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Abstract

Geosynchronous spaceborne-airborne frequency-modulated continuous-wave bistatic syn-
thetic aperture radar (GEO SA FMCW BiSAR) offers cost-effective and persistent target
monitoring. However, both the maneuvers of the receiver during the signal propagation
delay and the continuous movements of the radar platforms within the sweep complicate
the received echo signal. These factors invalidate the “stop-and-go” assumption, which pre-
sumes constant-velocity motion. This paper proposes an echo model that simultaneously
considers intra-pulse motion and accelerated motion of the high-maneuvering receiver.
The introduction of receiver acceleration leads to nonlinear range terms in the bistatic
range history, which will degrade the focusing performance if not properly compensated.
Since the acceleration term is a small second-order quantity relative to the time delay, it is
approximated by segmenting the aperture and applying the “stop-and-go” assumption
within each sub-aperture. After dechirp, the two-dimensional (2-D) spectrum for imaging is
derived by applying the principle of stationary phase and determining the azimuth station-
ary phase point via series reversion. Finally, imaging is achieved by azimuth compression,
range cell migration correction, and secondary range compression. Simulation results
demonstrate that the proposed algorithm achieves well-focused images while maintaining
computational efficiency.

Keywords: geosynchronous spaceborne-airborne bistatic synthetic aperture radar (GEO
SA BiSAR); frequency-modulated continuous-wave (FMCW); high-maneuvering platform;
acceleration model; frequency-domain imaging algorithm
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Conventionally, radar echo modeling relies on the “stop-and-go” assumption, which
significantly simplifies the theoretical analysis of SAR imaging [15,16]. However, applying
this assumption to GEO SA FMCW BiSAR encounters two challenges. On the one hand,
due to the approximately 36,500 km altitude of the geosynchronous Earth orbit (GEO)
satellite, the transmitter-to-target propagation delay reaches the order of seconds [17]. Con-
sequently, the high-maneuvering motion of the airborne receiver during the propagation
delay introduces higher-order phase errors into the echo signal. This motion violates the
“stop-and-go” assumption that radar platforms remain stationary between pulse transmis-
sion and reception [18]. To mitigate these effects, research has been dedicated to developing
advanced echo models and imaging algorithms. Reference [19] proposed a generalized
“non-stop-and-go” echo model for bistatic radar configurations with high-maneuvering
platforms. By incorporating higher-order motion terms of the receiver (e.g., acceleration
and jerk) into the range history equation, a high-precision analytical expression for the
signal propagation delay is derived. This extends the applicability of the model from con-
ventional constant-velocity platforms to highly maneuvering ones. Reference [20] presented
an improved propagation delay model for geosynchronous Earth orbit-low Earth orbit
(GEO-LEO) bistatic configurations. The model fully accounts for both the long propagation
delay induced by the high-orbit transmitter and the high-maneuvering characteristics of
the low Earth orbit (LEO) receiver. By deriving an analytical expression for the propagation
delay equation and validating the accuracy of the approximate solution, An et al. [20]
developed a third-order propagation delay model. This model satisfies the signal accuracy
requirements of geosynchronous spaceborne bistatic synthetic aperture radar (GEO BiSAR)
and lays the foundation for precise imaging of GEO BiSAR. Reference [21] further pro-
posed a precise third-order range model for GEO SA BiSAR based on the “non-stop-and-go”
model. The model separately analyzes the transmitter and receiver delays while accounting
for the motion of both the target and the receiver. The theoretical analysis demonstrates the
necessity of considering the “non-stop-and-go” effect to achieve high-precision imaging in
GEO SA BiSAR configurations. However, the aforementioned studies on the “non-stop-
and-go” model primarily focus on pulsed SAR systems. Due to the substantial difference
in the waveform, the pulsed SAR echo model is inapplicable to FMCW SAR.

On the other hand, due to the characteristics of FMCW [22], the intra-pulse motion of
the transmitter and receiver introduces the influence of the extra Doppler frequency shift
and range migration [23,24], as well as the problem of severe range-azimuth coupling [25].
This conflicts with the “stop-and-go” assumption, which considers only the slant range
variation between radar platforms and the target at discrete azimuthal instants. As for
FMCW BiSAR systems, significant progress has been made in modeling and imaging.
Reference [26] simplifies the bistatic FMCW SAR range model to a single monostatic-like
model by the Fresnel approximation. Furthermore, an intermediate-frequency signal model
is derived, which enables precise imaging under the constant-velocity assumption. To
address the impact of continuous platform motion during the pulse in spaceborne bistatic
configurations, reference [27] proposed iterative methods to determine the time delay
and thereby constructed a “non-stop-and-go” echo model. Despite these advancements,
the combination of GEO-scale delays and the maneuverability of the airborne receiver in
FMCW configurations still requires further investigation. As for the focusing methods,
time-domain algorithms offer excellent model adaptability and high imaging precision.
However, their substantial computational burden undermines the lightweight and cost-
effective advantages of FMCW SAR systems. Concurrently, they fail to meet the real-time
processing requirements of spaceborne or airborne radars due to their low computational
efficiency. Consequently, they are hardly applicable in practice to the GEO SA FMCW
BiSAR system.
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Table 1 summarizes previous studies on “non-stop-and-go” echo models and imaging
algorithms, comparing their capabilities and limitations. The comparison indicates that
existing echo models for high-maneuvering BiSAR mainly focus on pulsed waveforms.
Meanwhile, existing FMCW BiSAR models generally assume constant-velocity motion
or employ a computationally expensive time-domain algorithm. In particular, the joint
consideration of GEO-scale propagation delay, intra-sweep continuous motion, and receiver
acceleration within a unified frequency-domain imaging framework remains insufficiently
investigated in the existing literature. Different from existing studies, which either neglect
receiver acceleration or rely on time-domain processing, the proposed approach incorpo-
rates the dynamic characteristics of the highly maneuvering receiver within the GEO SA
FMCW BiSAR system into a frequency-domain formulation.

Table 1. Comparative analysis of previous studies.

