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Abstract: A ranging communication system is a key technology for achieving precise
ranging and scientific data exchange in space gravitational wave detection, with the aim of
realizing the symmetry of interferometer arms. This system is integrated into the phase
measurement payload, the ‘phasemeter’. Achieving high-ranging accuracy and low-bit
error rate communication while mitigating the impact of phase noise has become a focus of
current research. This paper starts with the coding methods for ranging communication
and analyzes phase modulation noise based on Binary Phase Shift Keying (BPSK). The
study found that the main lobe phase noise caused by BPSK modulation is approximately
158 prad /+/Hz, which is two orders of magnitude higher than the phase-tracking criteria
for gravitational wave detection. To address this, this paper proposes a Bit-Balanced Code
(BBC) sequence design and optimization method aimed at eliminating main lobe noise.
The experimental results show that the optimized BBC sequence improves the metrics of
even autocorrelation, odd autocorrelation, maximum spectral amplitude, and even cross-
correlation by 7.17, 2.83, 1.22, and 7.16, respectively, compared to the original sequence.
Furthermore, experiments have demonstrated that the BBC sequence is insensitive to
random data and can achieve dynamic bit balancing to eliminate the DC component. The
proposed BBC sequence design method can serve as a reference for technologies related to
space gravitational wave detection.

Keywords: space gravitational wave detection; ranging communication; bit-balanced code
(BBC); phase noise; binary phase shift keying (BPSK)

1. Introduction

In the 1990s, the European Space Agency (ESA) and the National Aeronautics and
Space Administration (NASA) proposed the Laser Interferometer Space Antenna (LISA)
project, aimed at detecting gravitational waves through space-based laser interferometry.
With interferometer arms extending millions of kilometers, LISA is capable of effectively
detecting gravitational wave sources in the frequency range of 0.1 mHz to 1 Hz, which
is crucial for studying the growth and evolutionary history of supermassive black holes
in galactic centers and their host galaxies. As a result, space-based gravitational wave
detection has attracted widespread attention. In light of this, China formed a working
group for space gravitational wave detection in 2008 to conduct related research [1-3].

Currently, both the LISA and China’s Taiji program employ a three-satellite system.
Using laser heterodyne interferometry, the distance variations between the test masses on
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different satellites caused by gravitational waves are converted into phase changes in the
interferometric signal, thereby enabling high-precision distance measurements. However,
in an actual space environment, the satellites experience relative orbital motion, resulting in
a lack of symmetry in the interferometric arm lengths. This causes laser frequency noise, as
the frequency jitter of the laser is proportional to the arm length difference. Such frequency
noise is one of the main noise sources in space-based gravitational wave detection. To
suppress this noise, a three-level technique is typically employed, including frequency
stabilization (Pound-Drever-Hall), arm-locking, and Time Delay Interferometry (TDI).
These methods reduce the laser frequency instability noise to the order of 10~¢ Hz!/2,
meeting the detection requirements. This is essentially achieved through inter-satellite
ranging and time synchronization, creating an equivalent equal-arm interferometer [3-7].

