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ABSTRACT Along with the deployment of low earth orbit (LEO) satellite constellations for global Internet
services, Ku, Ka or V band microwave signals will be available from space anywhere on Earth. Utilizing
the signals, a new approach to positioning flying objects passively is proposed, and a diffraction model to
characterize the impact of the flying object on the intensity of the received signals is presented. A linear
Minimum Mean Squared Error (MMSE) based estimator is then employed to position the flying object
passively. Preliminary 2D simulation results are used to validate the effectiveness of the proposed method.

INDEX TERMS Low earth orbit satellites, microwave propagation, passive microwave remote sensing.

I. INTRODUCTION

Over the past decade, device-free passive (DfP) localiza-
tions [1], with which the tracked identity need neither carry
devices nor participate actively in the localization algorithm,
have been extensively investigated to sense human activities,
by utilizing the fact that human activities impact the propa-
gation of radio signals in particular the WiFi signals [1]-[3].
Like the DfP localizations, in this paper, a new approach to
the detection of flying objects in the sky with the microwave
signals from satellites in space, specifically the Low Earth
Orbit (LEO) satellites, is proposed.

Today there are more than two thousand active satellites
in space. Along with the deployment of LEO satellite con-
stellations for global Internet services, there will be many
more to come. For example, on 25 November 2020, SpaceX
launched its fifteenth batch of 60 “operational” satellites
for its Starlink constellation [4]. All the LEO satellite con-
stellations for global Internet services use the high Ku, Ka,
and/or V microwave frequency bands for digital communi-
cations, due to the availability of large channel bandwidth
in those frequency bands. Like DfP localizations leveraging
on the WiFi technology, when the global LEO based satellite
Internet services are available commercially, the cost to build
and deploy the ground receivers will be very low, due to
economies of scale.
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On the other hand, unmanned aerial vehicles (UAVs, also
known as drones) have found fast-growing applications,
thereby there are more and more flying objects in the sky,
leading to the important problem of how to position and
track them. To solve the problem, several methods have been
available, including those based on radar, acoustic receivers,
visible/infra-red camera, and RF sensing [5]-[10]. While
those methods can solve the problem for some specific appli-
cation scenarios, finding cost-effective solutions with high
resolution and high availability is still a challenge, partic-
ularly for the important application scenario that the flying
objects are un-cooperative. As an example, a lot of resources
have been used to search the missing Malaysia Airlines Flight
M370, but to date without success [11].

The proposed method has a potential to become a
high-resolution cost-effective solution to position and track
flying objects. Two possible ways to use the method are
envisioned. One is to use customized ground terminals to
eavesdrop the microwave signals from the satellites, thereby
each terminal can be treated as a passive sensor. The other is
to adapt the existing satellite communication infrastructure,
particularly the user terminals and/or the satellite gateways,
to monitor and analyze the signal intensity of each commu-
nication channel, either downlink or uplink. In this paper,
we are focused on the first to provide a preliminary feasibility
study to the proposed method.

We first analyze the first Fresnel zone radius of a flying
object, which demonstrates that a flying object about 1m and
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10m in size will have a significant impact on Ku, Ka or V
band signals, for a flight height about 100m and 1,000m,
respectively. A diffraction model is then developed to investi-
gate the time variation of the received signal intensity due to
the obstruction of the flying object. By modeling the flying
object as a rectangular slab, preliminary simulation results
show that some attributes of the flying object, e.g. speed
and size, relate to the time variation pattern of the received
signals, thereby potentially those attributes of flying objects
could be estimated by analyzing the intensity of the received
signals. Particularly, it is found that the received signal varies
significantly for up to about 0.2 second if the flying object
crosses the baseline (i.e. the communication link between the
satellite and the ground station).

Utilizing the time variation of the received signal intensity,
a signal processing model regarding the location of the flying
object is proposed, which enables us to develop a linear Min-
imum Mean Squared Error (MMSE) based estimator to pas-
sively estimate its location with received signals at multiple
ground stations. Preliminary 2D simulation results show that
high precision positioning could be achieved with a distance
between adjacent ground stations as small as 50m - 200m,
when five satellites are observable in the same time by the
ground stations. For a large distance between adjacent ground
stations, e.g. 1,600m, it is still possible to position the flying
object, albeit with much reduced precision.

