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Abstract

The growth of human-made space debris, sharing the same Earth’s orbital space as active satellites, is a worrying environmental condition.
Precise tracking and orbital modelling of space debris are vital to predict potential future collisions with active satellites. This paper investigates a
continuous-wave laser ranging method where a bench-top experiment models the reflected amplitude modulated optical signal from a space debris
target. The optical signal is digitised and stored to undergo post-digital signal processing using a parameter estimation matched filter approach
to estimate the time-varying delay between the target debris and the observing telescope. The experiment investigated two different detection
methods, the direct detection of the optical signal and the coherent detection where the optical signal is amplified with a bright local oscillator
before signal detection. The experimental results show that the coherent detection method can provide a more precise time-varying delay estimate
than the direct detection method due to the improved signal-to-noise ratio. The experimental results also show improved precision in the parameter
estimation when using larger portions of the acquired signal’s time series. The experimental results were used to model for a potential space debris
application. For example, assuming the received signal power from the target debris is approximately 3.5 fW, the time-varying delay of the target
debris using the coherent detection method can be estimated with a precision of 1 m/s using 2.5 s of the acquired signal time series. This is well
within the expected minimum time series that can be collected from a space debris target from a single flyover at the telescope site.
© 2022 COSPAR. Published by Elsevier Ltd All rights reserved.
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1. Introduction

Since the 1960s, human-made space debris in Earth’s or-
bit has been increasing at an alarming exponential rate (SDp,
2019). The increased congestion in the limited available space
in Earth’s orbit increases the likelihood of a collision between
the different orbiting objects. Each collision and fragmenta-
tion event could cause significant damage to active satellites
(Shoots, 2009) and accelerates the number of orbiting space
debris, leading to a runaway chain reaction called the Kessler
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Syndrome (Kessler & Cour-Palais, 1978). In 2019, the Euro-
pean Space Agency (ESA) has stated that 11.6 non-deliberate
fragmentation events occur each year (Agency, 2019) and this
number is expected to increase in the future.

The Space Environmental Research Centre (SERC) is inves-
tigating using a high powered continuous-wave laser with aim
of manoeuvring space debris for collision avoidance in highly
congested regions of Low Earth Orbit (LEO) (Mason et al.,
2011) and improving current ranging methods to better estimate
the orbital motion of target debris. The proposed bench-top ex-
periment is required to be compatible with the research into
the ground-based continuous-wave laser manoeuvring system
(Roberts, 2016) and models a space debris application. The
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outgoing continuous-wave laser is amplitude modulated with
a pseudo-random noise (PRN) code. The target debris has a
complex orbital motion with a time-varying delay, where the
propagation distance changes with time, between the target and
the observing telescope. The reflected beam from the space de-
bris target is collected by the telescope and the digitised optical
signal is saved for post-digital signal processing. The digitised
optical signal undergoes a matched filter analysis approach to
estimate the time-varying delay of the space debris and used to
predict potential future collisions and determine the impact of
the de-orbiting attempt on the debris’ orbit.

2. Space Debris Laser Ranging Concept

Most current space debris ranging systems, including the
EOS telescope used by SERC (Greene, 2016), use a pulsed
laser source to measure the propagation delay of each transmit-
ted pulse between the telescope and target debris. The change
in propagation delay for each pulse can be used to determine
the time-varying delay. Equation 1 can be used to estimate the
received signal power PS ig from the target, depending on the
transmitted optical power PT , laser wavelength λ, active col-
lecting area of the telescope AT , target range R, reflecting area
of the target debris AS D, atmospheric loss F2 and loss for non-
cooperative space debris targets β.

PS ig = PT
(AT AS D)2

(Rλ)4 F2β (1)

One of the main challenges with precisely tracking space
debris is the lower signal power reflected from the target debris
compared to an active satellite. SERC are interested in track-
ing space debris between 1 cm and 10 cm, resulting in a small
AS D value, hence low PS ig in Equation 1. Space debris is also
considered a non-cooperative target. An active satellite has an
onboard retro-reflector (Lehr, 1966; Kirchner et al., 2012; UNT,
1999) to maximise the reflection of the optical signal parallel to
the incident beam. Small pieces of space debris would not have
a retro-reflector and may have an unstable orbit. Therefore the
optical signal is scattered, resulting in a small signal power re-
flected towards the telescope, and may fluctuate. The parameter
β in Equation 1 is used to take into account signal loss due to
the scattered reflection of a space debris target. Both β and F
parameter values are difficult to model and could vary depend-
ing on the daily condition, the target’s surface and the telescope
system. If either parameter is equal to 1, there is no signal loss.
SERC also plans on using adaptive optics (Bennet et al., 2015)
to reduce atmospheric effects on the propagating beam.

