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Abstract: Due to the short revisit time and large coverage of Geosynchronous synthetic aperture
radars (GEO SARs) and the increasing number of low earth orbit synthetic aperture radar (LEO
SAR) constellations, radio frequency interference (RFI) between GEO SARs and LEO SARs may
occur, deteriorating the quality of SAR images. Traditional methods only simplify RFI to noise-like
interference without considering the signal characteristics. In this paper, to accurately evaluate
the impacts of GEO-to-LEO RFI and LEO-to-GEO RFI on imaging quantitatively, an RFI-impact
quantitative analysis model is established. Taking account of the chirp signal form of SAR systems,
the RFI power and image Signal-to-Interference-plus-Noise Ratio (SINR) are theoretically deduced
and validated by numerical experiments. Based on the proposed method, the SAR image quality
under different system parameters and bistatic configurations is estimated, and the probability of
different configurations is also given. The results show that specular bistatic scattering RFI between
GEO SARs and LEO SARs has serious effects on imaging, and the probability can approach 2% for
certain orbital parameters and will become higher as LEO SAR constellations increase in the future,
implying the necessity to suppress the RFI between the GEO SAR and the LEO SAR system.

Keywords: RFI; geosynchronous synthetic aperture radar; bistatic synthetic aperture radar; specu-
lar scattering

1. Introduction

Synthetic aperture radars (SAR) have been widely used in Earth remote sensing,
which can provide images with high resolution and wide swath under day-and-night
conditions [1,2], having an important role in disaster monitoring [3,4]. However, SAR
systems may be exposed to other non-coherent electromagnetic signals with the same or
adjacent signal frequencies, called radio frequency interference (RFI) [5]. Taking an L-band
SAR as an example, it may be affected by devices working in the same or adjacent frequency
bands such as television, radio and communication equipment [6], radio navigation systems,
early warning radars, wind profile radars, etc. [7–9]. Moreover, devices working in different
frequency bands may also cause interference through harmonics [10].

RFI has been observed in current SAR systems, such as L-band JERS-1 [11], ALOS
PALSAR [12,13], C-band Sentinel-1A [14,15] and X-band Terra-SAR-X [16,17]. RFI usu-
ally affects the image contrast (causing image blur) [5,18–20], changing the polarization
characteristics [5,21] and introducing interferometric phase error to an interferometric
SAR (InSAR) system [22,23]. Therefore, studies on RFI are important for improving the
performance of SAR systems in complex electromagnetic environments [13,24–26].

Geosynchronous (GEO) SAR has great advantages such as large coverage and a short
revisit time, providing rapid response and continuous observation of disaster areas [27–31].
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However, due to its large coverage, GEO SARs are prone to observing the same area as low
earth orbit (LEO) SARs simultaneously, potentially resulting in strong main lobe coupling
between the two systems. As a result, GEO SAR signals can be received by a LEO SAR.
Similarly, LEO SAR signals may be received by a GEO SAR, deteriorating SAR images if
they have the same signal frequency. Furthermore, the large coverage and short revisit time
of GEO SARs may increase the probability of RFI with LEO SARs.

Few studies have been carried out on the RFI between GEO SARs and LEO SARs.
Monti-Guarnieri et al. discussed image Signal-to-Interference-plus-Noise Ratio (SINR)
and transmission power requirement in the case of specular scattering and non-specular
scattering, respectively. Moreover, they proposed a statistical model to evaluate the average
of the RFI that GEO SARs receive from 30 X-band LEO SARs [32,33]. However, these
studies did not consider the transmitted signal form of RFI sources and believed that RFI,
with the overlap of GEO SAR and LEO SAR beams, would perform as noise and raise the
noise floor. In fact, the RFI with chirp signal form could also obtain certain gain in SAR
processing (although it would be small). In addition, according to the SAR geometry, only
part of the overlap of the LEO SAR and GEO SAR beams can affect the single pixel SINR
instead of the entire overlap. Furthermore, there are only a few studies on the impact of
GEO-to-LEO RFI other than our previous work [34]. Therefore, based on [34], we make
further efforts to evaluate the impact of RFI between GEO SARs and LEO SARs on imaging
in this paper. Since SINR is an important indicator for measuring the image quality, an
accurate image SINR in the presence of RFI was deduced.

To obtain the image SINR, the signal power and RFI power was calculated. The
signal power was easy to obtain via radar equations, but there were two problems in the
calculation of RFI power: (1) the RFI power given by the bistatic radar equation represented
the energy scattered by a single resolution cell, but in fact, RFI defocused in SAR processing
and generated an interference zone. As a result, the single resolution cell was affected by
the area we were interested in containing an abundance of resolution cells. (2) It is generally
believed that RFI has no gains in SAR processing. However, chirp signals can obtain some
gains when mismatch occurs. The two issues are not mentioned in current research on RFI,
which is the gap this paper strives to fill.

Furthermore, the degree of RFI influence depends on the observation geometry. Dif-
ferent geometric configurations cause different bistatic scattering coefficients due to the
complex geometry of spaceborne SARs. For example, the bistatic scattering coefficient
in the case of specular scattering is much higher than that in the case of non-specular
scattering. As a result, the dynamic range of SINR is large and the level of impact is various.
Therefore, the SINR in different configurations and the corresponding probability should
be assessed, helping to avoid RFI impacts on SAR images by optimizing the orbital design
of spaceborne SARs.

We focus on the impacts of RFI between GEO SARs and LEO SARs with the same center
frequency on imaging. Considering the chirp signal form and the azimuth spectrum aliasing
caused by different PRF of SAR systems, a RFI impact quantitative analysis model was
established. Furthermore, the image SINR in the present of RFI was theoretically deduced
and verified by experiments. Based on the theoretical analysis, the SAR image SINR for
different system parameters, bistatic configurations and the corresponding probability
are given.

