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Abstract—A novel multi-antenna global navigation satellite sys-
tem that uses fibers to transmit signals from multiple remote
antennas to a local station with real-time microwave-photonics-
based fiber length monitoring is proposed for high accuracy
three-dimensional (3D) baseline measurement. In the proposed
approach, microwave-photonics-based fiber length monitoring is
employed to obtain the delay difference between the different GNSS
channels. With the obtained delay difference information, we use
the carrier-phase single-difference (SD) algorithm to calculate the
3D baseline, which is able to improve the vertical precision of
the 3D baseline measurement as compared with the use of the
carrier-phase double-difference (DD) algorithm. Experimental re-
sults show that the 3D baseline measurement precision using the
SD algorithm is within 2 mm and the vertical positioning precision
is improved by over three times compared with the approach using
the conventional DD algorithm.

Index Terms—Baseline, carrier phase single difference algo-
rithm, GNSS over fiber, line bias.

I. INTRODUCTION

THE global navigation satellite system (GNSS) is widely
used in applications, such as vehicle navigation and con-

trol, geophysics and geology, surveying, atmospheric explo-
ration, and so on [1]–[3]. In most civilian applications, the GNSS
based systems are usually used for single point positioning mea-
surement with an accuracy of several meters. The GNSS can also
work in the relative positioning mode, in which the carrier phase
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difference of the signals received by distributed GNSS receivers
is utilized to measure displacement or deflection behavior at
a sub-centimeter level. This accuracy can enable the measure-
ment of the attitude of vehicles [4], [5] and the monitoring of
the healthy condition of structures such as bridges, tunnels and
dams [6]–[10]. To lower the complexity and the cost caused by
the multiple GNSS receivers, a multi-antenna GNSS, which con-
sists of multiple distributed antennas and a single GNSS receiver
connected by electrical cables was proposed [11]. However, in
practical applications, the multi-antenna GNSS faces at least
two problems. First, deformation monitoring in a wide area re-
quires stable long-distance transmission of the GNSS signals,
while the electrical cables are usually lossy. In addition, there
lack convenient methods for real-time delay measurement of
the electrical cable. Second, as GNSS satellites are only visible
above the local horizon, distribution of the satellites is uniform
and symmetrical in the horizontal directions but asymmetrical
in the vertical direction, leading to a poor vertical measurement
accuracy, which is 2 or 3 times worse than that of the horizontal
one [12]. This problem directly affects the applications requiring
the vertical displacement monitoring.

To solve the long-distance transmission problem, the radio-
over-fiber technique is proposed and considered an effective
method. Previously, a GPS-over-fiber system was constructed
for aircraft attitude determination [13], [14], which applied op-
tical fiber for the transmission of differential GPS signals. To
solve the problem of low vertical component accuracy, adopting
the carrier phase SD model rather than the conventional carrier
phase DD model is a potential method [15]. The conventional
DD model can be obtained by making another difference be-
tween two satellites based on the SD model. Although the con-
ventional DD model between satellites can be utilized to elimi-
nate the errors due to the receiver’s clock bias and the line bias,
the observational noise of the DD model is

√
2 as much as that

of the SD model [16]. The concept of a multi-antenna receiver
was proposed, with 2 times improvement of the vertical accu-
racy achieved by simulation analysis in [17] and experimental
demonstration in [15]. In addition, the carrier phase SD algo-
rithm has several other advantages comparing with the carrier
phase DD algorithm. First, the SD algorithm can be applied for
different types of the GNSS. For example, the combination of
GPS and GLONASS was realized by using the carrier phase SD
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algorithm [18]. Second, higher success rate of integer ambigu-
ity resolution can be realized by the carrier phase SD algorithm
[19].