. . Acceleration Intra-Pulse . . TN
Proposed Configuration Included Motion Included Imaging Domain Limitation
. . Concentration on
[19] Pulsed BiSAR Yes No Time pulsed SAR
GEO-LEO Pulsed Non-airborne
[201 BiSAR Yes No Frequency FMCW scenarios
GEO SA Pulsed . No corresponding
[21] BiSAR Yes No Omitted algorithm
Neglection of
[26] FMCW BiSAR No Yes Frequency recetver 'motlon
during
propagation
Spaceborne . High
271 FMCW BiSAR No Yes Time computational cost

The main novelty of this work lies in the development of a “non-stop-and-go” echo
model and its corresponding two-dimensional (2-D) frequency-domain imaging algorithm
for high-maneuvering GEO SA FMCW BiSAR systems. The main contributions of our work
are as follows:

1.  In the proposed echo model, to ensure applicability to FMCW radar, the continuous
motion of both the transmitter and receiver during the whole pulse repetition period
is considered, along with the linear motion and nonlinear maneuvers of the receiver
throughout the propagation of the transmitted signal. Subsequently, the high-order
terms of the slant range history of the receiver are approximated to derive a precise
mathematical solution for the propagation delay.

2.  Based on the proposed model, an improved frequency-domain imaging algorithm is
developed. In this paper, the dechirp operation of the raw echo in the 2-D time domain
enables the time—frequency transformation in the range direction, with residual video
phase (RVP) compensation to avoid defocusing in the final image. After realizing the
time—frequency transformation in the azimuth direction through the method of series
reversion (MSR), phase compensation is performed to realize range cell migration
correction (RCMC), secondary range compression (SRC), and the elimination of high-
order range—frequency coupling; finally, the 2-D focus is realized.

A list of the acronyms used in this paper is presented in Table 2. The paper is struc-
tured as follows. Section 2 presents the echo model of the GEO SA FMCW BiSAR system;
Section 3 presents the derivation of the proposed algorithm; Section 4 presents simula-
tion results regarding both targets and practical implementation viability; and Section 5
concludes this paper.
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Table 2. List of acronyms and descriptions.

Acronym Description

Geosynchronous Spaceborne—Airborne
GEO SA FMCW BiSAR  Frequency-Modulated Continuous-Wave Bistatic Synthetic

Aperture Radar

GEO SA BiSAR Geosynchronous Spaceborne—Airborne Bistatic Synthetic
Aperture Radar

FMCW Frequency-Modulated Continuous Wave

SAR Synthetic Aperture Radar

GEO Geosynchronous Earth Orbit

GEO-LEO Geosynchronous Earth Orbit-Low Earth Orbit

LEO Low Earth Orbit

GEO BiSAR Geosynchronous Spaceborne Bistatic Synthetic Aperture
Radar

2-D Two-dimensional

RVP Residual Video Phase

MSR Method Of Series Reversion

RCMC Range Cell Migration Correction

SRC Secondary Range Compression

TDE Time Delay Error

QPE Quadratic Phase Error

POSP Principle Of Stationary Phase

MSE Mean Squared Error

PSLR Peak Side-Lobe Ratio

ISLR Integrated Side-Lobe Ratio

IRW Impulse Response Width

SNR Signal-to-Noise Ratio

2. GEO SA FMCW BiSAR Echo Model
2.1. The Geometric Model

The geometric model of the GEO SA FMCW BiSAR system is shown in Figure 1. The
transmitter is located on the high-orbit spaceborne platform, and the receiver is located on a
high-maneuvering airborne platform. We establish a Cartesian coordinate system in which
the Z-axis represents the vertical direction, the X-axis represents the ground-range direction,
and the Y-axis represents the azimuth (along-track) direction, rather than the geographic
azimuth angle, and is aligned with the direction of the flight path of the receiver. In this
paper, “azimuth” denotes the slow-time dimension used in SAR. Here, rr = (x1, YT, 2T)
represents the position vector of the transmitting radar; vr = (0,vr,0) represents the
velocity vector of the transmitting radar; rg = (¥, yr, zr) represents the position vector
of the receiver; vg = (0, vg,0) represents the velocity vector of the receiver. In this paper,
to illustrate the impact of maneuverability, we focus on a case with vertical acceleration
ar = (0,0,a;). This choice is justified by the following factors. First, vertical acceleration is
used to represent realistic flight states, including ascent, descent, and vertical maneuvers.
Second, isolating the vertical component aims to construct a benchmark scenario to eval-
uate the compensation capability of the proposed algorithm. It is worth noting that this
simplification does not restrict the generality of our work. The same derivation applies to
along-track or cross-track acceleration components because the acceleration vector enters
the range history without directional sensitivity.
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Figure 1. The geometric model of the GEO SA FMCW BiSAR system.

2.2. The Echo Model

It is well known that the propagation delay is the foundation of the echo model. Under
the “stop-and-go” assumption, as shown in Figure 2a, the radar platforms are considered
stationary during the transmission and reception of each entire pulse. Additionally, plat-
form positions are updated only at each slow-time instant. Rr(#;) and Rg(#,) denote the
range histories of the transmitter and the receiver, respectively. The calculation equations
are as follows:

RT(ta) = |rT+VTta —I‘p| 1)

RR(ta) = |rR + vRta — I‘P| ()

Therefore, the propagation delay of the echo model under the “stop-and-go” assump-
tion (called Ts4¢) is expressed as

Rr(ta) + RR(ta)

)

Tsac(ta) =

where 754 denotes the propagation delay based on the “stop-and-go” assumption while ¢
denotes the speed of light and ¢, denotes the slow-time variable. However, in the GEO SA
FMCW BiSAR system with a slant range of approximately 37,000 km, the signal round-trip
propagation delay is on the order of seconds. During this long duration, the displacement
of the high-maneuvering receiver is significant; therefore, Equation (3) should consider the
movement of the receiver when the signal is propagating.