This paper is organized as follows. In Section 2, the gain obtained by RFI in SAR
processing is derived, then the receiving aperture area is analyzed, and an accurate image
SINR calculation method is proposed. In Section 3, the method is verified by computer sim-
ulations, and the SINR with different pulse widths, bandwidths and bistatic configurations
is given. In Section 4, a method for calculating the probability of different configurations is
proposed, and the probability of specular scattering for different constellation elements is
given. In Section 5, the final conclusions are drawn.
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2. Accurate Modeling of SINR in the Presence of RFI
2.1. RFI Impact Quantitative Analysis Model

A sketch map of when a GEO SAR and a LEO SAR observe the same target is shown
in Figure 1. O represents the position of the target, illuminated by a LEO SAR and a GEO
SAR at the same time, L is the position of the LEO SAR, OL is the slant range of the LEO
SAR, G is the position of the GEO SAR, OG is the slant range of the GEO SAR, x̂ is the unit

vector of the projection of
→

OL on the scene plane, ẑ is the normal unit vector of the scene, ŷ
is determined by the cross product of orthonormal basis ẑ and x̂, θ1 is the incidence angle
of the LEO SAR (or GEO-to-LEO RFI bistatic scattering angle to LEO SAR) and θ2 is the
incidence angle of the GEO SAR (or LEO-to-GEO RFI bistatic scattering angle to GEO SAR);
β is the bistatic angle and ϕ is the out-of-plane angle of the bistatic scattering direction.
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Figure 1. Schematic diagram when a GEO SAR and a LEO SAR observe the same target. 
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The echo of a single target with RFI and noise can be expressed as [35]

x = s + i + n (1)

where s is the target signal, i is the RFI signal, n is the noise. Then, SAR processing can be
described as

Im = x⊗ G = sG + iG + nG (2)

where Im is the imaging result, G is the point target response of SAR processing, and sG,
iG, nG are the SAR processing result of s, i and n, respectively. Obviously, RFI enters the
receiver and signal processing system with the target signal at the same time. As a result,
the output image Im is the linear summation in the complex domain, performing as noise
or ghost targets and deteriorating the image.

We adopted SINR to judge whether the RFI can be neglected or not. When the image
SINR falls below 5 dB, the image quality is poor, leading to loss of detailed information [36].
Considering the SAR receiver, the definition of SINR is [32,33]

SINR =
Ps

Pth + PRFI
(3)

where Ps is the power of sG, which can be obtained from the SAR radar equation [37].In
digital signal processing, echo focusing is considered as coherent accumulation, thus, its
amplitude gain can be written as Na × Nr, where Nr and Na are the sampling point
number in the range direction and the azimuth direction, respectively. Since, Nr = Tps fs
and Nr = TsPRFs, where Tps, fs, Ts and PRFs are pulse width, sampling rate, integration
time and pulse repetition frequency (PRF) of the disturbed SAR system, respectively, Ps
can be written as

Ps = PtsGts
2σ0ρaρgrλs

2(Tps fs
)2
(Ts · PRFs)

2/(4π)3Rs
4 (4)
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where Pts, Gts, Rs and λs are the peak transmitted power, antenna gain, slant range and
wavelength of the disturbed SAR system, respectively. σ0 is the normalized backscatter
coefficient, ρa and ρgr are azimuth resolution and ground range resolution, respectively.

Pth is the power of nG. Since the thermal noise is usually considered as a stochastic
process, it is superimposed incoherently in SAR processing. As a result, the power gain of
the thermal noise is Na× Nr. Then, Pth can be written as

Pth = GthkBTthB =
(
Tps fs

)
(Ts · PRFs)kBTthB (5)

where kB = 1.38× 10−23J/k is the Boltzmann constant, Tth is the thermal noise temperature,
B is the bandwidth of the receiver and Gth is the gain caused by the incoherent accumulation
of thermal noise.

PRFI is the power of iG. Since RFI comes from other spaceborne SARs, according to
the bistatic radar equations [38], RFI power affecting the pixel after SAR processing can be
written as

PRFI = GRFI
PtiGiσB As Ars

(4π)2Ri
2Rs2

(6)

where Pti, Gi and Ri are the peak transmitted power, antenna gain and slant range of the
RFI source SAR system, respectively. σB is the bistatic scattering coefficient, Ars is the
antenna aperture area of the disturbed SAR, As is the receiving aperture area, and GRFI is
the gain obtained by RFI in SAR processing.

2.2. Times Series of GEO SARs and LEO SARs

For one observation, the GEO SAR may keep working for several hours (or dozens
of minutes) with a quite low PRF (hundreds of Hertz) and the LEO SAR may only work
for several minutes with thousands of Hertz. As shown in Figure 2, ∆t is the time interval
between the first pulse of the LEO SAR and the first pulse of the GEO SAR; the green
envelope is from GEO SAR and the red envelope is from LEO SAR. Obviously, the RFI
from GEO SAR may be received every few LEO SAR pulses, while the RFI from LEO SAR
may be received several times in one GEO SAR pulse. In fact, the RFI far away from the
echo signal in fast-time domain cannot affect the imaging result, so Figure 2 only shows the
RFI from LEO SAR, which is close to the GEO SAR pulses.
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2.3. Gains in Mismatched Filtering

RFI signals from other SAR systems usually have a different Frequency Modulation
(FM) rate from the disturbed SAR system and, as a result, they can be mismatched and
defocused. Even so, RFI from the SAR systems could still obtain certain gain. Generally, the
gain is much smaller than that of matched filtering due to the chirp signal form of RFI. To
evaluate the image SINR accurately, we discuss the gains obtained in mismatched filtering.