In the carrier phase SD algorithm, line bias, which denotes
the different time delays of signal paths between the antennas
and the receiver is a very important parameter [20]. Since it will
vary with time due to the temperature variation and mechanical
forces in the environment, real-time line bias monitoring should
be realized in order to improve the positioning precision of the
vertical component. In [15], cables are made equal in length
to minimize the line bias variation. However, considerable er-
rors could still exist if the temperature and mechanical force
are not uniform in the area to be monitored. To solve this prob-
lem, a GPS-over-fiber scheme with line bias monitoring using
two optical fibers in one cable is proposed [21]. However, the
measurement of the line bias is accurate only when the two opti-
cal fiber lengths change synchronously, which is not the case in
practical application. We have proposed a multi-antenna GNSS-
over-fiber architecture based on radio-over-fiber and microwave-
photonics-based line bias monitoring techniques [22]. The
proposed method have several advantages. Firstly, a radio-over-
fiber technique is proposed to reduce power transmission loss in
the conventional cable-connected distributed GNSS. Secondly,
a microwave-photonics-based fiber length monitoring structure
realized the real-time and high-precision line bias parameter
measurement. Thirdly, the carrier phase SD algorithm with line
bias compensation is utilized to improve the vertical position-
ing precision in the GNSS. But only some preliminary results
were reported, which was insufficient to understand the approach
in-depth.

In this manuscript, we perform a comprehensive theoretical
and experimental study of the GNSS-over-fiber system with
real-time microwave-photonics-based fiber length monitoring.
In Section II, an analytical model to reveal the impact of the
line bias monitoring on the 3D baseline measurement is es-
tablished, and the operational principle of the proposed multi-
antenna GNSS-over-fiber system is introduced. In Section III,
an experiment is carried out, which shows that the 3D baseline
measurement precision using the SD algorithm is within 2 mm,
and the vertical positioning precision is improved by over 3 times
compared with the case using the conventional DD algorithm.
A conclusion is drawn in Section IV.

II. PRINCIPLE

A. Carrier Phase SD Algorithm With Line Bias Compensation

The model of the GPS signal carrier phase measurement is
shown in Fig. 1. The carrier phase measurement can be written
as [23]

λφk
i = ρki − Iki + T k

i + c(δti − δtk) + LBi + λNk
i + ei (1)

where λ represents the wavelength of the carrier, φk
i denotes

the measured carrier phase, k is the satellite’s number, i is the
antenna’s number, ρki represents the geometric range between
the ith antenna and the kth satellite, I and T are the ionosphere
and tropospheric delay, c denotes the light speed in vacuum, δt
represnets the clock error, LBi represents the line bias between

Fig. 1. The model of the GPS signal carrier phase measurement.

the receiver and the antenna, Nk
i is the integer ambiguity, and

ei is the observational noise.
The SD model can be obtained by making a difference of the

measured carrier phases from two antennas,

λΔφk
ij = Δρkij + cΔδtij +ΔLBij + λΔNk

ij +Δeij (2)

where Δ is the SD operation. As can be seen, the ionosphere
delay, tropospheric delay, and the satellite’s clock bias are elim-
inated by the SD operation.

Considering that the length of the baseline is much smaller
than the distance from a satellite to an antenna, so Δρkij can be
expressed as

Δρkij ≈ |b| cos θk = skbT (3)

where b = [bx by bz] is the baseline vector, sk = [skx sky skz ]

is the normalized line of sight vector to the kth satellite, bT is
the transposed matrix of b.

Then (2) can be rewritten by

λΔφk
ij = skbT + cΔδtij +ΔLBij + λΔNk

ij +Δeij (4)

When a multi-antenna GNSS receiver with one same com-
mon clock reference source is used, the receiver’s clock bias is
eliminated, i.e.,

Δδtij = δti − δtj = 0 (5)

Suppose n satellites are tracked, The SD model can be ex-
pressed as

λ

⎡
⎢⎢⎢⎣

Δφ1
ij

Δφ2
ij

· · ·
Δφn

ij

⎤
⎥⎥⎥⎦
n×1

=

⎡
⎢⎢⎢⎣

s1

s2

· · ·
sn

⎤
⎥⎥⎥⎦ b

T +

⎡
⎢⎢⎢⎣

1

1

· · ·
1

⎤
⎥⎥⎥⎦ΔLBij + λ

⎡
⎢⎢⎢⎣

ΔN1
ij

ΔN2
ij

· · ·
ΔNn

ij

⎤
⎥⎥⎥⎦
n×1

+

⎡
⎢⎢⎢⎣

Δe1ij
Δe2ij
· · ·
Δenij

⎤
⎥⎥⎥⎦ (6)

At the local station, the carrier phase φk
i can be directly mea-

sured. Thus the vector in the left hand of (6) can be derived.
The rough locations of the satellites and the antennas can be
obtained by pseudorange and ephemeris after parsing the obser-
vation data, so the normalized line of sight vector sk can also
be achieved. The SD integer ambiguity ΔNk

ij can be calibrated
in advance by using the long-time average-filtering DD solu-
tion [24]. The real-time line bias ΔLBij equals to the initial
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line bias plus the line bias compensation parameter. The former
can be measured via the long-time average-filtering DD solu-
tion [24], while the latter is achieved in this work by using the
proposed microwave-photonics-based fiber length monitoring.
With the known Δφk

ij , sk, ΔLBij and ΔNk
ij , the baseline b can

be obtained by the least square method.

