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Area Resolution for Bistatic Ultrawideband Ultrawide-
beam SAR

Conventional SAR resolution equations cannot be applied to ul-
trawideband ultrawidebeam systems, particularly, bistatic ultraw-
ideband ultrawidebeam systems. This is because the dependence of
system frequency response in the range and across range is not con-
sidered. In this case, area resolution, i.e., area of the resolution cell, will
be an alternative. This article introduces a new area resolution formula
for bistatic ultrawideband ultrawidebeam SAR systems based on the
relationship between radar signal frequency, range, and cross-range
wavenumbers for bistatic synthetic aperture radar.

NOMENCLATURE

List of Symbols
B Bandwidth.
ν· Radar frequency.
ω Angular frequency.
λ· Wavelength.
k· Wavenumber.
φ0 Geometrical integration angle.
φu + φl Bistatic integration angle.
x0 Bistatic aperture length.
rT X Distance between transmitter and aim point.
rRX Distance between aim point and receiver.
r Distance between aperture and aim point.
ρ0 Minimum distance between aperture and aim

point.
αT X Angle between�rT X and �ρ0.
αRX Angle between�rRX and �ρ0.
α Bistatic angle.
θT X Angle between�rT X and ground plane.
θRX Angle between�rRX and ground plane.
θ Angle between�r and ground plane.
ζ0 Average altitude of platforms.

I. INTRODUCTION

Resolution formulas are an important tool for designing
and evaluating SAR systems. On one hand, armed with these
formulas, we can regulate SAR systems parameters, such
as center frequency, bandwidth, integration angle, and SAR
geometry to obtain the desired resolutions. On the other
hand, measuring the practical resolutions at the output of
a SAR system, i.e., the SAR image, is one of the SAR
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image quality assessments to evaluate the performance of
the SAR system by comparing them, the practical resolu-
tions, with the theoretical resolutions given by the resolution
formulas.

Bistatic SAR refers to the SAR systems with transmitter
and receiver separated in space. The transmitter and receiver
can be carried by different platforms or even a single
platform with the antennas that are physically separated
(pseudomonostatic). This spatial separation gives bistatic
SAR unique advantages that have been shown in [1]. For ex-
ample, the transmitter platform of a bistatic SAR system can
be deployed far from an illuminated SAR scene to reduce
vulnerability for military applications, whereas the receiver
platform can be placed in the ground stations for simplifying
data processing tasks that normally require much effort.
With the multiple deployed receivers, a ground object can
be observed with different bistatic angles and this helps
to enhance the ability of classification. Bistatic SAR is also
evaluated as a robust solution for the left/right ambiguity and
the low cross-range resolution for the forward-looking SAR
problem. From a system design point of view, bistatic SAR
is more flexible than monostatic SAR, and thus, the cost to
build a bistatic system can be optimized. Bistatic SAR is also
suggested for clutter suppression when the clutter scattering
is dominated by the dihedral or trihedral scattering mecha-
nisms. To investigate the challenges of bistatic SAR, several
bistatic SAR experiments have been carried out using the
existing monostatic SAR systems. One of the early bistatic
experiments was the hybrid bistatic SAR constellation per-
formed in 2008 and 2009 by TerraSAR-X (spaceborne) and
PAMIR (airborne) [2]. Another experiment was performed
by two airborne systems LORA and SETHI in December
2009, namely, LORAMbist [3]. Recently, the experiments
with ultrawideband ultrawidebeam SAR systems have been
of interest. A bistatic P-band ultrawideband ultrawidebeam
SAR experiment was performed in November 2015 in
China [4]. The challenges with bistatic SAR, such as bistatic
synchronization and bistatic processing, come from the fact
that bistatic geometries are diverse because of the different
velocities and different altitudes of transmitter and receiver
platforms. This partly explains why the research on bistatic
have been focused on synchronization and algorithm devel-
opment [5]–[7]. Beside this, there have been other important
research on bistatic SAR and one of them is bistatic SAR
resolution.