According to the digital signal processing theory and the principle of stationary phase
(POSP), when mismatched filter is adopted on two chirp signals with a time domain
amplitude of 1, different pulse width (Tp1 and Tp2) and FM rate (k1 and k2), and the
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sampling rate satisfies the Nyquist Sampling Theorem for both signals, the output can be
written as

s(t) = 1/
√
|k2 − k1|rect

(
t/Tp

)
exp

{
−jπkrt2

}
(7)

where k1 6= k2, kr and Tp are the FM rate and pulse width of the output signal, and they
can be written as (8) and (9), respectively. Details are given in Appendix A.

kr = k1k2/|k2 − k1| (8)

Tp = min
(
k1Tp1, k2Tp2

)
/kr (9)

Obviously, the pulse width Tp after mismatched filtering is related to the smaller
bandwidth and FM rate of the two chirp signals.

Moreover, the amplitude gain obtained in mismatched filtering can be expressed as

Gmismatched = fs/
√
|k2 − k1| (10)

where fs is the sampling rate [39]. Note that the gain in this paper refers to that in digital
signal processing in particular.

2.4. RFI Power Affecting the Pixel after SAR Processing

Based on Section 2.1, both Ps and Pth are easy to estimate, but PRFI deserves further
study. According to (6), the gain obtained by RFI in SAR processing and the receiving
aperture area are crucial to PRFI . Both the two elements are different for GEO-to-LEO RFI
and LEO-to-GEO RFI. Thus, we will discuss the power of GEO-to-LEO RFI and LEO-to-
GEO RFI, respectively.

2.4.1. GEO-TO-LEO RFI

When the beam coverage overlaps, RFI between GEO SARs and LEO SARs may
occur. The beam coverage of GEO SARs is usually much larger than that of LEO SARs.
Therefore, only LEO SAR beam coverage should be considered. As shown in Figure 3, the
red frame represents the beam coverage of a LEO SAR (the antenna of LEO SARs is usually
rectangular). Point A, B, C, and D are illuminated by both the LEO SAR and the GEO SAR
at the same time. Thus, the RFI, which is transmitted by the GEO SAR and scattered by
these points, would affect the LEO SAR. The RFI scattered by point A produces a yellow
interference zone after the SAR processing. Since the GEO-to-LEO RFI scattered by point
A and point B has the same parameter for (9), according to the principle of SAR, point
B, located in the same range cell as point A, would produce the same interference zone
as point A. The same is true for point C and D. Point O is at the junction of the yellow
interference zone (generated by A and B) and the pink interference zone (generated by C
and D). Based on the geometry, the interference zone formed by all the units in zone ABCD
will affect cell O. Assuming there are N cells in total, the RFI power received by unit O can
be written as ∑N

i=1 Pi, where Pi(i = 1, 2, . . . , N) is the RFI power of the ith cell.Remote Sens. 2022, 14, 3048 6 of 21 
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Figure 3. Schematic diagram of RFI; Point A, B, C, D and O are the five targets in the scene. A and B
are in the same range cell, and the same is true for point C and D. Point O is the center of ABCD. The
red frame represents the beam coverage of the LEO SAR and the yellow interference zone is from the
RFI signal at point A and the pink interference zone is from the RFI signal at point D.
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Therefore, the size of zone ABCD is the key to calculate the RFI power affecting cell O.
Obviously, the size of zone ABCD can be estimated by the product of AB and BC. AB is the
azimuth direction length of beam coverage of LEO SAR on the ground. BC is the length of
the interference zone in the range direction; we call it LG−L

1 , which can be written as

LG−L
1 = Tpc/(2 sin θLEO) (11)

where θLEO is the incidence angle of LEO SAR and Tp is the time width after pulse com-
pression in the range direction; according to (9), it can be written as

Tp =
min

(
kLEOTpLEO, kGEOTpGEO

)
· |kGEO − kLEO|

kLEOkGEO
(12)

where kGEO and TpGEO are the FM rate and pulse width of GEO SAR, respectively. kLEO
and TpLEO are the FM rate and pulse width of LEO SAR, respectively.

Finally, the receiving aperture area can be expressed as

AG−L
s = AaLEORLEOTpc/(2 sin θLEO) (13)

where AaLEO and RLEO are the beamwidth and slant range of LEO SAR, respectively.
Generally, mismatch occurs for GEO-to-LEO RFI in both the range direction and

azimuth direction. In this paper, we focus on the case that sampling rate satisfies the
Nyquist theorem in range-direction. Then, according to (10), the gain of GEO-to-LEO RFI
in the range direction can be written as

GG−L
r = f 2

sLEO
/|kGEO − kLEO| (14)

where fsLEO is the sampling rate of the LEO SAR. When the Nyquist theorem is not satisfied,
the gain can be given by a numerical simulation, which is detailed below, but the range
direction spectral aliasing is not discussed in our paper.

The PRF of LEO SARs is usually much higher than that of GEO SARs; that is, a LEO
SAR receives multiple pulses from itself before receiving a pulse from a GEO SAR (as
shown in Figure 2), which is equivalent to down-sampling, causing spectrum aliasing in
the azimuth direction. Therefore, the gain of GEO-to-LEO RFI in the azimuth direction is
given by a numerical simulation. The step is shown in Table 1, where the subscript SAR
represents the disturbed SAR, and the subscript i represents the RFI source. In this case,
kaSAR is the FM rate of the LEO SAR in the azimuth direction, TsSAR is the integration time
of the LEO SAR, and kai is the FM rate of the GEO-to-LEO RFI in the azimuth direction,
which can be written as

kai = v2
LEO/(λLEORLEO) + v2

GEO/(λLEORGEO) (15)

where vGEO and RGEO are the velocity and slant range of the GEO SAR, respectively. vLEO
and RLEO are the velocity and slant range of the LEO SAR, respectively.

