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Abstract

This paper proposes an integrated OFDM signal system combining sidetone signals for
communication and measurement, addressing the challenges of system complexity, re-
source waste, and interference caused by separated communication and measurement
functions in traditional LEO satellite systems. The proposed approach effectively combines
sidetone signals with OFDM technology, utilizing different short-period coprime pseudo-
random codes as pilots to form composite ranging codes, while inserting multi-frequency
sidetone signals at specific subcarrier points for precise ranging. A dual-mode channel
estimation algorithm is designed to merge the channel estimation results from ranging
pilots and sidetone signals, significantly enhancing system performance. Additionally, an
adaptive ranging mode switching mechanism based on error thresholds achieves dynamic
balance between ranging accuracy and spectral efficiency. Simulation results demonstrate
that the proposed system can reduce bit error rate to approximately 1073 at 6 dB SNR,
saving about 3 dB of transmission power compared to conventional pilot methods, while
achieving centimeter-level ranging accuracy of approximately 0.02 m, improving preci-
sion by 3—4 orders of magnitude over traditional pilot methods. The proposed scheme
provides a high-precision, high-efficiency integrated solution for LEO satellite communi-
cation systems. The theoretical performance assumes idealized conditions, with practical
deployment requiring comprehensive error modeling for hardware imperfections and
environmental variations.

Keywords: LEO satellite; orthogonal frequency division multiplexing; sidetone signal;
high-precision ranging; adaptive ranging mode; pilot; pseudorandom code

1. Introduction

LEO satellite constellation technology has been rapidly developing due to its global
coverage and low-latency advantages [1-4], with modern satellite systems primarily em-
ploying multi-satellite collaboration [5,6]. In satellite signal design, the communication
signal is adopted to transmit large amounts of data, while the measurement signal is the
foundation of navigation, time synchronization and orbit determination. As the number of
LEO satellites in constellations increases, traditional designs with separated communication
and measurement functions cause system management complexity, resource waste, and
mutual interference, making integrated communication and measurement a necessary
function [7-10].
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OFDM technology has become a focus in integrated communication and measurement
research due to its high spectral efficiency, strong anti-interference capability, and high data
transmission rate [11,12]. Liu et al. [13] proposed a time- and-code division orthogonal
frequency division multiplexing (TC-OFDM) system to simultaneously achieve signal
acquisition and tracking by superimposing ranging signals on OFDM signals. Liu et al. [14]
proposed a ranging communication method based on the MB-OFDM physical layer but
required SNR > 15 dB to achieve 1% ranging accuracy. Zhang et al. [15] combined block-
type ranging pilots with OFDM signals to propose an integrated system suitable for
different scenarios. Hu et al. [16] proposed a new pilot design scheme, applying LS
channel estimation in OFDM systems to realize communication and ranging functions.
However, existing systems rarely meet high-precision ranging requirements.

Beyond pilot-based methods, various channel estimation approaches have been in-
vestigated. Frequency-domain Wiener filtering provides optimal MMSE performance but
requires prior channel statistics [17]. Compressed sensing techniques exploit channel spar-
sity but involve high computational complexity [18]. Time—frequency joint smoothing
methods improve estimation accuracy through temporal correlation [19]. However, these
approaches either require additional system knowledge or impose computational burdens
unsuitable for real-time satellite applications.

Researchers have improved ranging precision through enhanced modulation
schemes [20,21]. From the initial BPSK-R modulation [22] to BOC modulation [23,24],
bandwidth and multipath performance limitations were addressed [25]. Ma et al. [26]
proposed a multi-functional signal based on BOC and BPSK, achieving 1% ranging accu-
racy under specific CNR. LEO satellite applications with BOC/BPSK signals demonstrated
that BOC provides higher ranging precision [27]. In the study by Liu et al. [28], the direct
sequence spread spectrum was integrated with OFDM modulation, thereby enhancing
tracking precision via high-frequency subcarriers. The FH-BOC modulation system exhibits
good ranging capability and anti-interference characteristics [29], while adaptive algorithms
combining CPM with PN signals can dynamically adjust parameters to improve ranging
precision [30]. However, these methods still face precision limitations and high system
complexity issues, especially in OFDM systems where Doppler frequency shift-induced
inter-carrier interference significantly degrades system performance [31].

Sidetone signals, widely used in aerospace for ranging, offer good performance
with minimal resource consumption. This paper proposes a novel integrated signal sys-
tem combining sidetone signals with OFDM technology, utilizing short-period coprime
pseudorandom codes to form composite ranging codes and inserting multi-frequency
sidetone signals for precise ranging. When ranging error falls below a threshold, the sys-
tem retains only the highest-frequency sidetone signal, allocating remaining subcarriers
for data transmission, thus achieving high-precision measurement with high-efficiency
communications integration.

Computational simulations validate the viability of the developed methodology while
evaluating its communication effectiveness and distance measurement capabilities. Fur-
thermore, the paper demonstrates that the OFDM framework, which incorporates auxiliary
tone signals, preserves excellent communication characteristics. Moreover, the bit error
rate is decreased to roughly 10~ under 6 dB signal-to-noise ratio conditions. Additionally,
a power efficiency enhancement of approximately 3 dB is achieved relative to conven-
tional reference signal approaches. For measurement performance, the scheme achieves
centimeter-level precision of approximately 0.02 m in high-SNR environments, improving
accuracy by 3—4 orders of magnitude compared to traditional pilot methods and by about
2 orders of magnitude compared to methods using only composite ranging subcodes. Addi-
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tionally, by dynamically switching ranging modes, the system improves spectral utilization
while maintaining high-precision ranging.

The paper is structured as follows. Section 2 establishes the signal model for the
integrated OFDM system with dual-mode channel estimation. Section 3 develops the
measurement algorithms, including composite code-based coarse ranging and sidetone-
based precise ranging with ambiguity resolution. Section 4 presents simulation results
validating system performance under various conditions. Section 5 concludes with findings
and future research directions.

2. Signal Model

The current research employs an orthogonal frequency-division multiplexing frame-
work featuring concurrent data communication capabilities. Following convolutionally
encoded processing and quadrature phase shift keying modulation, sequential baseband
communication data undergo transformation into concurrent symbol sequences. Subse-
quently, these symbol sequences are carried by individual frequency channels and commu-
nicated [32]. Moreover, N represents the total quantity of frequency channels utilized in
the system.

