targets by Bi-EFSA.

(a) Range slice of Target P0. (b) Contourplots of Target PO. (c) Azimuth
slice of Target P0. (d) Range slice of Target P1. (e) Contourplots of Target
P1. (f) Azimuth slice of Target P1. (g) Range slice of Target P2.

(h) Contourplots of Target P2. (i) Azimuth slice of Target P2.

demonstrated in Figures 11b, e, and h. Additionally, the slices
of each target in range and azimuth directions are shown in
Figures 11a, c, d, f, g, and i, respectively. The corresponding
measured peak sidelobe ratio (PSLR) and integrated sidelobe
ratio (ISLR) are calculated and listed in Table 2. The target PO
is taken as an example, the azimuth resolution is 1.44 meters,
and the range resolution is 2.11 meters. In the azimuth
direction, the PSLR is 12.12 dB, and the ISLR is 10.19 dB.
While in the range direction, the PSLR is 13.70 dB, and the
ISLR is 10.20 dB. The synthetic time is 4 seconds.

For the imaging results simulated by NLCS algorithm,
the targets PO, P1, and P2 are extracted from the scene and
up sampled to obtain the detail imaging results, which are
demonstrated in Figures 12b, e, and h. Additionally, the slices
of each target in range and azimuth directions are shown in
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FIGURE 12. Detailed imaging results of three targets by NLCS algorithm.
(a) Range slice of Target P0. (b) Contourplots of Target PO. (c) Azimuth
slice of Target P0. (d) Range slice of Target P1. (e) Contourplots of Target
P1. (f) Azimuth slice of Target P1. (g) Range slice of Target P2.

(h) Contourplots of Target P2. (i) Azimuth slice of Target P2.

Figures 12a, c, d, f, g, and i, respectively. The corresponding
measured peak sidelobe ratio (PSLR) and integrated sidelobe
ratio (ISLR) are calculated and listed in Table 2. The target PO
is taken as an example, the azimuth resolution is 2.44 meters,
and the range resolution is 3.04 meters. In the azimuth
direction, the PSLR is 12.56 dB, and the ISLR is 10.63 dB.
While in the range direction, the PSLR is 13.27 dB, and the
ISLR is 10.08 dB. The synthetic time is 4 seconds.

To further verify the algorithm’s effectiveness, the imaging
results simulated by the BP algorithm, in which the targets
PO, P1, and P2 are extracted from the scene and up sampled
to obtain the detailed imaging results, are demonstrated
in Figures 13b, e, and h. Additionally, the slices of
each target in range and azimuth directions are shown in
Figures 13a, c, d, f, g, and i, respectively. The corresponding
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Contour plots of the target

FIGURE 13. Detailed imaging results of three targets by BP algorithm.
(a) Range slice of Target PO. (b) Contourplots of Target PO. (c) Azimuth
slice of Target P0. (d) Range slice of Target P1. (e) Contourplots of Target
P1. (f) Azimuth slice of Target P1. (g) Range slice of Target P2.

(h) Contourplots of Target P2. (i) Azimuth slice of Target P2.

measured peak sidelobe ratio (PSLR) and integrated sidelobe
ratio (ISLR) are calculated and listed in Table 2 as the
benchmarks for the proposed algorithm. The target PO is
taken as an example, the azimuth resolution is 1.41 meters,
and the range resolution is 2.11 meters. In the azimuth
direction, the PSLR is 13.35 dB, and the ISLR is 12.84 dB.
While in the range direction, the PSLR is 12.53 dB, and the
ISLR is 10.54 dB. The synthetic time is still 4 seconds.
Compared to the simulation results of the NLCS algorithm,
the resolutions in range and azimuth of proposed Bi-
EFSA is better. This is caused by the high squint angle
bistatic configuration. In the NLCS algorithm, a cubic phase
perturbation function for the bistatic SAR is performed to
identify the azimuth frequency modulation (FM) rates of
all targets at the same range gate [16]. The tuning effect
of perturbation function is limited. For highly squint angle,
higher order range-azimuth coupling leads to inaccurate
focusing performance [20]. According to the analysis of
reference [18], the NLCS algorithm can achieved good
results for squint angles up to 40° for the C-band in
monostatic SAR. Under the same squint angle, the imaging
performance of non-parallel bistatic SAR will be worse
due to its complex configuration. Thus, the proposed Bi-
EFSA obtained better resolutions than the NLCS algorithm.
In addition, the processing times of the NLCS algorithm and
the proposed Bi-EFSA on the same computer are 73.22 s and
12.93 s, respectively. The proposed Bi-EFSA obtains better
computational efficiency due to non-interpolation operations.
As the benchmarks for SAR imaging, the simulation
results obtained by the BP algorithm achieved good focusing
performance both in the range and azimuth directions. In the
proposed algorithm, the range walk correction and the FS
operation processed the dechirp received signal of Bistatic
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SAR with high squint angles to achieve good focusing perfor-
mance in the range direction, ANCS operation. Considering
the computational efficiency, the focusing performance of the
proposed algorithm is as the BP algorithm did. The focusing
performance in the azimuth is not as accurate as the BP
algorithm due to the approximation of the azimuth frequency
modulation in acceptable. According to the comparations in
Table 2, the simulation results verified the effectiveness and
accuracy of the proposed algorithm.

