IEEE Photonics Journal

An IEEE Photonics Society Publication

3 Open Access

Multiantenna GPS-Over-Fiber System for
Attitude Determination Using Phase-Derived

Range Measurement
Volume 11, Number 4, August 2019

Xiangchuan Wang

Xin Jiang

Shupeng Li

Shilong Pan, Senior Member, IEEE

—— DD model
—— SD model

Pitch (°)

0
-2
-4
-6
-8

-10

-12

0 200 400 600 800 1000
Time (s)

Roll (°)

-10

-12

296

—— DD model
294 —— SD model
> 292
2
5 290
©
]
I 288
286

284

0 200 400 600 800 1000
Time (s)

—— DD model
——— SD model

1l 1 1 '
© (2] » N o

0 200 400 600 800 1000
Time (s)

DOI: 10.1109/JPHOT.2019.2921666
1943-0655 © 2019 |IEEE

%‘: IEEEI l 3
SOCIETY

< IEEE



IEEE Photonics Journal Multiantenna GPS-Over-Fiber System

Multiantenna GPS-Over-Fiber System
for Attitude Determination Using
Phase-Derived Range Measurement

Xiangchuan Wang “, Xin Jiang, Shupeng Li,
and Shilong Pan ©, Senior Member, IEEE

The Key Laboratory of Radar Imaging and Microwave Photonics, Ministry of Education,
Nanjing University of Aeronautics and Astronautics, Nanjing 210016, China

DOI:10.1109/JPHOT.2019.2921666
1943-0655 © 2019 IEEE. Translations and content mining are permitted for academic research only.
Personal use is also permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

Manuscript received May 3, 2019; revised May 30, 2019; accepted June 4, 2019. Date of publication
June 7, 2019; date of current version July 4, 2019. This work was supported in part by the National
Natural Science Foundation of China (61605077, 61527820), in part by Jiangsu Provincial “333” Project
(BRA2018042), in part by Fundamental Research Funds for the Central Universities (NT2019011), and
in part by Young Elite Scientists Sponsorship Program by CAST (2018QNRC001). Corresponding
author: Shilong Pan (e-mail: pans@nuaa.edu.cn).

Abstract: A multiantenna global positioning system over fiber (GPS-over-fiber) system
with real-time line bias monitoring is proposed for attitude determination of vehicles. In
the proposed system, GPS signal transmission from multiple antennas to the receiver is
achieved via radio-over-fiber links. A phase-derived range measurement scheme is applied
to monitor the line bias variation between different optical fibers. Then the carrier phase
single difference (SD) model, instead of the carrier phase double difference (DD) model, is
used to improve the pitch and roll precision of the GPS-based attitude determination system.
Experimental results show that the precision of the pitch and roll is improved by over three
times compared with the conventional DD model while the precision of the heading is not
reduced.

Index Terms: GPS over fiber, attitude determination, line bias, phase derived range.

1. Introduction

The increasing demand for navigation has led to a growing number of GPS applications in the
vehicles. In addition to positioning and velocimetry, attitude determination is of critical importance
for the emerging control system in vehicles for earth and space [1]-[4], including course-keeping
and collision avoidance [5], [6]. Compared with the conventional inertial navigation system [7]1-[9],
GPS has obvious advantages in terms of maintenance-free, long-term stability and high precision.
Recently, GPS has been further explored and integrated with other technologies. A low-cost but
effective GPS-aided method based on the target images was proposed to measure the platform at-
titude angles [10]. A cooperative navigation technique which exploits GPS and relative vision-based
sensing was proposed to provide accurate unmanned aerial vehicle (UAV) attitude determination
[11]. Fast Alignment of the strap-down inertial navigation system was achieved based on the GPS
and odometer [12]. For the multi-antenna GPS-based attitude determination system, multiple anten-
nas are rigidly fixed to a vehicle, and then baselines are defined as vectors from auxiliary antennas
to a main antenna. In the attitude determination applications, the GPS works in the relative position-
ing mode, and carrier phase difference technology is used to calculate the baseline with a precision
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of sub-centimeter level. Precise heading and elevation angles can be therefore determined in real
time [13].