The 34.8 MHz carrier frequency is selected for algorithm validation and simulation
convenience rather than engineering deployment. While this frequency presents practical
challenges including large antenna requirements and ionospheric propagation effects,
the proposed OFDM-sidetone integration algorithm can be extended to standard Ka/Ku
satellite communication bands with proportional parameter scaling. The core algorithmic
contributions remain valid across frequency bands.

Figure 1 shows the integrated communication and measurement system structure. In
the transmitter, data streams undergo channel coding and QPSK modulation followed by
serial-to-parallel conversion, while ranging pilot and sidetone signal generators produce
mutual-prime period pseudorandom codes and specific frequency sinewaves, respectively.
These signals are mapped with data to subcarriers in the frequency domain, transformed
by IFFT, and cyclic prefixes are added to form the transmitted signal.

Sidetone Signal

Generation
: s(t)
Input Data |—scomvolutional | opge | o gp %» FET L Ps L
Coding
Ranging Pilot cP
Generation

Figure 1. Block diagram of the OFDM transmitter.

Figure 2 shows that the receiver first removes the cyclic prefix, transforms the signal to
the frequency domain via FFT, and extracts ranging pilots and sidetone signals for channel
estimation and distance measurement. A dual-mode fusion algorithm comprehensively
utilizes both signal types to achieve accurate channel estimation, and finally, equalized
data is demodulated and decoded to recover the original information.
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Figure 2. Block diagram of the OFDM receiver.

The basic OFDM modulation and demodulation principle block diagram is shown in

Figure 3.
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Figure 3. OFDM modulation and demodulation principle block diagram.

It should be noted that OFDM systems inherently suffer from a high peak-to-average
power ratio (PAPR), which can reduce power amplifier efficiency and cause signal dis-
tortion, particularly critical in power-constrained satellite systems [33]. Various PAPR
reduction techniques have been proposed, including partial transmit sequence (PTS) [34],
selective mapping (SLM) [35], and clipping—filtering methods [36]. While this paper fo-
cuses on signal-level design and ranging algorithm validation under ideal power amplifier
assumptions, integrating PAPR mitigation techniques with the proposed sidetone-based
scheme remains an important direction for practical implementation.

Individual data elements within the N component set undergoing serial-to-parallel
conversion experience modulation via distinct frequency channels. Variable X; k] repre-
sents the kth communication element on the /th frequency channel, where ! = 0,1,2,..., 0,
k=0,1,2,...,N — 1. Each element requires transmission duration T;. Subsequently, serial-
to-parallel conversion extends the communication period for N elements to NT;, establish-
ing the temporal span of one orthogonal frequency-division multiplexing element Tsy,.
The temporal-domain continuous baseband waveform can be mathematically expressed as

oo N— ]
Xl(t) = Z Xl [k]g]znfk(t_lTsym) (1)
1=0 k=0

—_
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During sampling instances t = [Ty, + nT;, the continuous baseband orthogonal
frequency-division multiplexing waveform from Equation (1) produces the corresponding
discrete-time signal:

N-1 ,
xn) = Y X [kle?™ /N n=01,. ,N-1 (2)
k=0

where Ts = Tsym/N, fr = k/Tsym. Equation (2) results from N-point inverse discrete
Fourier transform of the quadrature phase shift keying modulated data {X;[k] ,I(\I:_Ol, al-
ternatively implementable via inverse fast Fourier transform algorithms [37]. Excluding
channel and noise influences, the detected baseband temporal-domain continuous wave-
form equals y;(t) = x;(t). When sampled at t = [T, 4+ nTs, the discrete temporal-domain
representation of the detected signal for the I*" orthogonal frequency division multiplexing

element becomes

N-1 )
Yi[k] = Y yi[n]e PN (3)
n=0

This represents the N-point discrete Fourier transform of {y;(n) }ﬁ’;ol, enabling imple-
mentation through fast Fourier transform algorithms [38].

In order to minimize the impact of transmission medium on output waveform recon-
struction, the orthogonal frequency-division multiplexing framework employs channel
state information acquisition and compensation techniques. Previously, the influence of
propagation medium on signal phase characteristics, magnitude variations, and spectral
properties was overlooked in our analysis. Nevertheless, such medium-related distor-
tions and additive noise continuously exist within practical implementation scenarios.
Subsequently, when subjected to propagation medium effects, incoming signals undergo
demodulation processing. Moreover, the temporal-domain detected waveform following
discrete sampling procedures can be represented as

Y[k] = H[k]X[k] + Z[K] (4)

Variables X|[k|, Y[k|, H[k], and Z[k] represent the transmitted data element, detected
data element, spectral response of the propagation medium, and spectral-domain noise
on the kth frequency channel, respectively. Equation (4) demonstrates that the orthogonal
frequency-division multiplexing framework may be characterized as the multiplication
of input data elements and propagation medium response within the spectral domain.
Without inter-frequency interference effects, the receiving unit can reconstruct the initial
waveform and eliminate propagation medium distortion by acquiring the medium response
of individual frequency channels.

While this work adopts simplified AWGN channel modeling for algorithm validation,
practical LEO satellite systems encounter additional propagation challenges including iono-
spheric delays, multipath effects from satellite structures, and time-varying atmospheric
scintillation that can significantly impact phase measurements critical for centimeter-level
ranging accuracy.

The fundamental difference lies in phase measurement mechanisms: ranging pilots carry
QPSK-modulated pseudorandom codes with discrete phase states (71/4,37/4,57/4,77/4),
requiring demodulation and code tracking for sub-chip delay estimation with preci-
sion limited by loop bandwidth. In contrast, sidetone signals maintain continuous
phase ¢ = 27tft + ¢, enabling direct instantaneous phase extraction through FFT with-
out modulation-induced quantization losses. Theoretical analysis shows sidetone
phase measurement precision 0y ~ 1/vSNR compared to pseudocode precision
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0p ~1//2nSNR - By, demonstrating the superiority of pure sinusoidal carriers for high-
precision phase measurements.