Figure 2b shows the actual echo model (“non-stop-and-go”) for GEO SA FMCW
BiSAR, accounting for the coupling effects of fast-time and slow-time on radar platform
motion. The actual propagation delay (called ;) is given as follows:

RT(tar i’r) + RR(ta, ty; Td(i’a, tr))

Td(ta;tr) = c (4)

where f, denotes the fast-time variable. Furthermore, Rt (t,, t;) denotes the range history
of the transmitter. Rg (¢4, tr; T4(ta, tr)) denotes the range history of the receiver, accounting
for its motion during the actual propagation delay. The high-maneuvering motion of
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the receiver is modeled by introducing additional acceleration. The range histories are
expressed by the following equations:

Ry(te, ty) = |tr +vr(ta + 1) — 1p| (5)

RR(ta, tr; Tyt ty)) = ‘rR +vR(ta +tr +1i(ta ty) + ag(ta + tr + Ty(ta, t,))2/2 — 1p| (6)

Stop-and-go assumption

- / — Actual path (Proposed)
:ﬁg& ;:..: Yy S —---- 2
Ty o
r

Rr(ta,tr)
Rr(ta) séf '

te=(n+1) - T

A tazn : T

Re(ta)

(@) (b)

Figure 2. The echo model of GEO SA FMCW BiSAR, where A and B are the airborne receiver
positions under the “stop-and-go” assumption. n and n + 1 denote the pulse index. T denotes the
pulse repetition interval. A’ is the airborne receiver position under the actual path. Ar denotes the

movement of the receiver during propagation delay. (a) The echo model under the “stop-and-go”
assumption. (b) The actual echo model.

To further elucidate the physical mechanism underlying the breakdown of the “stop-
and-go” assumption for the high-maneuvering airborne receiver, Figure 3 illustrates a
comparison of the signal characteristics between the echo model under the “stop-and-
go” assumption and the actual echo model within a single sweep duration. As shown
in Figure 3a, the “stop-and-go” assumption posits that the slant range remains constant
during the sweep and results in a fixed propagation delay t54c. However, due to the high
maneuverability of the airborne receiver and the long sweep time of the FMCW signal, the
actual delay 1 is greater than 754, as demonstrated in Figure 3b. Figure 3b illustrates
the variation of the bistatic range. Compared to the echo model under the “stop-and-go”
assumption that neglects intra-pulse motion, the range deviation Ar(t,) of radar platforms
under the actual model varies continuously with the fast time ¢, and exhibits a nonlinear
characteristic due to the receiver acceleration. Figure 3c illustrates the difference in phase
error between the two models after dechirp. Under the “stop-and-go” assumption, no
additional phase deviation is introduced within the pulse due to the accelerated motion of
the receiver, thereby maintaining a constant beat frequency and yielding zero phase error.
However, the actual echo model manifests a nonlinear phase error A¢(t,) , which leads to
defocusing in range and a geometric shift if its peak value exceeds 7t/4.

The actual propagation delay 7, is obtained by solving Equation (4). However, due
to the high maneuverability of the airborne receiver and the square root operation in the
equation, the range history from the receiver to the target is not merely a function of fast
and slow time. Unlike the propagation delay under the “stop-and-go” assumption in
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Equation (3), the actual propagation delay in Equation (4) is defined by a self-referential
higher-order function, which means that there exists no exact analytical expression for
this equation.

g

—-—I; |
I /1
1/ |
f
(a) - Af—0 // T E >
Tsac /le |
_\ [
A : | :
R(t:t,) L iary)
®) 0 i | | : t
N et
(C) | | .|—>

t

r

Figure 3. Comparison of the signal models between the “stop-and-go” assumption and the actual
echo model. The black solid line represents the transmitted signal. Red dashed lines represent the
echo model under the “stop-and-go” assumption. Blue solid lines represent the actual echo model.
(a) Time—frequency relationship of the transmitted and received signals, where 754 and 1, represent
the propagation delays of both models. Af; represents the pulse bandwidth. T, represents the pulse
duration. fy represents the initial frequency. (b) Bistatic range variation during the sweep, where
Ar(t,) represents the range deviation. (c) Residual phase error after dechirp, where A¢(t,) represents
the phase error.

To simplify the calculation, we propose the following assumption: the signal duration
is discretized into infinitesimal time units, within which the position of the receiver is
assumed constant. Consequently, the propagation delay approximation based on the
“stop-and-go” assumption is substituted into the quadratic term of the range history of the
receiver. The propagation delay approximation term (called s 4¢) is expressed as

RT(tﬂ/ t}’) + RR(tt‘l/ t}’)
[

)

Tsag(ta tr) =

Ri(ta ty) = |t + vR(ta + 1) —I—aR(ta—f—t,)Z/Z—rp‘ ®)

where Rg(t,, t) represents the range history between the target and the receiver within
one unit. Equation (6) is rewritten as

RR(ta/ tr; Td(tﬂr tr)) = ‘rR + VR(ta +t+ Td(tar tr)) + aR(ta + b+ Td(ta/ tr))z/z - rP)

~ ‘rR + VR(ta +t+ Td(ta/ tr)) + aR(ta +t + %SAG(tu/ tr))z/z - rP‘ ©)
= ﬁR(tﬂ/ tr; Td(tur tr))

By substituting Equation (9) into Equation (4), we obtain

Ry(ta, ty) + Rr(ta, tr; Ty(ta, t
Tt ty) = Sllartr) RC(“ o Tall ) (10)
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Equation (10) is converted as follows:
cti(ta, tr) — Ry(ta, ty) = ER (ta tr; Ta(ta, tr)) (11)

IR + VR(ta + tr + Td(ta, tr))

CTd(tartr) - |rT +VT(ta + tr) - rP‘ = ~
+ ag(ts + tr + Tsag(ta tr))?/2 — 1p

(12)

By squaring both sides of Equation (12), we obtain the following relation:

rr + VR(ts + t)
(cty(ta tr) — |7+ vr(ta + 1) —1p|)? = | + ar(ta + tr + Toac(ta tr))?/2 (13)
—rp+ VRTd(ta/ tr)

Equation (13) is further simplified to the following form:

(- |VR’2)T§(ta/ tr) = 2(clrr(ta, )| + R (ta, ) - VR)Ta(ta, tr) + 17 (ta, t1) [* = xR (ta, 1) [> = O (14)

where - represents the inner product of two vectors, and
r7(ta, ty) = rr +vr(ta + 1) —1p (15)

I‘R(i’a, ty) =1rR + VR(i’a + i’r) + aR(ta +t + %SAG(tu/ i’r))z/z —Ip (16)

