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Abstract: For satellite or aircraft networks, tracking, telemetry, and control (TT&C) and data
transmission between different nodes are necessary. Traditional measurement mostly adopts the
frequency division duplex (FDD) mode and uses a continuous measurement system to achieve
high-precision measurement. However, as the number of network nodes increases, the mode suffers
from complex frequency domain allocation, and high-cost measurement and data transmission
equipment is required. This paper proposes the integrated signal in time division duplex (TDD)
mode to improve frequency utilization to address these circumstances. The proposed signal can
transmit the TT&C and data at the same frequency. In addition, the high-precision time-frequency
synchronization and relative measurement technology in the TDD mode for distributed spacecraft
or aircraft networks are studied. The simulation results show that the signal can work normally
when the Doppler extrapolation error is less than a quarter of the integration frequency. The distance
extrapolation error should be less than a quarter of the length of a chip. The integrated signal
reduces the frequency band occupation and realizes the integration of TT&C and data transmission.
In addition, the measurement performance is reduced by only 2~3 dB compared with that of the
traditional pure TT&C signal.

Keywords: binary offset carrier (BOC); integrated signal; TT&C; data transmission

1. Introduction

In traditional satellite network systems, the responsibilities of the intersatellite link (ISL) are
divided into two independent functions, TT&C and data transmission; that is, the data transmission
link and TT&C link are undertaken by two independent sets of equipment [1,2]. Refs. [3-5] introduce
TT&C’s typical methods and related technologies for the intersatellite, including ranging, Doppler
frequency measurement, and angle measurement.

The two completely independent functions not only have complex structures but also occupy
different frequency bands. However, as the number of low earth orbit (LEO) satellites increases, such as
OneWeb, Starlink, Telesat, etc., the lack of frequency resources is one of the most important restrictions
in the spacecraft and aircraft networks [6,7]. In addition, the TT&C services adopt the FDD mode
to realize high-precision measurement. Under standard operating conditions, the FDD mode will
produce problems such as a complex frequency distribution and increased requirements for TT&C
equipment. Due to the lack of spectrum resources, it is difficult to obtain the paired spectrum needed
in the FDD mode [8,9].
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Ref. [10] adopts space-based TT&C technology to solve the problem of resources dissatisfaction
of ground-based TT&C system. However, this method is limited by the number of ground stations.
Refs. [11-14] place the TT&C and data transmission services in the same frequency band to alleviate
the problem. An unbalanced signal system with a low information rate was adopted in [11]. In the
paper, the in-phase (I) channel transmitted data, and the quadrature (Q) channel transmitted the
TT&C signal. Due to the emergence of the unified spread spectrum TT&C system, a TT&C and data
transmission system based on code division multiple access (CDMA) was proposed [12,13]. Ref. [14]
inserts the ranging pseudo-noise (PN) code into the high-speed data transmission channel to achieve
an integrated signal. However, the signal combination of these methods is complex, which increases
the complexity of the modulation and demodulation process. In sum, the existing methods seeking to
improve the frequency band utilization in satellites are code division multiple access and improved
modulation methods.

In the mobile communication system, the extreme shortage of spectrum resources can be alleviated
by the TDD mode. By transmitting and receiving at different times, it can utilize all available bandwidth
efficiently. TDD technology plays an important part in the long-term evolution (LTE) standard, saves
spectrum resources, and addresses users’ needs [15,16]. For satellite and aircraft systems, compared
with those in FDD, the frequency resources in TDD are easier to obtain, and the costs are lower.
However, TDD technology is not suitable for high-precision ranging and cannot measure velocity.
Because the transponder cannot receive the signal during the transmission period, the tracking loop is
interrupted periodically.