A method to determine bistatic SAR spatial resolutions
was introduced very early based on the use of the gradi-
ent [8]. Since the formulas derived from the method were
given in an unclosed form, applying these formulas to design
and evaluate the bistatic SAR systems was limited. In [9],
this method was used to investigate Doppler and cross-range
resolutions for different bistatic forward-looking SAR ge-
ometries. Several bistatic SAR spatial resolution formulas in
closed form have been introduced through time, e.g., in [10]
and [11]. These formulas allow the estimation of bistatic
SAR spatial resolutions with bistatic SAR system param-
eters. However, these formulas aim at the conventional
bistatic SAR systems with small fractional bandwidths

(the ratio of bandwidth to center frequency B/ fc � 1) and
narrow integration angles (several degrees) in which the
dependency of system frequency response in the range and
cross-range directions are ignored. For the systems with
large fractional bandwidths and wide integration angles,
these bistatic SAR spatial resolution formulas cannot be
applicable. In such cases, area resolution will be an alter-
native because the area resolution includes the dependency
of system frequency response in the range and cross-range
directions.

The concept of area resolution formula was introduced
in [12] for the first time after CARABAS, a monostatic ul-
trawideband ultrawidebeam SAR system systems had been
emerged. However, the area resolution formulas derived
in [12] is only for monostatic SAR. An area resolution
formula for bistatic SAR is unavailable in literature and
still desired.

In this article, we present an investigation on area
resolution aiming at bistatic ultrawideband ultrawidebeam
SAR systems. The investigation is based on an analytical
function representing the region support of bistatic SAR,
i.e., 2-D Fourier transform of the bistatic SAR image with
a single point-like scatterer. This function shows, therefore,
the relationship between the wavenumbers in slant-range
and cross-range, the radar signal frequency and the bistatic
geometry. The function allows the derivation of a bistatic
SAR area resolution.

The rest of this article is organized as follows. The
relationship between radar signal frequency, range and
cross-range wavenumbers for bistatic SAR is introduced in
Section II. Area resolution for bistatic SAR is investigated
in Section III. An area resolution formula and its simplified
forms in the special case are also derived in this section.
Section IV presents the simulations to validate the derived
formulas. Finally, Section V concludes this article.

II. RELATIONSHIP BETWEEN RADAR SIGNAL
FREQUENCY, WAVENUMBERS AND BISTATIC
SAR GEOMETRY

The relationship between radar signal frequency, slant-
range and cross-range wavenumbers, and bistatic SAR ge-
ometry can be derived from the kernel of the backprojec-
tion algorithm [13] and the method of stationary phase.
The nomenclature is like the one that has been used for
the derivation the ground-range and cross-range resolution
formulas given in [10]. Fig. 1 provides the illustration of
bistatic SAR geometry in a general case where the velocities
of transmitter and receiver platforms are different. The
coordinates of the transmitter and receiver platforms in
each aperture position determine the foci of an ellipsoid for
the data backprojection (black solid-filled curve in Fig. 1).
The center of ellipsoid is, therefore, the midpoint of
these coordinates. A set of centers of ellipsoid will form
the bistatic aperture (black circles in Fig. 1). The bistatic
aperture is a base from which to define the slant-range plane
(�ξ, �ρ ). It is important to highlight that the ground-range
plane is defined by (�ξ, �η).
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Fig. 1. Bistatic SAR geometry in a general case.

A. Derivation

According to [10], the cross-range wavenumber kξ is
given by

kξ = 2πν

c0
(sin αT X + sin αRX ) (1)

where c0 is the speed of propagation.
To derive the relationship between radar signal fre-

quency, wavenumbers (slant-range and cross-range) and
bistatic geometry bistatic SAR, the slant-range wavenumber
kρ is needed instead of the ground-range wavenumber kη

that has been derived in [10]. The slant-range and ground-
range are linked by

η =
√

ρ2 − ζ 2
0 . (2)

The slant-range wavenumber is, therefore, derived by

kρ = 2πν

c0

∂ (rT X + rRX )

∂ρ
= 2πν

c0

∂ (rT X + rRX )

∂η

∂η

∂ρ
. (3)

The first part of (3) will result into the ground-range
wavenumber kη [10]

kη = 2πν

c0

∂ (rT X + rRX )

∂η

= 2πν

c0
(cos αT X cos θT X + cos αRX cos θRX ) . (4)

The second part of (3) is derived from (2) as

∂η

∂ρ
= ρ√

ρ2 − ζ 2
0

= 1

cos θ
. (5)

