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Abstract: High-accuracy and high-precision inter-satellite ranging enhances the orbital
accuracy of the Global Navigation Satellite System and facilitates Autonomous Navigation
without requiring ground stations. This study proposes a novel phase discrimination
method based on pseudo-random code phase modulation coherent laser ranging, which
solves the problem of mutual restriction between ranging accuracy and ranging precision
in the traditional method. The early-late correlation peaks are obtained via data shifting,
while the early and late codes remain unchanged. The characteristic parameters of the
early-late discriminator model are calibrated by the actual ranging system, which achieves
enhanced ranging accuracy and precision simultaneously. Ground test results indicate
that for the static target, the accuracy of the distance measurement is 0.56 mm, while the
precision is 0.34 mm. The ranging accuracy of the proposed method has improved by a
factor of 91 compared to the traditional method. For dynamic targets, the accuracies of the
distance and speed measurements are 0.38 mm and 0.44 mm/s, respectively.

Keywords: pseudo-random code; range and velocity measurement; laser ranging

1. Introduction

The Global Navigation Satellite System (GNSS) has been widely applied in many fields
and has become an essential infrastructure for societal development. The four major GNSSs
all employ constellations primarily composed of Medium-Earth Orbit (MEO) satellites. The
MEO satellites of the global positioning system (GPS) are unevenly distributed across six
orbital planes, whereas the MEO satellites of Russia’s Global Navigation Satellite System
(GLONASS), the European Union’s Galileo, and China’s BeiDou Navigation Satellite Sys-
tem (BDS) form Walker constellations, which are distributed across three orbital planes [1].
The GNSS orbits are primarily tracked by ground stations, which usually need to be evenly
distributed throughout the globe to ensure a suitable observation geometry. However,
because of limitations in the number and distribution of ground stations, not all GNSS
satellites can be tracked at a sufficiently high accuracy. Currently, the 1D accuracy of GPS
and GLONASS orbits, based on ground station observations provided by the International
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GNSS Service (IGS), is better than 3 cm [2]. In contrast, the orbital accuracy of the BDS is
lower because of its relatively small number of unevenly distributed ground stations [3].

Inter-satellite ranging can enhance the orbital accuracy of navigation satellites by
combining the orbital data obtained from ground stations. This capability also enables
GNSSs to navigate autonomously without requiring the support of ground stations, thereby
improving their survivability in extreme conditions. In 2011, Ferndndez [4] described a
GNSS exploratory project conducted by the European Space Agency (ESA), which analyzed
the effects of introducing inter-satellite microwave ranging and communication links to im-
prove GNSS and signal propagation performance. The results indicated that inter-satellite
links (ISLs) are able to more effectively maintain the accuracy of satellite orbits and clocks.
In practical applications, from the early 1990s, GPS satellites of the IIR series were already
equipped with cross-link capabilities as part of the so-called Autonomous Navigation
(AUTONAV) mode [5]. The GPS IIR satellites determined inter-satellite distances using a
time-division, dual-frequency two-way mode of the ultra-high frequency (UHF) band [6].
However, the UHF band was prone to significant multipath errors and noise [7]. Therefore,
subsequent GPS ISLs used the Ka-band [8]. The second generation of GLONASS satellites,
GLONASS-M, employed inter-satellite microwave links to measure distances and to im-
prove ephemeris and clock accuracy [1]. The BDS also primarily used Ka-band ISLs to
autonomously determine satellite orbits and synchronize inter-satellite times, achieving
inter-satellite ranging errors of less than 0.25 ns [9].

Compared to microwaves, optical waves have shorter wavelengths, superior direc-
tionality, higher signal-to-noise ratio gain, and greater modulation bandwidth. Therefore,
laser ranging has a very high potential for ISLs as a high-precision ranging method, and it
has been used to achieve favorable results in fiber-based time—frequency synchronization
and satellite orbit determination [10-13]. Inter-satellite ranging carriers are also beginning
to shift from microwaves to optical waves to enhance clock synchronization and ranging ca-
pabilities between satellites. In 2013, Pasynkov et al. reported on a verification experiment
for laser communication ranging technology conducted between the GLONASS-728 and
GLONASS-747 satellites, which achieved an inter-satellite ranging precision of 3 cm [14].
Furthermore, the next-generation satellite GLONASS-K2 incorporated laser ISLs to further
enhance the accuracy of its orbit determination and clock synchronization [1,15]. Michalak
et al. introduced the Kepler navigation system proposed by the German Aerospace Center
(DLR) [16]. The space segment of this system was comprised of 24 Galileo-like MEO
satellites and six Low-Earth Orbit (LEO) satellites equipped with ultra-stable optical clocks.
These satellites were equipped with both microwave and laser payloads for inter-satellite
ranging. In 2020, Yu et al. proposed a pseudo-code incoherent laser ranging scheme based
on a regenerative synchronization mechanism for inter-satellite ranging scenarios involving
relatively stationary satellites [17]. This scheme was validated in laboratory tests. The slave
station utilized a delay-locked loop to track and regenerate the pseudo-random code from
the master station. The master station determined the distance information by calculat-
ing the phase difference between the received pseudo-random code and the transmitted
pseudo-random code. The compensated ranging error was 3.47 = 1.73 mm, which was
affected by the receiver clock error generated by the code tracking loop and the clock error
produced by the clock source. In 2021, Zhu et al. designed an integrated solution for
inter-satellite communication and ranging, successfully conducting on-orbit verification
experiments with two satellites (BEIDOU-3 M21 and BEIDOU-3 M22) in the same circular
orbit [18]. The ranging scheme consisted of both coarse and fine distance measurements.
Coarse ranging was achieved using the header of integer frames within, per second. The
synchronization of symbols and data clock recovery was then implemented in hardware
using code tracking loops. Finally, the fine phase (fine range) between the transmission
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clock and data reception clock was determined by constructing a reference clock, ultimately
achieving a ranging precision of 2.6 mm. Yu et al. proposed an inter-satellite ranging
scheme based on pseudo-random code amplitude modulation, in which the coarse distance
measurement was performed using the cross-correlation method [19]. New early and late
codes were constructed by cyclically shifting the punctual code according to the coarse
measurement. The fine distance was then determined using the early-late discriminator
model with theoretical characteristic parameters. A ranging precision of 0.33 mm was
achieved using fiber optics. However, within a distance of 150 mm (corresponding to a
time delay of 500 ps), the ranging deviation was 6 mm (corresponding to a time delay
deviation of 20 ps). As the measurement range increased, particularly when the time delay
exceeded the width of one chip, the ranging deviation also increased. Ranging deviation
can significantly affect the application of inter-satellite laser ranging to satellite orbit deter-
mination. Although orbit determination requires multiple measurements, the deviation
of each measurement cannot be directly eliminated in the orbit determination software,
preventing the high-precision characteristics of laser ranging from being effectively utilized.