With these observations in mind, in this paper, we increase the utilization of the frequency band
by using an integrated signal and the TDD mode. The BOC and amplitude-phase shift keying (APSK)
integrated signal is proposed. The TT&C signal is modulated by the BOC, and the data transmission is
modulated by APSK. The BOC signal is expected to be used in future navigation systems because of
its advantages. The BOC signal offers better performance for code tracking and multipath rejection
performance. In addition, compared with the traditional spread spectrum modulation, the existence
of subcarriers provides designers with more freedom to design modulation mode and reduce the
interference of other signals at the same frequency [17,18]. It can be regarded as a direct spread
spectrum sequence (DSSS) that multiplies the square wave subcarrier sequence [19]. The modulation
subcarrier causes the frequency spectrum to shift to both sides of the carrier frequency. The BOC signal
can free the bandwidth of the center frequency according to the characteristics, and it can be used as
the TT&C signal when the data transmission signal is transmitted at the same frequency.

To inherit the advantages of the TDD mode, we must guarantee TT&C performance. In [20],
the nodes are measured by the ground station, and the results are sent to each node. However,
this method increases the ground station’s burden and can synchronize with the ground station only
when there is a link between the node and station. The measurement and control system in [21]
records telemetry data and plays back the data to realize non-real-time TT&C functions after the
communication link is interrupted. Since the tracking loop is interrupted and retracked continuously,
the measurement accuracy cannot be high enough. In the paper, we propose a method that can achieve
high measurement accuracy by exploring the tracking loop. Although the tracking error is increased
as the extrapolation time increases, the method can ensure the TDD’s stable tracking.

For data transmission services, phase-shift keying (PSK) modulation system has a characteristic
such as constant envelope, easy implementation and the robustness against channel effects, but its
spectrum utilization is not suitable for high data transmission services [22]. Quadrature Amplitude
Modulation (QAM) modulation system has high spectrum utilization, but the strong effect of
nonlinearity and complex implementation limits its application to satellite [23]. Combining the
advantages of both, APSK modulation mode is adopted in the paper. The APSK has advantages
as follows.

(1) High spectrum utilization;
(2)  Small amplitude fluctuation which can effectively resist nonlinear distortion;
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(3) The constellation is circular, which requires less power;
(4) Itis easy to realize variable rate modulation and meet the hierarchical transmission requirements
of satellite communication.

At present, 16APSK and 32APSK have been selected into DVB-S2 standard, and are widely
used in European remote sensing satellite and other military and civil satellite communication
systems [24]. Considering those advantages, we adopt 16APSK as the modulation mode of the data
transmission signal.

The major contributions of this article are as follows:

(1) Considering the lack of spectrum resources, this paper proposes the BOCcos and APSK integrated
signal to achieve TT&C and data transmission services.

(2) Considering the shortage of frequency resources in the case of large numbers of nodes, we propose
the high precision measurement method for the TDD mode.

The outline of the remainder of this paper is as follows. First, the BOCcos and APSK integrated
signals are designed in Section 2. The design of the acquisition and tracking algorithm in the
TDD mode is described in Section 3. The application scenarios and performance analysis of the
measurement system are given in Section 4. Section 5 provides the discussion on the measurement
and data transmission performance of integrated signals. Besides, it also gives the method to improve
performance. In Section 6, we provide a conclusion and propose future work.

2. The Modulation System for the BOCcos and APSK Integrated Signal

In this section, we will give a signal model of an integrated signal and briefly introduce the
concept of modulation and demodulation.

2.1. Signal Mode

Based on the slit-spectrum characteristics, BOC and APSK signals are proposed to be used in the
design of the TT&C and data transmission integrated signal. Mathematically, the BOC signal can be
expressed as (1):

Sitgec (£) = d(t)-g(t)-c(t) ©)

where d(t) is navigation data, g(t) represents the PN sequence and c(t) is the subcarrier sequence.
For the BOC signal subcarrier, which can be chosen as sine phase, cosine phase, or non-zero dual
polarity codes. Different subcarrier will influence the characteristics of the BOC signal. The BOCcos
signal has the deepest null-forming in the center frequency than the other BOC signals. This property
makes it easier to extract the 16APSK signal at the receiving end. Thus, we adopt BOCcos signal to
transmit TT&C services. In a BOCcos signal, g(t) and c(t) can be expressed as (2) and (3):

g(t) = Y apr.(t—KT.) @
k=-c0
c(t) = sign[cos(2mfst)] 0<t<T, 3)

Here, ay = £1. T, is the width of the PN code. pr, is the PN sequence.
To express the split spectrum characteristics of the BOC signal more intuitively [25], the power
spectrum of the BOCcos signal is shown in (6):