B. The Impact of the Line Bias Measurement Accuracy on the
Baseline Measurement Accuracy

To investigate the impact of the line bias measurement accu-
racy on the baseline measurement accuracy, the SD model with
line bias compensation can be rewritten as

⎡
⎢⎢⎢⎣

λΔφ1
ij −ΔLBij

λΔφ2
ij −ΔLBij

· · ·
λΔφn

ij −ΔLBij

⎤
⎥⎥⎥⎦
n×1

=

⎡
⎢⎢⎢⎣

s1

s2

· · ·
sn

⎤
⎥⎥⎥⎦ b

T +

⎡
⎢⎢⎢⎣

1

1

· · ·
1

⎤
⎥⎥⎥⎦ δΔLBij

+ λ

⎡
⎢⎢⎢⎣

ΔN1
ij

ΔN2
ij

· · ·
ΔNn

ij

⎤
⎥⎥⎥⎦
n×1

(7)

The left of (7) is the measured parameters consisting of the
carrier phase and the line bias while the right parts are the pa-
rameters consisting of the baseline vector to be calculated, the
calibration error of the initial line bias δΔLBij and the SD in-
teger ambiguity.

For simplicity, new parameters YΔ and S are defined,

Y Δ =

⎡
⎢⎢⎢⎣

λΔφ1
ij −ΔLBij

λΔφ2
ij −ΔLBij

· · ·
λΔφn

ij −ΔLBij

⎤
⎥⎥⎥⎦
n×1

(8)

S =

⎡
⎢⎢⎢⎣

s1

s2

· · ·
sn

⎤
⎥⎥⎥⎦ =

⎡
⎢⎢⎢⎣

s1x s1y s1z

s2x s2y s2z

· · · · · · · · ·
snx sny snz

⎤
⎥⎥⎥⎦ (9)

so (7) can be rewritten as:

Y Δ = [S|en]
[
bT

δΔLBij

]
+ λ

⎡
⎢⎢⎢⎣

ΔN1
ij

ΔN2
ij

· · ·
ΔNn

ij

⎤
⎥⎥⎥⎦
n×1

= BX +CN

(10)

where en = [1 1 · · · ]T, B = [S|en], X = [bT δΔLBij ]
T,

C = λIn, and N = [ΔN1
ij ΔN2

ij · · · ΔNn
ij ]

T.

To get the variance-covariance matrix of Y Δ, (8) is modified,

Y Δ = λ

⎡
⎢⎢⎢⎣

Δφ1
ij

Δφ2
ij

· · ·
Δφn

ij

⎤
⎥⎥⎥⎦
n×1

− IΔLBij = G

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

φ1
j

φ1
i

φ2
j

φ2
i

· · ·
φn
j

φn
i

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
2n×1

− IΔLBij

(11)

where

G =

⎡
⎢⎢⎢⎣

1 −1 0 0 · · · 0 0

0 0 1 −1 · · · 0 0

· · ·
0 0 0 0 · · · 1 −1

⎤
⎥⎥⎥⎦ (12)

Suppose that the precision of the carrier phase (φk
j ) mea-

surement and the line bias (ΔLBij) measurement are σ2
Φ and

σ2
ΔLBij

, the variance-covariance matrix of the carrier phase can
be obtained,

[
φ1
j φ1

i φ2
j φ2

i · · · φn
j φn

i

]T ∼ Inσ
2
φ (13)

According to (11)–(13) and the variance-covariance propaga-
tion law, the variance-covariance matrix ofY Δ can be expressed
as

QY Δ
= G(Inσ

2
φ)G

T + σ2
ΔLBij In = 2σ2

φλIn + σ2
ΔLBij In

=
(
2σ2

φλ + σ2
ΔLBij

)
In (14)