The idea of utilizing signals emitted from artificial satel-
lites or stars to estimate things on Earth or space is
not new. For example, stellar occultations were used to
observe the atmosphere of planets [12]; using the L band
microwave signals from satellites of Global Positioning Sys-
tems (GPS)/Global Navigation Satellite Systems (GNSS),
the sea states and the soil moisture were monitored with the
GNSS Reflectometry (GNSS-R) technology [13], and maps
of atmospheric water vapor were made with GPS meteo-
rology [14]; the GNSS Radio Occultation payload has been
installed on dedicated LEO satellites (e.g. the COSMIC satel-
lite constellation) and can also be installed on flexible ’Space-
as-a-Service’ platforms (e.g. Spire’s Lemur satellites), due to
its importance to weather forecasting; atmospheric variables
beyond water vapor have been proposed to be monitored
by the NASA and NSF funded Active Temperature, Ozone
and Moisture Microwave Spectrometer (ATOMMS) program
[15], [16] and the European Space Agency funded Normal-
ized Differential Spectral Attenuation (NDSA) measurement
technology [17]-[19]; recently, we have carried out research
into 3D rainfall field retrieval with microwave signals from
LEO satellites [20]-[23].

However, to the best of our knowledge, to date no one
else has used the microwave signals from LEO satellite com-
munication links to position and track flying objects in the
atmosphere. Research on passive forward scatter radars with
opportunistic satellite illuminators so far has been focused on
using signals from geostationary orbit (GEO) satellites (e.g.
DVB-S satellites) and medium earth orbit (MEQ) satellites
(e.g. GPS satellites)-unlike a LEO satellite, the GEO/MEO
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satellite can be treated as static during the short time that
the flying object crosses the baseline; also it is reasonable
to expect that in the future there will be many more LEO
satellites available than GEO/MEO satellites. The only rel-
evant work that explicitly mentioned LEO satellites is our
very preliminary work on the diffraction effect of microwave
signals by flying objects [24].

This paper is organized as follows. Sections II and III
present the first Fresnel zone radius analysis and the pro-
posed diffraction model, respectively. Section IV introduces
a simple algorithm to passive positioning of a flying object
with microwave signals received at multiple ground stations.
Numerical results are presented in Section V, and conclusions
are drawn in Section VL.

Il. FRESNEL ZONE ANALYSIS

From diffraction theory, the microwave signal of a satellite
communication system will be significantly obstructed when
a flying object is near the line segment connecting the satellite
and the ground receiver (as shown in Fig. 1),! if the size of
the flying object is in the order of the first Fresnel zone radius
F1, which is approximately given by [25]

Fi ~/ad ey

where A is the wavelength of the microwave signal and d
is the distance between the flying object and the ground
receiver. Table 1 shows some examples of the first Fresnel
zone radius for the Ku, Ka, and V band signals, which
demonstrates that a flying object about 1m and 10m in size
will have a significant impact on Ku/Ka/V band signals at a
distance of 100m and 10,000m, respectively. Therefore, such
a flying object may be detected by the ground receivers with
microwave signals from satellites.

TABLE 1. First Fresnel zone radius F; for Ku, Ka, and V band microwave
signals.

distance between flying ob- | wavelength M| first  Fresnel
ject and ground receiver d | (centimetre) zone radius Fi
(meter) (meter)