Figure 1 also shows a space debris target has a complex re-
flective surface, hence increasing the signal loss β from scat-
tering and also introducing a random phase effect (Overbeck,
1994). The reflected electric field from the diffuse surface
would have a varying random propagating distance due to the
rough surface with varying depth of x m. The random prop-
agation distance results in each reflected electric field having
a random phase (Paschotta, 2008b). The electric fields inter-
fere with each other to produce a speckle pattern and reduce the

summed electric field of the optical signal. Therefore a phase
modulation approach used in a coherent detection method for
delay measurements (Francis et al., 2014; Sutton et al., 2010)
cannot be used for the low signal-to-noise ratio application for
space debris ranging. Hence, this paper investigates using an
amplitude modulation approach where the randomised phase of
the reflected signal would not impact the range measurement.

Fig. 1: Illustration of the scattering effect of the incident optical signal from a
diffuse surface.

Table 1 shows some of the fixed parameter values used as
input to Equation 1 based on the EOS telescope facility and
SERC’s design for the ground-based laser system. The pro-
posed 10 kW continuous-wave laser would be amplitude mod-
ulated with a PRN code to avoid complications from the diffuse
reflecting surface of the space debris. The reflected signal is
collected by the telescope where the acquired optical signal is
digitised and stored for post-digital signal processing at a later
time. Section 3 will discuss the analysis approach to estimate
the time-varying delay of the acquired optical signal. Section
4 will discuss the bench-top experiment modelling the reflected
signal from a space debris target and the two different detection
methods. Section 5 presents the analysis results of the digitised
optical signals from the bench-top experiment and Section 6
will discuss the results for possible space debris application.

Table 1: Parameters values used as input to equation 1 to calculate PS ig.

Parameter Chosen Parameter Values
Transmitted Power PT 10 kW

Laser wavelength λ 1064 nm
Telescope Aperture 1.8 m

Space debris diameter 1 cm to 10 cm
Minimum LEO Range R 500 km

3. Estimating Target Position with Time-Varying Delay

The outgoing optical signal is amplitude modulated with a
PRN code. A PRN code is a deterministic binary sequence
where the sequence output has random properties but the en-
tire sequence is periodic (Mutagi, 1996). PRN codes sequences
are used in various position measurement applications, such as
Gold codes in GPS and path length measurements of optical
signals (Francis et al., 2014; Roberts, 2016). Amplitude modu-
lated PRN codes are also used in atmospheric and satellite rang-
ing applications (Matthey & Mitev, 2004; Norman & Gardner,
1988).
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The target space debris has complex orbital motion, which
from the reference point of the observing telescope has a time-
varying delay τ(t), where the initial propagating distance d0 be-
tween the telescope and target changes over time with varying
velocity v0, acceleration a0 and other higher derivatives of mo-
tion. Equation 2 shows the time-varying propagation delay τ(t)
of the optical signal reflected by a moving space debris target.

τ(t) ≃
1
c

(
d0 + v0t +

a0t2

2

)
(2)

A matched filter is a signal processing tool used to look for
the presence of the desired signal by cross-correlating the mea-
sured time series with a template signal (Turin, 1960). The
time-varying delay of the target space debris causes a Doppler
shift of the modulated PRN code frequencies, which no longer
matches the original template code. Therefore a parameter esti-
mation approach where different values for each parameter are
used to alter and attempt to match the template code to the ac-
quired signal. This approach allows the analysis to estimate the
time-varying delay parameter values such as d0 and v0 of the tar-
get debris. This form of parameter estimation is used in many
digital signal processing applications to identify weak and un-
known signals obscured by noise in the time series, such as
matched filtering analysis of optical signals acquired by LIGO
observatories to determine the properties of the detected grav-
itational waves (Owen & Sathyaprakash, 1998; Gabbard et al.,
2018).

