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Abstract—This report is a study of different systems to
detect space objects using radio frequencies. Three systems
are studied to determine the best option: bistatic radar,
Frequency Modulated Continuous Waves (FMCW) and
passive detection. The purpose of the detection is to gain
information on the location, speed and range of the object
through signal and data processing.

I. INTRODUCTION

Nowadays, engineers are interested in creating a
catalogue of all the space objects in orbit around the
Earth. The purposes of creating such a catalogue
are predicting trajectory in order to avoid a collision
with a spaceship, space cleaning and many others.
This can be done with an optical telescope or
with a radio frequency (RF) system [1]. The main
advantage of a radio frequency system over an
optical system is the transmission when the sky is
cloudy. For an object to be detected by an optical
system, it also needs to be geostationary.

Different methods are used in order to detect
space debris, meteors, satellites or anything else
in orbit. Bistatic radar is a first approach and is
widely used by countries to catalogue the objects
over their territory. Examples of such a technology
are the telescope GRAVES in France or BRAMS
in Belgium [2], [3]. Another approach is passive
detection. This method is interesting because
the objects are detected by re-using RF emitters
already implemented for other purposes. It uses
triangulation techniques like the Global Positioning
System (GPS). A last system known as FMCW
will be explained. The primary application of
this system is short range detection but it can be
extended to the distances of objects in orbit.

This report will detail these three methods with
a mathematical approach to explain the physics
behind each system. Afterwards, the signal and
data processing will be described to understand the
working principles of the different blocks. Chapter
VI will recommend the best solution according to
the writer and then a brief conclusion will sum up
the main points.

II. GRAVES
A. Overview

1) Situation: GRAVES is the acronym for
Grand Réseau Adapté à VEille Spatiale and is a

French military radar developed by the French
aerospace research establishment (ONERA) [4].
The purpose of this satellite is to fill a catalogue
regrouping the space debris but also satellites
and meteors. The range of this radar is between
400 km and 1000 km. The carrier frequency used
(143.05MHz) is in the VHF band (30MHz -
300MHz) [5] and the emission is done with
Continuous Waves (CW) [4]. The radar is called
bistatic meaning that the emission and reception
sites are not at the same place. The emission is
located near Dijon in Broyes les Pesnes (47,3477
N – 5,5136 E) and the reception is in the South of
France (Revest du Bion : 44,0706 N – 5,5347 E) [6].

Fig. 1. Map of the situation of GRAVES in France. The emission
site in Dijon is in red, the reception site in Revest du Bion in blue
and Lausanne is in green. The red half circle is the direction of the
sent signal [7].

2) Principle: The emission site is composed of
four panels made of 28 patch antennas each as
represented on Figure 2. These panels are pointing
southwards and are creating an opening of 180◦ [6].
In fact, the whole 180◦ opening in not scanned at
the same time because it is not possible to both have
high directivity and large opening. Therefore, these
antennas are scanning antennas which means that
the direction of the main lobe is moving in time.
Each panel is responsible for 45◦ of the opening
and the main lobe is 8◦ wide in azimuth direction.
The elevation opening is 20◦, the tilt of the panels
is 60◦ and the period of scanning is 20 s meaning
that the lobe moves at a speed of 2.25◦/s.
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Fig. 2. Emission site for the GRAVES system. There are 4 panels
containing 28 patch antennas each.

The global situation is represented on Figure 3 and
this type of emission technique allows the constant
illumination of 4 regions of the sky [6], [8].

Fig. 3. Schemes of the device at the emission. (a) profile view (b)
front view. The azimuth opening is 8◦, the elevation opening is 20◦

and the pitch angle is 60◦.

The reception of the information is done using
a set of antennas as shown in Figure 4. For the
GRAVES system, there are exactly 100 antennas
dispatched on a circle. This array of antennas
catches a signal coming from a certain direction
and each antenna converts the received wave in a
digital signal to process it with a computer. Based
on the 100 signals, it is possible, using phase
delays, to construct a very narrow lobe giving the
direction of the incoming electromagnetic wave
[6].

The signal detected will have a frequency shift
compared to the carrier frequency because of the
Doppler effect. Using this difference, a notion of
speed can be found but it won’t be the exact speed
of the object. The value found will be the projection
of the speed in the direction of the bisector of the
angle formed between the transmitter, the object and
the receiver. This will be detailed later. GRAVES
emission waves are also used for the FRIPON
network [9]. This cooperation is a French initiative

using the bistatic principle with receptors dispatched
every 50 − 100 km in France allowing to cover
the whole French sky. The positioning of all the
reception sites can be found on the internet [9]. One
of the main military advantages of GRAVES is the
detection of spy satellites.