Therefore, ranging and communication technologies are employed in space gravita-
tional wave detection to achieve inter-satellite distance measurement while simultaneously
enabling scientific data exchange, thereby generating an equivalent equal-arm interferome-
ter. The principle is based on spread spectrum communication, where the Pseudo-Random
Noise (PRN) ranging code sequence is combined with communication data through an XOR
operation to generate the ranging communication code. This ranging communication code
is then modulated onto the laser phase using BPSK and transmitted to a remote satellite.
Unlike conventional inter-satellite communication and satellite navigation communication,
the modulation depth of the ranging communication code in the laser phase is limited to
only 0.1 rad to minimize its impact on gravitational wave detection signals. Additionally,
space gravitational wave detection integrates the ranging communication system into the
critical phase measurement payload, the “phasemeter”, necessitating the consideration of
the effects of phase modulation on phase measurement [8-10]. According to the integrated
study of ranging communication for space gravitational wave detection by Yamamoto [11],
if the PRN (bipolar) is unbalanced (i.e., this means that in the sequence, the number of
binary values “1” and “—1" is not equal, resulting in an imbalance in their occurrences) or
remains unbalanced after combining with data, it will generate a DC component during
BPSK modulation, leading to main lobe noise. This will affect the tracking accuracy of
the phase signal and cause errors in the ranging accuracy [11]. Currently, both domesti-
cally and internationally, there is limited research on noise issues caused by the balance
of PRN codes [12,13]. Therefore, this paper analyzes the impact of the balance of PRN
codes and presents a method for generating a bit-balanced PRN code that ensures balance
in PRN codes of any length occupied by data. Next, core parameters, such as odd-even
autocorrelation/cross-correlation functions and maximum spectral amplitude, are used to
construct the evaluation criteria. By employing models such as divide-and-conquer path
planning and the maximum clique model, the bit-balanced ranging pseudocode sequence
with the best overall performance is selected. The method proposed in this paper can effec-
tively eliminate the impact of DC phase noise caused by BPSK modulation, enhancing the
robustness of inter-satellite ranging communication in space gravitational wave detection,
thereby meeting the requirements for high-precision and high-reliability communication.
Meanwhile, this paper provides new ideas and methods for ranging communication coding
designs in this field.

The structure of the content of this paper is arranged as follows:

Chapter 2 will provide a detailed analysis of the phase noise caused by BPSK modula-
tion. Through theoretical derivation and mathematical modeling, it will determine the main
lobe and sidelobe noise levels in BPSK modulation, aiming to reveal the significant impact
of BPSK phase modulation on system noise and emphasize the necessity of optimization in
the design;
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Chapter 3, in order to suppress the noise caused by BPSK phase modulation, proposes
a BBC sequence design and optimization method based on Weil sequences. This method
ensures bit balance in PRN sequences of any length during the data encoding process,
effectively eliminating the impact of the DC component;

Chapter 4 compares the optimized BBC sequence with the original Weil sequence based
on performance indicators, such as odd/even autocorrelation, odd/even cross-correlation,
and maximum spectral amplitude. It also analyzes the DC component after modulating
the BBC sequence. Through these comparisons, the effectiveness of the optimized BBC
sequence design is validated;

In the final chapter, this paper summarizes the research work and discusses the current
limitations and future research directions.

2. Modulation Phase Noise Analysis

Currently, the inter-satellite absolute position measurement and data communication
systems of programs like LISA and Taiji are integrated into the overall laser interferometry
system, as shown in Figure 1 [14]. This system exhibits symmetry and is capable of
performing functions such as interferometric measurements, inter-satellite communication,
and clock noise transfer. The main principle is as follows: independent lasers (referred to as
Laser 1 and Laser 2) are installed on the designated master and slave satellites. The master
satellite sends a laser to the slave satellite, and after it is reflected by test mass 2 on the
slave satellite, it interferes with Laser 2. The resulting signal is then transmitted through a
Trans Impedance Amplifier to a Quadrant Photoelectric Detector (QPD), which converts it
into an electrical signal. The phase difference between Laser 2 and the received Laser 1 is
measured by a phase meter. Weak-light phase locking is used for differential frequency
locking, allowing Laser 2 to carry the phase information of the received Laser 1. The
phase information is then encoded into the PRN sequence via an Electro-Optic Modulator
and modulated onto the laser phase. The locked Laser 2 is then transmitted back to the
master satellite. After passing through the same process at the master satellite, the laser
interferometric signal containing the inter-satellite test mass distance variation information
is obtained. Finally, the phase meter on the master satellite measures the phase change,
which is used to calculate the distance variation between the test masses caused by the
gravitational wave.