C. EXTENDED-SCENE SIMULATION EXPERIMENT

An extended-scene simulation experiment, in which the
scattering coefficients of the scene are from an actual SAR
image, is simulated by proposed Bi-EFSA and the NLCS
algorithm. The actual SAR images are based on the scene data
of Hengdian, Yiwu, Zhejiang Province, admitted by GF3 in
the Xi’an Branch of the China Academy of Space Technology
in 2020. The actual SAR imaging scenes is shown in Figures
14b and e. The simulation results of two scenes by Bi-EFSA
and NLCS algorithm are shown in Figures 14a, c, d and f.
The simulations are based on the same experiment parameters
shown same experiment parameters shown in the Table 1.
The focused imaging performance of the proposed algorithm
is comparable to that of the NLCS algorithm. It should be
noted that the GF-3 was in slide spotlight mode, with a
bandwidth of 240 MHz. For limitations based on computer
power, the simulations by Bi-EFSA and NLCS take 80 MHz
as the bandwidth to verify the algorithm’s effectiveness. This
is also why the resolution of the simulation result is worse
than the actual imaging result of the scene. With the same
parameters and scattering coefficients of the scenes, Bi-EFSA
obtains a better resolution and a slightly better focusing
performance in some areas. It is evident that under the same
simulation parameter settings, the proposed algorithm has
better imaging performance, obtaining more explicit ground
area boundary information and contour features of the targets.
For scene 1 in Figure 13b, the imaging performance of
the proposed algorithm in Figure 13a is better. In the left
circle, the two algorithm in Figure 14a is better. In the left
circle, the two bridges can be distinguished. In the right circle,
the outlines and demarcation of the two small islands can
be more easily discerned. For scene 2 in Figure 14e, the
imaging performance of the proposed algorithm in Figure 14d
achieved better resolutions both in the range and azimuth
directions. In the circle below, the details and boundaries of
the airport terminal are more clearly defined.

To further illustrate the algorithm’s effectiveness, the
signal bandwidth was changed to match more closely that
of the original SAR image by 250 MHz, and simulated
experiments of extended scenes of Bi-EFSA were added
while keeping other parameters unchanged. The imaging
result is given in Figure 15, in which higher resolution
and better focusing performance are obtained. For instance,
the bridge connecting two small islands is imaged and has
clear boundaries. The effectiveness and advantages of the
algorithm are more intuitively demonstrated.
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(e)

FIGURE 14. The simulation results of two scenes by Bi-EFSA and NLCS algorithm. (a) Focusing Image
of scene 1 by Bi-EFSA; (b) Actual SAR image of scene 1; (c) Focusing Image of scene 1 by NLCS
algorithm; (d) Focusing Image of scene 2 by Bi-EFSA; (e) Actual SAR image of scene 2; (f) Focusing

Image of scene 2 by NLCS algorithm.

FIGURE 15. The simulation results of scene by Bi-EFSA with 250 MHz
bandwidth.

D. OPERATION COMPLEXITY ANALYSIS

According to the algorithm flowcharts, the operation com-
plexity of the proposed algorithm is analyzed. Assuming
that the dimensionality of the Raw data is N, x N,, N,
is the number of range samples, N, is the number of
azimuth samples. Based on the analysis in [34], for each
FFT the operation complexity is derived as SN, N, log, (Ny/4),
while the complex multiplication takes 6N, N,. Therefore, the
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computational complexity of the proposed algorithm can be
derived as

S = 25NN, log,(N;) + 20N, N, log,(N,) + 48NN, (55)

V. CONCLUSION

In this paper, a bistatic extended frequency scaling algorithm
(Bi-EFSA) is proposed to deal with the dechirp received
signal for bistatic SAR with high squint angle. The echo of
the imaging scene centroid is used as the reference signal
to obtain better focus results. The range walk correction
in the 2-D time domain reduces the space variance of the
range curvatures and removals the serious coupling between
range and azimuth caused by the high squint angle, which
is the first step of Bi-EFSA. For azimuth processing, the
space variance of the azimuth frequency modulation rate,
introduced by the range walk correction step, is effectively
corrected by implementing the azimuth nonlinear chirp
scaling (ANCS) operation. At last, the focused results in the
range frequency and azimuth time domain are obtained by
the azimuth compression. The invariance region analysis is
also carried out. The algorithm can deal with the BiISAR with
high squint angles and achieves good focusing performance.
It also obtains better computational efficiency compared to
the BPA, RDA, NLCS, and wKA, which need interpolation
operations. Finally, the simulated results compared to the
NLCS algorithm and BP algorithm, and the extended-
scene simulation experiment validate the effectiveness of the
proposed method.
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