The final expression of the slant-range wavenumber kρ is
shown to be

kρ = 2πν

c0

(
cos αT X

cos θT X

cos θ
+ cos αRX

cos θRX

cos θ

)
. (6)

To derive the desired relationship, we calculate the
Euclidean norm of the vector [kξ , kρ]√

k2
ξ + k2

ρ = 2πν

c0
χ (7)

which can be rewritten

ω = c0

χ

√
k2
ξ + k2

ρ (8)

where χ is so-called the bistatic factor and given by (9)
shown at the bottom of this page. Equation (8) represents the
relationship between radar signal frequency, wavenumbers,
and bistatic SAR geometry

B. Approximations

In operational scenarios, the angles θT X and θRX are
generally different and there is no approximation that can
be applied to (9). But in some cases, the difference between
θT X and θRX is relatively small. For example, in the bistatic
experiment [2], |θT X − θRX | ≤ 10o. With this knowledge,
we can approximate the quotients in (9) with

cos θT X

cos θ
≈ 1 and

cos θRX

cos θ
≈ 1. (10)

Under such circumstances, we can simplify (9) to

χ ≈
√

(sin αT X + sin αRX )2 + (cos αT X + cos αRX )2

≈
√

2 + 2 cos (αT X − αRX )

≈ 2 cos

(
αT X − αRX

2

)
= 2 cos

α

2
(11)

where α is commonly known as the bistatic angle [1].
The approximate relationship between signal frequency,
wavenumbers and bistatic SAR geometry will, therefore,
be written as

ω ≈ c0

2 cos (α/2)

√
k2
ξ + k2

ρ. (12)

In a more special case where the angles αT X ≈ αRX , the
bistatic angle is approximated by α ≈ 0o. Consequently, the
approximate relationship is further simplified to

ω ≈ c0

2

√
k2
ξ + k2

ρ. (13)

Equation (13) represents the well-known relationship be-
tween signal frequency, range and cross-range wavenum-
bers in the monostatic case.

C. Bounds for Wavenumbers

The bounds for the wavenumbers kξ and kρ depend not
only on the maximum and minimum operating frequencies
but also bistatic SAR geometry, especially the initial and
last SAR platform positions. These parameters decide the
shape of support region of a bistatic SAR image. Fig. 2
illustrate a bistatic SAR region of support in the form of
arch and marked by the hatched lines. The circular arch
corresponds to a monostatic SAR region of support with
the same frequency range and integration angle.

The bound for kξ can be retrieved based on (1) as

−2πνmax

c0

(
sin αTl + sin αRl

)
≤ kξ ≤ 2πνmax

c0

(
sin αTu + sin αRu

)
(14)

where the angles (αTl , αRl ) and (αTu , αRu ) are the angles
(αT X , αRX ) estimated with the reference coordinates x =
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Fig. 2. Bistatic SAR region of support.

−x0/2 and x = −x0/2, providing the upper and lower
bounds of kξ , respectively.

Based on (8), we can find the bound for kρ when kξ = 0

2πνmin

c0
χ0 ≤ kρ ≤ 2πνmax

c0
χ0 (15)

where χ0 is a value of χ that corresponds to the set of
angles (αT0 , αR0 , θ0, θT0 , θR0 ), calculated for the reference
coordinate x = 0.

D. Bistatic Integration Angle

The integration angle synthesized by a bistatic SAR
system is different from the geometrical integration angle φ0

that is used for the monostatic case. The bistatic integration
angle can be derived from the bounds for kξ given by (14)
and the corresponding kρ . As sketched in Fig. 2, the bistatic
integration angle is estimated by

φu + φl = atan

{
cos θu

(
sin αTu + sin αRu

)
cos αTu cos θTu + cos αRu cos θRu

}

+ atan

{
cos θl

(
sin αTl + sin αRl

)
cos αTl cos θTl + cos αRl cos θRl

}
.

(16)

In the case where the approximations given by (10) are
available, the bistatic integration angle is approximated by

φu + φl ≈ αTu + αRu

2
+ αTl + αRl

2
. (17)

The bistatic integration angle is approximated by the
geometrical integration angle, i.e., monostatic integration
angle when αTu − αRu ≈ 0 and αTl − αRl ≈ 0, i.e., αTu ≈
αRu ≈ φ0/2 and αTl ≈ αRl ≈ φ0/2.