PRN2 Master Slave
Carrier/sideband
Data2 Phase readout - , ’
Ranging Phasemeter N \ ’ Offset phase g‘
Delay? A "' locked laser El
Y ' PRN2 =
o ‘ / vz 81| c
4 Clock 2
\ Optical 1 Clock2 - =
| | Telescope iy ]
I Proof Mass 1| Interferometer . - o X Proof Mass ZI s
. [ ] L — | &
I il O Interferometer |
e = I “ S |
I .
Clock 1 ._E PRN1 1 fDOpp ler \ Laser control
Datal ! ‘\
Clockl ,’ \
Stabilized I:I S b
~ Delayl
laser ‘ Carrier/sideband .
Phase readout
PRN1
| L~-3M KM |

Figure 1. Space Gravitational Wave Inter-Satellite Ranging and Communication System.
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In the above process, the laser heterodyne interference signal is finally input into
a single quadrant of the QPD on the master satellite. Under ideal conditions, it can be
represented as [15]:

V= Gt](%(msb) Cos[zn(fmain + fD)iL + Prmain + mprn_z Cnp(t - TlTC)]

+GiJi (msp) cos27t(fup + fD)t + Pup] @)
+th1z(msb) Cos[zn(fdown + fD)t + (Pdown}
Gt = w represents the total gain of the Trans-Impedance Amplifier (TIA),
where Grj4 is the TIA gain, Ps and P; are the received signal power, and the local laser
power, v is the heterodyne detection efficiency, and N is the number of photodiodes
(QPD: N = 4). J,(m) denotes the nth-order Bessel function and my, is the frequency
modulation index, approximately 0.45 rad. The control index under this modulation
function takes the Jo and J; terms. f4in, fup and fg,0, represent the main frequency and
the upper and lower frequencies, respectively. fp refers to the Doppler frequency shift,
and @y0in, Pup and @go, correspond to the phase shifts of the main, upper, and lower
frequencies, respectively. The PRN code modulation index 11, is approximately 0.1 rad,
and c;, represents the PRN code in binary form, its pulse shape as p(t), and T is the period.
From Equation (1), it can be seen that under ideal conditions, the interference signal
is only affected by the Doppler shift. However, in actual PRN modulation, BPSK phase
modulation generates additive noise in the main and side lobes, which is superimposed on
the phase of the main wave beat frequency signal, thus affecting the phase-tracking and
locking accuracy. The main lobe noise is caused by the DC component generated by an
unbalanced PRN code (with unequal numbers of 1 s and —1 s) during PRN modulation,
while the sidelobe noise arises from the incomplete energy concentration in the main lobe
and the clock sideband modulation during PRN modulation.
The phase noise é¢prn(f) caused by modulation can be estimated and represented
based on the PRN amplitude spectral density Aprn(f, frer) and the root mean square
(RMS) of the signal amplitude Ay s [11].

5Fprn(f) = 2v/2 - ARV fiet) )

Ahet,rms
In the equation, f represents the observation band frequency, and f},; denotes the
heterodyne beat frequency.
The estimation model d@ppsk main(f) for the main lobe noise of the signal in BPSK
modulation is [11]:

~ AV i
54)BPSK,muin (f) = 2\6 . M 3)
het,rms

In Equation (3), Agpsk (f, fret) can be expressed as:

(Ahet,rms : mprn)z

|f — fhet' )
chhip

fchip

- sinc?(

Agpsk(fo fret) = J

fenip represents the chip rate of the PRN code and sinc(x) is:

. 1, x=0
sine(x) = { sin(7tx)/(7tx), x #0 ©
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Thus, the estimation model for the main lobe noise d@ppgk main(f) can be expressed as:

SPBPSK,main(f) = 2 T - sinc( f, ) (6)
/fchip fchlp

Secondly, the estimation model for the sidelobe phase noise d@ppsk sige(f) caused by
BPSK modulation is given as [11]:

= ‘ o lglmse) | mpr o fAAfe
5(PBPSK,szde(f) —2]%(”15}7) \/szp smc( fchip ) (7)