Fig. 4. Reception site for the GRAVES system. There are 100
antennas dispatch in a circle area.

B. Mathematical approach
As explained in section II-A2, the GRAVES system
is able to provide information on the speed and
position of the spatial object.

Fig. 5. Scheme of the bistatic system. Tx is the transmitter, Rx is
the receiver, β is the angle formed by the Tx, the object and the Rx,
v is the speed of the object, δ is the angle between the direction of
the object and the bisector of β and w is the projected speed.

The speed of the object is found based on the
Fizeau-Doppler effect. Once the emitted wave
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encounter an object, it will be reflected towards
the Earth with a new frequency. The situation is
represented on Figure 5 where δ is the angle of the
projection, β is the bistatic angle (angle between
the emitted and received waves), v⃗ is the speed of
the object and w⃗ is a projection of this speed onto
the bisector of angle β.

Tx and Rx will be used to describe the emitter and
receiver. The frequencies linked to those sites are
respectively fTx and fRx. The variation of frequency
∆f is then defined as:

∆f = fRx − fTx (1)

It is possible to link this difference in frequency to
the speed of the object using equation (2). It is the
definition of the Doppler effect.

∆f =
2fTx cos (

β
2
)

c
cos (δ)||v⃗|| (2)

Where c is the speed of light, fTx the carrier
frequency of the emitter, β the bistatic angle and
w⃗ the projection of the speed. By looking back at
the definition of w⃗ on Figure 5, the expression of
equation (2) can be simplified using the following
property.

||w⃗|| = ||v⃗|| cos (δ) (3)

Combining equations (2) and (3), gives equation (4).

∆f =
2fTx cos (

β
2
)

c
||w⃗|| (4)

Before detailing further, two statements can
be made. Multiple observation sites can be
implemented based on the reflected wave but the
bistatic angle β is unknown and can’t be computed
using different antennas. Indeed, if the reception
site changes, then the Rx on Figure 5 would
change and so would β. A second observation is
the particular case where δ = 90◦. In that situation,
the projection of v⃗ onto the bisector of the β angle
axis would be null.

The problem is that there is one equation for two
unknowns (β and w⃗). Therefore, a chart is made
where w is plotted as a function of ∆f for different
values of β (see Figure 6).

Fig. 6. Variation of w⃗ with the frequency shift ∆f for different β.
β is plotted from 0◦ to 140◦ by steps of 10◦.

Figure 6 shows that for small angles, the variation
of speed for a same frequency shift is small. This
variation increases a lot when the bistatic angle
increase. This might be a problem so an analysis
of the possible angles is done. Indeed, for example
an angle of 140◦ is very unlikely to occur in the
kind of detection performed in this project.

Fig. 7. (a) Representation of the ellipsis on the globe. The object is
on the blue curve. (b) Ellipsis used for the estimation of possible β.
a is the long radius, b is the short radius and x is the long radius
minus half the distance between Lausanne and Dijon.

To see the range of interesting angles for the project
scope, a simulation is performed. As a reminder,
here is the equation of an ellipsis:

x2

a2
+

y2

b2
= 1 (5)
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Where a and b are the long and short radius of the
ellipsis as shown on Figure 7.

Fig. 8. Number of occurrences for different angles and for 3 values of
a and for a constant b of 400 km. a = 500 km (blue), a = 1000 km
(purple) and a = 1500 km (green).

The distance between Dijon and Lausanne is
150.37 km [10]. Figure 8 shows three probability
density function (PDF) for a constant value of b =
400 km and different values of x : 500 km (blue),
1000 km (purple) and 1500 km (green). Note that b
is set to the smallest value of the detection range
as it will create the highest angles. The more the
value of a (= x + dD−L

2
) increases, the highest is

the probability to have a small angle as shown on
Figure 8 (where dD−L = distance between Dijon and
Lausanne).

Fig. 9. Number of occurrences for different angles and for 3 values
of b and for a constant a of 1000 km. b = 400 km (blue), b = 700 km
(purple) and b = 1000 km (green).