100 2.0 (Ku band, 15 GHz) | 1.4

100 1.0 (Ka band, 30 GHz) | 1.0

100 0.5 (V band, 60 GHz) |0.7

10, 000 2.0 (Ku band, 15 GHz) | 14

10, 000 1.0 (Ka band, 30 GHz) | 10

10, 000 0.5 (Vband, 60 GHz) |7

ill. DIFFRACTION MODEL

For the obstruction of microwave signals from a LEO satellite
by a flying object as shown in Fig. 1, we propose a simplified
diffraction model as shown in Fig. 2. Here the Cartesian
coordinate is defined as follows. The origin of the coordinate
is attached with the center of the flying object. The x — y
plane is perpendicular to the line segment that connects the

n this paper, we are focused on signal transmission from LEO satellites
to ground receivers. The analysis can also be applied to signal transmission
from transmitters in ground stations to receivers on LEO satellites, due to the
reciprocity of the transmission of microwave signals.
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FIGURE 1. A simplistic geometric setup of a LEO satellite, a flying object
and multiple ground receivers that are closely located. As the LEO
satellite is far away, the communication links close to the ground stations
can be approximately treated as parallel. The Cartesian coordinate is
defined as follows. The origin of the coordinate is attached with the
center of the flying object. The x — y plane is perpendicular to the line
segment between the satellite and ground stations, which is parallel to
the z axis. x-coordinate is parallel with the ground, which is assumed flat.

Flying Object
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- L
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FIGURE 2. A diffraction model for a LEO satellite, a flying object and a
receiver as shown in Fig. 1. As the satellite is far away, the waveform is
approximately a plane wave. The Cartesian coordinate in this

figure corresponds to that shown in Fig. 1.

satellite and the ground receiver of interest, which is parallel
to the z axis. Applying Kirchhoff approximation [26], at time
t, the complex amplitude of the microwave signal at plane
z = 0" is then given by

Torryin =10 e
B(t), otherwise

where B(t) is the complex amplitude of the incident wave if
the flying object does not exist, and X(¢) is the 2D image of
the flying object projected onto the x — y plane.

Let Ap+(fx,fy; 1) be the angular spectrum of the flying
object at z = 0%, which is the (spatial) Fourier transform
of Ty+(x, y; t). The complex amplitude of the satellite signals
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at z is then given by [26]
Uy(x, y; t)

JAZ //Am(fxsfy, t)H, (fx’fy)e/zzr()&erfvy)df df

@)

where H,(fy, f,) is a given transfer function parametrized by
z. Assume that the flying object is far away from the ground
receiver, so the evanescent wave can be ignored. Then, at the
ground receiver, the transfer function is given as follows [26].

Z,/k2 4712(fx2+f‘ dor (f +f ) < k2
)7

0, otherwise

HZ()‘;C’.)S/) =

where the wave number k = 277 /A.

If (af + ayz)max < 1, where ay = Afy and oy = Af; are
the direction cosines in the x direction and the y direction,
respectively, then

M2 +1D

jz\/kz — 4 (2 + ) ~ jkz (1 -—

Using the above approximation, the inverse Fourier trans-
form of H,(fy, fy) can then be approximated by

ejkz -ﬂ(~\'2+_v2)
h(x,y) ~ —e &= . 3)
AZ

Using (3) and (2), we have the Fresnel approximation [26]:

Uz(x, y; 1) = hy(x,y) ® To+(x, y; 1)
ek )20y )
= — / f Tor (x',y'5 1)é = ' dy

JAz
“)

where ® denotes linear convolution.

Furthermore, if the ground receiver is far away from the
flying object (relative to its size), i.e. k(x> + Y )pmax <K 2,
then from (4), we have the Fraunhofer approximation [26]:

Uz(x7 y; t)
gikz k(2 4y2) k(e Hyy)
~—¢ = / / TK,y,0"; e = = dx'dy’.
JjAz
(5

The intensity of the microwave signal is then given by
L, y; 1) = |U:(x, y: D) ©)

Instead of using (2), (4) or (5) to compute the complex
amplitude of the microwave signal, alternatively, we can first
compute the complex amplitude of the microwave signal
diffracted by a small hole that has exactly the same shape
as the opaque 2D image X(z), and then obtain the com-
plex amplitude of the microwave signal diffracted by the 2D
opaque image X (¢) using Babinet’s principle.
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A. EXAMPLE: A RECTANGULAR SLAB WITH NEGLIGIBLE
HEIGHT