~ 0if f < Afgand fonip = D

Afy, represents the frequency offset from the sidelobe to the main lobe.
From Equation (6), it can be seen that the main lobe noise is related to its modulation
index and the PRN code chip rate. Taking the source coding design of LISA as an example,

Mprn is 0.1 rad, and fep;p is 1.6 MHz [11]. Substituting into Equation (6), and considering
f

sinc(ﬁ) = 1 (In the context of gravitational wave detection, the frequency band of
chip

interest ranges from 10~2 Hz to 1 Hz, meaning f < fenip), the phase noise is approximately
158 urad/+/Hz. This value is two orders of magnitude higher than the phase-tracking
criterion for gravitational wave detection, which is 1 pm/ VHz (about 5.9 uprad/ VHz
under a laser wavelength of 1064 nm). Secondly, from Equation (7), it can be seen that the
sidelobe noise depends on the PRN and clock sideband modulation parameters. In the
case where f < Afg and fip = Afsp, the sidelobe noise is approximately 0, where Af;y is
in MHz. Since f < Af, is always satisfied, it is only necessary to ensure f;, = Afg, to
eliminate the sidelobe noise. Therefore, eliminating the main lobe noise caused by BPSK
modulation is key to achieving high-precision phase tracking, which is the main focus of
this study.

3. BBC Code Design and Optimization

The analysis above shows that the main lobe noise caused by BPSK modulation
exceeds the phase-tracking requirements for gravitational wave detection by two orders
of magnitude, which will severely impact the phase tracking accuracy. According to its
generation mechanism, the DC component produced by an unbalanced PRN code causes
main lobe noise, thereby increasing internal interference within the system and affecting
the phase extraction accuracy. Therefore, a design method for BBC sequences is proposed
that ensures bit balance within any length of the PRN sequence during data encoding to
eliminate the impact of the DC component.

3.1. BBC Design Method

In spread spectrum communication, when data are encoded into a PRN sequence, the
data rate is much lower than the PRN chip rate. Therefore, a single data bit is subjected to
an XOR operation with multiple PRN chips, which together are referred to as a combining
window. According to this principle, if the PRN codes within the combining window are
balanced, meaning that the numbers of 1 s and —1 s are equal, a balance can be achieved.
This eliminates the DC component during modulation. To obtain the BBC sequence,
this paper considers the optimization design of three commonly used pseudo-random
code sequences: m sequences, gold sequences, and Weil sequences. Among them, the m-
sequence is generated by an n-stage feedback shift register, and its corresponding feedback
polynomial can be expressed as [16]:

f(x)=co+ecr+ex®+- Fcux,co=cp =1 (8)
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In the equation, cy, c1, 2, etc., represent the feedback coefficients. c; and ¢, are set to
1, while the remaining feedback coefficients are determined by the feedback polynomial,
taking values of either 0 or 1. A coefficient of 0 indicates no feedback and 1 indicates
participation in feedback. Once the feedback coefficients are determined, the m-sequence
is also fixed, with its period being 2" — 1. Furthermore, gold sequences are generated
by selecting two m-sequences of the same length, ensuring good correlation properties
between them [17].

The Weil code is based on an XOR combination of two Legendre sequences of the
same length. These two Legendre sequences share the same characteristic expression but
differ by a certain phase offset. By varying the phase offset, different Weil code sequences
can be generated. The characteristic expression of the Weil code sequence is given as [18]:

W(k,w) = L(k) ® L((k+ w)modN),k=0,1,2,...,N -1 )

In the equation, mod refers to the modulo operation; w is the phase difference be-
tween the two Legendre sequences; and L is the Legendre sequence, with its characteristic
expression given as:

0,k=0
L(k) =14 1,k # 0,and there exists an integer x such that k = x*modN (10)
0, others

Since the BBC sequence design requires modification of the original PRN sequence,
an initial screening of the three pseudocode sequences is performed based on their cor-
relation properties. The pseudocode with the best correlation performance is selected as
the base sequence for the subsequent optimization of the BBC sequence. According to the
requirements for gravitational wave detection and BBC sequence design, the length of the
PRN sequence is set to 1024. To obtain a sequence of the desired length, m-sequences and
gold sequences are traversed by inserting —1 or 1, while for the Weil sequence, the nearest
prime number to 1024, 1031, is used, and it is truncated using a 7-bit cycle.