Fig. 3. Simulated bistatic geometry, bistatic angle, and corresponding
factors. (a) Bistatic geometry. (b) Bistatic angle. (a) Bistatic factors.

III. AREA RESOLUTION

The concept of area resolution formula was introduced
in [12] for the first time after CARABAS, a monostatic
ultrawideband ultrawidebeam SAR system systems had
been emerged. It was recognized that the resolution for-
mulas that are used for conventional SAR systems do not
consider the dependency of system frequency response in
the range and cross-range directions. This is available for the
conventional SAR systems with small fractional bandwidth
and narrow integration angle so that the region of support
matches approximately to a rectangle. Ultrawideband ultra-
widebeam SAR systems such as CARABAS are not under
such circumstances. For the bistatic cases, under the same
circumstances, the region of support matches approximately
to a parallelogram. Without considering the dependency of
system frequency response in the range and cross-range
directions, it is possible to derive the spatial resolutions
formulas, as presented in [10] and [11]. However, for
ultrawideband ultrawidebeam bistatic SAR systems, the
dependency of system frequency response in the range and
cross-range directions cannot be ignored. As observed in
Fig. 2 and later in Fig. 4(b), a parallelogram is generally not
optimum for bistatic ultrawideband ultrawidebeam SAR. In

χ =
√

(sin αT X + sin αRX )2 +
(

cos αT X
cos θT X

cos θ
+ cos αRX

cos θRX

cos θ

)2

. (9)
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Fig. 4. Images of SAR scene and regions of support. (a) SAR image
with αmax = 75.9°. (b) Region of support for (a). (c) SAR image with
αmax = 10.4°. (d) Region of support for (c). (e) SAR image with αmax

= 0°. (f) Region of support for (e).

this case„ area resolution should be a good replacement for
these spatial resolutions formulas and used as an assessment
for bistatic ultrawideband ultrawidebeam SAR systems.
Using the same nomenclature presented in [12], we can
derive the lower bound for the area resolution provided by a
bistatic ultrawideband ultrawidebeam SAR system. Hence,
the lower bound is defined by

�A ≥ (2π )2

�
(18)

where � is the region of support. It is given by the area of
the arch

� =
∫ +φu

−φl

1

2

[
4πνmax

c0
χ (φ)

]2

− 1

2

[
4πνmin

c0
χ (φ)

]2

dφ

= (2π )2 1

λc

2B

c0

∫ +φu

−φl

χ2 (φ)

2
dφ (19)

where the bistatic integration angle φu + φl is defined in
(16) and different from the geometrical integration angle
φ0, that is limited by the beamwidth after a bistatic spatial
synchronization, λc denotes the center wavelength of the
radar signal. Since the factor χ varies with respect to φ,
or in other words the aperture position, it is reasonable to
write χ (φ). However, it is most likely impossible to obtain
an analytical expression for χ as a function of φ due to the
fact that bistatic geometries are very complicated. With the
availability of transmitter and receiver platform coordinates,
the set of values of χ with respect to φ can be estimated.

If the maximum value of the factor χ is χmax, then we can
apply the monotonicity property of integral to find its upper
bound as

(2π )2 1

λc

2B

c0

∫ +φu

−φl

χ2 (φ)

2
dφ ≤ (2π )2 1

λc

2B

c0

∫ +φu

−φl

χ2
max

2
dφ

≤ (2π )2 2 (φu + φl )

λc

2B

c0

(χmax

2

)2
. (20)

Consequently, the lower bound of bistatic SAR area reso-
lution is derived by

�A ≥ λc

2 (φu + φl )

c0

2B

(χmax

2

)−2
. (21)

In the less general case where the difference between
θT X and θRX is relatively small, the lower bound of bistatic
SAR area resolution is simplified

�A ≥ λc(
αTu + αRu + αTl + αRl

) c0

2B

(
cos

αmin

2

)−2
(22)

where αmin is the minimum bistatic angle.
In the special case where the angles αT X = αRX , the

bistatic angle will be α = 0o. The lower bound of bistatic
SAR area resolution is further simplified to

�A ≥ λc

2φ0

c0

2B
(23)

Equation (23) is identical to (7) in [12] that is the lower
bound for area resolution for the monostatic case.