The same analysis can be done but this time by
changing the value of b. The project is focusing on
detection between 400 km and 1000 km so Figure
9 shows the results for three ellipsis with b set
to 400 km (blue), 700 km (purple) and 1000 km
(green) and a is constant. When the object is higher
in the sky, the PDF shows a higher probability of
obtaining smaller angles.

The conclusion of this small study on the possible
β angles shows that the values stay relatively small
(between 0◦ and 20◦). Looking back at Figure 6, the
curves with β = 0◦, 10◦ and 20◦ are almost similar
meaning that β won’t impact much the result.

C. Block system

1) Antenna: The first element of the chain is
the antenna. The system here is developed for one
antenna but can be replicated to detect the angular
position of the space object. Because the carrier
frequency is 143.05MHz, an antenna with a range
around this value is needed. The literature references
the Yagi antenna as having a reception band of
140MHz - 160MHz [11].

Fig. 10. Yagi’s antenna for VHF (140− 160 MHz)

2) Preamplifier: The received signal converted
in voltage by the antenna has small values and
needs to be amplified in order to attain the digital
processing part (computer). To do so, a preamplifier
is placed at the beginning of the transmission line.
This strategic positioning allows to amplify the
signal before adding noise due to the imperfection
of the transmission line.
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3) Transmission line: As explained in the above
paragraph, a transmission line is used to connect
the antenna and the computer. Indeed, the antenna
will most probably be outside on a roof but the
processing part could be done inside and therefore
a cable is needed. An usual method of transmission
is the coaxial cable.

4) Band pass filter: A band pass filter would
be placed at the end of the transmission line to
filter the noise and the perturbation due to the
transmission line. The band pass filter is usually
created with a RLC circuit.

5) Receiver: Now that the signal has reached the
processing site at the processing site, it needs to
be converted from the analog to the digital system.
Indeed, it is easier to perform data processing than
signal processing. The block for this conversion is
an Analog Digital Converter (ADC).

Fig. 11. ADC (Analog digital converter) Dongle Funcube Pro+

The ADC presented in Figure 11 is a Dongle
Funcube Pro+ [12] and could be used because it
has a USB port at one end and a wire connection at
the other (SMA connection) [13]. This device needs
to be calibrated on the carrier frequency using the
program contained in the package (Dongle Pro+
Control V2).

6) Program: Spectrum Lab V2 is an open source
program which provides waterfall plots of the fre-
quency with respect to the time. Based on the time
of detection and the value of the Doppler shift, the
type of objects can be found. For example, a huge
speed detected in a small amount of time can be
associated to a meteor. Figure 12 is an example of
the output of the program for a meteor [14].

Fig. 12. Example of possible output of the program Spectrum Lab
V2. The frequency variation is along the x−axis and the time along
the y − axis. [15]

III. FMCW

A. Overview

FMCW stands for frequency modulated continuous
waves and is another way to detect objects. The
advantage of this technique is that the emitting and
receiving sites are at the same place allowing to
correlate the signals very easily. FMCW detection
is performed with a beat signal sb(t) being the
correlation between the sent signal and the received
signal. This beat signal is sampled and then
transformed (using Fourier 2D) in the frequency
domain. This allows to obtain information on
both the speed and range of an object after linear
transformation of the axis. This methodology will
be further developed in section III-B [16].

The main difficulty with this kind of device is the
interference due to mitigation with other signals
in the same band. This interference causes the
apparition of ghost targets in the frequency domain
[17].

Fig. 13. Scheme of the propagation path. R is the distance between
the object detected and the transmitter/receiver device.

The situation of the FMCW system is shown in
Figure 13. Where R is the range of the object.
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B. Mathematical approach

The following mathematical development comes
from a document published by the HAL open
sciences [18]. To begin with, the variation of the
frequency as a function of the time is defined
according to equation (6). This equation represents
the evolution shown on Figure 14.

Fig. 14. Evolution of the frequency with time. f0 is the lowest value
of frequency possible, T is the period of one ramp and B is the
bandwidth.

Where f0 is the minimum frequency, B the band-
width and T the period.

f(t) = f0 +
B

T
t t ∈ [0;T ] (6)

Based on this frequency, the emitted signal (se(t))
can be defined as the amplitude (Ae) multiplied by
the exponential of the phase (ϕ) times the complex
number j.

se(t) = Aee
jϕ (7)

The phase is simply the integral of the frequency
between 0 and t multiplied by 2π [19].

