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ABSTRACT Very long baseline interferometry (VLBI) is widely used for astronomical observations and
navigation of deep space receivers. To solve the problems of the downlink signal being excessively weak
to be received and the excessively large acquisition time, a new VLBI measurement method based on the
uplink signal is proposed. Deep space ground stations can provide radio measurement signals for deep space
spacecraft via the uplink. The range, Doppler and VLBI can be determined by the spacecraft through signals
from multiple ground stations. In this manner, a higher signal to noise ratio (SNR) can be obtained. This
study involves the development of a prompt acquisition algorithm for high dynamic deep space signals.
Furthermore, the measurement and tracking of the phases of multiple VLBI stations by deep space receiver
employing the uplink are analyzed. The use of the algorithms reduce the acquisition time for deep space
receiver, and high precision results can be obtained for theVLBImeasurement. Comparedwith the traditional
VLBI method, the ranging error on the same distance is effectively improved, and the angle measurement
accuracy is better than delta differential one way ranging (1DOR). Because multiple spacecraft are not
needed, there are fewer limitations than same beam interferometry (SBI).

INDEX TERMS Navigation, very long baseline interferometry, acquisition and tracking, interferometry.

I. INTRODUCTION
Very long baseline interferometry (VLBI) has received con-
siderable attention in the deep space communication domain
due to its high resolutionwith a long baseline. AVLBI system
can be used to obtain the distance, Doppler and angle of deep
space spacecraft [1]. Through high precision orbit measure-
ment data, the ground stations can precisely define the orbit
of the spacecraft and control it effectively. The ground station
calculates the distance by measuring the time delay to the
spacecraft [2]. The Doppler of the spacecraft is measured
considering the carrier phase rate [3], and the measurement of
these two parameters can provide high precision information
along the line of sight direction. Furthermore, the VLBI sys-
tem can be used to obtain high precision angle measurement
results. Based on these three measurements, the system can
determine the precise position of the spacecraft [4].

The associate editor coordinating the review of this manuscript and
approving it for publication was Jenny Mahoney.

Specifically, four main ranging methods are widely used.
The tone ranging system employs a series of square or sine
waves. However, solving the distance ambiguity is a complex
and time consuming process [1]. A pseudo noise (PN) ranging
system is similar to the global positioning system (GPS),
albeit with a longer spread spectrum code period. National
Aeronautics and Space Administration (NASA) and the
Consultative Committee for Space Data Systems (CCSDS)
proposed a ranging composite subcode having a length
of 1009470. The acquisition time of the composite pseu-
docode depends on the acquisition time of the longest sub-
code [5], [6], [8]. A square wave ranging system relies on a
set of square waves, each of which carries a frequency of 2n
times to another wave. This method has the advantages of a
shorter acquisition time and simpler Doppler compensation.
The hybrid rangingmethod proposed byNASA can be used to
extend the distance of ranging from 150000 km (tone ranging)
to 644000 km (hybrid ranging). Single tone and PN ranging
systems are used to measure the distance, and the ranging
accuracy is ensured through the ranging tone [7], [8].
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If the system get the ranging results, the local stations
can locate the spacecraft as long as the angle information
of the spacecraft is obtained by VLBI. The VLBI is similar
to traditional interferometer. The interferometer method is
widely used in astronomy, medical treatment, navigation and
material detecting. There are two main interferometry meth-
ods, microwave interferometry and optical interferometry.
At present, microwave interferometer is generally used in
VLBI, and optical interference station is under construction.
Besides, the interferometer can be used in medical treat-
ment and detecting. The digital speckle pattern interferometry
(DSPI) method can be used to measure the strain distri-
bution in cortical bone around miniscrew implants [9] and
temperature distribution of flames [10]. Reference [11], [12]
expand the use of high speed digital holographic interfer-
ometer. Reference [13] shows the way of detecting the sur-
face relief and refractive index gratings of chalcogenide
glass by interferometer. Wei an provides a method to mea-
sure the initial random phase of the speckle pattern, which
improves the estimation accuracy of the initial phase [14].
It effectively improves the measurement accuracy of the
phase shift by having many phase-shifting steps before the
deformation. Microwave interferometer is generally used
in VLBI.