Figure 2 shows an illustration of using the parameter esti-
mation matched filter analysis with PRN codes. In a space de-
bris application, the time-varying delay parameters of the tar-
get are not known, therefore the matched filter analysis gener-
ates a range of possible values for each parameter of interest.
In Figure 2, only the distance d0 and velocity v0 parameters
are used to alter the template code. If the d0 is increased, the
template code is shifted in time. If v0 increases, the change
in time-varying delay causes the template code to appear more
stretched. The template code is aligned to match the acquired
signal only when the parameter value for distance d0 and veloc-
ity v0 are equal to the time-varying delay of the target.

Fig. 2: Simulated matched filter analysis where only the input value for the
distance parameter is changed.

Figure 3 shows the correlation output between the acquired
signal with the template code for d0 and v0 parameter values.
The most significant correlation output is produced when the
acquired signal is aligned to the template PRN code, indicating
the parameter values are matched. Therefore the signal cor-
relation can be used to determine the space debris’ d0 and v0

parameter values. If parameters such as acceleration and jerk
are required, or other parameter than impact the orbital proper-
ties, additional input parameters can be added to the analysis.
In a space debris application, some orbital information of the
target debris would be known and can be used to determine the
impact of each parameter in Equation 2 as well as reduce the
size of the template bank for each parameter.

Fig. 3: Cross-correlation output between the acquired signal and template code
for varying input parameter values.

4. Optical Bench-Top Experimental Layout

The optical bench-top experiment presented in this section
aims to model the received signal power from a space debris
target where the amplitude-modulated PRN code is Doppler
shifted due to the time-varying delay. The experimental setup
can be broken up into the following steps:

1. Generate a Doppler shifted PRN code sequence
2. Amplitude modulate the continuous wave laser
3. Attenuate the optical signal before the signal acquisition
4. Signal acquisition with either the direct or coherent detec-

tion scheme
5. Estimate the time-varying delay of the modulated PRN

code

Figure 4 shows the optical layout of the bench-top exper-
iment used for both detection schemes. The laser source in
the bench-top experiment is a free-running 1064 nm wavelength
laser, without phase-locking or frequency stabilisation of the
laser source, and maximum output intensity of approximately
200 mW. The output of the laser source is split into two using
a beam splitter. The first output is used as the input to a Fibre
Mach-Zehnder interferometer to amplitude modulate the laser
beam and used as the signal beam. The second output is used
as the local oscillator to interfere with the signal beam in the
coherent detection scheme. In the direct detection scheme, the
local oscillator beam is blocked.

4.1. Fibre Mach-Zehnder Interferometer
The input optical power of the Fibre Mach-Zehnder interfer-

ometer is split equally into two arms using a 1 × 2 fibre splitter.
Equation 3 shows the electric field of the two arms of the Fibre
Mach-Zehnder interferometer. The first path is called the phase
modulation arm represented by the electric field EMod(t) where
a Photline EOM (Photline, 2017) is used to phase modulate the
laser with the Doppler-shifted PRN code (ϕPRN). The second
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Fig. 4: The bench-top experimental setup used for the direct and coherent de-
tection schemes.

path is called the fibre stretcher arm containing a fibre stretcher
with the electric field EFS (t). The fibre stretcher is used to con-
trol the optical path length, and hence the phase ϕFS of the fibre
stretcher arm.

EMod(t) = EModei(2π fLaser t+ϕMod+ϕPRN )

EFS (t) = EFS ei(2π fLaser t+ϕFS (t)) (3)

The PRN code is generated using a Keysight N4970A
Pseudo-Random Bit Stream (PRBS) generator (PRB, 2012).
The frequency of the output PRN code can be changed between
50 MHz and 12.5 GHz using a signal generator. In the bench-
top experiment, the unshifted PRN code chip frequency chosen
is 75 MHz. Assuming the target debris is moving at 7 km/s, us-
ing the Doppler shift equation for change in frequency (δ f =
vS D

c fchip), the PRN code chip frequency is Doppler shifted by
1750 Hz. A 15-bit PRN code is chosen for the bench-top ex-
periment with a code repetition rate of 0.4 ms at 75 MHz and
the ambiguity range is 130 km. The short PRN code length
is chosen to reduce complexity in the signal analysis stage as
the bench-top experiment path length is less than 130 km. The
PRBS generator can produce longer PRN code with an ambigu-
ity range as high as 33 000 km which is suitable for LEO space
debris applications. The Doppler-shifted PRN code generated
by the PRBS generator (75 MHz±δ f ) is phase modulated using
the EOM in the Fibre Mach-Zehnder interferometer.