The results are shown in Table 1 and Figure 2 (the obtained results have not been
normalized). Table 1 compares the correlation performance values of the three sequences
before and after processing, while Figure 2 provides a visual comparison of the correlation
performance of each sequence after processing. When the sequences were not processed, the
autocorrelation of the m-sequence (—60.20 dB) was significantly better than that of the other
two sequences, and the cross-correlation was also relatively similar. After processing, the
autocorrelation of the m-sequence shows significant changes, with its stability being weaker
than that of the other two sequences. This will affect the performance of the sequence itself
when designing the BBC sequence later. The transformation of the gold sequence before
and after processing is minimal, but its self- and cross-correlation performance (—21.12 dB,
—22.25 dB) is weaker than that of the Weil sequence (—23.82 dB, —23.95 dB). Additionally,
the generation principle of the gold sequence results in fewer code families than that of the
Weil sequence. Therefore, the Weil sequence is selected as the pseudocode sequence for the
subsequent BBC design.
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Table 1. Comparison of the correlations of the three sequences.
Max Max Cross-
Code Autocorrelation Correlation
PRN Status Length Sidelobe Sidelobe Remarks
Eacon/dB Eccorr/dB
m Original 1023 —60.20 —20.38
(Polynomial coefficients (10, 3) and  Traverse and insert
(10, 5, 4, 2)) —1lorl 1024 —23.30 —21.03
gold Original 1023 —24.21 —23.94 E o
(m-preferred pair polynomial Traverse and insert wﬂlu;n\ 1
coefficients (10, 3) and (10, 8, 3, 2)) “lorl 1024 —21.12 —22.25 201ogyo(5+)
Original 1031 —24.22 —24.37
Weil Cyclic truncation 1024 2380 2395
to 7 bits ' '
L Ecorr represents the correlation value, and N represents the length of the PRN sequence.
1500 — Auto-Correlation
1 2 3 o
-21.12dB -2330dB -23.82dB — — -Gold
1000 |- f-330.90) - 248,70) G T0.90) Weil
3
0L |' e ‘L-’-un.vi o
—500 ! -
o 1 A b Cross-Correlation 3 ~2395d8
150 \/V\/\/‘,W/\};‘;:\)/ ‘ gam_ 65)
TR Y 1 3 NETILIE P i
100 H STA AT
[ JI 1 't 2 TELEE
. SRANNER N I - ‘
2 - . il i 5 Y e
3 i - ]
5 o ‘
U I
—50 |- i ' ; i 3 ! i i |;i il
~100 I I =| L I J
~1500 ~1000 ~500 0 500 1000 1500

Delay

Figure 2. The maximum sidelobes of Autocorrelation and Cross-correlation for the three types
of sequences.

The specific design process of the BBC sequence is shown in Figure 3.

1.  Input parameters to select the order for generating PRN codes;

Generate a specified order of bipolar Weil sequence families based on the instructions;

3.  Sequentially feed the pseudo-random sequences from the code family into the bit-
balanced code design process until completion;

4. Group the input pseudo-random code sequences by every .4, chips (1,04, =
fenip/ faata, where fa1, is the data rate, representing the number of PRN codes corre-
sponding to the combination window);

5. To minimize the disruption to the characteristics of the original pseudo-random code
sequence, perform a preliminary screening of the PRN sequence groups segmented
by #1:04e. The preliminary screening condition is that the absolute value of the sum of
PRN chips in each group must be less than or equal to a variable To(Ty = |np4./10]).
If the condition is met, proceed to the next step; otherwise, discard the sequence and
return to step 3;



Symmetry 2025, 17, 40 8of 13

6.  For PRN sequences that meet the conditions, mark the indices of chips in each group
that can be flipped;

7. Based on the sum +T of the PRN chips in the group, randomly flip |Ty|/2 of the
marked chips to make the sum equal to 0;

8.  Reassemble the PRN sequences flipped by the group in step 7 into a new ranging
PRN sequence in the order of their group numbers. This sequence is the bit-balanced
code sequence, which is added to Set 1, and then returned to step 3.