In the VLBI measurement, the group delay is obtained by
correlating the signals received from two remote observato-
ries. The following four measurement methods are available:
differential one way ranging (DOR),1DOR, SBI, connected
element interferometry (CEI). The DOR measures the phase
difference of two sinewaves received by two stations from the
spacecraft. The correlation processing algorithm can be used
to obtain considerably accurate measurement results [1]. The
1DOR performs the measurement for the radio source and
the spacecraft at the same time or alternately and determines
the difference between the accurate radio source distance
and the spacecraft distance. Compared with the DORmethod,
the use of this method can reduce the measurement errors
arising from sources such as atmospheric perturbations, sta-
tion location uncertainties, and instrument errors [16], [17].
In recent times, the ESA has gradually adopted the wideband
1DOR (W−1DOR) technology to suppress the thermal
noise and phase jitter of the radio source and spacecraft [18].
The SBI can be used to track multiple spacecraft simultane-
ously. However, the spacecraft needs to be in the same beam
coverage of the antenna. The performance of SBI is better
than that of the1DOR because it calculates the phase differ-
ence between stations and spacecraft [20]. Themain objective
of the CEI is to solve the problem of the baseline being
extremely long and the data being unable to be synchronized
simultaneously. The approach approximates the performance
of a long baseline measurement by measuring multiple short
baselines [21].

Table 1 presents a comparison of the performances of
different methods [3]. As the location error of the station is
extremely large, the DOR measurement is not presented in
the Table.

TABLE 1. Performance comparison of different methods (baseline is
approximately 11000km).

This paper presents a new VLBI method based on the
uplink signal. As the signal is transmitted through the ground
deep space station, the SNR is considerably higher than that
of the downlink signal. The measurement signal is used to
determine the distance, Doppler and angle in the spacecraft.
This method involves two advantages: First, the signal power
of the ground deep space station is higher than that of the
spacecraft by approximately 20 dB. Second, the spacecraft
calculates the distance, Doppler and angle values through the
uplink and transmits these values to the ground station via
the downlink. The measurement results obtained using this
method exhibit reduced random errors, and the error of the
spacecraft system clock can be corrected effectively.

However, the uplink measurement involves certain chal-
lenges, such as in terms of distinguishing multiple ground
stations, prompt acquisition of the signal, and stable tracking
of the signal. In this work, the paper solve those problems and
give the design of new VLBI system. At last, compared with
the traditional VLBI method, the ranging error on the same
distance is effectively improved, and the angle measurement
accuracy is higher than1 DOR. Because multiple spacecraft
are not needed, there are fewer limitations than SBI.

The outline of the remaining paper is as follows. First, the
traditional and new VLBI signal models, the transmitting and
receiving methods are given in Section II. Section III and
section IV presents the acquisition and tracking methods of
the novel VLBI method. Besides, the performance of those
process is analyzed. The simulations to validate the VLBI
measurement performance in Section V. Finally, the conclu-
sions and future work are presented in Section VI.

II. VLBI MEASUREMENT
This section describes the traditional VLBI technologies and
novel VLBI methods. The theory and limitations of the exist-
ing techniques are first introduced. Subsequently, the prob-
lems that must be overcome using the new methods are
discussed, and several solutions are presented.

A. TRADITIONAL VLBI TECHNOLOGIES
The signal from a deep space spacecraft arrives at two remote
deep space telemetry track and command (TT&C) stations on
Earth via plane waves. The VLBI station performs the signal
amplification, down conversion and filtering. Subsequently,
the signal is sampled and time synchronized. The results are
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TABLE 2. Performance of the uplink antenna array (using spatial
synthesis technology).

stored on the storage device for further processing. Finally,
the signals from two VLBI stations are cross correlated to
obtain the group delay [22].

The differential group delay τ21 between the stations is
used for the angle measurement

τ21 =
B · s
c
=
B · cos θ

c
(1)

Here, B is the length of the baseline between two VLBI
stations, s is the direction unit vector of the spacecraft, θ
is the angle between the baseline and the direction vector,
and c is the speed of light. Equation (1) shows that the
accuracy of the VLBI angle measurement depends on the
baseline length and accuracy of the differential group delay
measurement [23], [24].

The VLBI stations can receive the signal from the deep
space spacecraft and record the data locally [25]. In this case,
the observation time is extremely large, and the carrier noise
ratio (C/N0 ) of the signal is extremely low. B. New VLBI
technologies

In this work, the VLBI measurement process is conducted
on the deep space spacecraft by uplink signal. For spacecraft,
the launch power of spacecraft will not exceed 1 kW. There
are a few examples. The transmitted signal power of Pioneer
missions is 155 W. And the power of Voyager missions
is 470 W [23]. However, for the ground VLBI station, its
transmitting power is 10 kW-50 kW (China 35m antenna
array) or higher. In this manner, the SNR of the uplink can
achieve a gain of more than 13∼25 dB due to the use of
the ground transmitting station. The equivalent isotropically
radiated power (EIRP) of the deep space station antenna array
is shown in Table 2. Red font indicates that the construction
of the array is in progress.

However, the new system may cause the following
problems:

1) If the frequency division mode is adopted, the car-
rier phase between multiple stations cannot be synchro-
nized, and the angle measurement accuracy cannot satisfy the
requirements.