Conventional GPS-based attitude determination systems consist of multiple distributed antennas
and a single GPS receiver which is non-common clock scheme and electrical cables are used to
connect the antennas and the receiver, which faces the following challenges in practical applications.
First, complex aerospace systems require a small-size, light-weighted and anti-electromagnetic in-
terference attitude determination device, which makes the conventional electrical-cable-connected
GPS system no longer a promising solution. Second, spatial errors can be greatly eliminated by
the carrier phase difference technology in the horizontal direction but its vertical resolution is unsat-
isfying because the distribution of satellites is uniform and symmetrical in the horizontal directions
while asymmetrical in the vertical direction [14]. In practical, the DD model [11], [13], [15], [16] has
been widely utilized to eliminate the spatial errors but with relative low vertical precision. The lower
precision of the vertical component further deteriorates the precision of the pitch and roll angles.

For the first problem, a small-sized, light-weighted optical fiber system with low transmission loss
and anti-electromagnetism interference capability could be a promising solution. Previously, a GPS-
over-fiber system was constructed for aircraft attitude determination [17], [18], which applied optical
fiber for the transmission of differential GPS signals. For the second problem, recent researches
show that the GPS-based attitude determination system can benefit from the SD model with a
clock-synchronized receiver. The multi-antenna synchronous receiver was proposed and 2 times
improvement of vertical precision was achieved by the SD model through simulation analysis [19].
In theory, the measurement noise of the SD model is 1/+/2 times lower than that of the DD model,
and the observation number of the SD model is more than that of the DD model. Therefore, the
vertical accuracy of the baseline can be greatly improved by utilizing the SD model, resulting in
tremendous accuracy improvement of the pitch and roll angles in the attitude determination system
[16]. The SD model also has the following advantages. First, a higher success rate of integer
ambiguity resolution can be realized by using the carrier phase SD model with a common clock
scheme [20]. With more observations, the SD model strength is enhanced with more redundancy.
Second, the carrier phase SD model can be applied to the combination of GPS and GLONASS
[21]. For the same satellite, the use of between-receiver carrier phase SD model can guarantee
that the ambiguity term is an integer, while the use of between-satellite carrier phase DD model is
infeasible because carrier frequencies are different between GLONASS satellites.

In order to employ the ideal SD model which can strongly improve both the reliability and the
precision, real-time line bias monitoring should be realized at first. Line bias reflects the different
time delays of signal paths between antennas and the receiver [22]. Therefore, the line bias is an
inconstant term because the time delays actually vary in time due to the environmental temperature
variation and mechanical forces in practical applications. To utilize the SD model, making the
antenna cables equal in length to minimize the line bias is reasonable but a hardly sufficient
condition [16]. For real-time line bias monitoring, a GPS-over-fiber system with real-time line bias
monitoring is proposed in which two optical fibers are utilized in one transmission link [23]. In
the above system, only when the lengths of the two optical fiber changes synchronously will
the measurement of the line bias delay be exact. Recently, we have proposed a GPS-based
deformation monitoring system in which the line bias parameter was obtained based on the optical
frequency domain reflectometer (OFDR) using a linear frequency modulated signal with large
bandwidth [24].

In order to realize a small-size, light-weighted and anti-electromagnetic interference attitude
determination system with a real-time line bias measurement component to improve the attitude
precision, a multi-antenna GPS-over-fiber architecture based on radio-over-fiber techniques and
phase-derived line bias monitoring is proposed. The line bias is related to the phase of the monitoring
signal. Compared with our earlier work in ref [24], the phase-derived range measurement has a
simpler structure and higher precision, which is utilized in the attitude determination application.
Experiments are carried out to analyze the performance of the line bias delay monitoring and the
precision of the proposed system.
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2. Principle
2.1 Carrier Phase SD Model With Line Bias Compensation
The carrier phase measurement can be written as [15]:

APK = K — 1K+ TF 4 c(st; — 8t°) + Ib; + ANK + ¢ (1)

where 1 is the wavelength of the carrier, ¢! is the carrier phase observation, k represents the
satellite’s number, i denotes the antenna’s number, pf is the geometric range between the kth
satellite and the ith antenna, / and T denote the ionosphere and tropospheric delay, c is the light
speed in vacuum, 5t denotes the clock bias, Ib; denotes the line bias delay between the antenna
and the receiver, N{‘ denotes the integer ambiguity, and ¢; is the observational noise.