Note that the discriminant of Equation (14) is greater than zero, indicating that it has
two solutions. One of the solutions is an extraneous solution generated by the transforma-
tion process from Equation (10) to Equation (14). Following that, the high-precision propa-
gation delay of GEO SA FMCW BiSAR (called 75p) is obtained by solving Equation (14):

C‘rT(tm tr)| + rR(ta/ tr) * VR
1 ZC‘rT(tﬂ/ tr)|rR(tu/ tr) * VR
2 — |VR|2 + ‘HTR(tmtr) 'VR|2+C2|rR(ta/tr)‘2
+‘VR|2(|rT(tartr)‘2 — |rr(ta, tr>|2)

THp(ta, i‘r) = (17)

By incorporating the propagation delay formula presented in Equation (17), the pro-
posed echo model for the high-maneuvering airborne receiver is expressed as

57(tartr) = wq <t;t”°)w <t_THTP<t“t)> exp{j27tfo(tr — Tup(ta, )} exp{ Ko (tr = Tup(ta, 1))} (18)

where w,(-) and w,(-) are the window functions for the range and azimuth directions,
respectively. In this paper, both are assumed to be rectangular windows; T, and T, are the
synthetic aperture time and the pulse width of the FMCW signal, respectively; t,9 is the
Doppler center shift time caused by the equivalent squint angle in the transmit-receive az-
imuth direction; fj is the radar operating center frequency; K, is the chirp modulation rate.

2.3. Echo Characteristic Analysis

To assess the proposed echo model, time delay error (TDE) and quadratic phase error
(QPE) are employed as metrics for quantitative accuracy analysis. Both the proposed echo
model and the echo model under the “stop-and-go” assumption are compared against the
actual received signal. The simulation parameters are presented in Table 3.

https:/ /doi.org/10.3390/jimaging12070310
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Table 3. Parameters of the GEO SA FMCW BiSAR system.
Parameter Type Parameter Name Value Units
FMCW Signal Center Frequency 1.25 GHz
Bandwidth 50 MHz
Pulse Width 3 ms
Pulse Repetition Frequency 150 Hz
Spaceborne Transmitter ~Location (—958, 0,35,786) km
Velocity (0, 3100, 0) m/s
Receiver Location (0, —0.5, 10) km
Velocity (0, 250, 0) m/s
Acceleration (0, 0, 25) m/s?
The equations for calculating TDE are as follows:
TDEhe proposed model (t) = |THP(tu; tr) — T (tal tr) | (19)
TDE"stop-and-go" model(t) = | TSAG (tﬂ/ ti’) - (tﬂ/ tf) | (20)

where t represents the global observation time, which is related to the fast time and slow
time variables by f = t, + t,. 7;(t4, tr) denotes the actual echo propagation delay of GEO SA
FMCW BiSAR with the high-maneuvering receiver. Its numerical solution is computed by
solving Equation (4). Tsac(ts, tr) is obtained from Equation (3), and typ(ta, t,) is obtained
from Equation (17). Simultaneously, QPE is defined as follows:

T, )2

> (21)

t=0 ( 2
azTSAG(ta/ tr) . asz(ta/ tr)

T \?
o2 T P (2) (22)

To analyze the magnitude of the range walk induced by TDE, we evaluate it in meters.
Figure 4 compares the TDE of different models with the actual received echo. The result shows
that during the global observation time, the TDE between the proposed echo model and the
actual echo is on the order of x 10~ meters, which is almost negligible. In contrast, the peak

Ptup(taty)  0*Ta(ta tr)
ot? ot?

QPEipe proposed model — Tff 0

Qp E"stop—and-go" model = 7Tfo

value of the TDE of the echo model under the “stop-and-go” assumption exceeds 1.4 m. Such
an error leads to severe range offset and defocusing of the target in the final image.

35 ' ,

T T T T T 1.4
—Proposed model TDE - -Stop-and-Go model TDE -
.
3 o H1.2
P
.
25k ’ 11 E
E25 e o
2 - :
) e 0873
< .

E - £
Eis H0.6 &
2 <
=3 =1
g - :
£ 1 H04 &
L] 5]

0.5 —0.2

0 I 1 1 1 0
0.4 0.6 0.8 1 1.2 1.4

Total Time (s)

Figure 4. TDE of echoes in the GEO SA FMCW BiSAR system: Comparison between the proposed
echo model and the echo model under the “stop-and-go” assumption.
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To evaluate QPE, the acceleration direction is set along the vertical direction, with
acceleration values ranging from 0 to 100 m/s?. As shown in Figure 5, as the acceleration
changes, the QPE of the proposed model remains within 3.5 x 104 rad throughout the
tested acceleration range, and this error level is less than 77/4 rad, which is negligible
for final image focusing. However, the QPE of the echo model under the “stop-and-go”
assumption is as high as 35 rad, and such an error leads to azimuth defocusing.

Additionally, the sensitivity of the QPE to the receiver acceleration direction is in-
vestigated by comparing the vertical and along-track acceleration cases. The acceleration
vectors are defined as ag = (0,0,4;) and ag = (0, ay, 0), respectively. For a fair comparison,
the acceleration values are varied from 0 to 100 m/s2. As illustrated in Figure 6, the QPE
results for both directional accelerations remain on the order of 10~ rad, which is far below
the threshold of 7r/4 rad. This demonstrates the accuracy of the proposed model across
different maneuvering directions. Meanwhile, the QPE induced by vertical acceleration is
higher than that of along-track acceleration (approximately four times larger at 100 m/s?).
This result confirms that the GEO SA FMCW BiSAR is more sensitive to vertical maneuvers.
Therefore, we validate the proposed echo model by focusing on the vertical acceleration.

L. x1071
3.5 T T T T T T T T T 10
|-Q-Pr0posed model QPE -©-Stop-and-Go model QPE|

3L _435
525 - 130 5
m o
Ay <o
9 2+ 1255
3
g =}
,; 1.5+ =20 5
2 °
[=] (=}
o <
2 1k 415 &
~ =1
w

0.5 —10

0 - L 5
0 10 20 30 40 50 60 70 80 90 100

Acceleration (m/s?)