2) If the time division mode is adopted, the signal needs to
be acquired and tracked rapidly. But the time division mode
cannot be used to realize long term tracking, thereby leading
to the failure of high precision measurement.

3) The mode of the code division is reasonable. How-
ever, the deep space receiver requires a large period for the
spread spectrum code to solve the distance ambiguity. In this

FIGURE 1. Theory of different VLBI systems. (a)Traditional VLBI.(b)Novel
VLBI method.

process, the coherent and incoherent integration must be
performed simultaneously, which requires a large amount of
time. In addition, the speed of the spacecraft itself reaches
16 km/s which increases the acquisition time.

Therefore, in this work, the following system is adopted
for the measurement. The VLBI station transmits in time,
as shown in Fig. 2. The VLBI station switches the transmitted
signal by the frequency division plus time division, and the
receiver identifies the ownership of the received signal by
using a different code. A spread spectrum code that can be
used for fast acquisition and tracking is used, as described
in Section III. The system also involves a period of idle
time when switching to a different frequency, which is used
by the receiver to switch the local oscillator to a different
frequency.

B. THE SYSTEM CAN REALIZE THREE DIFFERENT
SWITCHING MODES
1) SINGLE FREQUENCY TRANSMISSION MODE
This mode, in which only one frequency is provided, is shown
in Fig. 2(a). The receiver discriminates the different deep
space station signals by using the code division multiplexing
access (CDMA). The basic idea of CDMA is to distinguish
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FIGURE 2. Switching mode of frequency at the transmitting end of the
VLBI station. (a)Signal frequency(b)Dual frequencies (3) Three
frequencies.

addresses by different address codes. However, in this case,
owing to the presence of only a single frequency, it is impossi-
ble to solve the ambiguity of the carrier phase. The accuracy
of the angle measurement is extremely low, with a value of
only 100 nrad at a baseline length of 3100 km, which cannot
satisfy theVLBI requirements. So this papermainly discusses
the following two modes.

2) DUAL FREQUENCY TRANSMISSION MODE
If the spacecraft receives dual frequency signals from
two VLBI stations simultaneously, the frequency switch-
ing at the transmitting end is as shown in Fig. 2(b).
The frequency switching at the receiving end is as shown
in Fig. 3(a). The transmission time of each frequency is
0.2 s. In this period, the receiver can complete the acqui-
sition and approximately tracking. Unlike in mode 1, each
VLBI station provides two frequencies f1&f2 of the sig-
nals for tracking. This approach can be used to solve the
phase ambiguity and improve the accuracy of the phase
measurement.

3) THREE FREQUENCY TRANSMISSION MODE
The three frequency mode is an expansion of the dual fre-
quency mode as shown in Figs.2(c) and 3(b), and it requires
more hardware resources to complete the simultaneous acqui-
sition, tracking and extrapolation of the three frequency

FIGURE 3. Frequency switching mode of the spacecraft receiving (a) Dual
frequencies (b)Three frequencies.

(f1&f2&f3) signals. The extrapolation time of each frequency
band is larger than that for the dual frequency mode, which
leads to additional errors. However, the use of the three
frequencies measurement can further improve the accuracy
of the carrier phase measurement and reduce the errors in the
resolution of the integer ambiguities.

III. SIGNAL ACQUISITION
In this section, the new signal mode for transmitting and
receiving is proposed. It can measure distance without ambi-
guity in a long distance. The improvement acquisition algo-
rithm for the signal which can acquire Doppler and pseudo
code in a short time is discuss. The ranging performance is
evaluated by MATLAB.

A. SNR OF SIGNAL IN THE INTERMEDIATE
FREQUENCY (IF)
Deep space communication signals need to be transmitted
over a long distance. The free space losses from the Earth
to different planets in the solar system are listed in Table 3
[23], [24].

Because the time division system is adopted to transmit
the signals, it is necessary for the spacecraft to acquire the
signals rapidly. The proposed signal, as per Fig. 2 and Fig 3.
is acquired, following the approach outlined in Fig.4.
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TABLE 3. Free space loss from the Earth to planetary bodies in the solar
system

In mode 3, athe VLBI station transmits the signals as
described in (2)

sftri−VLBI (t) =



[
C1(t) ∗ D(t) ∗ cos(2π f1t)
−i ∗ C2(t) ∗ D(t) ∗ sin(2π f1t)

]
,

Th + (n− 1)T < t < nT
cos(2π f2t)− i ∗ sin(2π f1t)

nT < t < Th + nT[
C1(t) ∗ D(t) ∗ cos(2π f2t)
−i ∗ C2(t) ∗ D(t) ∗ sin(2π f2t)