The carrier frequency selection requires clarification from an engineering perspective.
The 34.8 MHz frequency is chosen for algorithm validation and simulation convenience
rather than practical deployment. While this frequency presents engineering challenges
including large antenna requirements and ionospheric propagation effects, the proposed
OFDM-sidetone integration principles can be extended to standard satellite communication
bands (Ka: 26.5-40 GHz; Ku: 12-18 GHz) with proportional parameter scaling. The
algorithmic contributions remain valid across frequency bands.

As shown in Figure 4, the transmitter inserts ranging pilots (black circles) and three
different frequency sidetone signals (colored circles) at intervals in the frequency do-
main, with frequencies of 300 kHz, 1 MHz, and 3 MHz, forming an enhanced channel
estimation system.

low tone(300kHz) mid tone(1 MHz) high tone(3MHz)
codel code2 code3
frequency

Figure 4. Frequency-domain pilot and sidetone signal insertion diagram (complete ranging mode).

During reception processing workflows, the detection unit initially transforms sequen-
tial data streams into concurrent formats. Subsequently, cyclic prefix removal and frequency
deviation compensation are executed. Following this, multiple concurrent sub-waveforms
are acquired via fast Fourier transform operations. The detection unit simultaneously
retrieves distance measurement reference sequences and auxiliary tone components from
these sub-waveforms, employing dual methodologies for medium response estimation,
followed by result combination.

Concerning the distance measurement reference sequence portion, the conventional
Least Squares medium response acquisition technique [31] is employed:

His = (xHx) ' xHy )

where H| s represents the vector matrix of Least Squares medium estimates and H (k)
denotes the components within H s and indicates the medium response estimation of the
kth frequency channel. X (k) and Y (k) represent the transmitted and detected waveforms
on the kth frequency carrier, respectively. For the incorporated distance measurement
sub-sequences, the Least Squares medium estimate value of the corresponding frequency
channel response becomes
%0
Xp (k)

Hy (k) (6)
where X, (k) represents the kth distance measurement sequence incorporated at the trans-
mission unit, and Y} (k) denotes the detected distance measurement sequence waveform
following orthogonal frequency division multiplexing demodulation.

The choice of Least Squares (LS) over Minimum Mean Squared Error (MMSE) channel
estimation is justified by several factors critical for LEO satellite applications. While MMSE
theoretically provides optimal performance, it requires prior noise statistics and involves
O(N?) matrix inversion complexity, unsuitable for real-time satellite processing. In contrast,
LS estimation offers O(N) complexity with acceptable performance degradation under
high-SNR conditions typical of LEO inter-satellite links (>10 dB).
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The MSE performance gap between methods diminishes at high SNR: MSE;s = 02/ |X; 12

while MSEpmse ~ 0202/ (| X | 2(7% +02). As SNR increases, MSEpysg approaches
MSE} s, making computational efficiency the determining factor. Furthermore, our pro-
posed dual-mode approach compensates for LS limitations through sidetone signal inte-
gration, achieving near-MMSE performance while maintaining computational efficiency
essential for satellite systems.

For the sidetone signal portion, since sidetones are known single-frequency sinusoids,
their channel estimation can be directly obtained by comparing the amplitude ratio and
phase difference between the transmitted and received signals. Let the transmitted sidetone
signal be

Hione (fz) = m ()

where Xione (f;) is the ith sidetone signal transmitted, Yione ( f;) is the corresponding received
sidetone signal, and Hyope(f;) represents the channel response at that sidetone frequency
point. The sidetone signal is transmitted in the form A sin(27f;t 4 ¢p), and the received
form includes the effects of channel amplitude response and phase response. This method
utilizes the high SNR characteristics of sidetone signals to provide more precise specific
frequency point channel information than traditional pilots.

This paper proposes a weighted fusion algorithm, comprehensively utilizing the
channel estimation results from ranging pilots and sidetone signals:

Heompined (k> = O - H;? (k) + (1 - ak) : Htone,interp (k) 8)

where Hy (k) is the channel estimation based on ranging pilots, Hyope_interp (k) is the channel
estimation obtained from sidetone signal interpolation, and aj is the weight coefficient,
dynamically adjusted according to the frequency distance between subcarrier k and the

nearest sidetone signal:
_ |k - ktone‘

Dmax (9)

X

where |k — kione| represents the distance between subcarrier k and the nearest sidetone
frequency point ke, and Dmax is a normalization factor. When the subcarrier is closer to
the sidetone frequency point, the weight of the sidetone signal is greater; conversely, the
weight of the ranging pilot is greater.

Note that the current weight allocation considers only frequency distance for simplicity.
In practical implementations, an SNR-adaptive weighting scheme could be employed
as 0‘;{ = ay - Yr, where 1x = SNRgigerone (k) / (SNRsigetone (k) + SNRypresnora)- This would
reduce the contribution from noisy sidetone signals even when spectrally close. While such
adaptive weighting could further improve performance, particularly in varying channel
conditions, the current simplified approach already demonstrates significant improvements
as shown in our simulations. SNR-adaptive weighting optimization will be investigated in
future work.

For subcarriers that are neither at ranging pilot nor sidetone signal positions, this
paper adopts a dual-mode weighted interpolation algorithm. Unlike traditional cubic
spline interpolation, which may suffer from overfitting with limited pilot density, our
approach integrates both pilot and sidetone channel estimates using computationally
efficient linear interpolation optimized for OFDM characteristics. The interpolation weights
« in Equation (8) are dynamically adjusted based on the frequency distance to both pilot
and sidetone positions, ensuring optimal utilization of available channel information.

This dual-mode channel estimation method significantly improves system perfor-
mance in rapidly changing channels, especially when Doppler frequency shift causes
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reduced orthogonality between subcarriers. Compared to traditional methods using only
ranging pilots, this method can reduce channel estimation errors by 15-30% in high-speed
mobile scenarios without increasing system complexity.

Compared to traditional cubic spline interpolation, this approach avoids overfitting
issues common with limited pilot density while maintaining computational efficiency
suitable for real-time processing. The linear interpolation core provides O(n) complexity
versus O(n®) for cubic spline, making it particularly attractive for resource-constrained
satellite platforms.