To achieve high-accuracy ranging and reduce inter-satellite laser ranging deviations,
this study proposes a pseudo-random code phase-shift coherent laser ranging phase dis-
crimination method that employs data shifting and a discriminator with calibrated char-
acteristic parameters, which solves the problem of mutual restriction between ranging
accuracy and ranging precision in the traditional method. In contrast to the traditional
method, the proposed method shifts the data according to the position determined by the
punctual code correlation peak. The shifted data are then cross-correlated and normalized
with fixed early and late codes to accurately determine the fine distances. Additionally, a
suite of varying distances is utilized in conjunction with a real-ranging system to calibrate
the characteristic parameters of the phase discrimination model. A comparison between
this method and the traditional method revealed that after calibration, the characteristic
parameters of the phase discrimination model for the actual system differed from the
theoretical values. For static target ranging, the ranging precisions of the proposed and
traditional methods were 0.34 mm and 0.38 mm, respectively, and their ranging accuracies
were 0.56 mm and 51.05 mm, respectively. The proposed method improved the ranging
accuracy by a factor of 91. For dynamic targets, the ranging accuracies of the proposed
and traditional methods were 0.13 mm and 0.20 mm, respectively, and their maximum
ranging deviations were —0.38 mm and —1.26 mm, respectively. Furthermore, as the target
distance increased, the distance deviation of the traditional method reached a maximum
value before gradually decreasing, exhibiting periodicity, with a period equal to one code
width. For speed measurements, the proposed method achieved an accuracy of 0.58 mm/s
and a precision of 0.44 mm/s.

2. Principle

A schematic of the coherent ranging system, which is phase-modulated by a pseudo-
random binary code, is illustrated in Figure 1a. Fiber optic coupler 1 (FOC1) divides the
laser into two parts: the signal Eg and the local oscillator Ey. The signal Eg is phase-
modulated with the pseudo-random code b5 using an electro-optic phase modulator
(EOPM). An acousto-optic modulator (AOM) is used to shift the frequency of the signal by
a specified amount f;. Finally, the frequency-shifted signal Eg; is transmitted through a
variable optical attenuator (VOA) and a collimator. The backscattered signal Er from the
target and local oscillator Ey, are optically mixed using a 2 x 2 fiber optic coupler 2 (FOC2),
leading the coherent light to a balanced detector, where it is converted into an electrical
signal U of intermediate frequency (IF). The pseudo-random code b, is generated by an
arbitrary waveform generator (AWG), which produces a pseudo-random code synchro-
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nization pulse (PCSP) at the beginning of each pseudo-random code sequence to be fed
into the acquisition module. The acquisition module is a digital storage oscilloscope (DSO),
which samples the IF electrical signal triggered by the PCSP. Subsequently, the sampled
data are processed on a computer to determine the distance and velocity of the target. The
reference output clock (REF-Clock) of the DSO serves as the reference clock for the AWG to
ensure that the transmission and reception of the system are synchronized.
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Figure 1. Schematic of distance measurement and flowchart of traditional and proposed distance
measurement methods. (a) Schematic of distance measurement. (b) Traditional ranging flowchart.
(c) Proposed ranging flowchart.

The two output signals of FOC1 with a splitting ratio of 7| are expressed as [20]
Es(t) = \/r1Egel 70t 40), )
= /1 — r1Egel @ fot+00—3) )

where fy, Ey, and 6 denote the frequency, amplitude, and initial phase of the laser, respectively.