ϕ = 2π

∫ t

0

f(t′) dt′ = 2π(f0t+
B

2T
t2) (8)

By combining the two previous equations, the ex-
pression of the signal transmitted (se) is found and
written :

se(t) = Aee
j2π(f0t+

B
2T

t2) (9)

The effects of the propagation will now be con-
sidered and the reflected/received signals will be

obtained. To do so let’s refer to the situation illus-
trated in Figure 13 where R is the distance between
the device and the detected object. The time taken
to propagate the distance R is simply R

c
and will

be written as τ
2
. Therefore, just after reflection, the

expression is:

srefl(t) = KAee
j2π(f0(t− τ

2
)+ B

2T
(t− τ

2
)2−fSt) (10)

Where K is an attenuation coefficient and fS the
shift in frequency (see Figure 15). Then, the wave
propagates back to the emission/reception site and
thus travels the distance R once again. This implies
a new delay of τ

2
and equation (10) becomes:

sr(t) = K ′Aee
j2π(f0(t−τ)+ B

2T
(t−τ)2−fS(t− τ

2
)) (11)

Where K ′ is the update attenuation factor K due to
the propagation path. The last step is to mix together
the sent signal and the complex conjugate of the
received signal to obtain sb(t), the beat signal.

sb(t) =se(t)s
∗
r(t)

=K ′A2
ee

j2π(f0t+
B
2T

t2−f0(t−τ)− B
2T

(t−τ)2+fS(t− τ
2
))

=K ′′ej2π(ϕ0−B
T
tτ+fSt)

(12)

In the above expression, all the terms dependent on
t remain untouched and the others are regrouped
in a new term (ϕ0). K ′′ is an attenuation factor
depending on the path of propagation and ϕ0 is:

ϕ0 = f0τ − B

2T
τ − fS

τ

2
(13)

The beat frequency (fb) is the interesting part to ex-
tract from the beat signal and is in the exponential.
Knowing that the beat signal can be expressed as
the exponential of a function with this form ft+ ϕ
and having identify the independent term ϕ = ϕ0

(13), the beat frequency is :

fb =
B

T
τ + fS =

2BR

cT
+ fS (14)

The beat frequency is expressed in function of the
two unknowns of the problem : the speed and the
distance of the object (the speed is embedded in fS).
The beat signal can be rewritten :

sb(t) = K ′′ej2π(ϕ0+fbt) (15)
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To obtain a plot of the frequency shift and the
distance, it is needed to decompose t into ts (short
time) and tl (long time).

1) ts : time on one ramp (0 < ts < T )
2) tl : define the current ramp (= mT ) with m =

0, 1, 2, ...,M − 1 (M is the total number of
ramps). It can be interpreted as the number of
”complete” ramps.

3) t = ts + tl : is the current time

For example if the current time is the middle of
the fourth ramp, ts = T

2
, tl = 4T and t = 4.5T .

By substituting the expression of t in equation (15),
equation (16) is obtained.

sb(ts, tl) = K ′′ej2πϕ0ej2πfbtsej2πfStl (16)

This expression depends on ts and tl but by perform-
ing a 2D Fourier transform, the resulting expression
will depend on fb and fS . First, a sampling has to
be performed on both variables. For the long time,
it has already be implicitly done because it is the
number of ramps tl = mT . For the short time, a
sampling period Ts is taken in order to have N
samples. This period is defined as T

N
and therefore,

tc = nTs with n = 0, 1, 2, ..., N − 1. The sampled
signal is equation (17).

Fig. 15. Sent (blue) and received (red) signals. fS is the shift in
frequency due to Doppler’s effect, τ is the time for the signal to
reach the object and come back to the receiver, tl is the total time
of completed ramps, ts is the time of the current ramp and m is the
index of the ramp with M the total number of ramps.

Figure 15 shows the sent and received signals for
different ramps. Based on the explanation here
above, to obtain information on the frequency shift,
it is needed to have a study of multiple ramps.

sb(ts, tl) = K ′′ej2πϕ0ej2πfbnTsej2πfSmT (17)

τmax is the maximal delay corresponding to the
maximal path. After performing the 2D Fourier
transform, the continuous signal (Sc

b ) looks like
equation (18).