Figure 5. QPE regarding the vertical acceleration in the GEO SA FMCW BiSAR system: Comparison
between the proposed echo model and the echo model under the “stop-and-go” assumption.

x10~*
3.5 T T T 1 T 1 T T T
3 <-Vertical Direction -©-Along-track Direction

T 25k
=
S
-~ 2F
Q
=
=]
&
= 1.5+
2
o
o
2
A 1F

0.5

-7
o —— _-.m----m——“'cu} I 1 I
0 10 20 30 40 50 60 70 80 90 100

Acceleration (m/s?)

Figure 6. Comparison of QPE results between the vertical direction acceleration and the along-track
direction acceleration
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3. The 2-D Frequency-Domain Imaging Algorithm

In the GEO SA FMCW BiSAR system, the received signal incorporates the motion
of the receiver during the propagation delay, while the coupling between slow-time and
fast-time becomes more pronounced. Additionally, traditional time-domain imaging al-
gorithms based on point-by-point matched filtering exhibit low efficiency. Therefore, this
section proposes an efficient 2-D frequency-domain imaging algorithm through echo model
analysis for GEO SA FMCW BiSAR with the high-maneuvering airborne receiver.

3.1. Derivation of Imaging Algorithm
The propagation delay equation in the proposed model is excessively complex. There-
fore, for computational efficiency, Typ is approximated by a fourth-order Taylor-series
expansion with respect to the slow-time t, around the aperture center (t, = 0), which is
expanded as
(4) — 2 3 4
Typ(ta ty) = 0o + aqty + aot,” + azty” + ayt, (23)

where the coefficients of the fourth-order Taylor expansion are

Xy = THP(ta/tr>|ta:0

= aTHP(ta/tr)

! Mt |i_o

v — 1 Ptap(ta, tr)

272 a2 o (24)
. 1 P typ(ta tr)

- 3! ata3 t,=0

oy = la4THP(tllrtr)

YT at o

The obtained fourth-order Taylor polynomial is then substituted into Equation (18).
Consequently, we have

@)
- t— ) (o, 1y
srltartr) = we (tﬂ T tu0>w’ <THTF<>> (25)

exp{ 27tfo(tr — Tp(ta tr)) b exp{ ik (b — Tifh (ke t1))2 |

After dechirp, we obtain

Si_f(tar tr) = Sr(tm tr)HO = Sr(tar tr)sjgf(ta/ tr)

—w tg — ta0 w tr—TI(ﬁZ(turtr)
a 7Ta r —Tr

exp{—jZnKr(t, — Rref/c)(’rgl),(ta, ty) — Rref/c)} (26)
exp{ ~127tfo(Tifp(tas tr) — Rreg /) |
exp{ K (Tigp (fastr) = Reef /0)?}
and the reference signal for the dechirp operation is expressed as
Hy = sfgf(ta,t,)
(27)

= exp{—jano(t, - Rref/c)} exp{—jnK,(tr - Rref/c)z}
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where (-)" denotes the conjugate operation and Ry, + denotes the minimum bistatic range
between the radar platforms and the target.

In Equation (26), the first exponential term corresponds to the range information;
its Fourier transform along the range dimension produces the range compression result.
The second exponential term contains the azimuth phase history required for azimuth-
matched filtering. The third exponential term represents the RVP effect induced during the
dechirp operation. The RVP term does not provide useful information but rather introduces
complications into the subsequent imaging process. Consequently, its removal is essential
prior to imaging. The compensation equation for removing RVP is

2
Hy, = exp{—jnKr (Tﬁlg(ta,tr) — Rref/c> } (28)

After compensating for the RVP term, the echo signal after dechirp is converted to:

(4)
— ta — 1 tr — Ty p(ta,t
so(ta tr) = wu( u T a0>w7<rh¥’(”r)>
a r

exp{—jZnKr(tr — Ryof /0) (Tgp(tas tr) = Ry /c)}
exp{ —j27rf0("rgll(t,1, ) — Rref/c)}

(29)

After the aforementioned dechirp operation (time—frequency transformation), the
time-domain echo signal is transformed into the range spectrum domain. Since the range
frequency is symmetric about the origin, the relationship between range and frequency in
the range direction is expressed as

fr=K (t, - Rref/c) (30)

Substituting Equation (30) into Equation (29), we get:

so(ta, fr) = Wa (tu ;ﬂta(])Wr(fr) eXP{*]'ZT((fr + fo) (Tg;(ta/tr) - RrEf/C) } (31)

where W, (f;) denotes the range—frequency envelope obtained from the Fourier transform
of the range window w,. To convert the echo signal of GEO SA FMCW BiSAR into the
2-D frequency-domain, an azimuth Fourier transform needs to be applied to so(f4, f;).
Specifically, MSR is utilized to determine the azimuth stationary phase point, thereby
yielding the 2-D spectrum. Substituting Equation (23) into Equation (31), the echo signal
phase of GEO SA FMCW BiSAR is written as

¢(ta, fr) = —271(fr + fo) (ao + aqty 4 ot + a3t + bt — R,ef/c) (32)

To simplify the application of MSR, the linear component is removed from the phase
in Equation (32). Thereby, the echo signal phase of GEO SA FMCW BiSAR is rewritten as

¢(ta, fr) = =27(fr + fo) (“o + oty + ast) + agty — Rref/C) (33)

By applying the principle of stationary phase (POSP), we obtain the mapping relation-
ship between the slow-time f; and the azimuth frequency f,, which is expressed as

¢(ta, fr) = =27(fr + fo) (zxo + ot + asty + ayty — Rref/c) — 27 fata (34)
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Finding the partial derivative of Equation (34) with respect to ¢,:

oP(ta,
74)(8;’ fr) _ —271(fr + fo) (2ata + Basty + 4ayty) — 271f, (35)
a
By setting Equation (35) to zero, the relationship between time and frequency in the

azimuth direction is expressed as

__fa
fr+f0

Through MSR, we obtain the stationary phase point in the azimuth direction, which is
expressed as

= 2ayty + Bazt? + daytd (36)

fa Basf? (943 —dmoay)f7 (37)

2m(fr+fo)  8a3(fr+fo)2 1665(fr + fo)?

ta(fa) =

Substituting Equation (37) into Equation (34), the 2-D frequency-domain phase of the
echo signal is expressed as