As the LEO satellite is far away, the microwave signal at the
flight object can be approximately as a plane wave. Assume
that the complex amplitude of the microwave signal B(¢) is a
constant A. Let this plane wave go through a rectangular slab
with width a ( in the direction of x) and length b (in direction
of y). Applying the Fraunhofer approximation and Babinet’s
principle, the complex amplitude at z is given by

ke ‘k(x22+y2) sin(B) sin(y)

Uyx,y;1) = A—Aab,—e’
Az B 4
4 |:1 N ]a_b k(x2+y2'§+212) sin(B) sin(y)i|
Az B Y
where 8 = ”)\bx and y = 52,

The intensity of the s1gnal is then given by

a*b? sin*(B) sin*(y)
222 B2 y2

2ab sin(B) sin(y) . k(x*+y* +27%)
_ sSin

r B y 2z

L(x,y; 1) = A’[1 +

1.

IV. A SIMPLE ALGORITHM FOR POSITIONING A FLYING
OBJECT WITH MULTIPLE GROUND STATIONS

Assume that the effective aperture of the ground receiver
antenna is 2. The intensity measured by the ground receiver
is then given by

Gt = Py / / I.(x, y; 1)dxdy + w(t) ®)
Q

where w(t) is the measurement noise, and P;, = cdszm is the
free space path loss (ds,; is the distance between the LEO
satellite and the ground station, c is a constant that is related to
antenna gains and the carrier frequency of the communication
system). For simplicity, we only consider the case that the
communication system operates in the high signal to noise
power ratio (SNR) region, thereby w(¢) is ignored in this
paper.

For the ith satellite to the jth ground station, let r; j(¢) denote
the measured received signal intensity in dB. Along with the
movement of the LEO satellite, the impact of the free space
path loss Py, can be removed by removing the linear trend in
r; j(¢). After this removal, intuitively, the larger the variance

i(t) of r; j(¢) in time, the more likely that the flying object
crosses the baseline.

Assume that the coordinate® of the jth ground station is a
three dimensional vector g;,j = 1,2, ..., Ng, where Ng is
the number of ground stations, and that the coordinate of the
ith satellite at time ¢ is s;(¢),i = 1,2, ..., Ng, where Ny is
the number of satellites. If the flying object is close to the line
segment that connects satellite i and ground station j, then the

2Note that the Cartesian coordinate here is different from that used to
describe the diffraction model in Section III. Here the coordinate is stationary
relative to the ground, as shown by the 2D coordinate x’ — y’ in Fig. 3.
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FIGURE 3. Relative positions among LEO satellites, flying object and
ground stations.

coordinate of the flying object x(¢) is assumed to be on the
following line segment,

x(1) = (1 — a; j(1))gi(t) + a; j(t)s;(t) 9

where the real number 0 < g; j(t) < 1 determines the location
of the flying object on the line segment, and

gi(1) = g +m;(t) (10)

where n; (1) is a zero mean noise vector with its diagonal

matrix.
By plugging (10) into (9), we have

X(1) = gj + m;;(t) — a; (1) (g — si() + m (1)) (11)

fori=1,2,...,Nsandj=1,2,...,Ng.

As the satellite is far away from the ground station, g;—s;(#)
are approximately the same for 1 < j < Ng, i.e. those line
segments are approximately parallel. Assume that the ground
stations are not very close to each other. If there is only one
flying object, then at any time given satellite i, there will be
at most one ground station }(i) 3 with the microwave signals
significantly impacted by the flying object, and

(z) = argmax/{al]}

As a result, a S is relatively large, and n, 5 can be

assumed to be small relative to g; — s;. Then (9) can be
approximated by

X0+ agj (80— 51) = 5o + 0 (12)
for 1 <i < Ns.
3From now on, the time index is dropped for the simplicity of presentation.
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In matrix form, we have
Ab=g+n (13)

where
I3 gy —S1 0 0
I 0 8o —S2 - 0

L - Bjvg) T SNs

21ja)
b =1 a0

LN j(Ns)

i1
gj2)
L8j(Ns)