2
Cos(%f) sinz(Z—Jé)

nfcos(%)

PBOCcos(f) = fc 4)
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This paper uses APSK to achieve data transmission services [24]. The baseband signal of APSK is
expressed as (4):

sat(t) = D(H)R(t) exp[j*(i—ni—i- 9)] i=01,--,n5-1 (5)
d

where D(t) is the data and R(t) is the radius of the constellation diagram. 1, is the signal points of a
concentric circle. 0 represents the initial phase.
The signal model of the integrated signal at baseband is shown as (5):

st() = susec(t) + sar(t) = d(£)(t)sign[cos(2mfst)] + sa(t) (6)

For a BOCcos signal, the parameters (m,1) of a BOCcos(m,n) signal are determined by the spectrum
shape, the signal bandwidth and the bandwidth of the APSK signal. m is the multiple of the subcarrier
frequency f; relative to the reference frequency f,s., which means f; = m X fy5.. 11 is the multiple of
the spread spectrum code frequency f; relative to the reference frequency fy,s, and thus fo = 11X fyze.
Here, fyse = 1.023 MHz [26].

To transmit voice, image and video, high-speed data transmission service often needs several
Mbps or even hundreds of Mbps. Therefore, we set the bandwidth of data transmission as 10 MHz.
Using 16APSK can achieve the transmission rate of hundreds of Mbps.

The BOCcos(15,2.5) signal is used to modulate the TT&C data in Galileo systems [25]. Besides,
the bandwidth of the 16APSK signal should be less than the bandwidth of BOCcos’s null-forming.
Thus, we use BOCcos(30,5) signal with the same properties as BOCcos(15,2.5) to transmit TT&C signal.
The spread spectrum code frequency f; is 5.115 MHz, and the subcarrier frequency f; is 30.69 MHz.
The 16APSK signal is 10 MHz, which is used for data transmission services. The constellation diagram
of 16APSK is shown in Figure la. It has two concentric circles. The inner circle has four points, and the
outer circle has twelve points [27,28].

The spectrum of the integrated signal at the intermediate frequency (IF) end is shown in Figure 1c.

The constellation disgram of 16APSK

3

(a)

Figure 1. Cont.
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Figure 1. The characteristics of the BOCcos(30,5) and 16 APSK integrated signal. (a) The constellation
of 16APSK (b) The spectrum of BOCcos(30,5) at the baseband (c) The spectrum of BOC(30,5)cos and
16APSK at the IF.

2.2. The Concept of Modulation and Demodulation

The design and implementation scheme of the BOCcos and 16APSK integrated signal system
is shown in Figure 2. In the transmission link, the TT&C and data transmission service signals are
generated by the BOCcos baseband signal and 16 APSK baseband signal, respectively. Then, the two
baseband signals are modulated to 44.96 MHz as a digital IF signal. After that, the system generates
a 44.96 MHz analog IF signal through the digital-to-analog converter (DAC). In the radio frequency
(RF) transmission channel, the signal is up to the RF, which is filtered and power-amplified. Then,
it transmits the signal to the antenna. In addition, the data transmission signal power can be kept
10~30 dB higher than the TT&C signal. A more detailed analysis will be carried out in Section 5.2.

In the receiving link, when the signal is received by the antenna, the RF signal is downconverted to
44 96 MHz in the RF channel. Then, the digital IF signal is generated by the analog-to-digital converter
(ADC). In addition, the BOCcos signal in the IF is acquired and tracked. The tracking results can
eliminate the Doppler signal to ensure the demodulation of 16 APSK.
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Figure 2. The BOC(30,5)cos and 16APSK integrated signal system. (a) Transmission link structure
(b) Receiving link structure.

3. The Receiving Method of the Integrated Signal in the TDD Mode

In this section, we will elaborate on the acquisition method used to obtain the TT&C results.
However, considering that the tracking process of TT&C and the demodulation of 16APSK have no
difference from the traditional method, and will not be discussed here. Finally, the motion compensation
method in the TDD mode is shown.