In Section 3, these ranging pilots and sidetone signals used for channel estimation
will be used for coarse ranging and precise ranging, respectively, fully demonstrating
the high-efficiency resource reuse characteristics of this system. Especially in simplified
ranging mode (Figure 5), the system can dynamically adjust sidetone signal configuration
for channel estimation, maximizing data transmission efficiency while maintaining channel
estimation performance. When switching from complete to simplified ranging mode,
retaining only the 3 MHz sidetone signal while adjusting the weight allocation strategy in
Equation (8) ensures continuity and accuracy of channel estimation.

high tone(3MHz)
codel code2 code3

frequency

Figure 5. Frequency-domain pilot and sidetone signal insertion diagram (simplified ranging mode).

3. Measurement

For LEO satellites, the measurement primarily refers to ranging. The measurement
signal model is introduced in Section 2; this section details the ranging principles and
algorithms. As shown in Figure 6, the entire ranging system achieves high-precision, wide-
range distance measurement through two parallel processing paths: one utilizing ranging
pilots for coarse ranging, and the other using sidetone signals for precise ranging. The
coarse ranging stage employs Chinese Remainder Theorem to synthesize measurement
results from multiple short-period codes; the precise ranging stage processes sidetone
signals through phase comparison. The system effectively uses coarse ranging results
to resolve the distance ambiguity problem in sidetone ranging and adaptively switches
working modes based on measurement errors, achieving dynamic balance between ranging
accuracy and spectral efficiency.

3.1. Acquisition and Tracking of Ranging Pilots

Within distance measurement communications, employing a singular pseudo-noise
sequence for distance determination requires the sequence duration to be sufficiently ex-
tensive for unambiguous measurement outcomes. Nevertheless, conventional sequence
capturing techniques demonstrate temporal requirements that correlate directly with se-
quence duration. Consequently, this creates challenges in rapidly obtaining extended-
duration pseudo-noise sequences. In order to address this challenge, the current research
employs numerous brief-duration distance measurement sequences as replacements for
conventional reference signals. Furthermore, the concurrent communication capabilities of
orthogonal frequency-division multiplexing frameworks are leveraged to integrate various
distance measurement sub-sequences into unified composite sequences.
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Figure 6. Overall algorithm flow diagram.

Orthogonal frequency-division multiplexing constitutes a multi-spectral concurrent
communication architecture. According to Formula (5), it becomes evident that with-
out inter-spectral interference effects, individual concurrent communication approaches
may be regarded as autonomous waveform processing methodologies. Following refer-
ence sequence insertion in the spectral domain, for the kth reference element, based on
Formula (1), we can observe that the waveform of the kth reference element in the temporal

domain becomes

s’;(t) = prel?it (10)

where (0 < h < N — 1) represents the frequency carrier position where the reference
element is located, and P, [h] denotes the Ith reference symbol on the hth frequency carrier,
1=0,1,2,...,00.

From Formula (6), we can regard the kth reference element as an independent sub-
waveform on the kth frequency carrier. Compared with the initial data stream, each
sub-waveform'’s data bit duration has been extended by N times. Thus, the data symbol
with the initial duration of Ts has been extended to NT;. Since each sub-waveform is
independent without inter-carrier interference, the temporal-domain continuous waveform
in the corresponding frequency channel for the kth reference element can be equated as

s’;,(t) = Ci ()it (11)
where Ci(t) represents the distance measurement sub-sequence loaded on the h-th fre-
quency carrier.
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Under propagation medium influence, the detection unit strips the frequency carrier
of the detected distance measurement waveform to obtain

r’;,(t) = Cp(t — T+ 1) Uitfa—fo)(t=T+D) (12)
where f; represents the Doppler shift generated during propagation, f; denotes the fre-
quency deviation estimated by the detection unit, T indicates the temporal delay generated
by the waveform, and 7 represents the temporal delay compensated after synchroniza-
tion at the detection unit. With perfect frequency deviation compensation and complete

synchronization, i.e., when f; = fd, T = 1, Formula (12) can be expressed as

k 271 fi t

ry(t) = Ci(t)e? (13)

Discretizing Formula (13) at the sampling frequency f;, we can obtain the discrete
form of the distance measurement reference element waveform:

rig[n] = Cin — m] + w(n] (14)

where m denotes the temporal phase sampling point of the distance measurement sequence
corresponding to the temporal delay offset, and w[n] represents the discretization data
corresponding to the noise. The correlation operation on Formula (14) yields

Ex(d) = ), ry[n]Ci[n —d) (15)
n=0

where C/[n — d] represents the locally generated kth distance measurement sub-sequence,
the temporal phase of which is shifted by d, and L; denotes the period of the kth distance
measurement sub-sequence. A peak is obtained by adjusting d cyclically, at which point 4
represents the approximate temporal phase after the offset of the corresponding distance
measurement sequence.

After coarse acquisition, the acquisition accuracy is only within 0.5 code chips, and
a more accurate code chip offset can be obtained through the tracking process. From the
above analysis, each ranging code can be regarded as a single direct sequence spread
spectrum signal without carrier interference. Consequently, this research employs an
equivalent discretization monitoring loop founded on the direct spread baseband pseudo-
noise delay-locked loop architecture. Relative to conventionally utilized monitoring loops,
this approach eliminates the intricate implementation of the loop numerically controlled
oscillator and the influence of oscillator initial phase uncertainty on pseudo-noise sequence
monitoring precision.

The monitoring loop architecture is illustrated in Figure 7, which will monitor individ-
ual distance measurement reference elements concurrently. As demonstrated in Figure 7,
each loop maintains an identical delay-locked loop structure, where k represents the se-
quential identifier of the distance measurement reference element. K denotes the quantity
of reference element channels employed for distance determination. Additionally, Ep
constitutes the integration and accumulation outcome, Er represents the advanced correla-
tion outcome, Ep indicates the present correlation outcome, and Ej, signifies the delayed
correlation outcome. Moreover, Cf[n] and CF[n] employ pseudo-random sequences that
advance or delay relative to the present branch pseudo-sequence by one discretization
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point, respectively. The Eg, Ep, and Ep, of the kth reference element can be mathematically
expressed as

Li—1

Be = £ rjlalC
Li—1

Ep = ngo r’; [n]CE*[n] (16)
Li—1

BL= T Abck

where C[*[n] represents the corresponding generated local pseudo-random sequence
waveform following acquisition, and ¢ denotes the present temporal phase.