Table 1. Steps of the numerical simulation.

Index Operation

Step 1 Generate a chirp signal s1with pulse width TsSAR, FM rate kaSARand length N =
TsSAR × PRFSAR

Step 2 Generate a chirp signal s2with pulse width TsSAR, FM rate kai and length N
Step 3 s2(i) = 0, i f i mod times 6= 0, i = 1, · · · , N, where times = PRFLEO/PRFGEO

Step 4
Operate match filtering on s1and s2to get Ga =

E
{
|ifft[fft(s1)× conj(fft(s2))]|2

}
, where E{·} represents average.
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Therefore, the gain obtained by GEO-to-LEO RFI in SAR processing can be written as

GG−L
RFI = GG−L

r GG−L
a = GG−L

a f 2
sLEO/|kGEO − kLEO| (16)

2.4.2. LEO-TO-GEO RFI

According to Figure 3, As is related to the size of the interference zone. Like GEO-to-
LEO RFI, the azimuth length of As corresponds to the azimuth direction length of the LEO
SAR beam coverage on the ground. However, the range direction length of the interference
zone generated by the LEO-to-GEO RFI is different from that of the GEO-to-LEO RFI
(written as (11)). As shown in Figure 4, the LEO-to-GEO RFI can have a much larger range
migration than GEO SAR signals due to the long integration time of the GEO SAR and
the different velocity between the GEO SAR and the LEO SAR. However, there is little
difference on the migration between the LEO SAR and the GEO-to-LEO RFI due to the
short integration time of the LEO SAR. When the Back Projection (BP) algorithm is adopted,
the RFI will be accumulated along the migration direction of the SAR signals. Thus, the
interference zone generated by the LEO-to-GEO RFI will spread in the range direction due
to its inconsistent migration direction with the GEO SAR signals, while the interference
zone generated by the GEO-to-LEO RFI will remain unchanged due to its similar migration
direction with the LEO SAR signals.
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Figure 4. Relationship between migration and the accumulation direction. L1 is the range direc-
tion length of the interference band before the BP algorithms (after the range compression). L2 is
the range direction length of the interference band after the BP algorithms. (a) LEO-to-GEO RFI
(b) GEO-to-LEO RFI.

As a result, the width LL−G
2 in the range direction is related to the slant range, which

can be expressed as
LL−G

2 = 2(Rmax − Rmin) (17)

where Rmax and Rmin are the maximum and minimum slant range of LEO-to-GEO RFI. In
summary, As of LEO-to-GEO RFI can be expressed as

AL−G
s = 2(Rmax − Rmin)AaLEORLEO (18)

Similarly, we only discuss the case that the Nyquist theorem is satisfied in the range-
direction. Like (14), the gain obtained by LEO-to-GEO RFI from range compression can be
written as

GL−G
r = f 2

sGEO
/|kGEO − kLEO| (19)

where fsGEO is the sampling rate of the GEO SAR.
Since the PRF of LEO SARs is much higher than that of GEO SARs, spectrum aliasing

will occur in the azimuth-direction. Therefore, the gain GL−G
a obtained by LEO-to-GEO
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RFI in the azimuth-direction is also given by the numerical simulation shown in Table 1.
In this case, kaSAR is the FM rate of the GEO SAR in the azimuth direction, TsSAR is the
integration time of the GEO SAR, and kai is the FM rate of the LEO-to-GEO RFI in the
azimuth direction. Furthermore, Step 3 should be skipped.

However, based on Figure 4, the interference zone can spread in the range direction
after the BP algorithms, and, as a result, the gain obtained by LEO-to-GEO RFI in the
azimuth-direction can decrease; the gain after decreasing is referred to as G̃L−G

a . Obviously,
G̃L−G

a < GL−G
a . Referring to (11), the length of interference zone in the range direction

before widening can be expressed as

LL−G
1 = Tpc/2 sin θGEO (20)

where θGEO is the incidence angle of GEO SAR. Thus, the range direction length of the
interference zone changes from LL−G

1 to LL−G
2 , where LL−G

1 < LL−G
2 . P1 represents the total

power before widening, then it can be expressed as

P1 = PenterGL−G
r GL−G

a LL−G
1 AaLEORLEO (21)

where Penter is the RFI power entering the receiver. P2 denotes the total power after
widening and can be written as

P2 = PenterGL−G
r G̃L−G

a LL−G
2 AaLEORLEO (22)

Based on the conservation of energy, P1 = P2. It is apparent that G̃L−G
a = GL−G

a LL−G
1 /LL−G

2 .
Therefore, the gain obtained by LEO-to-GEO RFI in SAR processing can be written as

GL−G
RFI = GL−G

r GL−G
a LL−G

1 /LL−G
2 (23)

2.4.3. Discussion on GEO-TO-LEO RFI and LEO-TO-GEO RFI

According to the derivations above, the power of GEO-to-LEO RFI and LEO-to-GEO
RFI affecting the pixel after SAR processing can be given in the same form, written as

PRFI =
PtiGiσB ArsGa fss

2TpcAaLEORLEO

32π2RGEO
2RLEO

2|kGEO − kLEO| sin θs
(24)

where Pti and Gi are the peak transmitted power and antenna gain of RFI source SAR
system. Ars, fss, and θs are the antenna aperture area, sampling rate and the incidence
angle of the disturbed SAR. These symbols have different meanings in different cases; for
example, Pti represents the peak transmitted power of GEO SAR when GEO SAR is the
source of interference, while it represents the peak transmitted power of LEO SAR when
LEO SAR is the source of interference. Similarly, θs represents the incidence angle of LEO
SAR when GEO SAR is the source of interference, while it represents the incidence angle of
GEO SAR when LEO SAR is the source of interference. Furthermore, Ga and Tp are given
by Table 1 and (12), respectively.

