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Abstract—Terahertz (THz) band communication, ranging from
0.1 THz to 10 THz, is envisioned as a key enabling technology
for next-generation networks and future applications such as
inter-satellite communications and environmental sensing. The
surging number of space debris in Low Earth Orbit poses a
big threat to orbital infrastructure and the development of the
space economy. In particular, despite the ability to detect and
track large-scale space debris, millions of space debris with a
radius within the range of 0.1 − 10 cm and velocity exceeding
1 km/s remains hard to detect with conventional ground-based
radars and optical telescopes. In this study, a dual-functional
frequency modulated continuous waveform (FMCW) operating
in the THz band is adopted for space debris sensing and inter-
satellite communications. Specifically, the radar cross section of
space debris with various sizes in the THz band is analyzed to
demonstrate the feasibility of THz space debris detection. A joint
space debris detection and inter-satellite communications based
on the FMCW waveform is derived. Then, the parameter esti-
mation and demodulation algorithms are illustrated. Extensive
simulations demonstrate that the proposed method can realize
high-accuracy parameter estimation of hypervelocity space debris
while achieving high reliability for inter-satellite communications.

I. INTRODUCTION

Terahertz (THz) band communication, ranging from
0.1 THz to 10 THz, is envisioned as a key enabling technology
for next-generation networks and future applications such as
inter-satellite communication. Thanks to their large continuous
bandwidth at hundreds of gigahertz and small wavelength at
several millimeters, THz band communication simultaneously
possesses the ability of sensing and communication. Recently
a real THz communication system is implemented to verify
the viability of achieving THz high-speed data transfer [1].
These advancements motivate extensive applications based on
THz communications, among which, inter-satellite communi-
cations [2] is the new frontier. On one hand, THz inter-satellite
communications are immune from water vapor absorption,
which is considered as one of the key limitations of the THz
terrestrial long-distance communications but not an issue in
space. On the other hand, high directionality endows THz
communications with strong resistance to malicious intercep-
tion yet does not make it vulnerable to sunlight irradiance
like its optical counterpart. Pioneering studies have verified
the feasibility of THz inter-satellite communications in [3],
[4]. Besides the advantages of the THz band in inter-satellite
communications, space debris detection, which aims to detect

and track the movement of objects in space, is one of the most
potential applications for THz radar sensing.

Since Sputnik, the first artificial satellite in space, was
launched in 1957, the number of objects launched into space
has increased steadily, surging from around 14,698 in 2015 to
34,595 by 2023 [5]. Euroconsult forecasts an average of over
2,900 satellite launches annually, equivalent to 8 satellites per
day and totaling a mass of 4 tons, in the next decade [6], [7].
Due to mission-related operations, accidents, or intentional
creation like Anti-Satellite (ASAT) weapon attacks, a large
amount of non-functional artificial objects, known as space
debris, have been generated and drifted haphazardly in Earth
orbit. As more and more space debris occurs, satellites are
at increasing risk of collision with debris, leading to com-
plete destruction or fatal damage. Given the degrading space
environment, the US Space Surveillance Network (SSN) has
made efforts to detect and track space debris. However, small
space debris with a radius between 0.1−10 cm is undetectable
with existing ground-based radar sensing technology, and these
small objects can pose a great threat to satellites due to their
hypervelocity (1 km/s) and massive amount. Statistics show
that there are around 129 million debris objects within the
range of 0.1− 10 cm and an aluminum sphere of 7 km/s can
penetrate completely through an aluminum plate 4 times its
diameter. Due to the sub-millimeter-scale wavelengths, small-
scale space debris with radius of several centimeters possesses
higher radar cross section (RCS) in the THz band than in the
lower-frequency bands.

To address the aforementioned challenges, in this paper, we
develop a dual-functional FMCW waveform for THz space
debris detection and inter-satellite communications, which
simultaneously realize fast-speed data transfer among satellites
and accurate distance and speed estimation for hypervelocity
space debris. Specifically, a system model is first developed,
where a THz line-of-sight (LoS) channel model for both func-
tions is described. Then, the dual-functional FMCW waveform
is designed and the receiver design for both communication
and radar sensing purposes is elaborated. Finally, we perform
extensive numerical evaluations to verify the communication
and sensing performance of our dual-functional FMCW wave-
form, in terms of the bit-error rate (BER) and their sensing
distance and speed root mean square error (RMSE).