Ni—1

2 a;¢(t—iTc) [i(modulo Ny)], (3)
i=0

Here, a; is a pseudo-random code composed of —1 and +1, g(t) is the gate func-
tion, Tc denotes the chip duration, N; denotes the length of the pseudo-random code,
bs(t) = [ j;o by(t)h1(t — 71)d7y, and hy (t) represents the impulse response of the low-pass
filter (LPF).

The signal Eg; is expressed as

Egi(t) = /1 - EgelPrUfotfi)t400] pje3bs(t) (4)
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D(m) = X sin

where « is the phase modulation depth factor, and f; is the frequency shift caused by the
AOM. The expression for the backscattered light Er from the target is

Er(t) = \/ﬁﬁgoef[zn(fo+f1)(f—T0)+9o]e]'27Tfoejﬂ%b5(f—To), (5)

where fp is the Doppler shift generated by the target velocity, 19 is the time delay of light
to and from the target, and j is the amplitude attenuation coefficient. The backscattered
light ER is mixed with the local oscillation light E;, by FOC2 with a splitting ratio of r,. The
output voltage U of the balanced detector is expressed as

U(t) = x coslwi(t — 1) — wotp + txgb5(t — 1) + wpt] + n1(t), (6)

where x = 0.5¢ecRAEZB/n, ¢ is the transimpedance of the balanced detector, ¢ is the
dielectric constant, c is the speed of light, n is the refractive index of the medium, R
represents the responsivity of the photodiode, A represents the effective optical receiving
area of the photodiode [20], wp = 27 fp, the sampling frequency of the analog-to-digital
converter (ADC) is fs (fs = 1/Ts, where Ts is the sampling period), and 71 (t) is the noise.
The variable U(t) is discretely sampled via

U(m) = x cos[w(mTs — 1) — woTo + IX%Z)5(WZT§ —179) +wpmTs] +ny(mTs), (7)

and U(m) is digitally demodulated, resulting in baseband data expressed as

(mTs — )] + Y, m(mTs) sinfew; (mTs — 1) — woTo + wpmTslha (mTs —kTs),  (8)

where 5, (kTs) represents the impulse response of the low-pass filter.

For ease of reading, the symbols involved in Equations (1)—(8) are summarized in
Table Alin Appendix A. Additionally, the symbols involved in the traditional and proposed
methods are summarized in Table A2 in Appendix A.

The traditional ranging flow [19,21,22] is illustrated in Figure 1b. A segment of data,
denoted as Xj (i), with a length of Ny, is extracted from the baseband data D(m) and
subsequently cross-correlated with the punctual code Yp(m). The length of Yp(m) is N».
The coarse distance m;Tcc/2 is determined according to the position 111 of the chip where
the correlation peak is located, where ¢ represents the speed of light. A new pseudo-
random code b3(t) is generated by cyclically shifting the original pseudo-random code
by (t) according to mj. New early Ygi(m) and late Y1 (m) codes are derived from b3(t).
Next, Ygi(m) and Yy;(m) are cross-correlated with X;(7) to obtain Ry, y;, and Rx, y,,,
which are then used to compute Z. The fractional part of the chip, representing the
fine time delay, is derived inversely as AtTc = Z/a; (0 < At < 1/2) according to the
early-late discrimination model Z(T) = a1T + by (a1 = 2(N1 +1)/Ny, by = 0) [21]. The
ultimate distance of the target is L = (m;Tc £ AtTc)c/2. The early-late discrimination
model used in the traditional method is a theoretical model in which the parameter a;
is a theoretical value that is relevant to the length of the pseudo-random code, and the
parameter b; is equal to 0. The correlation function of the pseudo-random code determines
the early-late discriminant model [21,23]. The theoretical pseudo-random code has a
rectangular waveform with an infinitely wide bandwidth. Its correlation function is [23]

R*(7) =Re UZ PpN(w)el T d7w VP, ©)
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where Re(x) denotes the real part of the complex number x, 77 is the phase difference of the
pseudo-random code, gpn(w) is the spectral density of the pseudo-random code, and P; is
the signal power. When the bandwidth of the pseudo-random code is finite, its correlation
function is [23]

R*(11) = Re { / Z @pn (w) Hpg (jf)e/™ %“’ VP, (10)

where Hpg(jf) is the transfer function of the LPF. Figure 2 shows the correlation functions
of the theoretical pseudo-random code and the pseudo-random code with a bandwidth
of 250 MHz. As shown in Figure 2, the correlation function of the theoretical pseudo-
random code is a triangle. The LPF changes the correlation function of the pseudo-random
code, and the correlation function of the band-limited pseudorandom code is no longer
a triangle. Therefore, the early-late discriminant models of pseudo-random codes with
different bandwidths are also different. The actual ranging system is band-limited, and the
devices used in the system are not ideal. When the theoretical phase discrimination model
is applied to the actual ranging system, it can result in ranging deviations that decrease
the accuracy of the ranging. Therefore, the characteristic parameters of the early-late
discriminator model need to be calibrated to improve the ranging accuracy.

T T T T T
1.2 - —=— Theoretical pseudo-random code 8
—— Band-limited pseudo-random code @250MHz

2T, T 0 T 2T
Phase difference of the pseudo-random code

Figure 2. Correlation functions of pseudo-random codes with different bandwidths.