The two arms of the Fibre Mach-Zehnder interferometer are
recombined using a 2x1 fibre coupler. The two electric fields
interfere with each other, and the output optical signal of the
Fibre Mach-Zehnder PFMZ is shown in equation 4. The result-
ing interference pattern depends on the phase difference ϕ∆L of
the two arms (Hariharan, 1992), which is equal to ϕMod − ϕFS ,
and the PRN code phase modulation ϕPRN .

PFMZ(t) =
PIn

2
+

PIn

2
cos(ϕ∆L + ϕPRN(t)) (4)

Figure 5 and Equation 5 shows the change in the output op-
tical power PFMZ due to the PRN code modulation. The de-
sired phase difference ϕ∆L is achieved by controlling the input
voltage to the optical fibre stretcher in the fibre stretcher arm

to change LFS so that ϕ∆L is equal to 3π
2 . The fibre stretcher

also reduces fluctuations in ϕ∆L due to temperature fluctuations
or vibrations and independent path length changes of the two
arms of the Fibre Mach-Zehnder interferometer (Muller et al.,
2006).

Fig. 5: Illustration of the interference of two laser beams as a function of the
difference in the phase of the two laser beams. The phase difference ϕ∆L is
equal to 3π

2 and a ± π4 phase modulation is added using ϕPRN .

PFMZ(t) =

 PIn
2 +

PIn
2 cos

(
3π
2 + ϕPRN

)
≈ 0.7PIn, if ϕPRN =

π
4

PIn
2 +

PIn
2 cos

(
3π
2 − ϕPRN

)
≈ 0.3PIn, if ϕPRN = −

π
4

(5)
Figure 5 shows a π2 (± π4 ) phase modulation was chosen for

the PRN code since between 7π
4 and 5π

4 the output optical power
is approximately linear. The result is an amplitude modulated
optical signal ranging between 0.7PIn and 0.3PIn. In the ideal
case, a π modulation depth would be applied to have a full in-
tensity modulation of the laser between PIn and 0. However, the
current control layout, could not apply the full intensity modu-
lation due to the combination of fluctuations in the PRN code
from the PRBS and ϕ∆L. A future iteration of the bench-top
experiment will investigate using a full-modulation depth but
since the bench-top experiment was investigating low optical
power operation, this lower modulation depth produced a lower
intensity output optical signal.

4.2. Measuring Different Propagating Path Lengths

In Figure 4, the output of the Fibre Mach-Zehnder interfer-
ometer is then split into two separate paths:

1. Control path - used to measure and control the optical in-
tensity fluctuations for the Fibre Mach-Zehnder interfer-
ometer and to measure LControl path length

2. Signal path - used to attenuate the optical signal and mea-
sure LS ignal path length

The PRN code generated by the PRBS is free running and
cannot be synchronised with the start of the data acquisition.
This means each time the PRN code is collected from both the
control and the signal path has a random but the same LCode path
length. To remove the influence of the LCode path length in the
measurements, the path length difference between the control
and the signal path is used in the analysis. On the bench-top ex-
periment the physical path length measured for LS ignal is equal
to 2.75 m and for LControl is equal to 0.675 m. Therefore the
physical path length difference ∆L is 2.075 m.
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4.3. Comparing the Different Detection Methods
In Figure 4 the signal path is passed through a Double-

pass AOM optical configuration to frequency shift the laser
frequency fS ig(t) by 160 MHz using a Acousto-Optic Modula-
tor (AOM) (Paschotta, 2008a). The output of the Double-pass
AOM is then attenuated using several Neutral Density (ND) fil-
ters to achieve the desired optical signal power before signal
detection and acquisition.

The main difference between the direct detection scheme
and coherent detection scheme is the use of the local oscilla-
tor. In the direct detection scheme, the local oscillator path is
blocked and the attenuated optical signal is directly measured
using the photodetector. A Newport 1811 free-space photode-
tectors (NF1, 2001) is used in both the signal and control path.
The minimum noise equivalent power (NEP) of the photode-
tector is 22.5 pW/

√
Hz between 10 MHz and 200 MHz (NF1,

2001) and is the dominant noise in the direct detection scheme.
In the coherent detection scheme, the local oscillator is

first frequency-shifted by 90 MHz using an AOM (Paschotta,
2008a). The local oscillator is used to interfere and amplify
the attenuated signal beam before detection at the photodetec-
tor. The resulting interference pattern will have a heterodyne
beat note of 70 MHz. The output power of the local oscillator
is 110 µW, allowing the amplification of the optical signal until
shot noise from the local oscillator is the dominant noise source
above the photodetector noise. Any further increase in the local
oscillator optical power would not amplify the optical signal as
shot noise also increases, resulting in the same signal-to-noise
ratio.