¢(fa, fr) = =27(fr + fo) ("‘O + U‘Ztg(fa) + “3t2(fa) + “4tf1‘(fu) _Rref/c>
— 27 fata(fa)

Notably, since the linear component of the echo signal was removed prior to the

(38)

application of POSP, it needs to be compensated at this stage. Based on Fourier transform
properties, equivalent compensation for this linear component is achieved by introducing a
frequency shift to the 2-D frequency-domain signal, i.e.,

. Ftq
so(ta fr) exp{—j27t(fr + fo)arta} == So(fa+ (fr + fo)ar, fr) (39)
and t,(f,) is transformed into t,( f, + (fr + fo)a1). Accordingly, Equation (37) is rewritten as

fat (frtfo)ar Bas(fat+ (fr + fo)wr)* (943 — dasay) (fa + (fr + fo)a)?
20(fr + fo) Sag(f, —|—f0)2 161xg(f, +f0)3

Thereby, the 2-D spectrum expression of GEO SA FMCW BiSAR with the high-
maneuvering receiver is expressed as

ta(fu + (fr ‘I‘fO)“l) -

(40)

So(fa, fr) = Wa(fa — fao)Wr(fr) exp{j¢(fa, fr)} (41)

where W;(f; — fa0) denotes the azimuth-frequency envelope, f,0 denotes the azimuth
Doppler center frequency, and ¢( f4, f+) represents the 2-D frequency-domain phase, with
the latter expressed as follows:

)
‘szt%( o+ (fr + fo)ar)
¢(fa, fr) = =27t(fr + fo) | +asty(fo+ (fr + fo)wr) | —27fata(fa+ (fr + fo)aa) (42)
+“4t3( o+ (fr + fo)ar)
_Rref/c

To decouple the 2-D spectrum between the range and azimuth directions, we compen-
sate for the residual phase in Equation (41).

Hy = exp{—j¢(fa, fr)} (43)
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Following the residual-phase compensation, the 2-D inverse Fourier transform is
applied to the 2-D spectrum to obtain the focused image.

image(ta, t;) = IFFT{W,(fa — fa0)Wr(fr) } = sinc(ta — ta0)sinc(t) (44)

This algorithmic flow is illustrated in Figure 7.

( Original echo signal )

H, Dechirping
27)

( Dechirped signal )

Removal of H
Residual Video Phase
(28)
Azimuth FFT
H Residual Phase
2 Compensation
(43)
2-D IFFT

( Focuse‘d image )

Figure 7. Process of 2-D frequency-domain imaging algorithm.

3.2. Algorithm Performance Analysis

To validate the feasibility of the proposed algorithm, we perform a third-order Taylor
expansion of the residual phase. This analysis demonstrates that the subsequent phase
compensation simultaneously achieves azimuth compression, RCMC, SRC, and high-order
range-azimuth decoupling.

Using a third-order Taylor expansion of Equation (42) with respect to f;, we obtain

P(far fr) =~ wo(fa) + wr(fa) fr + w2 (fa) f7 + w3(fa) 7 (45)

The first term of Equation (45), solely dependent on azimuth frequency, constitutes the
azimuth modulation term. Its compensation achieves azimuth compression. The second
term, linear with respect to range frequency, corresponds to range migration. Compensating
for it achieves RCMC. The third term, quadratic with respect to range frequency, is the
residual range modulation term. Its compensation achieves SRC. The fourth term represents
the high-order range-azimuth coupling term, resulting from the interaction between slow-
time and fast-time. Compensating for this term achieves high-order decoupling. The
coefficients of the third-order Taylor expansion are as follows:
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wo(fa) = 27t fapo — 27tfo (ao + oG — aapp + wafip — Rref/C)
w1(fa) = —27'[(060 — fom (4064118 — Baspf + 2062]10) + oyl — aapy + aal — Ryep/c + fa#l)

(43 + 2p2pi0)
wa(fa) =27 fapa = fo | —az((p3 + 2uapo) po + popd + 2pop3) | — Baaudus + dagpdps + 2aapop
oy (4pgps + 2(p3 + 2papo) 1)

(46)
(3 + 2piapio) s (145 + 2papio) o + papi + 2pop3)
+fatts + aa (4105145 +2(4 + 2pi240) 1)
2(2 2 Zra(u+2
ws(fy) = —2n g (2( Hajiy 2403 11y (1 + 2p2p0) popn)
| —as( ok F (2Hapa + 2Hops) o
+ (13 + 2papio) 1 + 2piapiopn
+a2 (2241 + 2p0p3)
The coefficients g, y1, pi2, and 3 in the above Taylor series are shown below:
_fataifo Bas(fa+ a1fo)* | (943 — daony) (fo + a1 fo)’
0= T2mafy 80313 160313
_ fa +3“3((fa+“1f0)2_“1f0(fa+“1f0))
" 2f 43f;
n 3(9a3 — 4agny) ((fa + a1 f0)® — w1 fo(fa + a1 /0)?)
160378
 fa 303 (3(fa + a1.f0)? + a3 f3 — 41 fo(fa + 21 f0))
H2 = 2“2f3 + 80&3f4
0 230 ) (47)
3(9“%—4a2064) 2(fﬂ+061f0) +0‘],§0(fﬂ+“1f0)
N —3ay fo(fa + a1fo)
160373
= J1_ 3 (2(fa + a1fo)* + &l f§ — Basfo(fa + a1f0))
20, fg 4033
10(fa +a1fo0)* — a3 f3
942 — dapn 170
N (3 o 4)< +907fg (fa + a1 fo) — 18w fo(fa + a1 fo)?
16a5f3

4. Simulation Verification

This section validates the effectiveness of the proposed 2-D frequency-domain imaging
algorithm. The system parameters are summarized in Table 3, which is introduced in
Section 2.3. The simulation scene is set as shown in Figure 8, where target points are equally
spaced in the range and azimuth directions, with a spacing of approximately 2 km. PT5(O)
is the central reference target.

To quantitatively evaluate the impact of the echo model under the “stop-and-go”
assumption for a high-maneuvering airborne receiver, we analyze the mean squared error
(MSE) of the focused images from two echo models. This analysis encompasses a range of
initial velocities and accelerations, with a fixed synthetic aperture length (L = 1000 m).