3.1. The Acquisition Process of Integrated Signal

The acquisition process should give the rough code phase and Doppler frequency to the tracking
process. Serial acquisition, parallel acquisition and parallel code phase searching are the three major
methods for acquisition [29]. For BOC signals, due to the existence of subcarriers, the acquisition
process needs to preprocess the signal. The acquisition methods of a pure BOCcos signal are shown
in [30,31]. Ref. [32] gives a BPSK-like technique to acquire the BOC signal as two BPSK signals.
However, the method will cause a 3dB signal loss. This paper restores the upper and lower sidebands
to center frequency for processing, which will effectively avoid 3dB signal loss. The technique extracts
the signals of the upper and lower sidebands of the BOC signal to the baseband and regards them as
a C/A code for acquisition. And the acquisition method for C/A code is discussed in [33,34]. In this
paper, the TT&C signals are extracted by using this technique, and there is no need for an independent
filtering process of APSK signals

The preprocessing in the acquisition process is as follows.

Step 1. The control unit shifts the frequency of the carrier numerically controlled oscillator (NCO)
by fi. In addition, the carrier NCO generates the in-phase and orthogonal carrier signals based on the
frequency tuning word and mixes with the input signals.

Step 2. The subcarrier NCO generates the in-phase or orthogonal subcarrier signals and mixes
them with the output signal of step 1.

Step 3. A low-pass filter is used to filter the signal and retain the baseband signal with a
10 MHz bandwidth.
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The signal acquisition diagram is shown in Figure 3a.

Step 1 converts the IF signal to the baseband without filtering the high-frequency signals.
The power spectrum of the processed signal is shown in Figure 3b. Step 2 restores the BOCcos signal
to the spread spectrum signal. In addition, it will move the baseband APSK signal to the 30 MHz + f;
frequency. In this stage, the power spectrum of the signal changes to that shown in Figure 3c. Finally,
step 3 can filter the spread spectrum signal in the baseband as Figure 3d.

After the preprocessing of the IF signal, the integrated signal can be compatible with the existing
BOC signal processing system. In the paper, we adopt the fast Fourier transform (FFT) for the
correlation to obtain rough estimates of the PN code and Doppler frequency.

Local prn EFT Results
code cache
—»
s "
P ing for IF signal 09, IFFT Dectection
reprocessing for IF signal %Y

Code phase offset

IF Signal
BOC(30,5)cos{16
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Figure 3. Cont.
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Figure 3. Design of TT&C signal processing. (a) Signal acquisition (b) Normalized power spectrum of
the IF signal (c) Normalized power spectrum of the signal after the desubcarrier (d) Normalized power
spectrum of the signal after the low-pass filter.

3.2. Motion Compensation Method in TDD Mode

For multi-node spacecraft/aircraft networks, it is necessary to synchronize the time and eliminate
the clock difference between different nodes. After that, the unified time standard can be adopted
in the whole network [35]. In addition, the network does not need all nodes to use the global
navigation satellite system (GNSS) or a ground station for timing and positioning, which greatly saves
resources. In the ground system, clock synchronization technology mainly includes average time and
double-difference or triple difference observation [36-38]. For intersatellite/aircraft links, the time
synchronization and true distance can be measured via dual one-way ranging (DOWR) [36,39,40].

However, the DOWR method needs to measure the pseudo-range and velocity at the same time.
In the TDD mode, the pseudo-range and velocity results obtained by the local measurements between
different nodes are not obtained simultaneously. Here, we take nodes A and B as an example.

The pseudo-ranging and velocity results of node A can be expressed as p4(t1) and v4(t1), and the
results of node B can be expressed as pg(t2) and vg(tz). t; and f are the times when the results are
obtained by local satellites or aircraft, respectively. Because the TDD mode cannot receive and transmit
signals at the same time, the relation between ¢; and ¢, can be expressed as (7):

b=ty + Ty + At @)

where T, is the switching period between the receiving and transmitting processes. At denotes the
error in the measurement process.

Via the following steps, the time of A and B measuring the pseudo-range and velocity can be
corrected to the same time.

Step 1. Calculate the radial acceleration value a4 (t) between the spacecraft using the spacecraft
orbit elements or the inertial navigation system (INS).