Sc
b(f, f

′) = KAee
j2πϕ0(T−τmax)e

−jπ(f−fb)(T+τmax)

sinc(π(f−fb)(T−τmax))×(M−1)Te−jπ(f ′−fS)(M−1)T

sinc(π(f ′ − fS)(M − 1)T ) (18)

C. Block system
The structure of the circuit presented in this section
comes from the work done by a Turkish university
[20]. The full chain is presented on Figure 16 and
is made of a modulator, a VCO (voltage controlled
oscillator), power and voltage amplifiers, a splitter,
a mixer and the antennas. The blue and green parts
are respectively the emitter and the receiver.

1) Modulator: The purpose of the modulator
block is to create a triangular and a square signal.
The triangular signal is the one sent and the square
signal is used for synchronization. For the moment,
the signal is varying in voltage but to perform
FMCW, a variation in frequency is needed. This is
where the VCO comes in play.

2) Voltage Controlled Oscillator (VCO): Based
on the voltage signal, the VCO produces the
desired frequency signal. The center frequency and
the band can be chosen depending on the design of
the VCO. The output signal is passed in a power
amplifier before arriving at the splitter.

3) Splitter: The splitter is used to divide the
signal between two branches. The first one will
directly be emitted by the antenna (TX) and the
second one will go into the mixer. Because of this
separation, the power of the signal is divided by
2 (equivalent to −3dB). The emitted and received
signals need to be mixed in a mixer as explained
previously in section III-B.

4) Mixer: The inputs of the mixer are the
emitted signal and the received signal amplified
in power. Indeed, the signal received at the RX

antenna is usually low in power. The output
of the mixer block is the beat signal sB(t)
as defined in section III-B. This signal is then
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Fig. 16. Blocks representation of FMCW containing : modulator, VCO (voltage controlled oscillator), power and voltage amplifiers, splitter,
mixer, antennas and computer. Blue part is the emitter and green part is the receiver.

amplified in voltage before arriving in the computer.

5) Computer: There is a conversion from analog
to digital like in the GRAVES system and then the
data is processed. No real data are acquired because
this is a research work but a simulation of 3 objects
is done in Python. The speeds and ranges of the 3
objects are described in Table I. The values taken
are typical plausible values that the FMCW radar
will detect once implemented.

Fig. 17. Output of the simulation after 2D Fast Fourier Transform
(FFT). There are 3 couples of 2 points.

the output after performing the fast Fourier trans-
form in 2 dimensions is shown in Figure 17. This
Fourier transform is performed on a M ×N matrix

with in this case M = N = 100. This explains the
value of the axis on Figure 17. The higher the value
of M and N the more precise the FFT will be (less
pixelized).

TABLE I
SIMULATION PARAMETERS (SPEED AND RANGE) OF 3 OBJECTS

Parameter Object 1 Object 2 Object 3 Units

Speed 200 2000 20000 m/s
Range 100 50 800 km

Fig. 18. Output of the simulation after 2D FFT with circles marking
the redundancy in blue red and green.

The first observation is the appearance of 6 points
instead of 3. In fact, there is a redundancy in the
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output as shown on Figure 18.

The work done on FMCW by the university of Ham-
burg explains the appearance of twice the number
of objects. By looking at the x−axis of Figure 19,
there is a repetition of the same information. Indeed,
the 2 yellow lines have the same x value (distance
of 4.8 km) but are represented twice. Note that the
velocity has the same value with opposite signs.

Fig. 19. Results obtained by the university of Hamburg explaining
the redundancy obtained.

The computer processing is not part of the scope of
this project so it will not be further developed. For
more information refer to [17].

IV. PASSIVE DETECTION

A. Overview

Passive detection is a low cost solution to detect
space objects as only the receivers have to be
implemented. The emitters are unknown sources
of RF signals used to measure the reflections on
objects. This phenomena is therefore dependent
on the nature of the environment. The situation is
represented on Figure 20. The main disadvantage
of this type of detection is that the sent signal is
unknown. For satellites, the allocated frequencies
are in the ISM band (2.4GHz - 2.483GHz) [21],
[22] which is narrow enough to consider a fixed
value for the sent frequency. The objective now is
to recover the frequency after the reflection on the
space object in order to obtain the Doppler shift. To
do so, Costas loops [23] are implemented to elevate
the received signal to the N th power and retrieve
the frequency. This will be further developed in the
mathematical approach (see section IV-B).

Fig. 20. Scheme of passive detection. Rx1 and Rx2 are two receiver
sites.