To solve this problem, this study calibrates the characteristic parameters of the phase
detection model utilized in the real-world system. After this calibration, the fine time delay
is calculated according to the calibrated parameters, thereby improving the accuracy of the
distance measurements. The flow of the ranging process is illustrated in Figure 1c. The
data position mp corresponding to the correlation peak is obtained via cross-correlation.
The coarse distance is Leoar = (MR — 1) Tsc/2. A segment of data X, (i + mpg), with a length
of Ny, is extracted along the time axis according to mg. Then, X, (i + mp) is correlated with
Ygp(m) and Yi,(m) to obtain Z. Finally, the fine distance Lgpe = ATTsc/2 (0 < AT < 1)is
obtained via an inverse calculation using the phase discrimination model Z(T) = a;T + b,
that matches the actual system. The distance of the target is L = Leoar + Lfine. Because the
characteristic parameters a; and b, in the phase discrimination model Z(T) = ayT + b, are
calibrated based on the actual system, the model matches the actual system. The proposed
method can significantly improve the ranging accuracy.

The proposed methodology initially employs this ranging system to establish a charac-
teristic parameter calibration system with variable time delays. It calculates the value Z for
different time delays, where the actual time delay interval Tj = L, /c is less than the ADC
sampling period Ts. This principle is depicted at the top of Figure 3. The position of the sam-
pling point of the DSO in the chip is changed by adjusting the retroreflector position, which
effectively changes the phase of the sampled data. Within the distance L, = ¢Tg/2 corre-
sponding to the sampling period, the retroreflector steps forward L each time for a total
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of Nj steps. The pseudo-random code synchronization pulse and the target echo are sam-
pled simultaneously at each position, and Nj cycles of pseudo-random code are sampled.
A pseudo-random sequence Xéer)Ll (1) = {D(1),D(j1+1),...,D(j1+ N2 —1)} of
length N is extracted at each position from the target echo data D (m), where Xéer)Ll (1)
is aligned with Yp(m). The mean value of Z{(N3 — 1)L;} at each position is computed. By
performing a least squares fitting on N3 sets of data Z, one can derive the characteristic pa-
rameters a, and by of the phase discrimination model Z{(N3 —1)L;} = ap(N3 — 1)L + b,
that matches the actual ranging system, as shown in the upper right area of Figure 3.
During the ranging process, the peak position mg is obtained using the cross-correlation
method, and the data X; (i 4+ mg) of length N, are obtained according to mg. Z is obtained
by performing the cross-correlation operation and normalization operation on X, (i 4 mg),
Ygp(m), and Yy, (m) according to Figure 1c. The phase difference AT is inversely calculated
by taking Z into the phase discrimination model Z(T) = a,T + b,. The final distance of the
targetis L = (mg —1)Tsc/2 + AtTsc/2.

L, :CT;/2:N3L1
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Figure 3. Calibration of the characteristic parameters.

Figure 4 depicts the procedure for determining the velocity. Initially, a fast
Fourier transform (FFT) operation is performed to obtain the frequency fgpr. The lo-
cal orthogonal digital waveforms cos(27 fpprmTs + 62) and sin(27 fpprmTs + 6;) are
then constructed according to frrr, where 6, is the initial phase. Next, heterodyne
demodulation and phase unwrapping are conducted on U(m) to derive the phase
data 277 fresigmTs + a5 by (mTs — 19) + 63, along with the residual frequency difference
fresia and the residual phase 63. Subsequently, curve fitting is performed on the
phase data to determine the residual frequency fisiq. The speed of the target is ex-
pressed as V = fpA/2 = (frrT + fresid — f1)A/2, where A represents the wavelength of
the light wave.

2 T, + .
|COS( 7Z'fFFTm s 492)|-|_> Heterodyne Linear >/
demodulation i fitting resid

Sin(27 fipm1s + 0, )|'|-> f

Figure 4. Velocity solving flowchart.

In summary, it can be seen from Equations (9) and (10) and Figure 2 that the corre-
lation functions of the theoretical pseudo-random code and bandwidth-limited pseudo-
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random code are different. The correlation function determines the early-late discriminator
model [21,23]. In the traditional method, an early-late discriminator model with theo-
retical characteristic parameters is used for ranging within the phase range of (0, Tc) or
(=Tc/2,Tc/2) by changing the local pseudo-random code. For the actual bandwidth-
limited ranging system, this method cannot solve the problem of mutual constraints
between ranging accuracy and ranging precision. Therefore, the situation of high ranging
precision and poor ranging accuracy occurs [19]. In this paper, the characteristic parameter
calibration method and data-shifting method are adopted. An early-late discriminator
model with calibrated characteristic parameters is used for ranging within the phase range
of (—Tc/20, Tc/20). This method solves the problem of mutual restriction between rang-
ing accuracy and ranging precision in the traditional method and achieves good ranging
precision and ranging accuracy.

3. Experiments and Results
3.1. Calibration of Characteristic Parameters

Before measuring the distance, calibrating the characteristic parameters a, and b, of
the ranging system is essential. The principle of the calibration experiment is illustrated in
Figure 3. A fiber laser with a wavelength of 1550 nm served as the emitting light source.
The balanced detector and collimator were the Thorlabs PDB780CAC and F810APC-1550
models, respectively. The LPF was the Mini-Circuits SLP-250+. The diameter of the
retroreflector was 10 mm, and its maximum distance was approximately 3.6 m from
the collimator. The motorized guide rail was a Newport IMS series high-performance
displacement platform, which offered a travel range of 1 m with an accuracy of £9 um.
The AWG was a Keysight M8196A. The DSO was a Teledyne LeCroy LabMaster 10-36Zi-A,
which had a sampling period of 0.4 ns, corresponding to a distance resolution of 60 mm.
The other main parameters are listed in Table 1.