E

n & - ¢
P, (k) t P -

X AE—’| Phase discriminator

T/10 i
—[ 1D}
L I-b |
?—mo t &k
PL, code NCO
E

® e

P, (k)
: ® I-D P Phase discriminator
1710 ®
I-D
21/10 L e(k)

° PL, code NCO Fz)
[ ]
[ ]

Q- )
P

- =) | Phase discriminator
T/10 Y
4 [ 1-D ]
110 L e(k)

‘ PL, code }-—{ NCO

Figure 7. Pilot parallel tracking loop.

The phase detector of the loop adopts the normalized dot product power phase
detection algorithm, and the output error of the phase detector is

_ Ep —Eg

ex Ep (17)

¢ will regulate the local regenerative pseudo-sequence generator to refresh a new
set of pseudo-sequence temporal phase outputs, CF[n], CZ[n], Ct[n]. The loop filter-
ing mechanism can ensure smooth local pseudo-sequence temporal phase transitions.
This research adopts an optimal second-order loop configuration, and the digital filtering

function becomes
K

1—2z1

where Kj and Kj represent constant amplification coefficients.

F(z) =Ky + (18)

Within this research’s computational analysis, to streamline the intricate implemen-
tation of conventional numerically controlled oscillators and baseband pseudo-sequence
digital monitoring loops, the temporal phase shift direction of the pseudo-random sequence
is regulated by the novel oscillator of the monitoring loop, with correlation spacing equiva-
lent to two discretization point durations. The fundamental principle involves establishing
an appropriate threshold A for comparing ¢; output. When e, output remains within
[—A, A] boundaries, monitoring achieves lock status. Conversely, when ¢, output exceeds
A or falls below —A, the pseudo-sequence temporal phase updates directionally leftward
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or rightward. The monitoring precision of this technique correlates with the system’s dis-
cretization frequency. Furthermore, the minimal sequence temporal phase offset achievable
by the monitoring loop equals the offset of the sequence segment corresponding to one
discretization point. Since the detection unit has acquired 0.5 chips prior to monitoring,
the monitoring procedure completes following a finite number of shift correlations.

3.2. Sidetone Ranging

Although using ranging pilots can achieve relatively large-range unambiguous dis-
tance measurements, their ranging precision is limited by code chip length and system
sampling rate. To further improve ranging precision, this paper effectively inserts sidetone
signals in the OFDM system for high-precision ranging. Sidetone ranging utilizes sinu-
soidal wave phase measurement principles to achieve distance measurement precision far
superior to pilot ranging.

The sidetone working frequencies are selected based on traditional aerospace ranging
principles: 300 kHz provides maximum unambiguous range with wavelength A = 1000 m,
1 MHz enables progressive ambiguity resolution, and 3 MHz achieves centimeter-level
precision. This geometric progression follows classical multi-frequency sidetone configura-
tions for ambiguity resolution. The OFDM integration maps these sidetone frequencies to
specific subcarriers while preserving their physical ranging characteristics, representing an
innovative fusion of aerospace sidetone technology with modern OFDM communications.

The 300 kHz, 1 MHz, and 3 MHz are sidetone signal working frequencies that maintain
the physical principles of traditional aerospace sidetone ranging. Our innovation lies in
carrying these sidetone signals as modulated information on OFDM subcarriers rather
than direct transmission. The sidetone phase information ¢ = 27 fione X felay is modulated
onto corresponding subcarriers and transmitted via the 34.8 MHz RF carrier, completely
avoiding the large antenna requirements of traditional direct sidetone transmission while
preserving centimeter-level ranging accuracy.

In OFDM systems, sidetone signals can be designed as specific frequency sinusoids,
inserted into independent subcarriers outside of data and pilot signals. Let the sidetone
signal be

si(t) = Apel?fit (19)

where A; is the amplitude of the sidetone signal, and f; is the frequency of the sidetone
signal. Similarly to pilot signals, sidetone signals at the receiving end after channel influence
can be expressed as

re(t) = Ate]?”(fﬁfrfd)(tfﬂf) (20)

In the case of complete frequency offset compensation, the received sidetone signal is
simplified to
ri(t) = Ape2filt=7) (21)

where AT = T — 7 is the difference between the actual propagation delay and the compen-
sated delay. By measuring the phase difference ¢ = 271f;AT + Py ffser Of the sidetone signal,
distance information can be calculated:

c- ¢t
AR = —— 22
inf (22)
Since phase measurements can achieve very high precision, theoretically the precision
of sidetone ranging can reach a small fraction of the carrier wavelength, far superior to
code chip-level pilot ranging precision.
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A key challenge of sidetone ranging is the distance ambiguity problem caused by
phase periodicity. The unambiguous ranging range for a single frequency sidetone signal is
c

Rine = o

(23)

This means that when the measured distance exceeds R, the phase will experience
periodic repetition, leading to ambiguity in distance measurement.

In practical RF implementations, the fixed phase offset ¢,frs+ can be eliminated
through differential measurement between multiple sidetone frequencies or inter-satellite
reference calibration techniques. This ensures that the integer ambiguity N in ranging
calculations remains unaffected by synchronization imperfections, maintaining centimeter-
level ranging accuracy in engineering deployments.

To solve the ambiguity problem of single-frequency sidetones, this paper designed
a ranging system based on three different frequency sidetones. The system adopts high-,
medium-, and low-frequency sidetone signals, respectively, 300 kHz (low-frequency sidetone
f1), 1 MHz (mid-frequency sidetone f), and 3 MHz (high-frequency sidetone fp).

In this multi-frequency sidetone design, the maximum unambiguous ranging range is
determined by the lowest frequency sidetone signal:

8
Rmultiftone _ ¢ 3 x10

max 2f. 2 x300 x 103 (24)

While ranging precision is mainly determined by the highest-frequency sidetone signal.
For sidetones with frequency fp, the distance measurement precision can be expressed as

c

where 0y is the standard deviation error of phase measurement. Considering the influence
of signal-to-noise ratio (SNR), phase measurement precision can be expressed as
1

gt — 26
? ™ /2-SNR (26)

3.3. Distance Measurement

This section details the distance measurement method of this system, which achieves
large-range, high-precision distance measurement by combining the advantages of pilot
ranging and sidetone ranging. Specifically, we first introduce the principle of pilot-based
coarse ranging in Section 3.3.1, including how to use the Chinese Remainder Theorem
to synthesize large-period composite codes to achieve large-range unambiguous ranging;
then in Section 3.3.2 we discuss the precision ranging method based on sidetone signals,
focusing on how to use multi-frequency sidetones to achieve high-precision ranging and
how to use pilot ranging results to resolve the ambiguity problem for sidetone ranging.