As illustrated in Figure 9, when a = 0 m/s?, the MSE curve of the proposed echo model
overlaps with that under the “stop-and-go” assumption. This consistency is expected be-
cause the proposed model reduces to the “stop-and-go” model under constant-velocity
conditions. This result validates the correctness of our derivation. Subsequently, accelera-
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tion (a = 25 m/s?) is introduced to simulate a high-maneuvering airborne receiver. The echo
model under the “stop-and-go” assumption exhibits a significant error jump under this
condition, with its MSE ranging from —28 dB to —21 dB. In contrast, the proposed model
demonstrates validity, with its MSE showing only a slight increase and stabilizing between
—43 dB and —40 dB. Across the entire velocity range, the proposed model provides an
imaging accuracy gain of approximately 15 dB to 20 dB compared to the echo model under
the “stop-and-go” assumption. Notably, under the condition of a = 25 m/s?, the MSE curve
of the echo model under the “stop-and-go” assumption displays a non-monotonic trend,
decreasing at higher initial velocities. This is attributed to the fact that for a fixed syn-
thetic aperture length, a higher initial velocity reduces the integration time of the synthetic
aperture, which in turn diminishes the cumulative phase error caused by acceleration.

Azimuth(m)
PT1 PT2 PT3
® o o

PT4  PT5(0) PT6
© L

Range(m)
PT7  PT8  PTQ 4

2km

Figure 8. The distribution of point targets.

-10 T T T T T T
©Proposed model (a = 25m/s?) QProposcd model (a = 0m/s?)
-5 E}Stop-and-Go model (a = 25m/s?) AStop-and-Go model (a = 0m/s?)

MSE (dB)
|
s
T
1

74%§ A 0 A

~50 1 1 1 1 1 1
50 100 150 200 250 300

Initial Speed (m/s)

Figure 9. Comparison of MSE variation with initial velocity between the proposed echo model and
the echo model under the “stop-and-go” assumption under different motion states.

Then, to validate the robustness of the proposed model with the high-maneuvering
airborne receiver, we examine the impact of platform acceleration on imaging accuracy
while keeping the initial velocity fixed. The acceleration direction is set along the vertical
direction. Therefore, when the acceleration is positive (a > 0), the receiver is undergoing an
accelerating ascent. Conversely, when the acceleration is negative (a < 0), the receiver is
undergoing an accelerating descent. As shown in Figure 10a,b, the MSE of the proposed
model remains consistently low (below —35 dB), demonstrating its robustness under
high-maneuvering motions. In contrast, the MSE of the model under the “stop-and-
go” assumption exhibits a significant jump (approx —25 dB) upon the introduction of
acceleration and remains at a high level thereafter.
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Figure 10. Comparison of MSE at the same initial velocity between the proposed echo model and the
echo model under the “stop-and-go” assumption under different accelerations. (a) Acceleration is
greater than zero. (b) Acceleration is less than zero.

4.1. Simulation Results for the Target

To verify the effectiveness of the proposed algorithm, the back-projection algorithm,
and the range migration algorithm are used to image the central target (PT5) shown in
Figure 8. Figure 11 shows the imaging results for all algorithms, respectively.

T T T
- -Back-projection Algorithm
Range Migration Algorithm

|| —Propsed Algorithm

T T T
- -Back-projection Algorithm
—5 11~ Range Migration Algorithm
||—Proposed Algorithm

Amplitude (dB)
W
(=)

=
[
=1
%)
S
|
w
|
o
|
[
w
o

0 0
Range (m) Azimuth (m)
(a) (b)

Figure 11. The comparative imaging results of PT5. (a) The range profile. (b) The azimuth slice profiles.

In the point-target slice profiles, the focusing performance of the proposed algorithm
demonstrates comparable quality to both the back-projection algorithm and the range
migration algorithm, confirming its effectiveness. We quantitatively evaluate the focusing
precision using range and azimuth slice profiles by calculating point-target parameters:
peak side-lobe ratio (PSLR), integrated side-lobe ratio (ISLR), and impulse response width
(IRW). As shown in Table 4, the range-focusing quality of the proposed algorithm is compa-
rable to that of the back-projection algorithm and superior to that of the range migration
algorithm. The slight degradation in azimuth focusing performance of the proposed al-
gorithm is attributed to the fourth-order Taylor-series approximation employed during
the MSR process. Furthermore, the proposed algorithm requires 0.229147 s, achieving a
speed-up factor of approximately 2.5 compared with the range migration algorithm and
more than 570,000 compared with the back-projection algorithm. In summary, the pro-
posed algorithm strikes a balance between computational efficiency and imaging precision,
outperforming the time-domain algorithm in speed and the frequency-domain algorithm
in accuracy.
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Table 4. Parameter values for algorithm accuracy and efficiency analysis of the proposed algorithm,
the back-projection algorithm, and the range migration algorithm.

Range Azimuth Running

PSLR (dB) ISLR(dB) IRW(m) PSLR(dB) ISLR(dB) IRW (m) Time (s)

The proposed algorithm —12.9063 —9.7356 5.3117 —12.6412 —10.2245 3.4861 0.229147
The back-projection algorithm —12.9140 —9.6915 4.9987 —13.1310 —10.6032 2.2528 132480

The range migration algorithm —11.4530 —9.4934 5.3192 —13.1220 —10.7580 3.5179 0.569932

Azimuth(samples)

83

63

43

2

w

=37

Next, to better analyze imaging performance, we perform interpolated magnification
on selected point targets PT3, PT5, and PT7, as shown in Figure 12, obtaining contour plots
for each target. Point-target evaluation metrics are listed in Table 5.

The theoretical values for PSLR and ISLR are —13.26 dB and —9.6 dB, respectively.
As shown in Table 5, both range and azimuth PSLR measurements for PT3, PT5, and
PT7 closely match theoretical values. Similarly, ISLR measurements in both dimensions
demonstrate close agreement with theoretical expectations.