Table 1. Parameters.

Parameters Specification

Bandwidth of the low-pass filter 250 MHz
PN code rate 250 Mbps
PN code length 1560 bits

N3 30

Ny 158

Phase modulation depth coefficient 0.5
Frequency shifts of light by AOM 400 MHz
Sampling rate of DSO 2.5GS/s

Each step distance of the retroreflector was 2 mm, corresponding to a time delay
interval of T = 13.33 ps, which was equivalent to re-interpolating a sampling period into
30 data points. Each distance value (N3 — 1)L and its corresponding value Z are plotted
as the black dots shown in Figure 5. Using least squares fitting, the characteristic values
a; = —3.9189 x 1073 and b, = 9.5414 x 10~2 were obtained, where the R? (coefficient of de-
termination) value R? = 0.99999 and the sum of the squared residuals RSS = 1.4060 x 10~°
indicated a highly accurate fit, confirming that the model was credible. The characteristic
parameters of the theoretical phase discrimination model used in the traditional method
were a; = 3.3355 x 1073 and b; = 0, which differed from the characteristic calibration
parameters. The necessity of the calibration process can be fully explained by a comparison
to the subsequent distance measurement results.
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Figure 5. Z values and linear fitting.

3.2. Static Target Ranging

The retroreflector, which served as the target for measurement, was securely mounted
on the slider of the electric guide rail. Initially, the retroreflector was positioned at the
furthest point from the collimator, and then it was sequentially shifted 25 mm closer,
resulting in a total of 40 steps and 41 distinct positions. In total, 634 distance measurements
were recorded at each position.

Figure 6a illustrates the differences between the mean values of the distance measure-
ments at adjacent positions. For the proposed method, the average value over 40 steps was
—25.00 mm, with a maximum ranging deviation of —0.56 mm, corresponding to a delay
deviation of —1.87 ps. In contrast, the average value over 40 steps for the traditional method
was —26.55 mm, with a maximum deviation of —51.05 mm. This discrepancy arose primarily
from the mismatch between the theoretical phase discrimination model and the ranging
system within the phase discrimination range of (—T¢ /2, Tc/2). Generally, the mismatch
between the phase discrimination model and the actual system can be reduced by increasing
the bandwidth of the receiver. However, this increase in bandwidth also raises the noise
level, which, in turn, diminishes the signal-to-noise ratio. Figure 6b presents a histogram
of the distance measurements. It indicates that the results obtained from the traditional
method were dispersed, and those from the proposed method exhibited a higher degree of
concentration. The ranging accuracy of the proposed method was higher than that of the
traditional method by a factor of approximately 91. This improvement in ranging accuracy
was primarily attributed to the fact that the characteristic parameters of the phase discrimina-
tive model in the proposed method matched the actual band-limited system. In contrast, the
theoretical phase discriminative model of the traditional method was matched to the ideal
ranging system, which introduced ranging deviations when used in the actual system.

- w ' - - 25
o Traenal manod ] M Proposed method
Traditional method
1 20r
~oo (31,-29.77) g i
10
A16,-76.05) L €10}
24,551, -24.44)
25-0\/W\/N\/NMA[\/V 1 3
=255 10 20 30 0 4 0 (l}ﬂj)
10 20 30 40 -80 -70 -60 -50 —-40 -30 -20 -10
Order of steps Step (mm)

Figure 6. Measurement results of 40 steps of 25 mm. (a) Ranging accuracy. (b) Histogram of
ranging results.
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Figure 7 shows the standard deviations of the distance measurements at the
41 positions, indicating that the ranging precisions of the two schemes were compara-
ble. The maximum standard deviation (10) of the proposed method was 0.34 mm, which
corresponded to a time-delay precision of 1.13 ps. The ranging precision (10) of the tradi-
tional method was 0.38 mm.

0.42 T T T
—— Proposed method
040 —e— Traditional method
0381 -8, 0.38) !
£ (19, 0.34)
£036¢

o34

£
50321

0 10 20 30 40

Sequence of positions

Figure 7. Standard deviations of the distance measurements at the 41 positions.

Figure 8 shows the cumulative distance measurement results for the 40 steps. Because
of the limited length of the guide rail, the range of motion for the retroreflector was restricted
to 1000 mm. Figure 8a shows the theoretical distance set by the control terminal of the
guide rail, along with the mean values of the distances measured using both the traditional
and proposed methods. Figure 8b shows the deviations between the mean measurements
of the distances and the theoretical distances. An analysis of Figure 8 revealed that the
traditional ranging method exhibited a maximum measurement deviation of 62.95 mm and
a minimum deviation of 0.41 mm. Furthermore, the measurement deviation exhibited a
periodic pattern with a period of 600 mm, which corresponded to the width of the chip of
4 ns. In contrast, the proposed method exhibited an increasing trend in the measurement
deviations within the 0-500 mm range but stabilized in the 500-1000 mm range, with a
minimum deviation of 0.00 mm and a maximum deviation of 1.47 mm.