Step 2. According to (15), we can calculate the correct velocity v7p(t2) using the radial acceleration

value a(t):
19)

wrp(t2) = va(tr) + f an(t)it ®)

5]
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Step 3. The Doppler frequency f; can be calculated by (9).

fulta) = ors(t2) 2 ©)
Here, c is the speed of light. frr is the radio frequency.

Step 4. vrp(t) is used to modify the pseudo-range value prg(t;) of the spacecraft via (10):

t t
pre(t2) = pal(ty) —|—jl: ['UA(tl) +ft aA(t)dt]dt (10)
1 1

The second term on the right side of (11) is the pseudo-distance modifier.

Step 5. vrp(tz) and prp(ty) are used to conduct DOWR. f; and prg(t;) are sent to the carrier
tracking loop and code tracking loop to guarantee the stable tracking of the loop without receiving
a signal.

The acceleration value a(t) of spacecraft can be obtained by spacecraft orbit elements or the INS.
The former should consider oblate earth model, atmospheric resistance, lunar gravitation and sun
gravitation perturbations, etc. And it uses J4 orbit propagator or high precision orbit perturbations
(HPOP) to calculate the acceleration value. In [41], the error of orbit propagator is less than 10> m/s?.
These elements can be uploaded in each satellite through the ground station at regular intervals.
The latter method uses INS to obtain the acceleration value of the spacecraft. The messages are obtained
autonomously by INS. The [42] shows the measurement value of INS is less than 10* m/s?. However,
the acceleration direction measured by the two methods is different from the direction of the two
spacecraft, and we need to project the acceleration vector to the direction between the spacecraft.

With the above extrapolation method, first, the times of the distance and velocity measurements
by nodes A and B are synchronized. Thus, DOWR can be used to eliminate the distance error caused
by the clock difference, and the integrated signal can provide high-precision measurements [43].
Second, the extrapolation ensures that the tracking loop remains locked during the TDD mode signal
transmission period, which enables the loop to converge faster when receiving the signal input.

4. Performance Analysis of the TT&C Signal and Data Transmission Signal

In this section, we will investigate the performance of the integrated signal in terms of the
acquisition time, tracking performance, bit error and measurement error. In addition, we will discuss
the methods of reducing measurement error. Considering that data transmission services require more
power than TT&C services, we set the power ratio of APSK and BOCcos to 10:1.

4.1. The Design of the Simulation Scenario

The design of the simulation scenario comes from the satellite toolkit (STK). For intersatellite links,
we set the maximum distance and relative velocity between different nodes as 783 km and 602 km/h,
respectively. From [31], The relationship between satellite’s transmitting signal power and receiving
power is shown in (11).

A
Pr :PT—I-GT-i-GR-I-ZOlg(m)—LA (11)

Here, Pr and Pr is the received signal power and transmitted signal power. Gg and Gr is the
antenna gain at receiver and transmitter. A is the wavelength. d represents the distance between the
receiver and transmitter. L is the atmospheric loss, which can be ignored for intersatellite links.

We set the satellite’s transmitting power Pr is approximately 10 W, and the satellite’s antenna
gain Gr is less than 37.1 dB. The receiver antenna gain Gg is 0. The Ka band is used for the
intersatellite links [6,7,44]. The carrier-to-noise ratio (CNR) of the receiving end is higher than 55 dB-Hz.
The trajectory in this process is obtained by the STK simulation, as shown in Figure 4a. The orbit
parameters of satellites are shown in Table 1. Figure 4b) shows the distance between the visible
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satellites in adjacent orbital planes. The value changes following a cosine curve in the range of
[482.293 km, 783.774 km)].

(a)

Civil Air Patrol Use Only

souBlsiq

1500
200 3¢ Fi 10 Time (UTCG)

(b)

Figure 4. Simulation scenario design. (a) Satellite orbit. (b) The distance between visible satellites
(24 h). (c) Aircraft scenario.

Table 1. The orbit parameters of satellites.