Differences in power calculation between GEO-to-LEO RFI and LEO-to-GEO RFI
mainly lie in azimuth gain, considering spectrum aliasing and the interference zone widen-
ing caused by different range migration. On one hand, to solve the spectrum aliasing, a
numerical simulation is used and a unified symbol Ga is used to replace the entire numeri-
cal simulation. On the other hand, in the case of LEO-to-GEO RFI, the interference zone
widening caused by range migration generates a change in some intermediate variables
(such as the range direction width of the interference zone and the azimuth gain of RFI),
but the total energy remains unchanged. Therefore, the LEO-to-GEO RFI power can still be
simplified to the same form as the GEO-to-LEO RFI. Moreover, we analyzed the RFI from
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the perspective of the BP algorithms in this paper, but the results do not depend on the
imaging algorithms.

SINR =


C1TpLEO

C2BLEO+C3
AaLEOσBTpGEOGa Bm

BLEO BGEO

GEO-to-LEO RFI

C1TpGEO

C2BGEO+C3
AaLEOσBTpLEOGa Bm

BLEO BGEO

LEO-to-GEO RFI
(25)

Combining (3)–(5), (24), the final expression of SINR is derived as (25), where Bm =
min{BLEO, BGEO}, BLEO is the LEO SAR bandwidth and BGEO is the LEO SAR bandwidth.
Furthermore, three constants C1, C2 and C3 are introduced to illustrate the connection
between system parameters such as bandwidth, pulse width, etc., and image SINR, and
they can be written as (26)–(28), respectively.

C1 = RLEOR2
GEOPtsG2

tsσ0ρaρgrλ2
s f 2

ss(Ts · PRFs)
2 sin θs (26)

C2 = (4π)3R4
s RLEOR2

GEOkBTth fssTsPRFs sin θs (27)

C3 = 2πR4
s cPtiGi Ars f 2

ss (28)

Some conclusions can be inferred from (25) as follows:
(1) The image SINR of the disturbed SAR decreases as the bandwidth of the RFI source

SAR becomes smaller. Once the bandwidth of the RFI source SAR is smaller than that of
the disturbed SAR, image SINR does not depend on the bandwidth of the RFI source SAR.

(2) The large pulse width of the RFI source SAR or small pulse width of the disturbed
SAR will cause small image SINR, leading to poor image quality.

(3) The large beamwidth of LEO SARs in the azimuth direction and bistatic scattering
coefficient will also increase the impacts on imaging.

3. Numerical Verification

Computer simulations were performed to verify the proposed SINR expressions in
the presence of RFI and give the SINR value with different system parameters and bistatic
configurations.

In the experiment, we used System Tool Kit (STK) software to generate the orbits and
adopt the BP algorithms to obtain the SAR image. As shown in Figure 1, the center of the
scene was set to (4.6◦N, 113.5◦E), and the parameters of LEO SARs refer to PALSAR-2 [40].
The parameters of LEO SARs and GEO SARs are shown in Table 2.

Table 2. Parameters of LEO SAR and GEO SAR.

Parameter LEO SAR GEO SAR

peak transmitted power/w 610 5000
Antenna gain/dB 38.2 50
Slant range/km 740 36,500
Wavelength/m 0.229 0.229

Bandwidth/MHz 28 15
Pulse width /us 50 20

PRF/Hz 1500 100
Satellite velocity/m/s 7629 855

Incident angle/◦ 30 30
Azimuth beamwidth/◦ 0.3/1.47 –

Integration time/s 0.5 25/50/220
Sampling rate/MHz 40 30

backscattering coefficient 0.2
Bistatic scattering coefficient 0.2

Pixel interval/m 20
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3.1. Verification of the SINR Expressions in the Presence of RFI

In the aspect of GEO-to-LEO RFI, the target signal from the scene center and the
RFI signal from the GEO SAR scattered by the scene center were generated and focused.
Then, the power of the image pixel both in and without the presence of RFI were obtained,
compared with the theoretical value from (16). As shown in Table 3, the error between the
evaluated power and calculated power after BP algorithm is small, verifying the expression
of the GEO-to-LEO RFI gain.

Table 3. GEO-to-LEO RFI focusing results.

Target RFI

Power before BP algorithm/dBw −162.3863 −141.6115
Evaluated gains in BP algorithm/dB 123.5218 56.3548

Evaluated power after BP algorithm/dB −38.8646 −85.2567
Calculated power after BP algorithm/dBw −38.8606 −85.4212

Error/% 0.1 3.7

In the aspect of LEO-to-GEO RFI, firstly, to illustrate the migration difference between
the LEO-to-GEO RFI and the GEO-to-LEO RFI and explain the interference zone spread of
the LEO-to-GEO RFI in the range direction, we generated a target echo received by the GEO
SAR, a LEO-to-GEO RFI signal, a target echo received by the LEO SAR, and a GEO-to-LEO
RFI signal according to Table 2. All of them were scattered by the scene center and adopted
matched filter in the range direction. The results are shown in Figure 5. Obviously, Figure 5
agrees with Figure 4, and the length of interference in the range direction widened after
the BP algorithm and can be expressed as (17). Then, to further demonstrate (17), the
target echo and the RFI signal from the LEO SAR scattered by the point A and D were
obtained and focused, respectively. Thus, the range-direction length of the interference
zone generated by point A and D was obtained by simulation, which is shown in Table 4
compared with the theoretical value from (17). It is apparent that the range direction length
of the interference zone is related to the slant range, and there is little change for different
points in the same scene; as a result, it can be given using the slant range of the scene center.
In addition, there is a drift of the interference zone in the range direction due to the large
migration; however, it does nothing, with the area affecting a single resolution cell due to
the same value for different points.
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Figure 5. Range compression result. (a) the RFI which is transmitted by the LEO SAR, scattered by
the scene center, and received by the GEO SAR and the target echo which is transmitted and received
by the GEO SAR; (b) the RFI which is transmitted by the GEO SAR, scattered by the scene center, and
received by the LEO SAR and the target echo which is transmitted and received by the LEO SAR.
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Table 4. Length and drift of the interference zone in range-direction for different points and integra-
tion time.