IV. SIMULATIONS

In this section, we provide some simulation results
to show the practical issues with the spatial resolution
formulas when applying to ultrawideband ultrawidebeam
bistatic SAR systems. The results also validate the area
resolution formula (21) proposed in the previous section.
In the simulations, we use the parameters of CARABAS-II
(transmitter) and CARABAS-III (receiver) to ensure that
the simulated system is an ultrawideband ultrawidebeam
SAR system with an extreme bistatic geometry.

A. Arrangement

The transmitter is simulated with the parameters of
CARABAS-II with the fractional bandwidth B/ fc ≈ 1.2
and 20480 aperture positions, while the passive receiver
is simulated with the motion parameters of CARABAS III
(speed and altitude). The main parameters for the simula-
tions are summarized in the upper part of Table I. The speed
of the receiver platform (helicopter) is 3 times lower than
the one of transmitter platform (aircraft). The difference
between the flight altitudes of the platforms is about 1700 m.
Some supplemental parameters for the simulations are given
in the lower part of table. The flight headings are −2.5o the
transmitter platform and 7.5o for the receiver transmitter
platform. The flight paths are sketched in Fig. 3(a). The
bistatic aperture is formed by the midpoints of the transmit-
ter and receiver coordinates and marked by the black solid
line.
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TABLE I
Simulation Parameters

The ground scene is simulated with a single point-like
scatterer placed in the center of the SAR scene and symmet-
ric with respect to the bistatic aperture. It is marked by the
cross in the upper part of Fig. 3(a). The radar cross-section
of the scatterer is normalized to one.

With such extreme arrangement, the geometrical inte-
gration angle is about φ0 ≈ 103.5o under the assumption
that the antennas are omni-directional and the spatial syn-
chronization is managed successfully. The bistatic angle is
shown to be φu + φl ≈ 51.8o+ ≈ 31.2o = 83.1o and sig-
nificantly narrower than the geometrical integration angle.
The bistatic angle varies widely with respect to the platform
positions and is up to 75.9o as given in Fig. 3(b). The value
of bistatic factor χ estimated for each aperture position are
provided in Fig. 3(c). The factor χ varies complicatedly
with respect to the aperture positions and its values are in
the range [1.72, 2.00]. As observed, it is very hard or even
impossible to find an analytical function representing this
bistatic factor.

Fig. 4(a) provides the zoomed-in section of the SAR
image in the slant-range plane (ξ, ρ ). The simulated point-
like scatterer is well focused and the effects of both the
ultrawideband ultrawidebeam and bistatic characteristics,
i.e., separated sidelobe in cross-range and tilted sidelobe in
slant-range, can be recognized by looking at the sidelobes
of the point-like scatterer. The 2-D Fourier transform of the
SAR image is given in Fig. 4(b) in the form of arch.

B. Area Resolution

1) Exact Value: Although the mathematical represen-
tation of χ (φ) is unavailable to calculate the integral (19),
we can still estimate the region of support by applying
numerical integration to (19) thank to the available values
of χ (φ) calculated for all aperture positions. First, we
apply the composite trapezoid rule with the step sizes h =
φ0/4 and 2h = φ0/2, and obtain �h = (2π )20.1884m−2 and
�2˜h = (2π )20.1891m−2, respectively. Then, we apply the
Richardson extrapolation on these results to get a better
estimation

� = �h + �h − �2˜h

3
= (2π )2 0.1882m−2 (24)

with the truncation error is about 7 × 10−4. The exact lower
bound of the area resolution according to (18) is, therefore,
�A ≥ 5.3130m2.

2) Conventional Spatial Resolution Formulas: If we
use the spatial resolution formulas proposed for conven-
tional SAR systems, e.g., the ones introduced in [10], the
lower bounds for cross-range and slant-range resolutions
are

�ξ = c0

√
1 + σ 2

4νmax sin (φ0/2)
≥ 1.1683m (25)

�ρ = c0

√
1 + σ 2

2B
≥ 2.4970m (26)

where σ = f /r, i.e., the ratio of the ellipsoid’s focus to its
radius (see Fig. 1). The values of 1 + σ 2 calculated for each
aperture position are provided in Fig. 3(b). The minimum
value of σ is 0.1361 resulting in the minimum value of
bistatic factor

√
1 + σ 2

min = 1.0092 and this value was used
in (25) and (26). The lower bound for the area resolution is
calculated by

�A = �ξ × �ρ ≥ 2.9173m2 (27)

under the assumption that the region support of conventional
SAR is a parallelogram. Comparing this value to the exact
value, the relative error is about 45%.