Satellite number 3364
Orbit inclination 51°
Orbit altitude 508 km
Orbital plane 58
The satellites in each plane 58

Number 3364
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The inter-aircraft link scenario is shown in Figure 4c. The range between different nodes are less
than 40 km, and the trajectory includes uniform motion, acceleration motion and S-curve motion.
However, the carrier-to-noise ratio between UAVs is higher than the satellites, and the result is better
than the satellite scene. Therefore, we only give the simulation results of the satellite scene. And the
simulation results of aircraft scenes in some environments are given in Appendix A.

4.2. Acquisition Performance of the TT&C Signal

Because this paper adopts an integrated signal, the subpeak of the APSK signal will be interfered
due to the existence of the BOC signal. In addition, the signal power of the data transmission signal is
higher than that of the TT&C signal to ensure the bit error rate. This will further interfere with the
acquisition of the BOCcos signal. In Figure 5, the acquisition probability of the CNR is given.

Obviously, the acquisition probability of the integrated signal is lower than that of the single
BOCcos signal. The degradation of performance is approximately 2~3 dB. However, for intersatellite
links and aircraft links, the CNR is higher than that of the satellite ground link. Therefore, the
performance degradation is acceptable.

®  BOCcos vs CNR
0.9 || == fit for BOCcos

Integrated signal vs. CNR

0.8 || memmtit for intcgrated signal

0.7

Acquisition probability

34 36 38 40 42 4 46 48 50
CNR ¢dBHz)

Figure 5. The acquisition probabilities of an integrated signal and a BOC signal.

The clock cycle required for one acquisition process is shown in Table 2. Since the sampling
frequency f; is set to 245.52 MHz, 409,105 sample points will be cached within 0.2 ms. After that,
downsampling is realized 12 times, and the sample point number is reduced to 4093. Then, the data
are zero-padded to 4096 points and sent to the FFT.

Table 2. Required clock cycles for once acquisition process.

Process Clock Cycle
Downsampling 4096
FFT of the downsampled signal 4096x12
Complex multiplication between
the local PN code and 4096
downsampled signal
IFFT of the multiplication result 4096x12
Maximum searches 4096
Threshold calculation 1280
Total 111,872

Considering other waiting times, the acquisition process in the FPGA set the margin to 200 clock

cycles. The acquisition time Ty = % = 0.456 ms. For intersatellite links, the Doppler

frequency search range is generally set to +6 kHz. Therefore, if 500 Hz is used as the step, the time
for searching all frequency points is 11.4 ms. However, due to the existence of missed detections,
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the acquisition time will be longer. Due to the tong detector is used to reduce the false probability,
the resident time will increase at each frequency [33,43]. Each frequency will be searched eight times at
low SNR and three times at high SNR. Take six times as acquisition time, which is equal to 66.57 ms.
For the TDD mode, the hardware can search the code phase and Doppler frequency when in the TDD
mode receiving stage. Thus, the duration of the TDD mode receiving and transmitting stage should
not less than acquisition time.

4.3. Tracking Performance for the TT&C Signal

In the tracking process, the pseudo-range and Doppler frequency are the main measurements [42].
The ranging error refers to the code loop tracking error, and its main sources are thermal noise error
and dynamic stress error. The latter is eliminated by carrier-assisted PN code technology, and the
thermal noise error can be calculated as (12):

242B; p 44
ine = LTepin | ————(2(1—-d —_— 12
ORanging chip \/ CNR ( )+ T, - CNR (12)

Here, Ty, represents the width of a chip, which is 58.6 m for BOCcos(30,5). BLp is the bandwidth
of the code tracking loop. CNR is the carrier-to-noise ratio of the TT&C receiving signal. d represents
the chip interval of the delay locked loop (DLL). T, represents the integration time [45].

For the Doppler frequency, the thermal noise error of the three-order phase locked loop (PLL) is
calculated as (13).

Bip 1
OPLL \/CNR( * 2TthNR) (13)

The Doppler frequency can be calculated as (14).

V20pr1

[0} =
Doppler N

(14)

Here, At is the refresh interval time of the Doppler measurement, which is equal to 0.1 s [46,47].