Coherent detection methods are sensitive to frequency fluc-
tuations. The bench-top experiment aims to test the coherent
detection scheme by introducing a random frequency noise and
1
f frequency noise from a second free-running laser source.
These additional steps were taken to test the impact on the
matched filter analysis steps if additional frequency noise is in-
troduced into the signal path laser from signal propagation, loss
of frequency stabilisation and frequency drift.

The double-pass AOM is also used to introduce additional
frequency noise into the optical signal by adding a random
noise source to the carrier frequency of the AOM ( fS ig(t) ±
δ fNoise(t) = 160 MHz ± 5 MHz). A second experimental layout
is also carried out as shown in Figure 6 where the local oscilla-
tor beam is replaced with a second fibre coupled laser source.
The second laser source is also free-running, without frequency
stabilisation and phase-locking where the resulting heterodyne
beat note is allowed to drift over time.

4.4. Signal Detection and Signal Analysis
As previously discussed, the attenuated optical signal for

both detection schemes is acquired using a Newport 1811 pho-
todetector. The photodetector splits the measured optical in-
tensity into two frequency bandwidths. The DC port produces
signals between DC and 50 kHz. This port is used to measure
small fluctuations from the control path as an error signal feed-
back to the fibre stretcher. The AC port produces signals be-
tween 25 kHz and 125 MHz containing the 75 MHz chip fre-
quency amplitude-modulated PRN code.

(a) Signal laser is interfered in fibre with the local oscillator from the same laser
source.

(b) Signal laser is interfered in fibre with the local oscillator from a second laser
source.

Fig. 6: Optical layout illustrating the bench-top experiment used to investigate
the impact of 1

f laser frequency noise on the time-varying delay measurement.

The optical signals measured at both the signal and control
path photodetectors are digitised using a NI-5771 analogue to
digital converter (ADC) (NI5, 2012). The ADC has a sampling
frequency of 1.5 GHz. The digitised signal is then saved onto
a desktop computer to perform post-digital signal processing
with the matched filter analysis discussed in Section 3. The
ADC also adds a propagation delay of approximately 0.33 ns
between the signal and control path. This results in extra 0.1 m
added to the path length difference where ∆L is expected to
equal 2.175 m. Due to the limitations of the on-board mem-
ory during the digitisation stage, the maximum length of the
acquired signal’s time series for the analysis is limited to 0.1 s.

For the coherent detection scheme, the digitised optical sig-
nal is first passed through an I&Q demodulation stage as shown
in Figure 7 before the matched filter analysis. I&Q demodula-
tion is used to extract the amplitude-modulated PRN code from
the heterodyne beat note.

Fig. 7: Block diagram of the I&Q demodulation steps to recover the amplitude
modulated PRN code from heterodyne beat note.

Equation 6 shows the output amplitude of the I&Q demod-
ulation AIQ depends on the recovered PRN code C(t − τS ig),
optical signal power PS ig and local oscillator power PLO. The
recovered PRN code C(t − τS ig) is amplified by the local oscil-
lator power PLO but remains unaffected by the laser frequency
or phase noise from the signal or local oscillator beams.

AIQ = 2
√

Q2 + I2

= 2C
(
t −

LS ig

c

)√
PLOPS ig

(6)
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4.5. Summary of Bench-top Experiment

Table 2: Table summarising the parameters chosen for the optical bench-
top experiment.

Parameter Parameter Values
ADC sampling frequency fsampling 1.5 GHz

PRN chip frequency fchip 75 MHz
PRN code length L 15-bit (215 − 1)

Max. Collected Time Series (Max ti) 0.1 s
Laser wavelength λ 1064 nm
Photodetector NEP 22.5 pW/

√
Hz

Photodetector bandwidth fPD 125 MHz
Signal freq shift fS ig (changeable) 160 MHz

LO freq shift fLO 90 MHz
LO Optical Power PLO 110 µW

Heterodyne beat note fh (changeable) 70 MHz

5. Experimental Results

The experimental results from the two detection scheme are
passed through the same matched filter analysis for comparison.