]
Th + nT < t < (n+ 1)T

cos(2π f3t)− i ∗ sin(2π f3t)
(n+ 1)T < t < Th + (n+ 1)T[
C1(t) ∗ D(t) ∗ cos(2π f3t)
−i ∗ C2(t) ∗ D(t) ∗ sin(2π f3t)

]
Th + (n+ 1)T < t < (n+ 2)T

cos(2π f1t)− i ∗ sin(2π f1t)
(n+ 2)T < t < Th + (n+ 2)T

(2)

where sftri−VLBI (t) represents the transmission signal from
VLBI station 1. C1(t) is the CA code with a code length of
1023. C2(t) is the gold code with a code length of 2047. D(t)
is the uplink data that contain the baseline message. fi(i =
1, 2, 3) represents the radio frequency (RF) frequency. Th
represents the starting time of transmitting the carrier and PN
code. T denotes the frequency switching period. For modes
2 and 3 and other VLBI stations, the situation is similar to
that expressed in the (2) and is thus not discussed herein.

After the signal is down converted to the IF, the acquisition
process is divided into two steps: carrier acquisition and code
acquisition as shown in Fig. 4(b). Compared with parallel
acquisition in time domain, the acquisition algorithm does not
need the Doppler searching process. The signal of the method
transmits pure carrier signal at first, and then transmit spread
spectrum code signal and data code information. Therefore,
the acquisition algorithm of the paper completes the fast
fourier transform (FFT) for pure carrier signal at first. In this
manner, the Doppler of the signal can be obtained in this pro-
cess. Then, the algorithm accomplishes the FFT and inverse
fast fourier transform (IFFT) for code and carrier signal.

FIGURE 4. (a) Modulation mode (b) Carrier and code acquisition.

In the case of large Doppler, the search time of Doppler
frequency is excessively reduced.

1) CARRIER ACQUISITION
1. The logic control unit uses the local carrier NCO offset
fd_c for the Doppler compensation. Here, fd_c can be assigned
an approximate value considering the orbit of the spacecraft.
In general, the compensated residual of the Doppler is less
than 250 kHz. The carrier NCO generates the in phase and
orthogonal carrier signals based on the frequency tuningword
and mixes them with the input signals to the IF (44.96 MHz).
The sampling rate is 306 MHz;

2. A 6 order infinite impulse response (IIR) filter is used for
the lowpass filtering of the IF signal, and the filtering band-
width is less than 1.5 MHz. The filtered signal is decimated
102 times, and data for 4 ms are cached for the acquisition of
the FFT. The data for 4 ms involve a total of 12000 points,
and the data are supplemented to 214 points by performing
zero filling before the FFT.

3. The sinc interpolation method is used to estimate the
FFT results accurately to accurately estimate the carrier
frequency.
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TABLE 4. Hardware acquisition time.

2) CODE ACQUISITION
1. Obtain the accurate estimation for the carrier frequency,
adjust the frequency of the input data and obtain the accurate
IF signal. The spread spectrum code is used as a composite
code, composed of the gold sequence and the CA code. The
chip rate is set as 1023 (PN1) and 2047 (PN2), and the chip
clock is 1.023 MHz. The acquisition time for the composite
PN code is the highest when a single subcode is captured
separately and multiple subcodes are captured in parallel.

2. Cache the IF data for 2 ms and decimate the data
102 times. Cache 6000 data points at a sampling rate of
306 MHz. Make up the cached data by zero to 213 and FFT.
As shown in Table 4, the carrier acquisition process needs

4.1 ms, and the code acquisition process needs 2.1 ms to be
completed. According to the calculated velocity of 16 km/s,
the position deviation caused by each acquisition time is not
more than 36 m. The distance represented by each code chip
is 293 m [26], [27]. The duration of the time division signal is
sufficient to complete the acquisition of the carrier and code.

The loss caused by the incomplete chip synchronization is

Lchip = 20 lg [R(1τ )] = 20 lg(1− |1τ |) (3)

When the chip value of the incomplete synchronization
is 1/4, the loss is Lchip = −2.5dB [28]. The SNR before
detection (SNRBD) is

S/Nbd = (C/N0)IF − 10 lg(
1
T
)− Lchip (4)

(C/N0)IF is the C/N0 of the received signal for the antenna
end. T is the coherent integration time, which is set as 2 ms.

Table 2 indicates that the existing transmitting EIRP of the
ground VLBI station is 107 dBW. For instance, the X band
antenna gain of the Voyager spacecraft is 48 dB, and the beam
width is 0.5◦ [23]. Considering the farthest distance between
Neptune and the Earth as an example, the X band uplink
signal attenuation is 303 dB. The IF signal power received
by the spacecraft is −148 dBW, which means that C/N0 is
52 dB-Hz (calculated considering the thermal noise power
spectrum as −204 dBW/Hz). Considering the complexity of
the deep space electromagnetic environment, C/N0 is set as
43 dB-Hz (−20 dB) for the simulation in this work. The
SNRBD can be calculated as 13.5 dB.