Each group Discard

Input Z:;mdg a, =T,
parameters
Generate Weil
code family (with Mark the indices of chips in each
a quantity of Ny) group that can be flipped based on
+ the sum of PRN chips each group

| Initialize n, n=1 |

|

Randomly flip a specified number
of chips in each group based on the

Ng

End markings, ensuring the sum of PRN
chips in each groupis 0
Yes
Segment the n-indexed Reassemble the flipped PRN codes
pseudo-random into a new PRN sequence
sequence in the code 1
family into groups of Add to
Neode Set 1

ll_l.LI 1
Figure 3. BBC design process.

3.2. BBC Optimization

The BBC sequence family can be generated through the process described in Section 3.1.
To select the best-performing BBC sequences, this paper conducts a comprehensive evalua-
tion based on five indicators: odd/even autocorrelation, maximum spectrum amplitude,
odd/even cross-correlation, and others. The definitions and computational complexities of
these indicators are shown in Table 2.

Table 2. Preferred metrics and computational complexity.

Evaluation Indicators Definition Computatlf)nal Computational
Complexity Count
. N 2 2
even autocorrelation R (g0 (T) = 420 i~ O(N#) M
=
. N-1-1 N-1 By
odd autocorrelation R(ga)(T) = ZO Bl — ,\Z,: i~ O(N#) M
i= i=N—1
maximum spectrum amplitude Spec = max|FT(a(n))| O(Nlog,(N)) M
~ . N 2 _
even cross-correlation Rip)(7) = T aibiie 1 O(N?) MM-1)/2
N 1 =0 N-1
i ; - - 2 _
odd cross-correlation R(up)(T) = 0 aibic — I\Z, ;b O(N#) M(M-1)/2
i= i=N—1

! and b represent PRN sequences, T represents the chip shift value; 2 M represents the number of codes in the
code family.
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When the length of the Weil sequence is 1024, the size of its code family reaches
1031 x 1031, indicating a significant computational burden for evaluating each indicator.
Therefore, to reduce the computational burden, indicators other than cross-correlation are
used for preliminary screening. Different weights are assigned to each indicator, and the
average of the weighted sums of all indicators for each sequence in the code family is
calculated. Screening is then performed based on 0.5J (standard deviation), as shown in
Equation (11). Secondly, the odd /even cross-correlation indicator is used in the second step,
applying the cross-correlation optimization method based on the maximum clique model,
as shown in Equation (12). This method performs secondary screening on the candidate
sequences obtained from the first step to derive the target number of BBC sequences with
optimal performance.

5= (11)
In the formula x; represents the data value, i represents the overall mean.
0 dip  dig dia o diyger dig |
di2 0 dys  dpy  cor dyy1 dop
diz  das 0 dzg -+ dzp1 dap
R=| dis dyy4 dz o dygr day (12)
din-1 dop-1 dzp—1 dapa -+ 0 dy_q1p
| din dow dzw dey oo dpan 0]

In the formula, R is the cross-correlation performance matrix, where each PRN code is
treated as a node, and the cross-correlation performance value d, ;) p(,) is considered as
the distance between nodes. By setting a threshold to determine whether two nodes are
connected, the target number of BBC sequences can be obtained.

The specific optimization process is shown in Figure 4.

Initialize k, k=1

!