The rest of the paper is organized as follows. In Sec. II, a
system model for joint space debris detection and inter-satellite
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Fig. 1: System model for THz joint space debris detection and inter-satellite communication.

communications based on dual-functional FMCW waveform is
developed, where the channel model is developed in II-A, the
dual-functional FMCW is designed in II-B, and the receiver
design for communication and detection is elaborated in II-C.
Numerical results are described and analyzed in Sec. III.
Finally, Sec. IV concludes the paper.

II. SYSTEM MODEL FOR TERAHERTZ SPACE DEBRIS
DETECTION AND INTER-SATELLITE COMMUNICATIONS

In this section, we describe the system model for hyper-
velocity space debris detection based on the dual-functional
FMCW waveform for joint space debris detection and inter-
satellite communication. The monostatic integrated communi-
cation and radar sensing system block diagram is illustrated in
Fig. 1, where the chirp signal generator on board the satellite
transmits a THz FMCW signal carrying the encoded symbols.
For the communication part, the receiver detects the transmit-
ted signal and demodulates the binary frequency-modulated
symbols for information transmission. For the sensing part,
the space debris reflects the incoming THz signal, and the
echo signal is captured by the sensing receiver colocated at
the transmitter side. Then, the sensing receiver tries to estimate
the distance and speed of space debris for further trajectory
tracking and prediction.

A. Terahertz LoS Channel Model for Space Debris Detection
and Inter-Satellite Links

Due to the lack of scatters in the empty space, we assume
that the THz channel model for space debris detection only
possesses the LoS ray, where the communication receiver
directly receives the signal through a LoS path, and the sensing
receiver detects the signal which experiences single reflection
by the space debris. Moreover, due to the lack of medium
molecules such as water vapor or oxygen, this THz LoS
channel assumes that the LoS ray only experiences free-space
path loss (FSPL), and the molecular absorption effect is not
considered [8]. Therefore, the channel impulse response (CIR)
of the THz communication channel hct(t, τ) is expressed as

hc(t, τ) = αLoSδ(τ − τLoS(t)), (1)

where t denotes the time. δ(·) represents the Dirac Delta func-
tion. τLoS(t) is the time-varying delay between the satellites
along the same orbit and is calculated by τLoS(t) =

R+vt
c . c

is the speed of light, R represents the distance between the
satellites, and v represents the relative speed. αLoS stands for
the FSPL for the THz LoS ray, which can be computed as

αLoS =
c

4πfcR
, (2)

where fc represents the carrier frequency. For the sensing part,
the THz CIR of the sensing channel is described as

hs(t, τ) = αsδ(τ − τs(t)), (3)

where the time-varying delay for the two-way propagation
shown in Fig. 1 can be calculated by τs(t) = 2(r0+v0t)

c . r0
is the distance between the transmitter and the detected space
debris, and v0 denotes the speed of the space debris. Similar
to the THz communication channel model, the FSPL for the
sensing signal is calculated as

αs =
c

4πfcr0
·
√

σ

4πr20
, (4)

where σ represents the RCS of the space debris in the
THz band. According to the NASA size estimation model
(SEM) [7], the RCS is strongly related to the size of the
space debris. For space debris whose radius is much smaller
than the THz wavelengths, RCS can be calculated as the
Rayleigh scattering model, while for the case that the radius is
longer than the wavelengths, the geometric scattering model is
adopted. For the remaining regions between the two regions,
the RCS curve is polynomial fitted [7] using 23 measurement
results provided by NASA. Therefore, the RCS model for these
cases is given by

σ̂ =


x2/(4π), x > 2.523,

9π2x6/4, x < 0.1876,

min(a0x+ b0, c0x+ d0, e0x+ f0), otherwise,
(5)



where σ̂ is the normalized RCS, i.e., σ̂ = σ
λ2 . x denotes the

normalized radius of space debris, i.e., x = r
λ . And λ = c

fc
represents the wavelength. min(·) returns the minimum value
among the three input values. The fitting coefficients for x
in (5) are given by

a0 = 11.0346, b0 = −11.2369,

c0 = 4.9409, d0 = −4.8158,

e0 = 157.2653, f0 = −45.6594.