3) Area Resolution Formula: The maximum value of
the bistatic factor shown in Fig. 3(b) is χmax = 2.0006.
Equation (21) gives an estimation of area resolution lower
bound as

�A ≥ λc

2 (φu + φl )

c0

2B

(χmax

2

)−2
= 4.9002m2. (28)

Comparing this value to the exact value, the relative error
is estimated only about 8%.

C. Further Evaluation

To further evaluate the proposed area resolution for-
mula, a simple case and a special case are considered here.

For the former, the system parameters of transmitter and
receiver, and the simulated ground scene are maintained. We
only change motion parameters of the platforms so that the
bistatic aperture is unchanged whereas the bistatic angle
increases monotonically in the range of [0.25o 10.4o] and
the bistatic factor χ varies in the range of [1.9802, 2.0000].
Fig. 4(c) shows the zoomed-in section of the SAR image in
the slant-range plane (ξ, ρ ) and the 2-D Fourier transform
of the SAR image is given in Fig. 4(d) in the form of arch.
The bistatic integration angle is shown to be φu + φl ≈
51.7o+ ≈ 52.4o = 104.1o that is even slightly wider than
the geometrical integration angle. Applying the composite
trapezoid rule with the step sizes h = φ0/4 and 2h = φ0/2,
and then applying the Richardson extrapolation gives us
the area � = (2π )20.2533m−2 with the truncation error is
0 (random). The exact lower bound of the area resolution
is, therefore, �A ≥ 3.9477m2. Using (10), we obtain an
estimation of area resolution lower bound �A ≥ 3.9142m2.
Comparing this value to the exact value, the estimated
relative error is less than 1%.
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TABLE II
Exact and Estimated Area Resolution for Different Cases

For the later, the system parameters of transmitter and
receiver, and the simulated ground scene are also main-
tained. We change motion parameters of the platforms so
that the bistatic aperture is unchanged whereas the bistatic
angle is zero, the bistatic factor is a constant χ = 2.00
and φu + φl = φ0 = 103.5o. Hence, this special case corre-
sponds to the monostatic case. Fig. 4(e) shows the zoomed-
in section of the SAR image in the slant-range plane (ξ, ρ )
and the 2-D Fourier transform of the SAR image is given
in Fig. 4(f) in the form of arch. Applying the composite
trapezoid rule with a step size, e.g., h = φ0/2, gives us the
exact area � = (2π )20.2540m−2. The exact lower bound
of the area resolution is, therefore, �A ≥ 3.9368m2. Using
(21), we obtain an estimation of area resolution lower bound
�A ≥ 3.9368m2 that is identical to the exact value.

All the area resolution values of the considered cases
are summarized in Table II.

V. CONCLUSION

The main contribution of this article is the area res-
olution formula for bistatic ultrawideband ultrawidebeam
SAR given by (21). The formula is given in closed form
and valid for general bistatic SAR geometries. The for-
mula was derived using the relationship between signal
frequency, wavenumbers, and bistatic SAR geometry (9).
The validation and evaluation for the proposed formula are
performed with the several simulations. For the extreme
case where the bistatic angle is up to 76o, the proposed
formula had provided a good estimation of bistatic SAR
area resolution with a relative error less than 8%. For the
simple case with small bistatic angles, e.g., up to about 10o,
the relative error caused by the proposed formula is less
than 1%. The simulations also showed that it is possible
to retrieve the exact value of the area resolution by using
numerical integration, e.g., trapezoid rule in combination
with the Richardson extrapolation.

The area resolution formula (21) facilitates bistatic res-
olution analysis. We can see that the area of the resolution
cell depends on radar signal bandwidth, center frequency
and integration angle. A higher center frequency, wider
bandwidth and wider integration angle will result in better
area resolution. However, the area resolution depends also
on bistatic geometry that is represented by the factor χ .

Although the factor χ varies complicatedly with respect
to the aperture positions, under certain circumstances, this
factor is shown to be proportional to the factor σ or inversely
proportional to the bistatic angle α as expressed by (22).

VIET T. VU , Senior Member, IEEE
Blekinge Institute of Technology, Karlskrona,
Sweden
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