Next, the detection probability under the SNRBD is cal-
culated. Assuming that the signal in the In-phase (I) and
Quadrature (Q) channels exhibits a Gaussian distribution,
the envelope of the input signal is I2+Q2. In the case of single
detection, the envelope probability density functions obey
the exponential distribution with the mean value obtained
using (5) corresponds to zero in the event of no signal.

Pn(z) =
1

2σ 2 e
−z
2σ2 (5)

When a signal is received, the envelope probability density
functions obey the noncentral distribution of χ2, as obtained
using (6)

Ps(z) =
1

2σ 2 e

(
−
z+A2

2σ2

)
I0

(
A
√
z

σ 2

)
(6)

In (5) and (6), z is a random variable, σ 2 is the noise
variance, and A is the signal amplitude. In other words,
A/2σ 2 is the power ratio of the predetected signal to the noise
signal. I0(·) is the Bessel function with zero order.
The paper set the detection threshold as VT . Next, the

false alarm probability and detection probability of a single
detection can be expressed as Pfd and Pd , respectively.

Pfd =
∫
+∞

VT
Pn(z)dz = e−

vT
2σ2 (7)

Pd =
∫
+∞

VT
Ps(z)dz (8)

The constant false-alarm rate (CFAR) detection method is
used [29]. Therefore, (7) can be modified as

VT = −2σ 2In(Pfa) (9)

If the system requires a false alarm probability of 10−6,
will be 27.6310. Equation (8) indicates that when the SNRBD
before detection is 13.5 dB, the single detection probability
is more than 0.9.

Subsequently, 1000 simulations were conducted to simu-
late the single detection probability, which yields the limit
SNR at the IF of the system. The simulation result as shown
in Fig. 5.

The CA codes can be used to measure distances
of 299792m and 599878 m without ambiguity, respectively.
However, the deep space detection range is several or even
dozens of astronomical units (AU). If the two PN codes are
used separately, the cycle ambiguity of the pseudocode may
be generated. If the calculation error of the cycle ambiguity
is more than 1, ranging integer ambiguity may be generated.

Consequently, after acquiring the two PN codes, due to the
mutual quality of the length of the two pseudocodes, the cycle
ambiguity of the PN codes can be resolved using the follow-
ing methods. The lowest common multiple of the code peri-
ods 1023 and 2047 is 2094081. If the code rate is 1.023MHz,
the maximum unambiguity distance is 613675161 m, which
can satisfy the requirements of deep space exploration.
Specifically, the following methods can be used to solve the
ambiguity:
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FIGURE 5. Relationship between detection probability Pd and SNR (IF) of
the input signal in 1000 simulations: (a) Single carrier (b) CA code with
code length of 1023; (c) Gold code with code length of 2047.

The paper uses the Chinese remainder theorem to solve the
integer ambiguity. Because the arrival distances of the two
codes of the I/Q channels are equal, it can be assumed that

TABLE 5. Results of the ranging after acquisition.

the integer ambiguities of one pseudocode is an integer. Sub-
sequently, all the solutions in the solution space of the integer
ambiguities can be traversed. Finally, the integer ambiguities
of the other code can be obtained. When the solution of the
integer ambiguities of one PN code is correct, the difference
between the integer ambiguities of the other PN code and the
integer closest to it must be minimized as (10).

(N1 + ξ1/2047) ∗ d1 ≈ (N2 + ξ2/1023) ∗ d2 (10)

where d1 = 299792.458m and d1 = 599877.968m are
the distances corresponding to the gold code with a code
period of 2047 and the CA code with a code period of 1023,
respectively. N1 is an integer within 1–1023, and N2 is the
integer within 1–2047.

Table 5 presents the ranging results after acquisition, and
it can be seen that the ranging error is in a chip.

IV. SIGNAL TRACKING
This part provides the tracking algorithm. Through inertial
navigation system (INS) and orbit extrapolation, the input
signal is simulated when there is no matching signal input.
Therefore, the tracking loop can achieve the stable tracking of
the signal. Finally, the paper gives the measurement accuracy
under this algorithm.