According to (10), (14) and the variance-covariance propa-
gation law, the variance-covariance of the parameter X can be
obtained [25]

QX = (BTQ−1
YΔ

B)−1 =

(
1

2σ2
φλ + σ2

ΔLBij

[S|en]T[S|en]
)−1

=
(
2σ2

φλ + σ2
ΔLBij

)(STS STen

eTnS eTnen

)−1

=

(
Qb Qb,ΔLBij

QΔLBij ,b QΔLBij

)
(15)

By calculating the inversion of the block matrix, the variance-
covariance of the baseline vector b can be given by

Qb =
(
2σ2

φλ + σ2
ΔLBij

)(
STS − STen

(
eTnen

)−1
eTnS

)−1

=
(
2σ2

φλ + σ2
ΔLBij

)(
STS − 1

n
STene

T
nS

)−1

=
(
2σ2

φλ + σ2
ΔLBij

)(
STS − 1√

n
STen × 1√

n
eTnS

)−1

(16)
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To simplify the second part of (16), we expand the inverse
matrix [26] as
(
A− aaT

)−1
= A−1 +

1

1− aTA−1a
A−1aaTA−1 (17)

a = 1√
n
STen and A = STS which is a symmetric matrix

are also defined, so we obtain

A−1aaTA−1 = A−1a
(
A−1a

)T
(18)

With (17) and (18), the second part of (16) can be expanded
as

(
STS − 1√

n
STen × 1√

n
eTnS

)−1

=
(
STS

)−1

+
1

1− 1
ne

T
nS(S

TS)−1STen

× 1

n

(
STS

)−1
STen

[(
STS

)−1
STen

]T
(19)

To simplify the second part of (19), we define the orthogonal
projection matrix of S as P s and let

P s = S
(
STS

)−1
ST (20)

F s =
(
STS

)−1
ST (21)

σ2 = 2σ2
φλ + σ2

ΔLBij
(22)

With (19)–(22), (16) can be simplified as

Qb = σ2

[
(
STS

)−1
+

1

n− (P sen)
TP sen

F sen(F sen)
T

]

(23)

To simplify the second part of (23), considering that the length
of a vector is larger than the length of its projection, so we let

p = n− (P sen)
TP sen = ‖en‖ − ‖P sen‖ > 0 (24)

F sen =
(
STS

)−1
STen

=

⎛
⎜⎜⎜⎜⎜⎜⎝

n∑
i=1

(
six
)2 n∑

i=1

sixs
i
y

n∑
i=1

sixs
i
z

n∑
i=1

siys
i
x

n∑
i=1

(
siy
)2 n∑

i=1

siys
i
z

n∑
i=1

sizs
i
x

n∑
i=1

sizs
i
y

n∑
i=1

(
siz
)2

⎞
⎟⎟⎟⎟⎟⎟⎠

−1⎛
⎜⎜⎜⎜⎜⎜⎝

n∑
i=1

six

n∑
i=1

siy

n∑
i=1

siz

⎞
⎟⎟⎟⎟⎟⎟⎠

=
(
Fx Fy Fz

)T
(25)

To analyze (25), the following considerations should be taken
into account. Due to the independence of the satellites, we have

⎧
⎪⎨
⎪⎩

limn→∞
(∑n

i=1 s
i
xs

i
y

)
= 0

limn→∞
(∑n

i=1 s
i
xs

i
z

)
= 0

limn→∞
(∑n

i=1 s
i
ys

i
z

)
= 0

(26)

Due to the limitations of the observable satellite distribution,
only the signals from GNSS satellites above the local horizon can
be attainable by the receiver. Ideally, distribution of the satellites

Fig. 2. The application scenario of a GNSS-based deformation monitoring
system.

is uniform and symmetrical in the horizontal x and y directions
while asymmetrical in the vertical z-direction, so we also have

{
limn→∞

(∑n
i=1 s

i
x

)
= 0

limn→∞
(∑n

i=1 s
i
y

)
= 0

(27)

and
∑n

i=1 s
i
z will continuously increase or decrease with n. With

(26) and (27), we have Fz � Fx, Fz � Fy. Meanwhile FxFy,
FxFz and FzFy are close to zero.