N 60 35
80 4o 80 15 80
5 g _
60 & 20 60 & 60
g o 2 25 O ‘
£ gz 00
=
40 E -50 40 E 45 40
< <
20 —40 20 —65 20
219 239 259 279 299 319 339 -40 -20 0 20 40 60 —308 —288 —268 —248 —228 —208
Range(samples) Range(samples) Range(samples)

@)

(b) (c)

Figure 12. The 2-D frequency-domain algorithm processing for 2-D contour maps of PT3, PT5, and
PT7. (a) PT3 (b) PT5 (c) PT7.

Table 5. Evaluation parameters of point targets by the proposed algorithm.

PSLR (dB) ISLR (dB) IRW (m)
Position - 5 .
Range Azimuth Range Azimuth Range Azimuth
PT3 —12.9043 —12.6890  —9.6149 -9.0177 5.3133 3.4338
PT5 —129063 —12.6412  —9.7356  —10.2245 5.3117 3.4861
PT7 —12.4047 127250  —9.7942 —9.0778 5.3270 3.4347

Then, to further evaluate the effectiveness of the proposed algorithm, we conduct a
simulation using continuous targets. The simulation result is presented in Figure 13, where
Figure 13a shows the true distribution of the continuous targets, and Figure 13b displays
the simulated result. The structural similarity index of 0.7503 between the simulated result
and the true distribution confirms that the imaging output maintains high consistency
with the actual target distribution. All sub-targets within the continuous targets are well-
focused. Additionally, the continuous targets exhibit a smoothing effect due to the transfer
characteristics of matched filtering.

In summary, this subsection validates the effectiveness of the proposed algorithm
through point target and continuous target imaging simulations.
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Figure 13. The simulation result of 2-D frequency-domain algorithm for continuous targets: (a) the
true distribution of continuous targets, (b) the simulation result of continuous targets.

4.2. Practical Implementation Feasibility Analysis

In this section, to illustrate the practical feasibility of the proposed algorithm, we eval-
uate it in terms of real-time processing capability and robustness against noise interference.
The computational load of the proposed algorithm depends on 1-D/2-D FFT operations
and phase multiplications. Let N, and N, denote the number of sampling points in the
range and azimuth dimensions, respectively. As shown in Table 6, the total computational
complexity of our algorithm is O(N;N,log2(NyN,)). Since the proposed algorithm is a
frequency-domain imaging algorithm, the memory consumption mainly consists of the 2-D
raw data, intermediate spectra, and the final focused image. Therefore, the space complex-
ity of the algorithm is O(N; N, ). Using an i7-11800H 2.30 GHz processor for simulation, the
whole processing takes 0.229147 s, and the peak memory is 4812 Kb. Overall, the proposed
algorithm demonstrates near real-time processing performance.

In addition, the proposed algorithm mainly consists of FFT operations and point-wise
complex multiplications. Therefore, it benefits from mature FFT IP cores implemented on
FPGA, GPU or DSP processors, making real-time implementation feasible.

Table 6. The time complexity of each step in the proposed algorithm.

Step Complexity
Dechirp O(NyN,)
RVP Compensation O(NyN,)
Azimuth FFT O(NyNalogr(Ny))
Residual-Phase Compensation O(N;N,)
2-D IFFT O(N;N,loga(N;N,))

Additionally, to evaluate the noise robustness of the proposed algorithm, point-target
simulations are conducted by adding additive white Gaussian noise to the simulated
echoes at signal-to-noise ratio (SNR) levels ranging from 0 dB to 10 dB. Table 7 presents
the quantitative evaluation metrics, including PSLR, ISLR, and IRW for both range and
azimuth dimensions. It is observed that the imaging quality metrics exhibit stability across
all tested noise levels. As the SNR increases from 0 dB to 10 dB, the IRW fluctuates from
5.2958 m to 5.3135 m, while the azimuth IRW varies from 3.4518 m to 3.4891 m. Similarly,
the PSLR and ISLR for both range and azimuth directions exhibit variations smaller than
0.2 dB. In conclusion, the proposed algorithm exhibits strong robustness to noise and is
therefore suitable for practical radar operating environments.
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Table 7. The point-target resolution parameters reconstructed via the proposed algorithm under
different SNR levels.

SNR PSLR (dB) ISLR (dB) IRW (m)
Range Azimuth Range Azimuth Range Azimuth
0 —12.8227 —12.6059  —9.6566  —10.3342 5.3081 3.4891
5 —12.8835 —12.6220 —9.7346  —10.3659 5.3135 3.4849
10 —12.8301 —12.6156  —9.5424  —10.3088 5.2958 3.4518

5. Conclusions

This paper addresses the critical challenge of imaging for the GEO SA FMCW BiSAR
system with a high-maneuvering receiver, where the traditional “stop-and-go” assumption
is invalid. We propose a high-precision “non-stop-and-go” echo model that accurately
captures the receiver’s motion during the long propagation delay. Numerical analysis
demonstrates the superior accuracy of our model over the conventional one, showing a
significant reduction in both TDE and QPE. Building upon this model, a computationally
efficient 2-D frequency-domain imaging algorithm is developed. By employing POSP and
MSR, the algorithm effectively compensates for complex motion-induced effects, including
severe range—azimuth coupling and nonlinear phase error. Comprehensive simulations,
including point and distributed targets, validate the proposed algorithm. The results show
that our algorithm achieves focusing quality comparable to the back-projection algorithm,
while offering an improvement in computational efficiency. Meanwhile, computational
complexity analysis and simulation results under different SNR levels demonstrate the
feasibility of the proposed algorithm for practical implementation.

However, the current study still has several limitations. First, the present work
primarily considers the vertical maneuver component; three-dimensional motion and
higher-order parameters such as jerk have not been considered. Second, in the derivation
of the proposed algorithm, the spatial variation effect of range has not been taken into
account. Third, although additive white Gaussian noise has been evaluated, clutter, motion
parameter estimation errors, and non-Gaussian disturbances remain to be investigated.
Finally, although simulation results indicate that the proposed algorithm is capable of real-
time processing, its performance has not been verified on embedded hardware platforms.
Future work will therefore focus on extending the proposed model to three-dimensional
high-maneuvering platforms, improving robustness under practical environmental and
interference conditions, and implementing the algorithm on the embedded hardware
processor of the radar system to verify its real-time capability.
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