(6)
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Fig. 2: RCS static range measurements and its polynomial fit as a function
of scaling parameters x = r

λ
and z = σ

λ2 .

The scaling RCS of space debris is shown in Fig. 2. We
observe that as the diameter of space debris increases and
the wavelength decreases, the RCS of space debris grows
accordingly, which implies that compared with micro-wave
or millimeter-wave frequency bands, the THz band possesses
a better detection ability of space debris due to its smaller
wavelength. Furthermore, an operative frequency of 340 GHz
is not only widely used for radar sensing according to [9], [10],
but also guarantees that small space debris larger than 2.2 mm
is in the optical regime. This result verifies the feasibility of
using THz wave for space debris detection.

B. Dual-Functional FMCW Waveform Design

We develop a waveform model for the dual-functional
FMCW waveform. The transmitted signal is expressed as

st(t) = exp

[
j2π

(
fct+

1

2
µt2

)]
, 0 ≤ t ≤ Tc, (7)

where µ = Bc

Tc
denotes the chirp rate, which is determined by

the chirp duration Tc and the bandwidth of the THz FMCW
signal Bc. By neglecting the additive white Gaussian noise
(AWGN), free-space path loss, and reflection loss, the echo
signal received by the FMCW receiver is a delayed version of
the transmitted st(t), which is therefore given by

sr(t) = exp

[
j2π(fc(t− τ(t)) +

1

2
µ(t− τ(t))2

]
, (8)

where τ(t) is the time-varying two-way time delay, r0 is the
initial distance of the target at t = 0, and v0 is the constant
speed. At the sensing receiver, a dechirp process is performed,

and the resulting beat signal for distance and speed estimation
is expressed as

sbeat(t) = st(t) · s∗r(t)

= exp

[
j2π

(
µτt+ fcτ − 1

2
µτ2

)]
= exp

{
j2π

[
2µv0
c

(1− v0
c
)t2 +

2

c

(
fcv0 + µr0 −

2µr0v0
c

)
t

+
2fcr0
c

− 2µr20
c2

]}
.

(9)
In conventional analysis with a low speed of detected

targets, sbeat(t) is considered as a single-tone sinusoid signal
by omitting the second-order term and the − 2µr0v0

c term in
the first-order term in (9). Through this approximation, the
distance and speed estimation problem of the slow target is
converted into the problem of frequency estimation, which,
in this case, is the coefficient of the first-order term, i.e.,
fcv0+µr0. However, in the scenario of space debris detection
with a hypervelocity more than 1000 km/s, the detection
precision is limited as the phase of the beat signal is a
quadratic function, whose coefficient of the quadratic term is
determined by the speed of the target and cannot be neglected.

To address this issue, we modulate the FMCW in a triangu-
lar shape, which contains an up-chirp and a down-chirp in a
symbol duration. Thus, the distance and speed of the target can
be estimated using a triangular chirp and the quadratic term
in phase can be neglected since the frequency change is rather
small. The beat frequency of the up-chirp and down-chirp can
be expressed as

fbeat,up =
2

c

(
fcv0 + µr0 −

2µr0v0
c

)
, (10)

fbeat,down =
2

c

(
fcv0 − µr0 +

2µr0v0
c

)
, (11)

Thus, by combing (10) and (11), the distance and speed
can be computed as

v0 =
c

4fc
(fbeat,up + fbeat,down), (12)

r0 =
c

4µ(1− 2v0/c)
(fbeat,up − fbeat,down), (13)

To enable FMCW with an information-conveying function,
the waveform is modulated in a manner similar to conventional
pulse-based waveform, where the polarization of the FMCW
determines the information bit. In particular, if we want to
transmit a bit “0”, then we can send an up-down-shaped signal.
While if we want to transmit a bit “1”, we just need to change
the orientation, i.e., transmit a down-up-shaped signal. Note
that despite the proposed communication scheme being less
efficient than conventional modulations, it is better than the
sensing-only scheme with FWCM signals.