The SD model can be obtained by making a difference of the carrier phase measurement between
two antennas,

AAQS = Apfi+ CAStj+ Albj+ AAN + Ag; ()

where A is the SD operation. The distance from a satellite to an antenna is much larger than that
between two antennas, so Apf-l‘- can be approximately written as:

Apjj ~ |b] cos b
=s'p" (3)

where b=[b, b, b,]is the baseline vector, sk =[sk s s%]is the normalized line of sight
vector to the kth satellite, b” is the transposed matrix of b.
The receiver’s clock bias is eliminated if a clock synchronous GPS receiver is used:

AStj =8t —8;=0 (4)

When the number of the visible satellites is n, with Egs. (2)—(4), the SD model can be expressed
as

Ag} s! 1 AN}
AP? s 1 AN?2

%) = b" + Albj + 2. ! (5)
Agj s" 1 AN]

nx1 nx1

In the processing unit at the local station, the carrier phase measurement ¢* can be directly
obtained, so the vector in the left hand of Eq. (5) can be derived. The approximate positions of the
antennas and the tracked satellites can be calculated by the code observation data, so the sight
vector s¥ can be obtained. To solve the baseline vector by Eq. (5), the line bias parameter should be
estimated at first. The initial line bias parameter and the SD integer ambiguity can be calibrated in
advance by using the long-time average-filtering DD solution [25]. Then the real-time line bias delay
Albj is obtained after compensation by using the proposed scheme. With the known Aqbf-/‘-, sk,Alb,-,-
and AN,;?, the baseline vector b can be obtained. By the above analysis, the key of the SD model
is to obtain the line bias delay parameter, which can be achieved by a line bias delay monitoring
module.

To obtain the attitude angles, firstly, the baseline vector has to be transformed from the Earth-
Centered Earth-Fixed (ECEF) frame into the local east, north, up (ENU) coordinate for the attitude
determination application:

be —sinQ cos Q 0 by
by | = | —sinAcosQ —sinAsinQ cosA by (6)
by cos 2cos A COSASIN® sinA b,
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(a) (b) East

Fig. 1. The relationship between the baseline vector and the attitude angles.

where A and Q are the approximate geodetic latitude and longitude of the vehicle which can be
determined by code observations.

As illustrated in Fig. 1, the attitude angles including pitch and heading angles can be deduced by
the relationship with the baseline vector in the ENU coordinate:

— be
tana = By

|b] sin B = by

@)
Iblcos B = /b2 + b3,

bl = /b + b} + b5

where « and g are the pitch and heading angles separately.

2.2 The Phase Derived Range Measurement Based Line Bias Delay Monitoring Method

In the SD model, considering that the line biases are the different lengths of signal paths between
antennas and the receiver which can be expressed in length as [26]:

2nfAL;
Albj = ; I =2rAL; (8)

To obtain the length difference, conversion of length measurement to phase measurement is
effective. Assuming the angle frequency of the sinusoidal signal is wy = 27fy, the phase shift differ-
ence Ag of sinusoidal signal after passing through different transmission links can be expressed
as:

ALj
Ag(wo) = woAT = onU 9)
where At is the time delay difference between the antenna and the receiver. The length difference
can be given by:
_ Ag(wo)C

The length difference measurement error can be deduced by the equation:

saLy = 2BLisag 4 AL

1= ne *2% T Towe

where §A¢ and Swo are the phase difference error and the frequency error. By simplifying the
Eqg. (11), the length difference measurement error can be expressed as:

c ALj
SALj = w—oaA¢ - w—o”awo (12)

56()0 (1 1)
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Fig. 2. Schematic diagram of the proposed multi-antenna GPS-over-fiber system. LD: laser diode; MZM:
Mach-Zehnder modulator; C: circulator; LO: Local oscillator: PD: photodetector.

From Eq. (12), it can been that the length difference measurement error consists of two parts,
one is the fixed error §Ag/wo which is decided by the error of phase detector, the other is ratio error
Aw—i"’awo which is decided by the stability performance of the frequency source and the measurement
range.