3.3.1. Pilot-Based Coarse Ranging

Following monitoring of individual distance measurement reference elements, the
monitoring loop continuously outputs the temporal phase offset value of the corre-
sponding sub-sequence. Subsequently, according to the Chinese Remainder Theorem,
the detection unit can compute the total temporal phase offset and determine the
communication distance.

The ambiguity resolution methodology based on the Chinese Remainder Theorem
proceeds as follows.
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Assuming that the reference element sub-sequences utilized for distance determination
in this design are p1, p2, and p3, and the periodic coprime of each distance measurement
sub-sequence is Nj, N, and N3, respectively, the maximum unambiguous range that can
be determined by the distance measurement sequence is

(N1N2N3)Tsymc (27)

where Tsyy, is the duration of a single ranging code element, and c is the speed of light.
Let the corresponding integer digital segment offsets of the sequence monitoring loop
output be x1, x, and x3, and determine Y7, Y2, and Y3 that satisfy the following conditions:

YimodN; =1 YomodN; =0 YsmodN; =0
YimodN, =0 , YomodN, =1 , YsmodN, =0 (28)
YimodN3 =0 YomodN3 =0 YzmodN; =1

Subsequently the final accumulated integer offset Y based on the individual sub-
sequence integer segment offsets becomes

Y = (X1Y1 + xYy + X3Y3)1‘n0d(N1 N2N3) (29)
The determined communication distance is
(Y + Y;) Tsyme (30)

where Y; represents the fractional sequence piece offset of the monitoring sequence
loop output.

The unified sequence element displacement demonstrates sensitivity to individual ele-
ment displacements monitored by respective distance measurement sequences. If monitor-
ing ofa single distance measurement sequence encounters inaccuracies, the comprehensive
computational outcome experiences numerous calculation discrepancies. Nevertheless,
employing several distance measurement sequences for distance determination ensures
that fractional element displacements across various sequences remain uniform. Further-
more, simultaneous phase displacement generation by all distance measurement sequences
results in equivalent phase displacement magnitude within the comprehensive unified
sequence. For example, assuming that the integer digital segment offsets of the sequence
monitoring loop output are x1 + ¢, x2 + ¢, x3 + ¢, the final offset Y- based on element offset
monitored by each distance measurement sequence will be

Y.=Y+Yi+c (31)

Consequently, leveraging this characteristic enables the detection unit to automatically
rectify monitoring outcomes based on acquisition and detection results from individual
distance measurement sequences.

It should be observed that pilot quantity varies with the subcarrier count employed in
orthogonal frequency-division multiplexing systems. Subsequently, the quantity of distance
measurement sequences utilized may fluctuate correspondingly. Within practical LEO satel-
lite constellation operational scenarios, merely several brief-duration distance measurement
sequences suffice to satisfy inter-satellite distance determination specifications.

Following the selection of necessary distance measurement sequences, these sequences
can be repurposed as reference signals. Moreover, the quantity of distance measurement
sequences correlates with the maximum unambiguous range of respective measurement
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sequences. Table 1 presents the maximum unambiguous range for varying quantities of
periodic coprime distance measurement sequences operating at 0.6 MHz code frequency.

Table 1. Maximum unambiguous distance of coprime ranging codes with different periods.

Number Period Maximum Unambiguous Distance
2 2,7 7 km
3 2,7,11 77 km
4 2,7,11,15 1155 km
5 2,7,11,15,19 21,945 km
6 2,7,11,15,19,23 504,735 km

3.3.2. Sidetone Ranging for Precise Measurement

Pilot ranging provides large-range but relatively low-precision distance estimation,
while sidetone ranging provides high-precision but range-limited distance measurement.
By combining these two measurement methods, large-range, high-precision distance mea-
surement can be achieved.

The distance obtained from sidetone ranging can be expressed as

C- C
Rione = P +m

47Tft ’ Tft

where ¢; is the measured phase difference, and m is an integer, representing distance

(32)

ambiguity. The key issue is determining the correct ambiguity integer .
Using the pilot ranging result as a reference, the ambiguity integer can be calculated:

2f - R,;
m= round<ft pilot. _ Pt ) (33)
c 27T

where R, is the distance value obtained from pilot ranging, and round represents taking
the nearest integer. This method requires that the error of pilot ranging should be less than
half of the sidetone ranging’s unambiguous range, i.e.,

£
4f;

Once the correct ambiguity integer is determined, the final high-precision dis-

ARpilot‘ < (34)

tance measurement value can be obtained by combining the pilot ranging and sidetone
ranging results:
R=un- Rpilot + (1 — 0() - Rtone (35)

where «a is the weight coefficient, dynamically adjusted according to the reliability of the
two measurement methods. In practical applications, a is usually close to 0 to fully utilize
the high-precision characteristics of sidetone ranging.

Furthermore, to further improve ranging performance, the system can adaptively
adjust sidetone frequencies and ranging code configurations according to communication
environment and distance requirements. For example, in short-distance communications,
the number of ranging pilots can be reduced and the number of sidetone signals increased to
improve spectral efficiency; in long-distance communications, the number of ranging pilots
is increased and appropriate sidetone frequencies are selected to ensure the unambiguity
and reliability of ranging.

It should be noted that this theoretical ranging precision assumes ideal conditions
including perfect clock synchronization, calibrated hardware phase offsets, and stable envi-
ronmental conditions. Practical implementations require comprehensive error budgeting
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addressing: (1) clock drift and synchronization errors (typically ==10-100 ns), (2) hardware
calibration uncertainties and temperature-induced phase variations, (3) relativistic effects
in LEO orbits (~10 cm range bias), and (4) residual atmospheric delays.

Through the above methods, this system achieves high-precision, large-range, high-
reliability distance measurement, providing precise positioning capability for OFDM com-
munication systems and meeting the requirements of various application scenarios.

While the proposed method demonstrates centimeter-level ranging accuracy in simu-
lations, practical implementation requires comprehensive error modeling similar to GNSS
systems. Hardware biases (transmitter/receiver clock and phase offsets), atmospheric
delays, and multipath effects will significantly impact sidetone phase measurements. The
mature error compensation theories developed in GNSS systems provide valuable refer-
ences for our future system implementation.