Considering the convergence speed and tracking error of the DLL and PLL, we set By, = 1 Hz and
Brp = 10 Hz. In this situation, the ranging error is 0.0755 m when CNR = 55 dBHz, and the Doppler
frequency measurement error is 0.0127 Hz. If it is necessary to improve the measurement accuracy, it is
very effective to average the measurement results, increase the T, or improve the CNR.

In Section 3.2, the extrapolation method is used in the transmission stage of the TDD mode, which
will cause errors. The acceleration measurement error and velocity measurement error are assumed to
be Aa and Av, respectively. Therefore, the velocity measurement error caused by the acceleration error
is Aa X Tsp, and the ranging error is as shown in (15).

0ce = (A0 + Aa X Tgy/2) X Ty (15)

The correction error o shows that the shorter the switching period is, the smaller the extrapolation
error in the TDD process. For example, if Av < 1 m/s, Aa < 1% 1073 m/s? and Tsp = 100 ms,
the pseudo-range correction error by extrapolation is less than 0.10005 m. If Ts, = 1 s, the correction
error is less than 1.005 m. Considering the bit transitions, the relationship between the correction errors
and whether the tracking process requires recapturing is shown in Table 3. The threshold is related to
the parameter selection of the frequency-locked loop and the DLL.
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Table 3. The relationship between the correction errors and whether the tracking process
requires reacquisition.

Threshold Whether the Tracking Process Requires Reacquisition
Oce < £0.25T i, - ¢ And
ce chip ) No
O Doppler < im
Oce > 0.25T iy - ¢ Or
ce chip Yes

1
aDoppler > i4Tcuh

The Doppler and pseudo-range measurements at different switching periods are shown in Figure 6.

FLL+PLL track result

Track result
—— Reveiving signal

Doppler frequency (Hz
Tracking loop error (Hz}

0 05 1 15 2 25 3 35 4 45 5
Time (s)

0 05 1 15 2 25 3 35 4 45 5
Time (s)

(a) The Doppler measurement result and trackingloopresult  (b) The Doppler measurement error at T, =100ms ,

at T, =100ms, o, =0Im and o, =7.8Hz- 0,=0.Im and o, ~78Hz.
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(c) The pseudo-range measurement result at T, =100ms, o, =01m and o,,,, =7.8Hz-

Figure 6. Cont.
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Figure 6. Cont.
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Figure 6. The measurement results when CNR = 60 dBHz.

Excessive extrapolation errors of the Doppler frequency and ranging during the TDD switching
period will cause loop unlocking and reacquisition. The simulation shows that if the Doppler
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extrapolation error exceeds i# and the distance extrapolation error exceeds +0.25T y;,-c at the
con
receiving and transmitting switch time, the tracking loop will unlock.

5. Discussion

Due to the modulation of two kinds of signals at the same frequency point, the subpeaks of the
two signals have an impact on the TT&C and data transmission performance of each other. This section
is conducting simulation research to study the deterioration of the performance.

5.1. Ranging and Doppler Measurement Performance for Integrated Signals

When the simulation parameters are Ty, = 10's, oce = 10 m and opgyper = 780 Hz, compared
with the pure BOC signal, the measurement accuracy is reduced mainly due to the interference of
the APSK’s subpeak, which will reduce the CNR of the TT&C signal. The degree of the decrease in
the signal is the same as that during the acquisition process. The measurement results are shown in
Figure 7.

T T

T T
®  Intcgrated signal Doppler frequency crror
14 = fit for Intcgratcd

*  Pure BOCcos Doppler frequency measurement error
fit for Pure BOCcos

Doppler frequency measurement error(m)

40 45 50 55 60 65 70
CNR(dBI17)

(a)

T T T T T
®  Integrated ranging error
it for integrated
*  Purc Boccos ranging crror
it for purc BOCcos

02

Ranging error(m)

40 45 50 55 60 65 70
CNR(dBI17)

(b)

Figure 7. The ranging and doppler measurement performance of an integrated signal and pure signal:
(a) Doppler frequency measurement results of integrated signal and pure BOCcos signal; (b) Ranging
results of integrated signal and pure BOCcos signal.
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5.2. Bit Error Rate (BER) for Integrated Signals

It is necessary to obtain the data transmission signal from the integrated signal via filtering. In the
separation process, the filter will reduce the CNR of the signal and eventually increase the BER.