C. Receiver for Communication and Sensing

As shown in Fig. 1, the sensing receiver is co-located with
the transmitter. After dechirping, a Fast Fourier Transform



TABLE I: Simulation Parameters

Notation Parameter Definition Value Unit
h Orbit altitude 600-1000 km
R Communication distance 200-700 km
v Relative speed 7 km/s
d Diameter of space debris 0.1-10 cm
rmax Maximum distance 500/2000 m
vmax Maximum speed ≤ 15 km/s
rres Distance resolution 0.1-10 cm
fc Carrier frequency 340 GHz
Tc Chirp duration 18.35 µs
Bc Bandwidth 1.5 GHz

(FFT) operation is performed on the beat signal, and the signal
frequency is estimated by finding the peak in the periodogram.
Moreover, a N -point FFT operation on the single-tone signal
is equivalent to filtering the signal with a filter bank consisting
of a N narrowband filter. With the power of signal increasing
by N2 times while that of noise increases by N times, the
signal-to-noise ratio (SNR) increases by around N fold. To
further improve the resolution in the frequency domain, we
use zero padding by a factor of two. Finally, the estimated
frequency is used to calculate the distance and speed of the
target as described in (12) and (13).

For the communication receiver, due to the long distance
of ISL and fast relative movement between transmitter and
receiver, the delay and Doppler frequency shift should be com-
pensated first before demodulation. Then, the synchronized
signal is dechirped with the reference waveform. The output
is integrated over a symbol duration as

kup/down =

∣∣∣∣∣
∫ TC

0

sbeat(t)dt

∣∣∣∣∣ , (14)

and the received bit br is determined by comparing the output
values kup and kdown. Based on this system, we can simulta-
neously maintain the ability to accurately detect hypervelocity
and small-scale space debris.

III. NUMERICAL RESULTS

In this section, we conduct numerical evaluations on the
proposed FMCW waveform for THz space debris detection
and inter-satellite communication. Specifically, the sensing ac-
curacy versus SNR is evaluated and analyzed for the different
nominal distances and speeds of space debris. To investigate
the performance of inter-satellite communications, the BER
versus SNR is computed. Unless specified, the simulation
parameters are listed in Table. I. Note that the frequency is set
as 340 GHz, which is widely used for radar sensing according
to [9], [10].

A. Performance Evaluation for Space Debris Detection

In Fig. 3 and Fig. 4, we evaluate the RMSE of distance
and speed estimation across different SNR and target speeds
with rmax = 500 m and target distance fixed at 300 m.
We observe that as the target speed increases, the estimation
accuracy decreases. For distance estimation, it is indicated that
the RMSE achieves below 0.15 m at v = 15 km/s. When

v ≈ 7 km/s, the distance estimation accuracy can achieve
centimeter-level. For speed estimation, the maximum RMSE is
around 30 m/s when v0 = 15 km/s while is average is below
15 m/s for all considered speed. As for anti-noise capability,
the SNR threshold in the simulations is at around −24 dB,
which is 5/6/7 dB lower than that of OFDM/FMCW/OTFS
based on maximum likelihood estimation algorithm, respec-
tively. This indicates that the triangular modulated FMCW and
corresponding estimation algorithm are more robust to additive
noise than other reference waveforms.
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Fig. 3: Comparison of distance estimation accuracy over different target
speeds.

-60 -50 -40 -30 -20 -10 0 10

SNR [dB]

10
0

10
1

10
2

10
3

10
4

10
5

10
6

R
M

S
E

 [
m

/s
]

Speed=100m/s

Speed=1000m/s

Speed=7000m/s

Speed=15000m/s

Fig. 4: Comparison of speed estimation accuracy over different target speeds.

Moreover, we evaluate the influence of target distance on the
RMSE of distance and speed estimation with rmax = 2000 m
and target speed fixed at 7 km/s. In Fig. 5 and Fig. 6,
we observe that the target distance has little effect on sens-
ing accuracy, with distance estimation accuracy approaching
decimeter-level and speed estimation RMSE below 20 m/s.

