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Abstract The multi-antenna synchronized global navi-
gation satellite system receiver is a high precision, low
cost, and widely used emerging receiver. Using this type of
receiver, the satellite and receiver clock errors can be
eliminated simultaneously by forming between antenna
single-differences, which is equivalent to the conventional
double-difference model. However, current multi-antenna
synchronized global navigation satellite system receiver
products have not fully realized their potential to achieve
better accuracy, efficiency, and broader applications. This
paper introduces the conceptual design and derivable
products of multi-antenna synchronized global navigation
satellite system receivers involving the aspects of attitude
determination, multipath effect mitigation, phase center
variation correction, and ground-based carrier phase wind-
up calibration. Through case studies, the advantages of
multi-antenna synchronized global navigation satellite
system receivers in high-precision positioning applications
are demonstrated.

Keywords multi-antenna synchronized global navigation
satellite system receiver, high-precision positioning, attitude
determination, multipath effect mitigation, phase center
variation correction, ground-based carrier phase wind-up
calibration

1 Introduction

As an emerging positioning and attitude determination
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approach in the past two decades, global positioning
systems (GPS) have been widely used in automatic
navigation of intelligent cars and spacecraft, shipping,
deformation monitoring, and military devices such as
radars, cannons, tanks, missiles, and shoulder launchers.
The evolution of such a system can be traced back to the
early 1980s.

In the early 1980s, GPS was applied to attitude
determination to complement the weaknesses of inertial
navigation systems, which included error accumulation,
long cold starting time, complicated structure, and high
cost. At this stage, these applications of GPS were confined
to system simulations (Hermann, 1985) or military
experiments (Kruczynski et al., 1989) because they
performed relatively poorly and were expensive.

Since the 1990s, several big companies have conducted
extensive studies and tests for the GPS attitude determina-
tion system, and launched several receivers and processing
software. Such programs included the 3DF of Ashtech Inc.
(Ashtech Inc., 1991) and the Tans Vector of Trimble Co.
Ltd (Wilson and Tonnemacher, 1992). However, this
specialized equipment was expensive and had poor
flexibility in application. With the continuous progress
and development of GPS receiver technology, manufac-
turers proposed a series of high-quality GPS original
equipment manufacturer (OEM) boards (Fenton et al.,
1991; Cannon et al., 1993). Subsequently, attitude
measurement experiments combining multiple indepen-
dent OEM boards were undertaken (Cannon and Lacha-
pelle, 1992; Lu et al., 1994).

In recent years, to further reduce costs, OEM boards
with clock synchronization technology (signals from
multi-antennas are synchronized using a common clock)
have been introduced for precise attitude determination. In
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this study, this type of receiver system will be termed as the
multi-antenna synchronized global navigation satellite
system (MS-GNSS) receiver system. For simplicity,
‘receiver system’ will be replaced by ‘receiver’. Compared
with the multi-antenna receiver that combines two
standalone devices, the MS-GNSS receiver ensures lower
cost and greater accuracy when determining directional
attitude.

Recently, commercial MS-GNSS receivers have
expanded rapidly. Such equipment exhibits great advan-
tages such as low cost, flexibility, and high precision.
However, the benefits of the clock synchronization
technology have not yet been fully realized. First, some
commercial products of this type of receiver still adopt the
double-difference (DD) algorithm. Second, the MS-GNSS
receiver is still limited in use to attitude determination.
This study aims at investigating the potential of the MS-
GNSS receiver with a single-difference (SD) algorithm to
further improve its accuracy and flexibility and to extend
its applications.

The rest of the article is structured as follows. An
introduction to the MS-GNSS receiver, which includes its
conceptual design and typical products, is provided in
Section 2. The potential of this new type of receiver in
high-precision positioning applications (such as attitude
determination, multipath mitigation, phase center variation
correction, and ground-based carrier phase wind-up
calibration) is presented in Section 3. Section 4 concludes
with a summary.