5.1. Signal Correlation for Doppler Shifted PRN code

Figure 8 shows the signal correlation generated by the
matched filter analysis using the coherent detection scheme
where PS ig is equal to 20 nW and the acquired signal length
ti used by the analysis is 1 ms from the maximum 0.1 s of the
collected data. The modulating PRN code is Doppler shifted
to model a target travelling at −7000 m/s (75 MHz + 1750 Hz).
The most significant position of the signal correlation is used to
estimate d0 and v0 parameters. Together with using the matched
filter analysis result for the control path, the measured path
length difference ∆L (LS ignal−LControl) is equal to 2.21 m and v0
is equal to −7016 m/s. For the same PS ig, ti and matched filter
analysis steps, the direct detection scheme estimated ∆L equal
to 2.52 m and v0 is equal to −6527 m/s.

Fig. 8: Contour plot showing the signal correlation produced by the matched
filter analysis for the coherent detection scheme.

5.2. Precision for Varying Received Signal Power PS ig

Figure 9 shows the precision in matched filter analysis es-
timate of the time-varying delay for different PS ig, comparing
both the direct and coherent detection scheme. The mean pre-
cision for the time-varying delay estimate was obtained using

25 different acquired signals from the bench-top experiment for
each PS ig. The analysis is repeated for 3 different integration
times ti.

(a) Precision for the direct detection scheme. Each fitted line has a slope of −1.

(b) Precision for the coherent detection scheme. Each fitted has a slope of −0.5.

Fig. 9: Precision of estimating vS D as a function of PS ig for both the direct
detection and coherent detection scheme.

For the direct detection scheme results in Figure 9a, the slope
of the signal correlation changes linearly with PS ig. Therefore
a line fitted to the mean precision of the matched filter analysis
with a slope of −1 in logarithmic scale for each analysis time
ti. For the coherent detection scheme results in Figure 9b, the
slope of the signal correlation changes by 2

√
PS igPLO. As PLO

is fixed during the signal acquisition, precision is expected to
change by

√
PS ig. Therefore a line fitted to the mean precision

of the matched filter analysis with a slope of −0.5 in logarith-
mic scale for each analysis time ti. In both methods, the result
matches the expected change in the precision for varying PS ig.

5.3. Precision for Varying Analysis Time ti
Figure 10 shows the relationship between precision and ti for

both the direct and coherent detection schemes. Unlike the im-
pact of PS ig, the change in ti is expected to be the same for both
detection schemes. When increasing ti, the slope of the sig-
nal correlation increases by t2

i . Increasing the integration time
linearly increases the peak of the signal correlation but also lin-
early reduces the Full-Width Half Maximum (FWHM) of the
signal correlation. Both make the slope of the signal correla-
tion steeper. However, increasing ti also increases the noise in
the signal correlation by

√
ti. Therefore the expected relation-

ship between precision in estimating the velocity parameter and
ti is t1.5

i . Figure 10a and Figure 10b show that for the direct and
coherent detection scheme respectively with a line fitted to the
mean precision of the matched filter analysis with a slope of
−1.5 in logarithmic scale for each PS ig. The result matches the
expected change in the precision for varying ti.
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(a) Precision of estimating vS D for direct detection scheme.

(b) Precision of estimating vS D for coherent detection scheme.

Fig. 10: Precision of estimating vS D for varying integration times. For both
schemes, each trend line has a relationship of t−1.5

i .

5.4. Adding Laser Frequency Noise to Signal Path

Coherent detection methods are sensitive to changes in both
the frequency and phase of the optical signal. In most applica-
tions, the laser sources are frequency stabilised (Black, 2001)
or derived from the same source to maintain a stable phase.
Section 2 discussed the challenges in using a phase modula-
tion method due to the random phase effect. This led to the de-
velopment of the direct detection method where the amplitude-
modulated PRN code is not affected by the phase and frequency.
However, using a coherent method where the local oscillator is
used to amplify the signal can improve the precision of analysis
parameter estimation.

Section 4.4, presented an altered version of the bench-top
experiment to compare the analysis results when using a local
oscillator from the same laser source to using a second laser
source. A random frequency noise ( δ fNoise(t) = ±5 MHz) was
added using the Double-pass AOM in the signal path. Since the
signal acquired from the coherent detection scheme is passed
through an IQ demodulation stage prior to the signal analysis
stage, only the amplitude information is present, as shown in
Section 4.4. Both the phase and frequency information, includ-
ing the introduced noise, is removed. The results of introducing
the two frequency noise sources are presented in Figure 11.