A. EXTRAPOLATION OF CARRIER TRACKING LOOP AND
CODE TRACKING LOOP
In the tracking process, the ranging accuracy is further
improved [30]. However, if the transmission signal of the
VLBI station corresponds to the time division, the tracking
lock may be lost in the process of signal switching. To ensure
a stable tracking, in this work, the extrapolation mode of the
carrier phase and PN code phase is used to lock the tracking
loop. The extrapolation process consists of the following five
steps, in which t1 is considered as a reference time for the
ranging/velocity measurement:

1. Calculate the acceleration considering the spacecraft
orbit elements (or spacecraft INS). The radial acceleration
value a(t) between the spacecraft and the Earth is calculated
by projecting the vector to the Earth;

2. Calculate the velocity v(t2) of the spacecraft by consid-
ering the radial acceleration value a(t) between the spacecraft
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and the Earth as follows:

v(t2) = v(t1)+
∫ t2

t1
a(t)dt (11)

3. The Doppler frequency is calculated using the velocity.
This value is introduced to the carrier tracking loop to modify
the carrier phase of the generated signal;

4. The calculated value v(t2) of the radial velocity between
the Earth and the spacecraft is used, and the modified
pseudo range value ρ(t2) of the spacecraft is calculated via
integration:

ρ(t2) = ρ(t1)+
∫ t2

t1

[
v(t1)+

∫ t2

t1
a(t)dt

]
dt (12)

The second term in the right hand side of the (15) is the
pseudo distance modifier;

5. The modified pseudo range value is used to calculate the
pseudo code phase, which is sent to the code tracking channel
for pseudo code phase correction.

Subsequently, the error caused by the extrapolation is
analyzed: The switching period of the VLBI station is TSW
(TSW = 0.1s), the measurement error of the acceleration
value a(t) is 1a, and the measurement error of the velocity
is 1v. The calculation results show that the residual error of
the velocity correction is 1a × TSW , and the residual error
of the pseudo distance correction is (1v+1a× TSW ) ×
TSW . If the measurement error of the radial acceleration
1a between the spacecraft and the Earth is fixed in the
switching period TSW , the correction residual for the carrier
phase and pseudo code phase can be obtained. For example,
if 1v ≤ 5cm/s an 1a ≤ 1 × 10−6g when TSW = 0.2s,
the pseudo range correction residual is≤ 0.01m. Considering
the presence of clock errors and other factors, the corrected
residual error is expected to be larger. Therefore, in each
switching time, the tracking loop needs to relock the signal
in an extremely small time.

Consequently, the second order frequency locked
loop (FLL) and third order phase locked loop (PLL) are used,
which can manage the carrier tracking in various situations.
Furthermore, the carrier tracking loop provides a Doppler
frequency tuning word to eliminate the Doppler of the code
tracking loop [30], [31]. The calculation formula is

(fcode × fd/fRF )× 2N /fs (13)

where fcode is the PN code frequency, fd is the Doppler
frequency, and fRF is the RF. N is N-bit phase accumulator.
fs is the sampling frequency of the baseband. The frequency
tuning word can control the frequency of direct digital syn-
thesizer (DDS). By adding (13) into DDS of PN code, it elim-
inates the influence of Doppler on the code frequency. In this
manner, the second order code tracking loop can be used for
the code tracking.

B. TRACKING LOOP SIMULATION
To simulate the complex environment in deep space, it is
assumed that a sinusoidal Doppler rate of approximately

250 Hz is added to the signal with a stable Doppler fre-
quency of more than 50 kHz. The function can be derived
and integrated in all the domains, which makes it suitable for
simulating the Doppler acceleration change constrained by
the orbit. The result of tracking loop when SNR= −20dB as
shown in Fig. 6.

It can be seen that in many cases, the use of the tracking
loop can yield satisfactory results. The Doppler frequency
error does not exceed 5 Hz in the case in which the carrier
tracking does not exhibit any deviation in the phase and
code extrapolation. If the signal exhibits a deviation in the
orbit extrapolation, and the random deviation between the
signal and carrier phase within 5 m every 0.5 s is considered,
the tracking loop results are as shown in the Figs. 6 and 7.
According to the simulation results shown in Figs. 6 and 7,
when the phase and code extrapolation errors are small, the
loop can track stably. When the orbit extrapolation error
occurs, that is, the carrier phase and the code phase are offset
at the time of each frequency switching (0.2 s), the loop can
be locked again in each switching time.

The Fig.7(a) shows the doppler frequency comparison
between the tracking result and the received signal. The
sudden change noted in Figs. 7(b) and 7(c) corresponds to the
loss of the locking in the FLL and code loop. In this process,
the ranging error is less than or equal to 1 m, ignoring the
deviation in the tracking results. The Doppler measurement
error is less than or equal to 5 Hz in stable tracking. In other
words, the speed measurement error in the X band is less than
or equal to 0.1875 m/s. Furthermore, the speed measurement
error in the Ka band is less than or equal to 0.046875 m/s.
On average, the error is smaller than 0.004 m/s in the X band
and 9.9562e-04 m/s in the Ka band).