The speed of the object is found via the Doppler
shift but the position is still unknown. The position
of the object in the sky is obtained using time delay
between different antennas. At least three antennas
are needed to obtain both the elevation and azimuth
angles. The time delay is found by doing a cross
correlation between the two received signals. Know-
ing the time delay, the additional distance traveled
between the two receiving sites can be calculated.
Based on this distance and the separation between
the two sites, it is possible to compute the angle.
If only two antennas were used, the elevation angle
would be found but not the azimuth angle as shown
on Figure 21. This principle is called triangulation
and is used for example in GPS technology. This
part will also be approached using mathematical
background in section IV-B.

Fig. 21. Triangulation for passive detection with three receivers (Rx1,
Rx2 and Rx3). The green arrows are the path of the reflected wave.

B. Mathematical approach
The two main objectives of this section are to
obtain the frequency after reflection on the object
and the time delay even though the sent signal is
unknown. The following development is based on
the work done by the Canadian defense [24].
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The problem with the frequency is that most of
the satellites use a PSK (Phase Shift Keying)
modulation which suppresses the carrier frequency.
However, as explained in section IV-A, the carrier
frequency is in a very narrow band and will be
considered constant (fc = 2.4GHz). A PSK signal
can be written according to equation (19) where fD
is the frequency after reflection, n = 0, 1, ..., N − 1
is the index of modulation and N is the order of
modulation.

sn(t) = ej2π(fDt+ n
N
) (19)

For example, in a BPSK (N = 2), the two signals
would be s0(t) = ej2πfDt and s1(t) = ej2πfDt+π.
Based on s(t), the signal obtained at the base
stations follows equation (20).

sr(t) ≈ (1− Ṙ

c
) ej2π((1−

Ṙ
c
)fD(t−R

c
)+ n

N
) (20)

By raising the expression to the N th power, the term
with the n in the exponential disappears (always a
multiple of 2π). Therefore, the main component is
the frequency after reflection (fD) multiplied by a
known factor N as shown in equation (21).

sNr (t) ≈ (1− Ṙ

c
)N ej2π(N(1− Ṙ

c
)fD(t−R

c
)+n)

= (1− Ṙ

c
)N ej2πN((1− Ṙ

c
)fD(t−R

c
))

(21)

For the time delay, the principle is the cross correla-
tion between the two received signals. if sr1(t) and
sr2(t + τ) are received, where τ is the time delay
as shown on Figure 23, then the expression of the
cross correlation is found via equation (22).

R(τ) =

∫ ∞

−∞
s∗r1(t)sr2(t+ τ) dt (22)

The cross correlation will be maximal at the time of
the delay. For example, by simulating two gaussian
curves centered in x = 0 and x = 8, the cross
correlation is maximal in x = 8, the value of the
time delay. The simulation is plotted in Figure 22.

Fig. 22. sr1(t) in orange, sr2(t+τ) in green and the cross correlation
R(τ) in blue (for a t = 0 and a τ = 8).

Based on the knowledge of τ and for a wave trav-
elling at the speed of light (c = 299 792 458m/s)
the additional distance of propagation is found with
equation (23).

dadd = cτ (23)

Knowing the distance between the two antennas (d)
and the distance dadd, it is possible to find the angle
θ on Figure 23.

cos (θ) =
dadd
d

⇐⇒ θ = arccos (
dadd
d

) (24)

Fig. 23. Situation for the computation of the angle. Rx1 and Rx2

are two receivers, d is the distance between the two sites, dadd is the
additional distance travelled by the wave, τ is the additional time to
travel dadd and θ is the angle of the incoming wave.

Applying the same methodology between antennas
Rx2 and Rx3 would give another angle in another
plane and therefore another information on the
position in the sky. If the third antenna is aligned
with the first and second then the azimuth
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information can’t be recovered.

The method just explained can be used to track an
object in the sky if data has been recorded for a long
enough period (eg : a day). In this case, by changing
the value of τ in the cross correlation computation,
it is possible to aim to different directions in the sky
as shown on Figure 24. When the value of the cross
correlation is high for a given t0, it means that the
object was found. Then for time t1 = t0 + ∆t, the
cross correlation will be high for another value of τ
and therefore a new position in the sky is found.
Note that because the distance d is smaller than
the distance between the antennas and the object,
a paraxial approximation is done to still have a
situation as in Figure 23.

Fig. 24. Situation for the tracking of an object based on cross
correlation at different times. Rx1 and Rx2 are two receiving sites
and d is the distance between them.