1200 T T T T T T T T 90

—+— Proposed method =30 Proposed rlneth%d 1g0

1000 -  —e— Traditional method E 2ol Traditional method 75, 62470)7 70
Theory : 400, 62.95)

800 e 18 (475, 1.43) 160
£} g - v S(900, 1.47{ 50 §
£ 600 1 140 E
s 5 10} 8
8 k- {30 £
R7 L = L =
A 400 & 0.5 120 2

110

200 1 00f 4600, 0.41) 1o

2 L 1-10
or @ 1 93 ®]
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Distance (mm) Distance (mm)

Figure 8. Measurement results of the accumulated distance of 40 steps. (a) Mean value of the
measured distance at 41 positions. (b) Deviation of the measured distance at 41 positions.

Repeated ranging was conducted on static targets to verify the repetitive measurement
accuracy of the proposed method. The measurements were repeated three times. Figure 9a
shows the differences between the mean values of the measurements and the theoretical
distances traveled for each position, with the three sets of results demonstrating a consistent
trend. Figure 9b shows the differences between the first set of measurements and the
average of the three sets, indicating a maximum deviation of 0.55 mm, which corresponds
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to a time-delay deviation of 1.83 ps. This ranging deviation was comparable to the 0.56 mm
deviation observed in Figure 6a, indicating that the proposed method was highly accurate
for both single and repeated ranging. An analysis of Figures 8b and 9 indicated that the
1.47 mm ranging error depicted in Figure 8b was influenced by factors such as the guide

rail and the movement of the spot position on the retroreflector.

+-—e— Group 1
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Figure 9. Three groups of measurements of the distance of the stationary target. (a) The three groups
of measurements. (b) Deviations after subtracting the average of the three groups of measurements.

3.3. Dynamic Target Ranging

The retroreflector was set to move at a uniform speed of 500 mm/s. Limited by the
storage depth of the DSO, the retroreflector was measured continuously for 5 ms. Figure 10
shows the results of the distance measurements for the moving target. In Figure 10a, the
red triangles represent the distance measurements obtained using the proposed method,
the black dots represent the distance measurements obtained using the traditional ranging
method, and the green line represents the theoretical distance. Figure 10b shows the devia-
tions between the measured and theoretical distances. The maximum ranging deviations
for the proposed and traditional methods were —0.38 mm and —1.26 mm, respectively.
Additionally, as the target distance increased, the ranging deviation of the traditional
method reached a maximum, following the trend of the black dots shown in Figure 8b,
with a periodicity of 600 mm. The ranging precisions (standard deviations) of the proposed
and traditional methods were 0.13 mm and 0.20 mm, respectively. Compared to the static
ranging results presented in the previous section, the ranging accuracy of the proposed
method for the moving target was lower than that for the static target because random
phase fluctuations occurred between the sampling clocks of the DSO and AWG when
the DSO was triggered to sample the data, which disrupted the synchronization between
the clocks.
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Figure 10. Measurement results for the relative distances of the moving target. (a) Ranging results.
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3.4. Dynamic Target Speed Measurement

While measuring the distance to the moving target, the proposed method also calcu-
lated its velocity. Figure 11 shows the velocity measurements. The average value of the
target velocity was 500.44 mm /s, with a deviation of 0.44 mm/s from the set value. The
precision (10) of the velocity measurement was 0.58 mm/s.

T T T T T T
501.5 ]
_501.0 |
T
=
E 5005 ]
z
3
< 5000 | ]
>
4995 | set value 500 mm/s |
499.0 . L L I . 1
0 1000 2000 3000 4000 5000
Time (us)

Figure 11. Velocity measurements for the moving target.

4. Discussion

The separation between neighboring satellites within the same orbital plane of a
Walker constellation is approximately on the order of tens of thousands of kilometers, and
the optical power received at the terminal is below 1 pW. We simulated the relationship
between the ranging precision and received optical power, as well as the correlation
between the received optical power and distance. For inter-satellite laser links, the optical
power received at the terminal is [24]

Pr = PrGrytLpstisLapTGRYR, (11)

where PR is the received power; Pr is the transmitted power; Gt is the transmitter gain;
Gt = (nDr/ )\)2 (Dr is the diameter of the transmitting telescope, and A is the wavelength);
nt is the optical efficiency of the transmitter (the typical value of which is —1.74 dB); Lpg
is the path loss of the inter-satellite optical link; Lps = (A/ 47Tw)2 (w is the inter-satellite
distance); 75 is the link attenuation caused by the channel (which is equal to 1 for ISLs);
Lapt is the power loss caused by acquisition, pointing, and tracking (APT) misalignment,
and its value of —0.56 dB is obtained according to the best matching relationship where the
divergence angle of the communication beam is fives times the pointing error; Gy is the
receiver gain (the aperture of the receiving telescope is the same as that of the transmitting
telescope); and #R is the optical efficiency of the receiver, which is the same as 77 here [24].

The diameters of both the transmitting and receiving telescopes were fixed at 100 mm,
the transmitted power was specified as 25 dB, and the link safety margin was set at
3 dB [24-26]. For an inter-satellite distance of 21,343 km in the BDS, the received optical
power was Pr ~ 3.5 nW.