At the same distance, this method can provide higher SNR
(approximately 20 dB) to the receiver. Taking the distance
between the earth and Neptune as an example, the SNR of
the receiver is approximately −130 dBm by the proposed
method, while that of the traditional method is −151 dBm.
The comparison of random errors over the same distance is
shown in the Fig.8. The simulation framework of receiver is
shown in APPENDIX.

V. VLBI MEASUREMENT
In this section, the angle information of the spacecraft is mea-
sured by novel VLBI method. Through the tracking results of
the section IV, the phase difference can be obtained. And the
section V has solved the integer ambiguity. The measurement
accuracy is better than most of the current VLBI method, and
fewer limitations than SBI.

A. DUAL FREQUENCY VLBI MEASUREMENT
As described in Section IV, the precision of the PN code
ranging is approximately 1 m. This paper take the distance
between two VLBI stations is 3100 km as an example.
According to (1), the angle measurement accuracy is approx-
imately 3.2e-7 rad. For the VLBI observations, this error is
considerably large. Therefore, the system must implement
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FIGURE 6. Result of the tracking loop at the SNR at IF is −20 dB:
(a) Doppler frequency; (b) Doppler error between the tracking result and
received signal; (c) Ranging error.

FIGURE 7. Results of tracking loop at the SNR for an IF of −20 dB
(complex environment): (a) Doppler frequency;(b) Doppler. error between
the tracking result and received signal; (c) Ranging accuracy.
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FIGURE 8. Random errors at the same distance.

the carrier phase measurement to improve the measurement
accuracy of the delay [20].

A synthetic improvement of the algorithm performed based
on an existing study [32], [33]. By expanding the algorithm
of a short baseline (less than 10 m) to a very long baseline
(3100 km), the following methods are adopted to eliminate
the carrier ambiguity. First, most of the integer ambiguity is
eliminated by employing the PN code measurement results.
Next, because the delay difference in the dual frequency
signals of the two VLBI stations is the same [34], [35],
the integer cycle of the carrier can be searched using the
pseudo code technique. The main steps are as follows:

1. The delay difference between VLBI stations 1 and 2 is
obtained and converted to a distance difference. The distance
measured using the carrier phase is approximately equal to
the distancemeasured using the PN code plus the pseudo code
measurement error, as described in (14):

ρ∗21 −1ρ ≤ N1λ1 + ϕ21f 1λ1/2π

≈ N2λ2 + ϕ21f 2λ2/2π ≤ ρ21 +1ρ (14)

Here, ρ∗21 is the PN code ranging result, 1ρ is the ranging
error for the PN code, N1 represents the number of cycles
of f1, and ϕ21f 1 is the phase difference for the VLBI station,
which is less than one cycle at f1. λ1 is the wavelength of f1,
and N2, ϕ21f 2, and λ2 are the parameters of f2.
2. Equation 17 is converted to (18).

N1λ1 − N2λ2 ≈ ϕ21f 2 ∗ λ2/2π − ϕ21f 1λ1/2π (15)

Here, the right side of the (15) can be determined using the
carrier tracking loop of f1 and f2, and the measurement error
is less than one quarter wavelength.
N1 and N2 are searched at

[
ρ∗21 −1ρ, ρ

∗

21 +1ρ
]
to min-

imize the difference between the left and right sides of
the (15). The process flow of the carrier phase measurement
is shown in Fig. 9(a).

The parameters are set as follows: If 1ρ ≤ 2m, f1 =
8GHz and f2 = 8.1GHz. While neglecting the error of the

FIGURE 9. Process flow of carrier phase measurement: (a) Dual
frequency; (b) Three frequencies.

TABLE 6. Carrier phase difference at different SNR values.

atmospheric current layer, the measurement accuracy for the
carrier phase difference is 1e-3 m. The accuracies at different
SNR values are presented in Table 6. The results for the
carrier phase ranging are presented in Table 7.

The ranging error is converted to the VLBI measurement
error by dividing the ranging error by the baseline length,
as in (1). It can be seen that in the range of 1ρ ≤ 2m,
the result of the ambiguity resolution is correct, and the error
is not more than one cycle. When the range is expanded,
the result involves a larger error. The RMSE is approximately
1 cm or less, and it is mainly determined by the SNR. When
1ρ ≥ 3m, integer errors may be generated.

B. THREE FREQUENCY VLBI MEASUREMENT
In the three frequency VLBI measurement, the signal
expressed in (2) and Fig. 3(b) is employed. After the three
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TABLE 7. Result of the ranging according to the carrier phase.