Gy
hj2)

L v )

In this paper, we solve (13) using the following linear
minimum mean squared error (MMSE) estimator:

N —1
b= (A”V;lA) AV lg (14)

where V I is a diagonal matrix with its main diagonal
given by o2, ,o%, 0% 0%, ,....0% . . Afterbis
. Lj)" 1,j1)"  Lj) 2}((2) . NsjWNs) |

obtained, then the coordinate of the flying object is given
by the first three elements of b. Using (14) to solve (13)
means that the constraint 0 < g;; < 1 is ignored. However,
our empirical results in Section V-D demonstrate that the

constraint is not material.

V. NUMERICAL RESULTS
A. SATELLITE ORBIT AND GROUND STATION LOCATIONS
We consider a circular LEO orbit with multiple satellites. The
orbit height is assumed to be hgs,;. Therefore, the speed of
the satellites is a constant. Earth’s rotation is ignored. The
ground stations are deployed on the the ground track of the
satellites with equal distance ds between adjacent ground
stations, as shown in Fig. 3.

As shown in Fig. 4, the relationship between the elevation
angle 6 of a satellite relative to a ground station and the angle
« relative to Earth center is as follows.

(hsar + rE)sin(a) ) (15)
(hsar + rg)cos(a) — rg
where rg = 6.371 x 10° m is the radius of the Earth.

The distance between the satellite and the ground station
dsgs 1s then given by

T
0=—— arctan(
2

dsar =\ hsas + rE)? — ricos?(®) — rgsin(@).  (16)
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FIGURE 4. Relationship between 6, « and dgg;.

Satellite

Ground Receiver

FIGURE 5. Relationship between 6, h and / for describing the relative
positions between a ground receiver, a satellite and a flying object.

B. TRACK OF A FLYING OBJECT

Each ground station is equipped with multiple receivers with
each receiver points to one LEO satellite. The flying object
is approximated by a rectangular slab of width ' = 10m
(in the x direction) and length &'. The slab is always parallel
with the ground, which is assumed to be flat. The intensity
of the receiver is computed using (8) and (7). As shown
in Figs. 3 and 5, the flying object flies above the ground
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FIGURE 6. Time variation in intensity for a 30 GHz system with different elevation angles and different speeds of a flying object
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10m and b’ = 20m. The time range for the subplots is —3e—4 to 3e—4 second.
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stations at a height of 7 = 10, 000m above the ground with a
constant speed. The centroid of the flying object, if vertically
projected onto the ground, is always on the ground track of
the satellites. So only a 2D simulation is carried out.

Assume that the distance between the flying object and
a reference line is / (see Fig. 5). When the satellite is at
an elevation angle of 8, as shown in Fig. 5, the distance
between the ground receiver and the centroid of the flying
object projected onto the baseline is given by

_ " +[1 h } 0 17
= 5in(0) an @) | 7O an

Also from Figs. 2 and 5, the distance between the centroid
of the flying object and the baseline is given by

h .
yL = |:l — tan(@)] sin(0). (18)

From Figs. 2 and 5, it can be seen that, at an elevation angle
of 0, the slab length in the direction of y axis is b = b’sin(9),
and in the direction of x axisis a = a’.

C. TIME VARIATION IN SIGNAL INTENSITY

The simulations are carried out as follows. For a LEO satellite
of orbit height hg,; = 550km « is first generated, which
changes at a speed of 2~ Tor , where Ts,; = 5,731.1 seconds
for hsy; = 550km. Eqns (15) and (16) are then used to
obtain 6 and dgs,,, respectively. The flying object is modeled
by the rectangular slab as discussed in Section V-B. Eqns.
(17), (18), (8) and (7) are used to compute the intensity of the
received microwave signals. The ground receiver antenna is
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assumed to always point to the satellite of interest, and the
aperture of the antenna (i.e. €2 in Eqn. (8)) is assumed to be
0.22m x 0.22m.