4. Simulation Results

In Section 2, we detailed the design of an integrated method for pilot ranging and
sidetone ranging based on OFDM systems, proposing a new signal system; in Section 3,
we conducted theoretical analysis of the ranging principles of this scheme. The sim-
ulation framework employs idealized conditions to validate the proposed algorithm’s
intrinsic performance. Real-world deployment would require additional modeling of
hardware non-linearities, environmental variations, and operational constraints. To verify
the effectiveness of the proposed method, this section will comprehensively evaluate its
performance through system simulation.

In the simulation design, we constructed a complete OFDM transmission and reception
system, simulating the actual transmission environment including channel noise and
interference. The transmitter inserts different ranging codes as pilots in the frequency
domain, while also adding sidetone signals at specific subcarrier positions; the receiver
implements channel estimation, coarse distance measurement, and high-precision ranging
through corresponding processing. To ensure the reliability and reproducibility of the
simulation results, Table 2 lists the key parameter settings used in this simulation.

Table 2. Simulation parameters.

Parameter Value
Number of total subcarriers N =64
Length of cyclic prefix Nep =16
Modulation scheme QPSK
. 34.8 MHz (algorithm validation frequency;
Signal frequency f exten;gible to Ka/Ku bands)q Y
Sampling frequency fs 348 MHz
Subcarrier frequency fsc 0.6 MHz
Code frequency f code 0.6 MHz
Code sampling frequency f;_code 6 MHz
Channel mode AWGN with free-space path loss
DLL bandwidth 1Hz
DLL correlator spacing 0.25 chip
Number of pseudo-random codes 3
The period of pseudo-random codes 15,19, 23

The period of pseudo-random codes
Path loss model
SNR definition

300 kHz, 1 MHz, 3 MHz
Lgs =20 log,,(4rtd/\)
Post-compensation equivalent SNR
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For LEO inter-satellite link scenarios, the simulation adopts a free-space path loss
model combined with AWGN channel characteristics. The path loss is calculated using the
standard free-space propagation formula:

Lfs(dB) = 201ogyo(47td/A) + Linargin (36)

where d represents the inter-satellite distance (typically 1-15 km for LEO constellations),
A = ¢/ f is the carrier wavelength (A ~ 8.6 m for 34.8 MHz carrier), and Linargin = 3 dB
accounts for implementation margins and minor atmospheric effects in the space environ-
ment. For a typical 10 km inter-satellite distance at 34.8 MHz, the free-space path loss is
approximately 88 dB.

The SNR values specified in Table 2 represent the post-compensation equivalent
SNR after path loss correction, allowing direct evaluation of the proposed algorithm’s
performance under realistic signal levels. This modeling approach is justified for LEO
inter-satellite communications due to: (1) line-of-sight propagation with minimal multipath
effects, (2) predictable orbital geometry enabling precise path loss prediction, (3) negligible
atmospheric attenuation for space-based propagation paths, and (4) focus on intrinsic
algorithm performance rather than link budget analysis. The simplified AWGN assumption
effectively captures the dominant noise characteristics while enabling clear performance
evaluation of the dual-mode ranging and channel estimation algorithms.

As demonstrated in Table 2, three distinct distance measurement sequences are chosen
as reference elements in this computational analysis, with periodicities of 15, 19, and
23 chips, respectively. Based on Equation (14), the maximum unambiguous distance
determination range that these three distance measurement sub-sequences can achieve is
3,277,500 m, which can be comprehensively applied to most LEO satellite constellation
inter-satellite distance determination scenarios. Furthermore, this research developed a tri-
frequency auxiliary tone distance determination framework, employing 300 kHz, 1 MHz,
and 3 MHz auxiliary tone waveforms. This configuration, according to Equation (24),
possesses a maximum unambiguous distance determination span of 500 m and theoretical
accuracy achieving millimeter level.

To validate the effectiveness of the proposed interpolation method, we compare it
with conventional approaches. Figure 8 shows the channel estimation mean squared error
(MSE) performance comparison among linear interpolation, cubic spline interpolation, and
our proposed dual-mode method.

As demonstrated in Figure 8, the proposed method achieves approximately 15-25% MSE
reduction compared to cubic spline interpolation across different SNR conditions, while
cubic spline outperforms basic linear interpolation as expected. The consistent performance
improvement validates the effectiveness of integrating pilot and sidetone information in
the channel estimation process.

Figure 9 illustrates the bit error rate performance comparison of medium response
estimation utilizing conventional reference elements, distance measurement reference
elements, and the integrated methodology of distance measurement reference elements
with auxiliary tone waveforms.

As shown in Figure 9, the combined channel estimation scheme using composite
ranging subcodes and sidetone signals performs best. The three methods show small
differences in low-SNR regions, but when SNR > 2 dB, the composite scheme significantly
outperforms traditional pilots. The combined scheme reduces BER to approximately 103
at 6 dB SNR, saving about 3 dB power under the same BER conditions compared to
traditional schemes.
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Figure 8. Channel estimation MSE performance comparison among different interpolation methods
under AWGN channel conditions.
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Figure 9. Performance comparison chart of different channel estimation methods.

After channel estimation, the receiver continues using ranging codes and sidetone
signals for ranging. Due to different working mechanisms, their combination provides
more accurate distance measurement results. Figure 10 shows the acquisition probability
of composite codes combined with sidetone signals and each ranging code under different
SNRs. Codel, Code2, and Code3 correspond to the three ranging subcodes with periods of
15, 19, and 23 chips, which are used as pilots in the OFDM system and perform ranging
functions. “Composite Code + Sidetone” in the legend represents the overall acquisition

performance of the composite code combined with sidetone signals.
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Figure 10. Acquisition probability of different ranging codes.

Figure 10 demonstrates that the detection unit can reliably capture individual distance
measurement sequences when signal-to-noise ratio reaches —5 dB or higher. Within orthog-
onal frequency-division multiplexing implementation scenarios, system signal-to-noise
ratio typically exceeds 10 dB; therefore this framework’s acquisition capability satisfies
implementation requirements.