With (24) and (25), (23) can be rewritten as

Qb = σ2

[
A−1 +

1

p
(Fx Fy Fz)

T (Fx Fy Fz)

]

= σ2

⎡
⎢⎣A−1 +

1

p

⎛
⎜⎝

F 2
x FxFy FxFz

FyFx F 2
y FyFz

FzFx FzFy F 2
z

⎞
⎟⎠

⎤
⎥⎦ (28)

In (28), A−1 and 1
p are constant, F 2

z � F 2
x and F 2

z � F 2
y ,

FxFy, FxFz and FzFy are close to zero. Therefore, the z-
direction component of the measured baseline is more sensitive
to the total measurement errors of the carrier phase and the line
bias σ2, indicating that accurate determination of the line bias is
of great importance for the improvement of the vertical baseline
precision.

C. The Proposed Multi-Antenna GNSS-Over-Fiber System

Fig. 2 shows a typical application scenario of the multi-
antenna GNSS-based deformation monitoring system. One of
the antennas is fixed on a rigid platform as the reference an-
tenna, and other antennas are installed at the places that need to
be monitored. The displacement can be monitored by calculat-
ing the different baselines between the fixed reference antenna
and the remote antennas.

Fig. 3 shows the schematic diagram of the proposed multi-
antenna GNSS-over-fiber system. The proposed system consists
of GNSS-over-fiber transmission links, the real-time line bias
monitoring modules and a local processing unit. At the remote
site, GNSS signals are tracked by distributed antennas, then they
are converted into optical signals with a Mach-Zehnder modu-
lator (MZM) and a laser diode (LD). As compared with the
directly-modulated link used in [21], the external modulated
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Fig. 3. Schematic diagram of the proposed multi-antenna GNSS-over-fiber
system. OC: optical coupler; LD: laser diode; PD: photodetector; MZM: Mach-
Zehnder modulator; C: circulator; LFM: linearly frequency-modulated signal.

Fig. 4. Principle of the real-time microwave-photonics-based fiber length
monitoring.

link in the proposed system has a lower noise floor [27], lead-
ing to a higher sensitivity of the system. The optical signals are
transmitted to the local processing center via optical fibers. At
last, the signals are detected by photodetectors (PDs) and parsed
by a multi-channel receiver. In our experiment, remote GNSS
antennas are close to each other, it is easy to connect MZM1 and
MZM2 with LD1. However, in practical application as shown in
Fig. 2, antennas are far from each other, an additional long fiber
should be needed.

At the local station, an optical carrier from another LD is mod-
ulated by a linear frequency modulated (LFM) signal, which is
split into multiple transmission links as the line bias monitoring
signal. The optical monitoring signal is inserted into the trans-
mission channel through an optical circulator and transmitted to
the remote site. With an optical circulator, an optical isolator and
an optical coupler (OC) at the remote site, the optical monitoring
signal is reflected back to the local processing center.

The frequency of the LFM signal can be expressed as:

fs = f0 +
B

T0
t (29)

where f0 is the initial frequency, T0 and B are the duration and
bandwidth of the LFM signal. If the transmission delay of the
SMF1 is τ1, and the monitoring signal undergoes a round trip
so the time delay should be 2τ1. The frequency of the detected
signal is expressed as:

fb1 = f0 +
B

T0
(t− 2τ1) (30)

In our experiment, as can be seen in Fig. 4, two of the reflected
LFM signals are mixed, which can generate an intermediate
frequency (IF) signal. The frequency of the IF signal can be
written as:

fIF = fb1 − fb2

Fig. 5. Flowchart of the proposed SD algorithm with line bias compensation.

=
2B

T0
(τ2 − τ1)

=
2nB

T0

(
L2 − L1

c

)
(31)

where L is the length of the fiber, n represents the refractive index
of the optical fiber. The IF signal is proportional to the length
difference of the two optical fibers which is used to calculate the
line bias parameter.

In a typical bidirectional optical communication system, sig-
nals transmitted in two directions have the same signal structure.
Such system is intrinsically sensitive to crosstalk from reflec-
tions and Rayleigh backscattering, since the crosstalk is directly
coupled to the receiver. However, in our system, the GNSS sig-
nal and LFM signal are totally different in the signal type and
power. On the one hand, the power of the received GNSS signal is
∼−130 dBm, which is much lower than that of the LFM signal.
Therefore, the GNSS signal can hardly affect the monitoring sig-
nal. On the other hand, the LFM signal is a frequency-varying
signal with a certain cycle, yet the frequency of the GPS L1
signal is a narrowband signal with certain center frequency of
1.57542 GHz. The narrow-band electrified filter in the GNSS re-
ceiver can filter the LFM signal well. Therefore, the LFM signal
will not affect the GNSS receiver track the GNSS signal.