TABLE 8. Result of the ranging considering the carrier phase.

frequency signals are stably tracked, the phase value in the
carrier tracking loop is recorded, and the difference is deter-
mined [36]. The difference between frequencies 1 and 2 is
larger than that between frequencies 2 and 3. In the simula-
tion, f3 − f2 is one-tenth of f2 − f1.
The difference between the two methods is as follows:
1. In the process of searching the minimum phase dif-

ference, not only is the minimum difference stored, but the
values less than a certain threshold are also stored as N ∗1 ;

2. The minimum value for the difference vector in N ∗1 and
N3 is determined.

Consequently, the robustness of the system is effectively
improved. The diagram of the search algorithm is shown
in Fig. 9(b). By introducing the carrier phase value of the third
frequency, the allowable range of the PN ranging error can be
expanded.

The results of the carrier phase ranging are as follows.
Since the three frequencies searching can be used to better
eliminate the integer ambiguity, a higher carrier frequency is
adopted. The parameters are set as follows: f1 = 8GHz, f2 =
8.1GHz, f3 = 8.11GHz denote the X band frequencies, and
f1 = 32GHz, f2 = 32.1GHz, f3 = 32.11GHz denote the Ka
band frequencies. When 1ρ ≤ 10m, the result of the integer
ambiguity resolution is the same as that in Table 8.

The use of the three frequencies searching can improve
the search range, which leads to a better robustness and can
deal with a larger pseudo code measurement error. However,
as the Ka band contains more integer cycles than the X band,
the integer cycle estimation error of the Ka band is larger than
that for the X band. Nevertheless, the error performance is
still better than that of the X band at a low SNR and high
SNR.

If the baseline is selected as B = 3100km, the angle
accuracy can be determined using (1) as higher than 3 nrad.

The ionospheric error is reduced by the difference of dual
frequency or triple frequency. If dual frequency signal f1&f2

FIGURE 10. Tracking process of the paper.

FIGURE 11. The acquisition method of the paper.

FIGURE 12. The transmitting signal.

is used for transmission, and the second order and above items
of ionospheric delay are ignored. The delay caused by the
ionosphere is

1τi =
40.28

f 2i

∫
Ne(s)ds =

40.28

f 2i · c
TEC (16)

where Ne is ionospheric electron density. TEC is the total
electron content on the integration path [24]. Time difference
between two frequency signals arriving at spacecraft is

1t = 1τ2 −1τ1 =
40.28

f 22 · c
TEC −

40.28

f 21 · c
TEC (17)
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FIGURE 13. The parallel acquisition in time domain.

The time delay caused by the ionosphere of two frequency
signals can be shown as (18)(19)

1τ1 =
f 22

f 21 − f
2
2

1t (18)

1τ2 =
f 21

f 21 − f
2
2

1t (19)

As long as the arriving time difference between two signals
of different frequencies is measured accurately, the iono-
spheric delay correction of these two signals can be calculated
accurately. According to the data given in the [37], the iono-
spheric measurement error of current S/X band VLBI stations
is approximately 1 mm.

The tropospheric delay models include Hopfield model
and Black model etc. The validity of the tropospheric delay
model is 92%∼95%. And the current tropospheric delay can
also be calibrated by GPS real-time observation. The validity
of the tropospheric delay model is approximately 4 mm [38].
So, when SNR is −20 dB, the angle measurement error of X
band is 1.61 nrad.

VI. CONCLUSION AND FUTURE WORK
In this work, the uplink measurement technology for deep
space spacecraft is investigated. The modified method can be
used for ranging and VLBI measurement at the spacecraft
end. This approach resolves the problem of the low SNR
of deep space TT&C. Furthermore, the spacecraft ranging
and VLBI measurement results are transmitted to the ground
through the downlink to enable two way time synchroniza-
tion. The uplink signals are distinguished via time division.
Considering this aspect, a fast acquisition algorithm for the
deep space receiver is designed. The theoretical and simula-
tion results show that the acquisition algorithm can achieve
long distance and unambiguity acquisition under the condi-
tion of a low SNR. The corresponding hardware operation
time is calculated, and the algorithm is noted to acquire the
signal in a short time.

Subsequently, through the extrapolation of the code phase
and carrier phase, stable tracking for the time division signal
is conducted. The simulation results show that the loop can

be tracked stably when the extrapolation is error free, and it
can be locked rapidly in the case of erroneous extrapolation.

Finally, the traditional integer ambiguity resolution algo-
rithm is obtained using multiple frequencies. The PN code is
added to eliminate most of the integer ambiguity, and thus,
the approach can be adapt for very long baseline ambiguity
resolution.

For baselines of 3100km (11000km), and signals in the
X-band the simulation results show accuracy values of
1.61 nrad (0.45nrad). Compared to other techniques at same
distance, like SBI from Table1, measurement accuracy is on
the same level. However, it is less limited than SBI and does
not require multiple spacecraft in the same beam.

APPENDIX
See Figures 10–13.
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