Point Integration
Time/s

Calculated
Results/km

Evaluated
Results/km Range Drift/m

A
25 6.20 6.25 179
50 25.00 24.45 679

D
25 6.28 6.25 170
50 25.5 24.4 668

Furthermore, the length in the range direction and the average power, both before and
after the interference zone spread, are given in Table 5, respectively. This indicates that the
processing follows the conservation of energy, which verifies (23).

Table 5. Focusing results of LEO-to-GEO RFI scattered by point A.

Parameter Integration Time 25 s Integration Time 50 s

L2/km 6.25 24.4
L1/km 2.04 2.04
L2/L1 3.07 12

P2/dBw −84.75 −87.54
P1/dBw −79.63 −76.66

P1/P2 3.26 12.28

According to Table 2, there are 200 pixels on the ground corresponding to the 0.3◦

azimuth beamwidth. Additionally, the length of the interference zone is about 100 pixels.
Considering the computing resources, the scene (rectangle ABCD) is set to 200 × 200 pixels.
Figure 6a illustrates the imaging results of the four points (A, B, C and D). According to
the geometry, the interference zone of other points spread in area Y and only points in the
area X have the same RFI power as point O while imaging the whole scene, as shown in
Figure 6b. Therefore, the power of area X (red area) is equal to the power of RFI affecting
a single resolution cell. The value from (24) and the experiments are shown in Table 6,
demonstrating the reliability of RFI power expression.
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Table 6. Power affecting a signal resolution cell from RFI.

Point Evaluated Results/dBw Calculated Results/dBw Error/%

GEO-to-LEO RFI −42.2548 −42.3657 2.4
LEO-to-GEO RFI −42.5571 −42.3284 5.2
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3.2. SINR in Different System Parameters of LEO SARs and GEO SARs

According to the parameters in Table 2, the SINR of images are shown in Figures 7 and 8,
while the GEO SAR and the LEO SAR demonstrate various bandwidth and pulse width.
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Figure 7. The relationship between bandwidth and SINR of LEO SARs and GEO SARs images in 
the presence of scattered wave RFI ( 0Bσ σ= ). The red line indicates that the LEO SAR has the same 
bandwidth as the GEO SAR, and the invalid value in the yellow box indicates the LEO SAR has the 
same FM rate as the GEO SAR; (a) the integration time is 0.5 s; (b) the integration time is 220 s. 

Figure 7. The relationship between bandwidth and SINR of LEO SARs and GEO SARs images in
the presence of scattered wave RFI (σB = σ0). The red line indicates that the LEO SAR has the same
bandwidth as the GEO SAR, and the invalid value in the yellow box indicates the LEO SAR has the
same FM rate as the GEO SAR; (a) the integration time is 0.5 s; (b) the integration time is 220 s.
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Obviously, the impact is more serious when the disturbed system has a larger band-
width and the RFI source has a smaller bandwidth. For example, it is better for LEO SAR
images if the LEO SAR has a small bandwidth and the GEO SAR has a large bandwidth.
Similarly, it is better for GEO SAR images if the GEO SAR has a small bandwidth and the
LEO SAR has a large bandwidth.

In addition, the large ratio of the pulse width of the RFI source to the disturbed system
can have serious effects on SINR; for example, GEO SAR images will be destroyed more
seriously as the pulse width of the LEO SAR increases compared with the GEO SAR.
Therefore, high-quality images of LEO SARs and GEO SARs have conflicting requirements
for pulse width, which should be chosen based on the demand from designers.

3.3. SINR under Different Bistatic Configurations

Generally, the bistatic configuration can be categorized into two types, including the
specular scattering case and the non-specular scattering case, as shown in Table 7 [38]. Take
Figure 1 for example. For the out-of-plane case, σB turns minimum when ϕ approaches
90◦, and it is almost same as that in the in-plane case when ϕ is near 0◦ or 180◦. σB achieves
maximum in the case of specular scattering, which is a small probability event. While ϕ
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is 180◦, and θ1 = θ2, the backscatter case occurs; σB is larger than that in other cases but
demonstrates specular scattering.

Table 7. Specular scattering case and non-specular scattering case.

Case Relationship between θ1,θ2,ϕ in Figure 1

Specular scattering ϕ = 0, θ1 = θ2

Non-specular scattering out-of-plane case : ϕ 6= 0, θ1 = θ2
in-plane case : ϕ = 0, θ1 6= θ2

In this paper, the bistatic scattering coefficient of bare soil in L band was given using an
advanced integral equation model (AIEM) [41] based on the parameters shown in Table 2
(in order to overcome the thermal noise, the GEO SAR transmission power is 10 kw and
the antenna diameter is 25 m in this case). Then, the corresponding SINR was obtained,
which is shown in Figure 9.
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Figure 9. Image SINR, where the integration time of GEO SARs is 220 s and the integration
time of LEO SARs is 0.5 s. The azimuth beamwidth of LEO SARs is 1.47◦; (a) θ1 = θ2 = 30◦;
(b) ϕ = 0◦, θ1 = 30◦.

According to Figure 9a, obviously, the image quality is poor in the case of specular
scattering (ϕ = 0). Additionally, when ϕ approaches 90◦, the image quality is high due
to the small value of σB. The backscatter case resulted in a larger scattering coefficient;
however, the impact can be still ignored. In addition, in the in-plane case, smaller differences
between θ1 and θ2 will lead to poor image from Figure 9b. Finally, the impact of LEO-to-
GEO RFI is more serious than that of GEO-to-LEO RFI in the same configuration.