Fig. 5 shows the flowchart of the proposed SD algorithm with
line bias compensation. The observation data of the remote an-
tennas are transmitted to the local station by optical fibers. At the
processing center, the IF signals are obtained by the proposed
scheme in Fig. 3 and further translated to the line bias parameter.
Then the SD algorithm with line bias compensation in (6) can
be established by using the observation data and the line bias
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Fig. 6. Output RF power as a function of the input RF power of the external
modulation based APL.

parameter. Finally, the 3D baseline can be obtained with fixed
inter ambiguities.

III. EXPERIMENT RESULTS AND DISCUSSION

A proof-of-concept experiment is carried out based on the
configuration shown in Fig. 3. An external modulation based
analog photonic link (APL) is established for GNSS signal trans-
mission. A lightwave at 1550.55 nm is generated from a laser
source (TeraXion) with an output power of 17 dBm and split
into two GNSS-over-fiber links by a 50:50 optical coupler. An
MZM (Lucent 2623NA) with a bandwidth of 10 GHz and a
PD with a bandwidth of 10 GHz, a responsivity of 0.65 A/W
and a sensitivity of −19 dBm are used for electrical-to-optical
and optical-to-electrical conversion, respectively. The electrical
spectrum is measured by a 40-GHz electrical spectrum analyzer
(ESA, Agilent E4447AU).

A. The Performance of the GNSS-Over-Fiber Link

To investigate the performance of the GNSS-over-fiber link,
a two-tone RF signal is introduced to the APL. The frequencies
of the two-tone RF signal are 1574 MHz and 1576 MHz GHz
which are close to GNSS L1 carrier frequency (1575.42 MHz).
The gain of the APL is−29.8 dB, which can be obtained from the
relationship between the input and output power of the two-tone
RF signal, as illustrated in Fig. 6.

One of the key parameters that need to be noted is the noise
figure of the APL. In our implementation, the noise floor is
−161 dBm/Hz by taking into account three main noise sources
in the APL, including thermal noise, shot noise, and relative in-
tensity noise [28]. Table I shows the nominal sensitivity perfor-
mance of several well-known GNSS receiver chips. Considering
that the noise floor of the APL is lower than the sensitivities of
most GNSS receiver chips, such extra APL will not degrade
the sensitivity of the whole system. On the other hand, due to
the high spurious-free dynamic range (SFDR) of the APL (from
−131.2 to −29.3 dBm), the weak GNSS signal with a received
power of ∼−130 dBm can be easily delivered to the processing
center after a low noise amplifier with low power consumption.

TABLE I
SENSITIVITIES OF DIFFERENT GNSS CHIPS

Fig. 7. The IF frequency as a function of the optical delay.

B. The Performance of the Line Bias Monitoring Module

In the line bias monitoring module at the local station, an
arbitrary waveform generator (AWG, Keysight M8195A) gen-
erates a 20-GHz LFM signal. A high sensitivity PD (Thorlabs
PDB450C-AC) with a bandwidth of 150 MHz and a conversion
gain of 103 V/A is utilized to detect the IF signal. In the experi-
ment, the initial length difference between the two optical fibers
generates an IF frequency of ∼63.9070 MHz. A variable optical
delay line (VODL) is adjusted to introduce the variation of the
line bias. The IF frequency is recorded while the VODL changes
from 0 to 20 mm by a step of 2 mm. Fig. 7 shows the depen-
dency relation between the IF frequency and the optical delay. A
linear curve is obtained with a slope of ∼0.065 MHz/mm. The
measurement results maintain great consistency.