When comparing the results in Figure 11, both results match
the expected results without the addition of the two frequency
noise sources. This shows that the IQ demodulation has suc-
cessfully removed the frequency noise added to the signal path
and heterodyne beat note in the coherent detection scheme.

(a) Adding Random Frequency Noise to experimental setup.

(b) Adding 1
f laser frequency noise from second local oscillator source

Fig. 11: Comparing the matched filter analysis results for the coherent detection
scheme when adding both random and free-running laser frequency noise.

6. Discussion on Experimental Results

Using the experimental results in Figure 9 and Figure 10,
Equation 7 and Equation 8 are generated to calculate the pre-
cision in estimating the time-varying delay for the direct and
coherent detection scheme respectively.

σvDD m/s = 224.35 m/s
( 75 nW

PS ig W

)(1 ms
ti s

)1.5
(7)

σvCD m/s = 150.59 m/s
(√2.4 nW

PS ig W

)(1 ms
ti s

)1.5
(8)

PS ig and ti are variable parameters in both Equation 7 and
Equation 8. As discussed in Section 2, it is difficult to predict
the PS ig of a non-cooperative space debris target, as the sig-
nal power is dependent on many factors. However, ti can be
changed during the analysis to achieve the desired precision in
estimating the time-varying delay parameters. From Table 1,
due to the slew rate, the lowest altitude space debris the EOS
telescope can track is 500 km. For simplicity of the following
discussions, PS ig from the target debris is assumed to be 3.5 fW
and the EOS telescope can acquire and store a maximum of
500 s of the optical signal’s intensity, taking into account time
loss due to orbit profile and target acquisition by the telescope.

To achieve a 1 m/s precision, the coherent detection method
would approximately require an analysis time ti of 2.5 s of the
500 s acquired signal data but this is not possible for the direct
detection scheme as it requires 47.5 minutes. Assuming for de-
bris manoeuvring application, a 1 mm/s precision is required,
the coherent detection scheme would need 250 s of the 500 s
acquired signal data. The direct detection method would need
83 hours.
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The coherent detection scheme is more suitable for space de-
bris applications than the direct detection scheme. The coherent
detection scheme can achieve the desired 1 m/s precision using
acquired signal data collected from a single flyover by ampli-
fying the optical signal with the local oscillator to improve the
signal-to-noise ratio. If PS ig is lower than 3.5 fW, ti can be
increased using the acquired signal data. Since the local oscil-
lator noise is the dominant noise source, the coherent detection
scheme is less susceptible to variations in background photon
noise, allowing space debris ranging operation during daylight
hours, currently not possible by many space debris ranging sys-
tems (UNT, 1999), and produce more consistent results in a
day-to-day application. Even though the different laser sources
would be phased locked and frequency stabilised, the results in
Section 5.4 show that the coherent detection scheme can still
perform the signal analysis if frequency or phase noise and fre-
quency drift are introduced during the laser beam’s propagation
through the atmosphere and target reflection.

Despite the results, the direct detection scheme could still be
used in a space debris application. The EOS telescope uses an
avalanche photo-diode (APD) which has a much lower noise
floor than the Newport 1811 photodetector used in the bench-
top experiment. With the improved signal-to-noise ratio, the di-
rect detection scheme can perform better than the results present
in this paper. However, this depends on the NEP of the chosen
APD and background photon noise, which may fluctuate from
day-to-day resulting in varying precision. Another considera-
tion is the analysis has only assumed a single flyover by the
space debris target. Using multiple flyovers could also improve
the overall precision of both detection methods.

7. Conclusion

This paper investigated a bench-top experiment with two de-
tection methods to model the optical signal reflected from a tar-
get space debris. The acquired signal from the bench-top ex-
periment is stored and passed through a matched filter analysis
with parameter estimation to estimate the time-varying delay
introduced in the reflected optical signal.

The experimental results and following discussions show
that the coherent detection scheme is able to produce a more
precise estimate of the time-varying delay due to the amplifi-
cation of the optical signal before the signal acquisition, hence
improving the signal-to-noise ratio. The experimental results
also show the coherent detection scheme is not affected by ad-
ditional frequency noise and drift that could be introduced dur-
ing signal propagation and reflection and due to the amplifica-
tion stage is less susceptible to background photon noise. This
could allow daylight operation for space debris ranging with
more consistent results for day-to-day operations.
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