For a flying object modeled by a rectangular slab with
b’ = 20m, Fig. 6 shows the time variation of the received
signal intensity for a 30 GHz system with a flight speed
of -600m/s, -250m/s, Om/s, 250m/s, and 600m/s and an
elevation angle of 40°, 65° and 90°. A negative flight speed
indicates that the flight object and the LEO satellites moves
in the opposite direction. It can be seen that, except for an
elevation angle at about 90 or a flight speed of about 0 m/s,
the intensity of the received signals look like an amplitude
modulated (AM) signal. Along with the increase of the speed
of the flying object, the ““carrier frequency” of the “AM”
signal increases, and the width of the main lobe of the
amplitude decreases. Compared with positive speed, the main
lobe is narrower if the flying object is in negative speed. For
all cases, there are significant variations in signal intensity for
about 0.2 second, when the flying object crosses the baseline.

Fig. 7 shows the received signal intensity for 15 GHz,
30 GHz and 60 GHz systems with an elevation angle of
40° and a flight speed of —250 m/s. It can be seen that,
when the system is increased from 15 GHz to 30 GHz and
then to 60 GHz, the main lobe width of the envelope of
the received signals decreases, and the ‘“‘carrier frequency”
of the “AM” signal increases. In terms of the variations in
amplitude, the 60 GHz system varies more than the 30 GHz
system, which varies more than the 15 GHz system. Also
reducing b’ from 20m to 10m increases the width of the main
lobe, but decreases the degree of variation.
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FIGURE 8. Positioning with different distances between adjacent ground
stations (1,600m, 800m, 200m, 50m) using 5 satellites for a flying object
with a speed of 250 m/s.

D. FLYING OBJECT POSITIONING WITH MULTIPLE
GROUND STATIONS AND MULTIPLE LEO SATELLITES

The flying object is modeled by the rectangular slab as shown
in Section V-C with ¥ = 20m. The speed of the flight
object is assumed to be 250 m/s. Multiple LEO satellites and
multiple ground stations are simulated. The difference in «
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FIGURE 9. Root Mean Squared Error for positioning a flying object with a
speed of 250 m/s.

between adjacent LEO satellites is set to be 7/180 radian.
Eqn. (14) is employed to retrieve the position of the flying
object every 0.2 second. The variance of the noise vector in
Eqn. (10) is computed using a window of 0.2 second.

Fig. 8 shows the retrieved flying track in time using five
satellites. It can be seen that when the distance between
adjacent ground stations increases, the positioning preci-
sion decreases. However, even with a distance as large as
1,600m, it is still possible to detect the flying object, albeit
with a low precision. To quantitatively characterize position-
ing performance, we define the root mean squared error as

ILV Zjlv (¢; — ¢)?, where ¢; and ¢; are the estimate and the
true value, and N is the number of samples. Fig. 9 shows
the root mean squared error performance of positioning in
the horizontal direction and in height, for a system with
two satellites and a system with five satellites. As expected,
the system with five satellites is always better in root mean
squared error performance than the system with two satellites.
It can also be seen that for large distance (i.e. 400m, 800m
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and 1,600m) between adjacent ground stations, the 15 GHz
system is better than the 30 GHz system, which is better than
the 60 GHz system. This is consistent with Fig. 8. However,
when the distance is small (i.e. 50m and 100m) and 5 satellites
are used, the 60 GHz system and the 30 GHz system are better
than the 15 GHz system. This is due to the relatively large
variations in received signal intensity for the 60 GHz system
and the 30 GHz system compared with the 15 GHz system (as
shown in Fig. 7), thereby Eqn. (10) can tell more accurately
if the flying object is close to the baseline.

VI. CONCLUSION

In this work, a new approach to positioning flying objects
passively is proposed, by utilizing the microwave signals
from LEO satellite constellations. Our analysis, both in terms
of characterizing the relationship between the intensity of
received signals and the attributes of flying objects, and the
proposed signal processing method for passively positioning
flying objects, is still very preliminary. To make the proposed
approach work in practice, there are many more theoretical
and simulations work to do. For example, is there a theoretical
mechanism behind the “AM” signal observed in this paper?
How to deal with multiple flying objects?
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