As shown in Fig. 7, the sampling rate increases linearly
with the maximum detectable speed while it is irrelevant with
unambiguous distance. In particular, when distance resolution
is fixed at 0.1 m, the sampling rate is below 1.2 GHz even
with the maximum detectable speed at 15 km/s. This property
brought by dechirp operation indicates that the receiver can be
built with off-the-shelf components instead of ADCs operating
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Fig. 5: Comparison of distance estimation accuracy over different target
distances.
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Fig. 6: Comparison of speed estimation accuracy over different target dis-
tances.

at hundreds of Giga-samples-per-second (GSaps) [11], thus
cutting down the total cost. In Fig. 8, results demonstrate
that sampling rate surges explosively if distance resolution is
below 0.01 m, achieving 110 GSaps at peak. In practical hard-
ware implementation, a higher sampling rate will significantly
increase system complexity like heavier computation loads,
larger storage requirements, larger power consumption, etc. In
consideration of the system’s real-time performance required
by the hypervelocity of space debris and system cost, the
trade-off between system complexity and distance resolution
is crucial.

B. Performance Evaluation for Inter-Satellite Communica-
tions

We compare BER performance under different compensa-
tion conditions, i.e. perfect delay and Doppler compensation,
perfect delay compensation with 0.227 MHz residual Doppler
shift, and perfect Doppler compensation with 1.67 ns residual
delay. Here, 0.227 MHz residual Doppler shift corresponds to
0.1 km/s in speed while 1.67 ns residual delay corresponds
to 0.5 m in distance. As shown in Fig. 9, the simulation
results indicate that under perfect Doppler and delay com-
pensation, high demodulation accuracy can be obtained with

Fig. 7: Sampling Rate versus maximum detectable distance and speed.
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Fig. 8: Sampling Rate versus distance resolution.

SNR = −38 dB at the BER of 10−4, which means the required
power consumption is low for reliable communications in
ISLs. This exactly meets the strict demand of CubeSat, whose
transmitting power is typically between 15 dBm and 7 dB [12].
However, provided no perfect compensation, the demodulation
degrades drastically. In particular, when 0.227 MHz Doppler
shift exists, 37.5 dB more power should be transmitted to
maintain BER at the 10−4 level. The degradation is more
serious when the delay is not compensated, a 1.67 ns residual
delay needs 20 dB extra power to achieve the 10−4 level
BER. Therefore, precise synchronization in the time-frequency
domain is vital for FMCW-based communication systems.

We further simulate the data rate of the THz inter-satellite
communication system, which is defined as the number of bits
transmitted over 1 second. As shown in Fig. 10(a), a data rate
at 50 kbps can be achieved if the unambiguous distance is
500 m. Moreover, the data rate decreases with the increase
of unambiguous distance, which shows a trade-off between
communication and sensing performance. The relationship
between Tc and rmax is expressed as Tc = a · 2rmax/c,
where a is the protection time factor to make sure the chirp
duration is large enough compared with the maximum round-
trip time delay and is set as 5.5 experientially in automobile
radar. Hence, to detect farther space debris means longer
chirp duration, thus lowering the data rate. Such data rata
can only satisfy applications like telemetry data transmission,
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low-resolution image transmission, and control links. Although
decreasing the time factor can shorten chirp duration, this may
be at the expense of degrading sensing performance, which is
a trade-off for joint space debris detection and inter-satellite
communications. As shown in Fig. 10(b), when a is tuned to
1, the data rate can achieve 1.5 Mbps. In view of broadband
applications like high-definition video streaming or large file
transfers, more modifications should be made to FMCW to
improve its communication capability.

IV. CONCLUSION

In this paper, we design a dual-functional FMCW waveform
operating in the THz band for space debris sensing and inter-
satellite communication. Specifically, the radar cross section
of space debris with various sizes in the THz band is analyzed
to demonstrate the feasibility of THz space debris detection. A
theoretical system model based on the FMCW waveform for
joint space debris detection and inter-satellite communications
is derived. Then, the parameter estimation and demodulation
algorithms are illustrated. Extensive simulations demonstrate
that the proposed method can realize decimeter level distance
estimation accuracy and ten-meter-per-second level speed es-
timation of ultra-fast space debris. In addition, the system can
achieve high reliability for ISLs since only −38 dB SNR is
needed to reduce BER to 10−4 level.
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