Input candidate code . o
family(the quantity is Iteratwe]y: calculate the e and £ 1n(311cat0rs
N,) for the n-indexed PRN sequence in Set 2
£ EZ‘ and the remaining sequences, obtaining
the results x7, x7

¥
Calculate the a, b, and ¢
indicators for the n-
IE“E' indexed PRN code
sequence, and obtain the
resultsxl, xj, x7

No
l Based on the results x7, X}‘ in set 3,

construct the cross-correlation
performance matricesR,, Rf,respecﬁvely

Ty =Ty +1 g
r

(Mer Mf
and Mg )
> M,

- n n n
Vn= 21X, + ZXpt Z3X.

No

No

Calculate the overall
standard deviation d,
and perform screening
based on 0.50, saving the
results to Set 2(N3) End

Figure 4. BBC optimization process.
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Input the PRN code family designed with bit balance;

Sequentially input the PRN sequences from the code family into the loop to calculate
the a, b, and ccc indicators for each sequence (a represents even autocorrelation,
b represents odd autocorrelation, and c represents the maximum spectrum amplitude),
obtaining the corresponding x7;, x; and x{' values, until the process is complete;
Assign weights to the three indicators a, b and ¢, denoted as zj, zo and z3
(z1 4+ z2 + z3 = 1). Calculate the total weighted sum y,, of the three indicators for each
sequence, and determine the overall standard deviation ¢ of the code family. Filter
the sequences using a threshold of 0.5¢, and add those that meet the criteria to Set 2;
Iteratively calculate the e and f indicators for all pairs of PRN sequences in Set 2
(e represents even cross-correlation, and f represents odd cross-correlation), obtaining
the corresponding x;' and xj@ values, and store the results in Set 3;

Derive the cross-correlation performance matrices R, and Ry for the code sequences
in Set 3 based on the matrix definition in Equation (12);

Iteratively search through R, and Ry matrices for N3 x N3 elements, using their
smallest non-zero value as the initial threshold Tj,;

Apply the threshold T), to the R, and Ry matrices to make decisions, obtaining the
largest connected sets A, and A f with values not exceeding the threshold Tj,, as well
as their respective node counts M, and M £

Compare M, and My with the target code count M. If they are smaller than M), the
target requirement is not met. Increase the cross-correlation threshold by 1 and return
to Step 8 for iteration. Repeat until M, > My and M > My, then exit the iteration;
Evaluate whether the number of matching node indices between A, and Ay denoted
as M.y, meets the target code count M. If M,r < M), the target requirement is not
satisfied. Increase the cross-correlation threshold by 1 and return to Step 8 for iteration.
Repeat until M, > Mo, then exit the iteration, add the results to Set 4, and terminate.

4. Simulation Experiment Comparison

To validate the effectiveness and reliability of the BBC design and optimization method,

six sets of BBC sequences were generated and optimized using the parameters listed in
Table 3. The system sampling frequency was set to 80 MHz, the PRN rate f.;,;, was set to
1.6 MHz, the data code rate fy,;;, was set to 25 kbps, and the PRN code length was 1024.
Under these settings, 11,4, = 64.

Table 3. Simulation of each index parameter.

BBC optimization

Type Parameters Value Remarks
. system frequency fs 80 MHz
rangllngt. PRN rate fepip 1.6 MHz Weil
R PRN length N 1024 el
system data rate f,, 25 Kbps
. combination window #,,4, 64 Heode = fchip / fdata
BBC design variable Ty 6 To = goge/ 10]
weight z1, 2, z3 0.5, 0.25, 0.25 Z1+2zp+z3=1

gravitational wave

PRN target code count M 6 . .
design requirements

Six sets of BBC sequences were obtained using the parameters in Table 3, and their

performance was compared with those of the original Weil sequences. The specific per-
formance results for each indicator are shown in Figure 5 and Table 4. The maximum
sidelobes of the correlation and maximum value ranges of the other indicators, along
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with their averages, are presented (the mean is the actual data mean, not the center point
of each range). It can be observed that the BBC sequences designed based on the Weil
sequences, when compared to the original Weil sequences, show improved performance
after optimization. Specifically, the mean value for the odd cross-correlation indicator
remains the same as that of the original sequence at 95.33, while the average values for
the even autocorrelation, odd autocorrelation, maximum spectrum amplitude, and even
cross-correlation indicators are better than those of the original Weil sequence by 7.17, 2.83,
1.22, and 7.16, respectively. A comparison of various performance indicators shows that
the BBC generation and optimization method can enhance the performance of the original
sequence while modifying the balance and selecting the best-performing BBC sequences,
thus verifying the effectiveness of this method.