2.3 The Proposed GPS-Based Attitude Determination System

In a multi-antennae GPS-based attitude determination system, one of the antennas serves as the
master antenna, others are slave antennas. The master antenna is used as the reference antenna
which is installed at the tail of an aircraft. The slave antenna is installed in the nose. The baseline is
defined as the vector from the tail to nose. The direction of the baseline is the attitude of the aircraft.
With the pre-defined master antenna, every slave antenna can be used to form a baseline, which
can be utilized to calculate two attitude angles.

The scheme of the proposed multi-antenna GPS-based attitude determination system is shown
in Fig. 2. The system consists of the remote receiving part, GPS-over-fiber links, the line bias delay
monitoring modules and a local signal processing unit. At the remote site, GPS signals are received
by the master and slave antennas, then converted into optical signals using a laser diode (LD) and
a Mach-Zehnder modulator (MZM). The optical signals are delivered into the local data processing
center via an optical fiber. Then the signals are detected by photodetectors (PDs) and processed
by a GPS receiver.

At the local station, an optical carrier from another LD is modulated by a sinusoidal signal,
which is split into different transmission channels as the delay measurement signal. The delay
measurement signal is inserted into the optical fiber through a circulator (C2 or C4) and transmitted
to the antennas. With a circulator (C1 or C3), an isolator and an optical coupler (OC) at the remote
site, the delay measurement signal is reflected back to the receiver. After passing through the
circulators (C2 and C4), delay measurement signals from two paths are converted to electrical
signals. In the local station, the phase of two delay measurement signals are compared, which
generates the phase difference. The phase difference is proportional to the length difference of two
transmission links which can be used to detect the line bias in the GPS measurement system. Then
the baseline can be deduced and converted to the attitude angles.

3. Experiment Results and Discussion

A proof-of-concept experiment is carried out based on the scheme shown in Fig. 2. A light wave at
1550 nm is generated from a laser source (TeraXion) with the output power of 15.6 dBm and split
to two GPS-over-fiber links by an optical coupler. A lithium niobate intensity modulator (Avanex)
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Fig. 3. The output of the phase detector as a function of the optical delay.

Fig. 4. The experiment setup for the outdoor measurement.

with bandwidth of 13 GHz and a half-wave voltage of 5 V while a PD with bandwidth of 20 GHz,
responsivities of 0.61 A/W are used.

3.1 The Performance of the Line Bias Delay Monitoring Module

In the line bias delay monitoring module, a sinusoidal signal with a frequency of 2 GHz is generated
and split into two different transmission channels. The phase difference of such two signals is
detected by a phase detector (Analog devices AD8302) with measure frequency up to 2.7 GHz
and measure power range from —60 dBm to 0 dBm. In our experiment, a variable optical delay
line (VODL) is utilized to emulate the variation of the line bias. The output of the phase detector is
recorded while the VODL changes 10 times by a step of 2 mm. Fig. 3 shows the relationship between
the optical delay and the output of the phase detector. A linear curve with a slope of ~5.8 mV/mm
can be observed clearly. By calculating the standard deviation (STD) of each measurement, the
maximum of the STD can be obtained as 0.85589 mV, which means the precision is 0.148 mm.

3.2 The Measurement Precision of the Proposed GPS-Over-Fiber System

Outdoor experiments are carried out to verify the performance of the proposed system. As is shown
in Fig. 4, a UAV with a wingspan of 1.52 m and a fuselage of 1.43 m is used as the test object. The
test is carried on the roof of a building to track more GPS satellites as well as to avoid the multipath
effect. The GPS antennas are rigidly fixed in known positions relative to each other on the UVA. In
order to realize three-dimensional attitude measurement, at least two baselines are required. In our
experiment, four antennas are used to form two baselines, the front-back baseline consisting of the
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Fig. 5. The three-dimensional turn table instrument used as reference rotation angles.
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Fig. 6. Heading angle measurement result of the conventional DD model and the SD model.
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Fig. 7. Pith angle measurement result of the conventional DD model and the SD model.

antenna 1 and 2 is used to calculate the heading and pitch angles, the left-right baseline consisting
of antenna 3 and 4 is used to determine the roll angle.