4. Discussion on Probability of Specular Scattering Case

According to the analysis in the previous section, when the specular scattering case
occurs, the image SINR will fall below 5 dB and the image quality will be poor, leading
to the loss of detailed information. In fact, specular scattering requires a very special
geometric configuration, and its probability between a single GEO SAR and a single LEO
SAR is generally small. However, the satellite constellation will be an important form
of spaceborne SAR in the future. The growing number of LEO SAR constellations is
expected to increase the specular scattering RFI occurrence between GEO SARs and LEO
SARs. Therefore, considering the LEO SAR constellations, we evaluated the probability of
specular scattering RFI and presented the probability for different orbital elements.

Taking in account observations of China, the probability of the specular scattering
case was analyzed. The probability of GEO SAR receiving specular scattering RFI can be
written as

pGEO =
tspecular_in_China

TGEO_illuminate_China
(29)
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where tspecular_in_China is the total time for the specular scattering case in China, and
TGEO_illuminate_China is the total time for GEO SAR illuminating in China.

Similarly, the probability of LEO SAR receiving specular scattering RFI can be written
as

pLEO =
tspecular_in_China

TLEO_illuminate_China
(30)

where TLEO_illuminate_China is the total time for LEO SAR illuminating in China.
Since specular scattering needs the same incident angle, we suppose that the beam

shape of both the GEO SAR and the LEO SAR are circular. Furthermore, we think that GEO
SARs have the capability of right look function and LEO SARs have the capability of both
the right look function and the left look function. Generally, the number of GEO SARs is
much smaller than that of LEO SARs. Therefore, we considered a case involving both a
GEO SAR and a LEO SAR constellation. Figure 10 illustrates the geometry of the GEO SAR
and the LEO SAR constellation. The orbit elements of the GEO SAR are given in Table 8.
The LEO SAR constellation is a Walker Patten constellation for the sun-synchronous orbit.
Then, we obtained the position of GEO SARs, LEO SARs, and their boresight using the
STK. Finally, according to Table 8, (29) and (30), we evaluated the probability.
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tion (Walker Patten 20/1/1); (b) is the zoom of the green box in (a).

Table 8. Orbital elements of the GEO SAR and LEO SAR constellation.

GEO SAR LEO SAR Constellation

Orbit altitude/km 35,793 Orbit type sun-synchronous
Inclination/◦ 16 Orbit altitude/km 500–1000
Eccentricity 0 Constellation type Walker

True anomaly/◦ 0 Patten 20/1/1; 10/1/1
Argument of

Perigee/◦ 0 Satellite total number 20; 10

Lon.Ascn.Node/◦ 88 True anomaly/◦ 0–360

To illustrate how the altitude and the satellite number of the LEO SAR constellation
affect the probability of specular scatter, we estimated pGEO and pLEO in different orbit
altitudes (varying from 500 km to 1000 km), different pattens (20/1/1 and 10/1/1), and
different true anomaly of the seed satellite. The constellation parameters are detailed
in Table 8 and the results are shown in Figures 11 and 12. Every box line draws on the
probability of different true anomaly in the same orbit altitude and the same Walker patten,
which is shown in Appendix B.
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Comparing Figure 11 with Figure 12, GEOp  can approach 1.9%, but LEOp  cannot 

reach 0.5%. This is because there is only one GEO SAR with a right look function but there 

are 20 LEO SARs with right look function and left look function in our study. As a result, 

the total time for LEO SARs observation in China is much longer than that of GEO SAR, 

but the time for specular scatter is the same, causing the large difference between GEOp  

Figure 11. Probability of specular scatter while the GEO SAR is illuminating China. The magenta box
line shows the case of a LEO SAR constellation which uses a 20/1/1 walker pattern. The magenta
points are the average of the probability for every altitude in 20/1/1 walker pattern. The blue box
line shows the case of a LEO SAR constellation which uses a 10/1/1 walker patten. The blue points
are the average of the probability for every altitude in 10/1/1 walker pattern.

Remote Sens. 2022, 14, 3048 16 of 21 
 

 

 

Figure 11. Probability of specular scatter while the GEO SAR is illuminating China. The magenta 

box line shows the case of a LEO SAR constellation which uses a 20/1/1 walker pattern. The magenta 

points are the average of the probability for every altitude in 20/1/1 walker pattern. The blue box 

line shows the case of a LEO SAR constellation which uses a 10/1/1 walker patten. The blue points 

are the average of the probability for every altitude in 10/1/1 walker pattern. 

 

Figure 12. Probability of specular scatter while the LEO SAR is illuminating China. The magenta 

box line shows the case of a LEO SAR constellation which uses a 20/1/1 walker pattern. The magenta 

points are the average of the probability for every altitude in 20/1/1 walker pattern. The blue box 

line shows the case of a LEO SAR constellation which uses a 10/1/1 walker patten. The blue points 

are the average of the probability for every altitude in 10/1/1 walker pattern. 

Comparing Figure 11 with Figure 12, GEOp  can approach 1.9%, but LEOp  cannot 

reach 0.5%. This is because there is only one GEO SAR with a right look function but there 

are 20 LEO SARs with right look function and left look function in our study. As a result, 

the total time for LEO SARs observation in China is much longer than that of GEO SAR, 

but the time for specular scatter is the same, causing the large difference between GEOp  

Figure 12. Probability of specular scatter while the LEO SAR is illuminating China. The magenta box
line shows the case of a LEO SAR constellation which uses a 20/1/1 walker pattern. The magenta
points are the average of the probability for every altitude in 20/1/1 walker pattern. The blue box
line shows the case of a LEO SAR constellation which uses a 10/1/1 walker patten. The blue points
are the average of the probability for every altitude in 10/1/1 walker pattern.