The coherent receiver uses a local oscillator to improve the signal-to-noise ratio, in
which case the noise is predominantly shot noise [27]. Shot noise is modeled as a zero-mean
random Gaussian process. In the shot noise limit, the SNR is expressed as [28]

SNR = yRPr/(24B), (12)

where 7 is the heterodyne efficiency, R; is the responsivity, PR is the received optical power,
q is the electron charge, and B is the receiver bandwidth. A Monte Carlo simulation was
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conducted to analyze the relationship between the received optical power and the ranging
precision. The results are depicted as black dots in Figure 12. Additionally, the pink curve
in Figure 12 shows the correlation between the received optical power and the range.
Figure 12 illustrates that in the shot noise limit, the optical power decreased as the ranging
precision increased with distance. The ranging precision deteriorated sharply at an optical
power of 27 nW. Here, 27 nW of optical power corresponds to a distance of 8220 km, with a
ranging error of 0.15 mm and a time delay error of 0.5 ps. When the received optical power
was 3 nW, the corresponding distance was 24,663 km, with a ranging error of approximately
1.51 mm and a time-delay error of approximately 5.03 ps.

T T T T T
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Smooth filtering 17 .
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15 3 5 30
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Figure 12. Relationship between the received optical power and the ranging precision (or distance).

The theoretical waveform of the pseudo-random code is a rectangular wave, its
spectrum is infinite wide, its main energy is concentrated in the main lobe, and its theoretical
phase discrimination model Z is a linear model, as shown in Figure 13. The bandwidth
of the actual ranging system is limited, and the devices used in the system are not ideal.
These factors lead to a poor matching between the theoretical phase discrimination model
and the actual system. When the theoretical phase discrimination model is used in the
actual system, it will bring errors. Figure 14a simulates the relationship between the
phase discrimination model and the bandwidth. When the bandwidth becomes small, the
phase discrimination model moves away from the theoretical phase discrimination model,
and when the bandwidth becomes large, the phase discrimination model approaches the
theoretical model. When the system bandwidth is infinitely wide, the phase discrimination
model is equal to the theoretical model. As shown in Figure 14a, there is a difference
between the phase discrimination model of the band-limited system and the theoretical
model. When the theoretical model is applied to a system with limited bandwidth, it results
in a decrease in the ranging accuracy. Figure 14a also illustrates the theoretical relationship
between the ranging accuracy and ranging range in the traditional method. The phase
discrimination range of the pseudo-random code is (=Tc/2,Tc/2), corresponding to a
chip width, which leads to the ranging accuracy periodically improving and deteriorating
as the ranging range increases. When the system bandwidth is equal to one times the chip
rate, the ranging accuracy of traditional method becomes very poor within the period, and
as the system bandwidth continues to increase, the ranging accuracy of traditional method
will gradually improve within the period. Figure 14b simulates the relationship between
ranging accuracy, bandwidth, and SNR. In Yu's article, the SNR for ranging is greater than
21 dB [19]. For comparison, we simulated the variations in ranging accuracy when the SNR
is greater than 20 dB. The main energy of the pseudo-random code is concentrated within
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the main lobe. As the system bandwidth increases, the discrimination model approaches
the theoretical discrimination model, improving the ranging accuracy. However, the SNR
decreases, leading to a deterioration in the ranging precision, as shown in Figure 14b.
This issue is inherent in the traditional method, where the accuracy and precision of the
distance measurement are mutually restrictive. This also explains the ranging precision
of 0.33 mm and the ranging accuracy of 6 mm mentioned in Yu’s article. The method
proposed in this paper reduces the system bandwidth, ensures a high SNR, and improves
the ranging accuracy using a discriminator with calibrated characteristic parameters so
that the ranging accuracy does not show periodic variations as the ranging range increases.
By employing a data-shifting method, the consistency of the discriminator in ranging is
maintained. Compared with the traditional method, the proposed method improves the
ranging accuracy and ensures a high ranging precision, which solves the situation that the
ranging accuracy and ranging precision constrain each other. This is the difference between
the proposed method in this paper and the method in Yu's paper.
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Figure 13. Time domain and frequency domain plots of pseudo-random code and theoretical
early-late discrimination model. (a) Time-domain plot. (b) Frequency-domain plot. (c) Theoretical
early-late discrimination model.
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Figure 14. Relationship between the early-late discrimination model and bandwidth and relationship be-
tween ranging precision and bandwidth and SNR. (a) Relationship between the early-late discrimination
model and bandwidth. (b) Relationship between ranging precision and bandwidth and SNR.