Another way to obtain the angle θ in Figure 23 is by
isolating the phase difference. If the signals received
at Rx1 and Rx2 are mixed, two terms will appear :
one oscillating at twice the frequency and the other
one only containing the phase. By low pass filtering,
the phase can be obtained:

ϕ = 2π
d

λ
sin (θ) (25)

The finding of angles is explained for passive de-
tection but can be extended to every system having
multiples reception sites like the GRAVES system.
Indeed, it was here developed for one antenna but
can be done using multiples antennas. Whenever
there is more than one antenna, the notion of angular
resolution appears. This will be detailed in section
V

C. Block system
The block design for passive detection is essentially
the same as the GRAVES system. There is an
antenna, a preamplifier and a coaxial cable. Then
an ADC makes the conversion to the digital world
and computation can be done. This time, all the
signals coming from the different antennas must be
analysed together. Once all the signals are at the
computer, the angles can be computed.

V. ANGULAR RESOLUTION

The angular resolution is a measurement describing
the precision of the detection. If two space objects
are really close when they are detected, they could
be mixed up and the information received would be
irrelevant as it could come from either objects. The
angular resolution is defined in equation (26) where
SA is the distance between the two space objects, R
is the range and α is the angle between the maximal
power and half power (−3 dB) [25], [26], [27].

SA ≥ 2R sin (
α

2
) (26)

Figure 25 shows the situation. By simple trigonom-
etry, equation (26) is easily demonstrated.

Fig. 25. Situation for the computation of the angular resolution

The resolution angle (α) can also be defined with
respect to the array. It depends on the wavelength
(λ) and the distance between the two most distant
antennas (D). Indeed, the formula is computed
for each possible couple of antenna and the most
restrictive pair is kept. D is called the baseline.

α =
λ

D
(27)
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VI. RECOMMENDATION

The study done for the moment shows 3 types
of detection each presenting pros and cons. This
section presents my opinion on the system to
implement.

If data has to be acquired rapidly, I would
recommend to implement the GRAVES system.
Indeed, the emitter is already built and the receiver
is easy to create. It has been done by radio amateurs
in Europe and should not be too difficult. The
major inconvenience is that only the speed in the
direction of the bisector of the β angle is known.
There is no notion of range nor direction with only
one antenna. This would thus just inform on the
presence of the object and have some notion of
speed (w⃗).

In passive detection, like the GRAVES system, the
emission is already present and only the reception
needs to be implemented. At least three antennas
are needed on three different sites to locate objects.
This gives no information on the range.

In my opinion, the best system is the detector
using FMCW. This system is completely adaptable
to our needs where GRAVES is imposed by the
french army. Indeed, based on the target range, the
resolution and other factors, the parameters can
be adapted. FMCW both gives information on the
speed and the range of the object using Fourier’s
transform. The report of the HAL even shows that
there are techniques to retrieve information on the
angles and therefore have an exact location in the
sky. The disadvantage of this system is that it is
more complex to design and implement.

A possible idea could be to combine different
systems. For example, the FMCW system would
be used for the speed and range and the passive
detection or the GRAVES system with multiple
antennas for detecting the position in the sky. A
work of identification would have to be conducted
to link the information detected on both system to
the objects.

VII. CONCLUSION

This work was done for the Space Situational
Awareness (SSA) Team in order to develop a radio
frequency telescope.

Three ways to detect objects orbiting around
the Earth were investigated and each of them
presents pros and cons. The systems developed
are GRAVES, FMCW and passive detection. The
purpose of the future system is the detection of
position, range and speed of the objects. The
mathematical background as well as the black
boxes are presented to implement the project.

To go further, the system could be upgraded in order
to compute other parameters like the size of the
object or its shape. On the computer processing part,
orbit calculation could be performed. This would
allow prediction of paths free of objects (for space
launches for example).
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[15] Cédric Willemin, Détection de Météores et d’Aéronefs [Internet]. https://sjf.ch/detection-de-meteores-et-daeronefs/
[16] Kohei Yamamoto, Koji Endo and Tomoaki Ohtsuki, Remote Sensing of Heartbeat based on Space Diversity Using MIMO FMCW

Radar [Internet]. https://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=9685033
[17] Casademont, Titus and Hort, Matthias and Scharff, Lea and Peters, Gerhard, I-Channel FMCW Doppler Radar for Long-Range and

High-Velocity Targets [Internet]. https://ieeexplore.ieee.org/document/9430893
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