Performance Comparison of BBC and Weil Sequences
T T T

120 x ;
——BBC
— — - Weil :
10 - i .
T _
40083 :
100 98.0 ? I I
: 95.3i *25.33
L L
90 - ,
[}
=]
p
80 - b
. .
£5:50 e45p, 56.03 Is.es
60 59-3{ 58.6I -
50 1 1 1 1 I
Even-Auto Odd-Auto Max Spectrum Even-Cross Odd-Cross
Type
Figure 5. Performance comparison figure of BBC and Weil sequence.
Table 4. Performance Comparison Table of BBC and Weil Sequences.
Tvoe Mean Mean Mean Mean Mean
yp Even-Auto Odd-Auto Spectrum Even-Cross Odd-Cross
BBC 59.33 98 64.81 58.67 95.33
Weil 65.50 100.83 66.03 65.83 95.33

Furthermore, to verify that the BBC sequences can effectively eliminate the DC com-
ponent during BPSK modulation, random data were encoded into six optimized BBC
sequences based on the parameters in Table 3, followed by cumulative mean statistics. The
results are presented in Figure 6, which illustrates the cumulative mean before and after
data encoding. For a balanced signal, the cumulative mean should approach zero. In the
figure, the horizontal axis represents each sample point in the signal, while the vertical axis
represents the cumulative mean at each sample point. The six optimized BBC sequences
are depicted in blue and red, with solid lines representing BBC sequences without encoded
data and dashed lines representing BBC sequences with encoded data. To enhance clarity,
the encoded sequences are displayed with inversion. It can be observed that the BBC
sequences exhibit consistent trends before and after encoding, with only minor fluctuations
near zero. As the sample size increases, the mean rapidly converges to zero, indicating
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that the sequences are globally balanced, with an average value approaching zero. This
demonstrates that the BBC sequences are unaffected by random data, achieve dynamic bit
balancing, and effectively eliminate the DC component.

Cumulative Mean of BBC Sequences Before and After Encoding the Data

Cumulative Mean of BBC Sequence 1 Cumulative Mean of BBC Sequence 2

Before Encoding 1
= = = After Encoding1

Before Encoding 2
= = = After Encoding2
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Figure 6. Comparison of BBC sequences before and after encoding the data.

5. Conclusions and Discussion

In the context of space gravitational wave detection, this paper analyzes the main lobe
and sidelobe phase noise in a ranging communication system based on BPSK modulation.
The study reveals that, due to the influence of the DC component, the main lobe phase
noise under the current design specifications is approximately 158 urad/v/Hz, which is
two orders of magnitude higher than the phase-tracking requirement of 5.9 prad /v/Hz. To
eliminate the impact of main lobe noise, this paper proposes an optimized design method
for BBC sequences and establishes a corresponding performance optimization system.
The experimental results demonstrate that the optimized BBC sequences significantly
outperform the original Weil sequences in four key metrics: even autocorrelation, odd
autocorrelation, maximum spectrum amplitude, and even cross-correlation. The respective
improvements are 7.17, 2.83, 1.22, and 7.16 on average. Furthermore, the experiments
confirm that BBC sequences are immune to random data, achieve dynamic bit balancing,
and effectively suppress DC components. In future research, the differences in actual
inter-satellite communication environments can be further considered by incorporating
complex channel conditions into experimental designs to comprehensively verify their
robustness. Moreover, an in-depth study of the sidelobe noise in BPSK modulation is also
of great significance, as it would provide broader technical support for space gravitational
wave detection and other high-precision ranging communication applications.
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