As illustrated in Fig. 5, to emulate the attitude change of a vehicle, a three-dimensional high
precision turn table instrument is used as the reference rotation, because it was possible to have
its reference rotation angle known at 0.1 degree level. Three cases of experiments are carried out
to verify the precision of the three attitude angles.

To change the three-dimensional attitude angles, the turn table instrument is rotated about 5
degrees for two times. The attitude determination results of the conventional DD model and the SD
model using the proposed system is shown in Figs. 6-8. The STD and the angle change of the
three components of the DD model and the SD model are compared in Table 1, 2 and 3.
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Fig. 8. Roll angle measurement result of the conventional DD model and the SD model.

TABLE 1

Heading Angle Measurement Result by the DD Model and the SD Model Using the
Proposed Architecture

RMS of Mean of RMS of  Mean of SD
DD (°) DD (°) SD (°) (°)

1 0.1338 294.1525 0.1086 294.2472
2 0.1040 289.5839 0.1067 289.5671
3 0.1102 285.3497 0.1217 285.2181

Stage

TABLE 2
Pitch Angle Measurement Result by the DD Model and the SD Model Using the Proposed Architecture

RMS of Meanof RMSof Mean of
DD(" ) DD(°) SD(°) sD(°)
1 0.3420 -9.6459 0.1052 -9.4136
2 0.2733 -5.6203 0.0630 -5.9726
3 0.2991 -1.6005 0.0871 -1.4198

Stage

The heading angle measurement result is shown in Fig. 6. The measurement results of SD model
are very close to those of the DD model. As seen in Table 1, if carefully compared with the results
of the DD model, the STD of the SD model decreases in the first stage while increases in the third
stages. Due to the tiny difference, the proposed system has little influence on the precision of the
heading angle measurement.

Regarding the pitch angel measurement, the SD model still provides a high measurement preci-
sion as the heading angel, while that calculated by the DD model significantly reduces. As seen in
Table 2, the precision of the pitch angel is improved from 0.3420° by the DD model to 0.1052° by
the SD model in stage 1, from 0.2733° by the DD model to 0.0630° by the SD model in stage 2 and
from 0.2991° by the DD model to 0.0871° by the SD model in stage 3, indicating an improvement of
3.25 times, 4.34 times and 3.43 times separately. Therefore the proposed system can significantly
increase the measurement precision of the pitch angle.

As seen in Fig. 8, the roll angle measurement result is similar with the pitch angle measurement
result. As seen in Table 3, the precision of the roll angel is improved from 0.2718° by the DD model
to 0.0609° by the SD model in stage 1, from 0.2567° by the DD model to 0.0534° by the SD model
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TABLE 3
Roll Angle Measurement Result by the DD Model and the SD Model Using the Proposed Architecture

RMS of Meanof RMSof Mean of
DD(°*) DD(*) sSD(°) SD(")
1 0.2718 -1.7099 0.0609 -1.6327
0.2567 -5.3195 0.0534 -5.7576
3 0.3531 -9.8241 0.0788 -9.9196

Stage

N

in stage 2 and from 0.3531° by the DD model to 0.0788° by the SD model in stage 3, indicating an
improvement of 4.46 times, 4.80 times and 4.48 times separately.

To conclude, the experiment results show that the precision of the pitch angel and the roll angle
can be greatly improved by using the proposed method, while the precision of the heading angle is
not reduced.

4. Conclusion

A multi-antenna GPS-over-fiber system with a line bias delay monitoring module is proposed and
demonstrated for attitude determination. In the proposed system, an external-modulation based
analog photonic link is used for long distance transmission of the GPS signals. A carrier phase SD
model is also used to eliminate the receiver’s clock parameter by using a multi-antenna synchronous
GPS receiver to improve the vertical precision. In addition, a photonics-based scheme is applied to
compensate for the line bias delay between different GPS channels to meet the condition of carrier
phase SD model. Outdoor measurement results of the proposed system based on the conventional
DD model and the SD model were compared, and an over 3 times improvement of the vertical
positioning precision was achieved which means the vertical precision can reach the same level as
the horizontal precision.
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