The symbols involved in this section are summarized in Table A3 in Appendix A.
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5. Conclusions

In this study, a phase discrimination method using data shifting and a discrimina-
tor with calibrated characteristic parameters is proposed, which solves the problem of
mutual constraints between ranging accuracy and ranging precision in the traditional
method so that the method can achieve highly accurate and precise ranging. Compared
to traditional methods, the proposed approach offers two significant improvements. The
first improvement is the early-late discrimination method, which shifts data according to
the position of the cross-correlation peak of the punctual code. It performs cross-correlation
and normalization using fixed early and late codes, ultimately obtaining a fine phase
difference via a phase discrimination model that matches the actual system. The second
improvement involves the calibration of the characteristic parameters of the phase discrim-
ination model. This process adjusts the target position, refines its spatial distance, and
determines the characteristic parameters of the phase discrimination model that match the
system via discrete distance values. Ground validation experiments demonstrated that this
method can effectively enhance the ranging accuracy while maintaining a high precision.
For the same static target with different displacements, the ranging accuracies of the pro-
posed and traditional methods were approximately 0.56 mm and 51.05 mm, respectively,
indicating that the ranging accuracy of the proposed method was 91 times higher than that
of the traditional method. For dynamic targets, the ranging deviations of the proposed and
traditional methods were —0.38 mm and —1.26 mm, respectively. As the target distance
increased, the ranging accuracy of the traditional method exhibited periodicity with a
period of one chip width, reaching a maximum value before decreasing. Additionally,
the accuracy and precision of the velocity measurements performed using the proposed
method were 0.44 mm/s and 0.58 mm/s, respectively. Finally, the applicability of the
proposed method in real inter-satellite scenarios, spanning tens of thousands of kilometers,
was simulated. At a power level of 3 nW, which corresponds to a distance of 24,663 km,
the proposed method can achieve a ranging accuracy of 1.51 mm. The results show great
potential for the application of the method in inter-stellar ranging, and subsequent work
will also validate the method in a practical environment. In addition, the application
scenario for the proposed method involves a slow-moving target, while a fast-moving
target is not currently involved. The ranging system is coherent, and the velocity of the
target can be solved via carrier frequency shift. This velocity is used to perform Doppler
compensation for local pseudo-random codes and calibrate the characteristic parameters of
the early-late discriminator model to realize the distance measurement of a fast target. This
is also the work that needs further improvement and in-depth research in the next steps of
the proposed method.
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Appendix A

Table Al. Symbols involved in Equations (1)—(8).

Symbols Specification Symbols Specification Symbols Specification
Es Signal before EOPM bs Data after low-pass filter fo Doppler shift (wp = 27 fp)
E Raneine sienal N Length of the . Time delay of light to and
51 81N S1& ! pseudo-random code 0 from the target
. . Constant related to a
Ev Local oscillator a; Chip X balanced detector
Splitting ratios of FOC1 R Electrical signal after a
",72 and FOC2 Te Chip width u balanced detector
fo Frequency of carrier wave g(t) Gate function ny(t) Noise
Eo Amplitude of carrier wave  hy(t), ha(kTs) Impulse response of the LPF D(m), D(i) Demodulated baseband data
6o Initial phase of carrier wave Ii% Phase modulation depth factor S Sampling rate (fs = 1/Ts)
Operating frequency Backscattered signal .
h of the AOM Er from the target ¢ Speed of light
by Pseudo-random code B Amplitude attenuation coefficient n Refractive l?dex
of the medium
e Trf;gﬁf:;?;jiiﬁhe R Responsivity of the photodiode \ \
c Dielectric constant Effective optical receiving area of \ \

the photodiode

Table A2. Symbols involved in the traditional and proposed methods.

Symbols Used in Both Methods

Symbols Used in the Traditional Method

Symbols Used in the Proposed Method

Symbols Specification Symbols Specification Symbols Specification
; Baseband data of length N, Position of the chip where the e .
Xi(0) after sampling m correlation peak is located MR Position of the correlation peak
tructed
Yp(m) Punctual code related to by bs(t) psgsgf)—f‘:;;on?ec‘g de Yg (m) Early code related to by
N, Length of the punctual code Yp(im) Yg1 (m) New early code related to b3 (t) Yio(m) Late code related to by
Z Early-late discrimination model Yiq(m) New late code related to bs(t) X, (i + mg) Baseband data of length N
L Distance of the target RXl Y Cross-correlation sz,yE2 Cross-correlation
AT F;r;e; 5 cklls—s:aigier;e?g(ei:f R X1 Cross-correlation Rx, Yia Cross-correlation
R*(m) Correlation function ay, by Characteristic parameters az, by Characteristic parameters
m e ssmdtmcode \ \
Re(x) Real part of the complex number x \ \ Lfine Fine distance
(@) Spectral density of the \ \ L Distance corresponding to the
¢rN pseudo-random code 2 sampling period Ts
Py Signal power \ \ Ly Distance per movement
\ \ \ \ N3 Number of steps moved in distance L,
\ \ \ \ RX 5 N;-1)L e Cross-correlation
\ \ \ \ R (ny— Cross-correlation
X§N3 iy, . '
\ \ \ \ frFT Frequency obtained using FFT
\ \ \ \ resid Residual frequency difference after FFT
\ \ \ \ 03 Residual phase
\ \ \ \ A Wavelength
\ \ \ \ Hss(jf) Transfer function of the LPF
Table A3. Symbols involved in Section 4.
Symbols Specification Symbols Specification Symbols Specification
Link attenuation caused
by Received power R Responsivit
R p Is by the channel ! P y
. Power loss caused
Pr Transmitted power LapT L q Electron charge
by acquisition
Gt Transmitter gain Gr Receiver gain B Receiver bandwidth
Optical efficiency
. Optical efficiency of the receiver
T of the transmitter IR P Y \ \
Path loss of the .
Lps ¥ Heterodyne efficiency \ \

inter-satellite optical link
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