Comparing Figure 11 with Figure 12, pGEO can approach 1.9%, but pLEO cannot reach
0.5%. This is because there is only one GEO SAR with a right look function but there are
20 LEO SARs with right look function and left look function in our study. As a result,
the total time for LEO SARs observation in China is much longer than that of GEO SAR,
but the time for specular scatter is the same, causing the large difference between pGEO
and pLEO in this case. Moreover, when the number of LEO SARs doubles, pGEO increases
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but pLEO decreases because the specular scatter time does not grow as the total time for
LEO SAR observation of China. This indicates that the growing number of LEO SARs
(or GEO SARs) could lead to higher pGEO (or pLEO). Furthermore, it is apparent that the
probability becomes higher as the orbit altitude increases. Since the orbit altitude increases,
the coverage of the LEO SAR is larger. Thus, the specular scatter RFI is more likely to occur.

Furthermore, the probability will increase as the altitude becomes higher and the
number of satellites grows. Therefore, in the future, it will be necessary to suppress the RFI
between the two systems, due to the growing number of LEO SARs. Furthermore, it is also
worth noting that the orbit design of LEO SARs should be optimized to avoid this case as
much as possible.

5. Conclusions

This paper established a RFI impact quantitative analysis model and derived the
accurate RFI power, which is suitable for both GEO-to-LEO RFI and LEO-to-GEO RFI.
Based on the theoretical analysis, accurate SINR of disturbed SAR systems was obtained,
allowing the impact of RFI on SAR images to be quantitatively evaluated. The theoretical
analysis was validated by experiments.

Furthermore, the SINR of images were given while the GEO SAR and the LEO SAR
were demonstrated to have various bandwidths and pulse widths. It was found that the
impact is more serious when the RFI source has a smaller bandwidth, and the large ratio
of the pulse width of the RFI source compared to the disturbed system was also shown to
seriously effect SINR. This indicates that the high-quality images of LEO SARs and GEO
SARs have conflicting requirements for pulse width, which should be chosen based on the
demand from designers.

The SINR, corresponding to different bistatic configurations, was also discussed. We
conclude that when the target forms a specular scattering geometry with a GEO SAR and a
LEO SAR, the bistatic scattering RFI will lead to poor image quality, while the effects can
be neglected in other cases. In addition, the impact of LEO-to-GEO RFI is more serious
than that of GEO-to-LEO RFI in the same configuration. Furthermore, we presented the
probable specular scatter for several designs of the LEO SAR constellation. The results
implied the necessity to suppress the RFI between the GEO SAR and LEO SAR system due
to the growing number of LEO SAR constellations and suggested that the orbit design of
LEO SARs should be optimized to avoid this case as much as possible.

In this paper, we discussed the RFI between LEO SARs and GEO SARs. In the future,
this theory could be extended to the RFI between any two SAR systems, including the
LEO-to-LEO RFI and GEO-to-GEO RFI. In addition, RFI suppression from both signal
processing and the optimization of orbital parameters should be considered.
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Appendix A

Let us suppose that S1( f ) and S2( f ) are the frequency domain expression of two chirp
signals with time domain amplitude of 1, different pulse width (Tp1 and Tp2) and FM rate
(k1 and k2), so they can be written as

S1( f ) = 1/
√

k1rect
(

f /k1Tp1
)

exp
{

jπ f 2/k1

}
(A1)

S2( f ) = 1/
√

k2rect
(

f /k2Tp2
)

exp
{

jπ f 2/k2

}
(A2)

Considering S1( f ) as the frequency domain matched filter, matched filtering operates
and the result in frequency domain can be written as

S( f ) =
rect

(
f /min

(
k1Tp1, k2Tp2

))
√

k1k2
exp

{
jπ
(

1
k2
− 1

k1

)
f 2
}

(A3)

When k2 approaches k1, (A3) will degenerate into a simple rectangle function and it
can be written as

S( f ) = 1/k2rect
(

f /k2Tp2
)

(A4)

Then, the amplitude gain for matched filter can be written as

Gmatched = Tp2 fs (A5)

where fs is the sampling rate [39].
Generally, the FM rate of GEO SAR and LEO SAR are quite different. Therefore, when

k1 6= k2, (A3) can be written as

S( f ) = 1/
√

k1k2rect
(

f /
(
krTp

))
exp

{
jπ f 2/kr

}
(A6)

It’s apparent that S( f ) can be seen as the frequency domain expression of a chirp
signal s(t) with FM rate of kr and pulse width of Tp. Then, kr and Tp can be written as

kr = k1k2/|k2 − k1| (A7)

Tp = min
(
k1Tp1, k2Tp2

)
/kr (A8)

According to the principle of stationary phase (POSP), s(t) can be written as

s(t) = 1/
√
|k2 − k1|rect

(
t/Tp

)
exp

{
−jπkrt2

}
(A9)

Appendix B

According to Table 8, under different orbital altitudes and Walker patten, we make the
true anomaly of the seed satellite of the LEO SAR constellation traversing 0–360 degrees
with an interval of 10 degrees and estimate the probability. The results are shown in
Figures A1 and A2.

From Figures A1 and A2, it’s clear that the probability of GEO SAR receiving specular
scattering RFI is much higher than that of LEO SARs and when the number of LEO SARs
doubles, pGEO increases but pLEO decreases. These conclusions agree with Section 4 and we
have illustrated them in detail. Another important conclusion is that different true anomaly
of seed satellite of the LEO SAR constellation leads to different probability. In the future, in
order to achieve various functions such as InSAR and continuous observation of certain
areas, any true anomaly design is possible, thus, the probability is also changeable.
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