To analyze the factors that affect the line bias measurement
precision, we write the measurement error of the fiber length
difference δL as

δL =
cT0

2nB
δfIF (32)

where δfIF represents the frequency measurement error of the
IF signal. From (32), the accuracy of the line bias is determined
by the frequency measurement error of the IF signal and the
bandwidth of the LFM signal. In addition, the linewidth of the
IF signal would be enlarged because of the limited degree of lin-
earity of the LFM signal, leading to further measurement errors
of the line bias. Based on the error bar in Fig. 7, the maximal
standard deviation (STD) of the IF frequency measurement is
∼0.022 MHz, indicating that the precision of the line bias mea-
surement using the proposed system is ∼0.338 mm. To improve
the precision of the line bias measurement, an LFM signal with
better linearity and a wider bandwidth can be used.
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Fig. 8. The experiment setup for the outdoor measurement.

Fig. 9. The three-dimensional high precision device alignment stage used to
emulate the building vibration.

C. The Measurement Accuracy of the Proposed
GNSS-Over-Fiber System

Outdoor experiments are carried out based on the schematic
diagram shown in Fig. 3 to verify the precision improvement
by using the proposed system. As shown in Fig. 8, the remote
site is set on the roof of our laboratory building to provide an
unshielded observation environment for the 3D baseline mea-
surement. Two 200-meter-long single-mode optical fibers are
utilized as the transmission link between the remote site and the
local station. The processing unit and the line bias monitoring
module are placed in the laboratory. The processing unit con-
sists of a multichannel receiver for GNSS signal processing and
a computer for the carrier phase SD algorithm with line bias
compensation.

A three-dimensional high precision device alignment stage is
employed to emulate the building vibration, as shown in Fig. 9.
To obtain the measurement precision of the three directions of
the baseline, the alignment stage is moved by 50 mm × 2 in

TABLE II
X-AXIS MEASUREMENT RESULTS

TABLE III
Y-AXIS MEASUREMENT RESULTS

TABLE IV
Z-AXIS MEASUREMENT RESULTS

each of the three directions. Fig. 10 shows the 3D baseline
measurement results of the SD model using the proposed sys-
tem and the conventional DD model, and Tables II, III and IV
compare the STD and the displacement of the three components
achieved by the two models. Table II shows the x-axis statistical
result of the device moving along the x-axis. Table III shows the
y-axis statistical result of the device moving along the y-axis.
Table II shows the z-axis statistical result of the device moving
along the z-axis. Fig. 10(a) and (b) represent the baseline mea-
surement results of the horizontal displacement. From Tables II
and III, it can be found that the precision of the x and y com-
ponents of the SD model during the three stages are all below
2 mm, which is very close to those achieved by the DD model.
However, the precision of the z component is improved from
6.9 mm by the DD model to 1.2 mm by the SD model as seen
in the z-axis result of Fig. 10(a), and from 12.8 mm by the DD
model to 2.7 mm by the SD model as seen in the z-axis result
of Fig. 10(b), indicating improvements of 5.75 and 4.74 times,
respectively. Regarding the vertical component during the three
stages, the SD model still provides a measurement precision of
less than 2 mm, while that obtained by the DD model is over
3 mm. As can be seen in Table IV, the precision of the verti-
cal component is improved from 3.3 mm by the DD model to
1.0 mm by the SD model in Stage 1, from 8.3 mm by the DD
model to 1.2 mm by the SD model in Stage 2 and from 4.8 mm
by the DD model to 1.1 mm by the SD model in Stage 3, indi-
cating improvements of 3.30, 6.92 and 4.36 times, respectively.
For the displacement measurements, the SD model has errors of
1.3 mm and 1.0 mm while those obtained by the DD model are
3.3 mm and 8.1 mm.

These experimental results show that the vertical positioning
precision can be greatly improved by using the proposed method,
while the horizontal positioning precision is not reduced.
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Fig. 10. Baseline measurement results of the conventional DD model and the
SD model. (a) The measurements of the device moving along the x-axis. (b) The
measurements of the device moving along the y-axis. (c) The measurements of
the device moving along the z-axis.

IV. CONCLUSION

A multi-antenna GNSS-over-fiber system with a line bias
monitoring module has been proposed for high accuracy 3D
baseline measurement. In the proposed system, an external-
modulation based APL was used for stable long-distance trans-
mission of the GNSS signals. To improve the vertical precision,
the carrier phase SD algorithm with microwave-photonics-based
line bias compensation was used instead of the carrier phase DD
algorithm. Outdoor measurement results demonstrated that an
over-3-time improvement in the vertical positioning precision
was achieved. The proposed method can be potentially applied
for the measurement of the attitude of vehicles and the monitor-
ing of the healthy condition of structures.
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