The BER of the integrated signal and pure signal are shown in Figure 8. If the integrated signal
needs to achieve the same BER, the CNR of the integrated signal will be 4~5 dB higher than that of a
single signal.

For BOC signal, the BER will be less than 1e-4 when success is acquired. Therefore, Figures 5
and 8 show the BER of TT&C signal is higher than the data transmission signal at the same CNR. Thus,
the data transmission signal power can be kept 10~30 dB higher than the TT&C signal. If the power is
higher than this level, the subpeak of the data transmission signal will interfere with the measurement
of the BOC signal. If it is lower than 10 dB, the power of the BOC signal should keep a high level,
which is not necessary for TT&C.

0.45

T T
—16APSK
= 16APSK+BOC

04

Error rate
° o o
- o N o w
o N o w o
T .

=)

=)
=)
o

°

L ] . L L
12 15 18 21 24 27 30
SNR (dB)

o
@
o |
©

Figure 8. The data transmission error rate of an integrated signal and pure signal.

5.3. Summary of Error Suppression Methods

According to the results of the software simulation, the measures used to improve the measurement
accuracy are as follows:

(1) Improve the PN code rate, which will reduce Tpp.

(2) Increase the length of the PN code. The method can increase the integration period.

(3) Increase the integration period.

(4) Reduce the bandwidth of the loop. However, the stability of the loop will be weakened, so the
error and SNR in the extrapolation process should be considered comprehensively.

(5) Reduce the switching period of the TDD mode. This method can effectively reduce the
extrapolation errors.

These methods can be adjusted in baseband signal processing.

In addition, during the TT&C process between satellites, there will be measurement errors caused
by the ionosphere. However, the error can be eliminated by two or three frequency links. Taking
the 5/X dual frequency measurement as an example, the effect of the residual ionospheric high-order
term on the group delay will be less than 1 mm. Moreover, when the flight orbits of the satellite are
at the same altitude, the ionospheric change rate will be smaller than when the flight orbits are at
different altitudes.
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6. Conclusions

In this paper, for a network with a large number of satellites or aircrafts, we propose a BOCcos and
16APSK integrated signal in the TDD mode. The signal can achieve TT&C and data transmission at the
same frequency, which greatly improves spectrum utilization. The equipment can be easily integrated
and miniaturized. In addition, this paper improves the TDD mode, which is commonly used in mobile
communication systems to increase spectrum utilization, so that it can be applied to the TT&C of
intersatellite links. The combination of the two can significantly reduce the costs of intersatellite links
and inter-aircraft links. The acquisition and tracking process of BOCcos + 16APSK is analyzed and
simulated. Although the performance is reduced by approximately 2~3 dB, the acquisition and tracking
process is fully applicable to high-CNR environments such as intersatellite links or inter aircraft links.
In addition, to solve the problem in which the TDD mode is not received and received simultaneously,
this paper uses an extrapolation method to cause the loop to keep tracking continuously without
reacquisition, which reduces the constraint of the acquisition time on the TDD switching period.
The ranging extrapolation error threshold is less than £0.25T;,-c, and the frequency extrapolation
error threshold is less than + éﬁm. Finally, the ranging accuracy of the system is less than 9 cm. In the
future, we will improve the BOC signal acquisition method in this scenario. In this paper, BPSK-like is
used to signal acquisition. Although the method is simple, the advantage of narrow correlation peak
of BOC signal is abandoned.
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Appendix A

We give the simulation results at aircraft scenario in Figure A1. And we get the same conclusion
as the satellite scene.

FLL+PLL track result
2500 T . -

Track result
Reveiving signal
2000 1

1500 1

1000 1

Doppler frequency (Hz:
3
[=]

500 L L L L L L L L L
0 0.5 1 16 2 2.5 3 3.5 4 4.5 5

Time (s)
(a) The Doppler measurement result and tracking loop result at T, =10ms , o, =0.0lm and
=78Hz.

O-Doppler

Figure A1. Cont.
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Figure Al. The measurement results at aircraft scenario, CNR = 60 dBHz.
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