Following sequential capture of distance measurement sequences and auxiliary tone
waveforms, the detection unit monitors the three distance measurement sequences concur-
rently. The monitoring loop architecture is presented in Figure 7. The average monitoring
accuracy achieved by monitoring the three distance measurement reference elements and
auxiliary tone waveforms under various signal-to-noise ratios is presented in Figure 11.
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Figure 11. Tracking accuracy of different ranging codes.

Figure 11 demonstrates that when signal-to-noise ratio exceeds 2 dB, the monitor-
ing loop achieves a stable operational state, attaining high-accuracy sequence temporal
phase monitoring. Moreover, monitoring accuracy correlates proportionally with pseudo-
sequence periodicity. Consequently, the monitoring loop employed in this research per-
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forms exceptionally within the orthogonal frequency-division multiplexing framework.
Based on monitoring loop output outcomes, we can determine unified sequence element
displacement and accomplish coarse distance determination utilizing Equations (16) and (17).
Concurrently, the detection unit retrieves and processes the three auxiliary tone wave-
forms. Figures 12 and 13 illustrate the temporal phase determination accuracy and distance
determination accuracy of auxiliary tone waveforms under various signal-to-noise ratios.
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Figure 12. Sidetone phase measurement precision versus SNR curve.
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Figure 13. Sidetone distance measurement precision versus SNR curve.

Figure 12 shows the phase measurement precision of three frequency sidetone signals.
The high-frequency sidetone has the largest phase error, while the low-frequency sidetone
has the smallest, indicating stronger noise resistance in low-frequency sidetones. Errors
change dramatically in low-SNR regions but tend to stabilize in high-SNR regions, with all
sidetone phase errors below 2 degrees under 30 dB conditions.

Figure 13 shows that low-frequency sidetones have the largest distance measurement
errors, while high-frequency sidetone signals have the smallest, contrary to phase error
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trends. This verifies Equation (25): high-frequency sidetones have shorter wavelengths,
providing higher ranging precision. As SNR increases, ranging errors decrease signifi-
cantly, with high-frequency sidetone precision reaching approximately 0.5 cm at 20 dB
and all three-frequency sidetones achieving centimeter-level precision, far superior to
traditional methods.

The comparison in Figure 14 shows that traditional pilot ranging has errors of about
100 m, almost unchanged with SNR; the composite ranging subcode method reduces errors
to 10-30 m; while the proposed method performs best, with ranging errors significantly
decreasing as SNR increases, from about 0.5 m at low SNR to about 0.02 m at high SNR,
3—4 orders of magnitude lower than traditional methods.
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Figure 14. Precision comparison chart of original pilot and combined signal system ranging.

Figure 15 demonstrates the adaptive ranging mode’s switching mechanism and per-
formance in dynamic ranging processes.

Adaptive Mode Dynamic Switching Diagram (Threshold=50m)
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Figure 15. Performance analysis of adaptive ranging mode dynamic switching.
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As shown in Figure 15, the entire system dynamically switches ranging modes based
on an error threshold (50 m). The top subplot shows measured distance changes over time,
indicating the measurement target moves within this distance range. The middle subplot
displays real-time error values, and when measurement errors approach or exceed the
threshold, the system automatically switches from simplified to complete ranging mode, as
shown in the bottom subplot.

Figures 16 and 17 show Doppler effects on the proposed system’s communication and
ranging performance at different speeds. As shown in Figure 16, the proposed method
maintains low error rates in the 0-100 m/s speed range, improving communication reliabil-
ity by about 50% at high speeds of 100 m/s. Figure 17 compares three ranging methods’
performance in Doppler environments. The integrated ranging method performs best
across the full speed range, maintaining approximately 43 m ranging precision even at
100 m/s, demonstrating its superiority in high-dynamic environments.
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Figure 16. Effect of Doppler effect on communication performance.
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Figure 17. Effect of Doppler effect on ranging precision.
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In summary, simulation results verify the effectiveness of the proposed method com-
bining pilot ranging with sidetone ranging and the adaptive ranging mode. This system,
within the OFDM framework, simultaneously achieves high-quality channel estimation and
high-precision distance measurement, providing a feasible technical solution for integrated
LEO satellite communication and ranging systems. The path loss modeling demonstrates
that the proposed system maintains robust performance under realistic LEO inter-satellite
propagation conditions, validating its practical applicability for constellation deployment.

5. Conclusions

This paper proposes an integrated OFDM signal system combining sidetone signals
for communication and measurement, utilizing short-period pseudorandom codes as com-
posite pilots for wide-range ranging, while inserting multi-frequency sidetone signals into
subcarriers for precise ranging. The composite code resolves sidetone signal ambiguity
problems, achieving centimeter-level precision. An adaptive ranging mode dynamically
switches based on error thresholds, improving spectral efficiency while ensuring preci-
sion. Simulation results show the system achieves pilot acquisition when SNR > —5 dB,
with high-frequency sidetone signals (3 MHz) reaching centimeter-level ranging precision;
the dual-mode channel estimation algorithm saves about 3 dB power compared to tradi-
tional methods at the same bit error rate. The proposed dual-mode channel estimation
demonstrates 15-25% MSE improvement over conventional cubic spline methods while
maintaining significantly lower computational complexity.

The proposed scheme is suitable for OFDM LEO satellite communication systems
and scenarios requiring high-precision ranging. However, some limitations remain in this
research, with future research directions including;:

1. Doppler frequency shift compensation techniques in high-speed mobile environ-
ments, especially for frequency offset-sensitive sidetone phase measurements.

2. Optimizing sidetone frequency configurations to balance ranging precision, unam-
biguous distance, and spectral efficiency in specific scenarios.

3. Comprehensive error modeling and compensation algorithms drawing from mature
GNSS experience, including hardware bias calibration, atmospheric delay correction, and
multipath mitigation for practical satellite systems.

4. Integer ambiguity resolution algorithms incorporating multiple error sources and
real-time correction mechanisms.

5. Integration of PAPR reduction techniques to optimize power efficiency while
maintaining ranging accuracy in practical satellite systems.

6. Extension to practical Ka/Ku band implementations with frequency-dependent
parameter optimization, propagation modeling, and antenna design analysis for
engineering deployment.

7. Hardware imperfection modeling and real-time calibration algorithms for practical
satellite system deployment.

Through deeper research in these directions, the integrated signal system proposed in
this paper is expected to play a greater role in future LEO satellite constellation systems
and other communication applications requiring precise positioning.
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