2 MS-GNSS receiver

2.1 Conceptual design

The conceptual design of a typical MS-GNSS receiver is
shown in Fig. 1 (taking a dual-antenna device as an
example). The signal processing workflow is as follows:
First, the radio frequency (RF) signals are received by the
master and slave antennas. Next, a common reference
clock is used to convert the RF signals into intermediate
frequency (IF) signals. The IF signals are then correlated
with the locally generated pseudo-random code to obtain
raw observations such as pseudo-range, carrier phase,
signal-to-noise ratio, and Doppler. Finally, the position,
time, and attitude solutions are computed in the central
processing unit based on the measurements mentioned
above. A critical feature of this emerging receiver is that all
the tracking channels of the multiple antennas are
controlled by a single oscillator.

2.2 Typical products

Typical commercial products of the MS-GNSS receiver
and their basic parameters are presented in Table 1.
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Fig. 1 Conceptual design of the MS-GNSS receiver.

Table 1 Typical MS-GNSS receivers

Receiver Company Number of Satellite
antennas

AsteRx2eH  Septentrio NV 2 GPS, GLONASS
BD982 Trimble 2 GPS, GLONASS, BeiDou,

SBAS
Triumph-4x Javad 4 GPS, GLONASS, SBAS
TOAS100D OlinkStar 2 GPS, BeiDou
K528 ComNav 2 GPS, BeiDou

3 Advantages of the MS-GNSS receiver in
high-precision positioning applications

This section explains the advantages of the MS-GNSS
receiver in high-precision positioning applications such as
attitude determination, multipath mitigation, antenna phase
center variation correction, and ground-based carrier phase
wind-up calibration.

3.1 Attitude determination

Attitude determination is the most important application of
multi-antenna GNSS systems. Its calculation process is
divided into two steps. The first is to solve for the baseline
vector using carrier phase observations, the second is to
obtain the carrier attitude from the baseline vector. The
carrier phase observation from a single antenna is defined
as:

1, . ) ) ) )
b4 =;(p’A + ¢ 01, —c oty + Ty + L) + Nj

+ @pcy, + Qurp, T ¢5v1PA +¢&, (1)

where i is the satellite index; A4 is the index of the receiving
antenna; p is the geometric distance; dz, and Jz, are the
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receiver and satellite clock errors; 7 and [ are the
troposphere and ionosphere delays, where T is frequency
independent and [ is proportional to the inverse of
frequency squares; N is the ambiguity; ¢pcy is the antenna
phase center variation; @yppis the uncalibrated phase
delay (UPD), which is satellite independent (Ge et al.,
2008); ¢,4p 1s the multipath error; 4 is the wavelength of the
carrier phase electromagnetic wave; c¢ is the velocity of
light; and ¢ are the measurement noise and unmodelled
errors, such as the orbital error.

For between-antenna SD observables, the satellite clock
term is canceled out. For the MS-GNSS receiver, the
receiver clock term is further canceled out because of the
common clock. For short baseline observables, the atmo-
spheric and ionospheric delays, and other geophysical
delays (such as from earth tide) are greatly reduced and can
be ignored. If we set up the orientation of the two antennas
to be the same, the receiver antenna phase center variation
term is also eliminated. Thus, the SD observation equation
becomes:

1 . A
Ap = IA/)ZB + AN’y + Apupp,, + Apyp,, + Aeyp, (2)

where A is the SD operator between the master antenna B
and the slave antenna 4.

For comparison, we also list the DD carrier phase
observation equation:

1 i ij ij
VAp — EVA'O/JIB + VAN, + VA@ pas + VAL, (3)

whereVA is the DD operator between antennas and
satellites.

Because the DD model can eliminate satellite and
receiver clock errors simultaneously, it is widely used in
commercial receivers. Although the SD model can also
remove both satellite and receiver clock errors for the MS-
GNSS receiver, which is functionally equivalent to the DD
model, many companies still adopt the DD model for its
maturity. Another reason the DD model is preferred is that
the integer ambiguity term and the float UPD term are fully
coupled in the SD model. Thus, its ambiguity term lost its
integer nature and the integer ambiguity resolving
algorithm, such as the LAMBDA algorithm (Teunissen,
1995; Teunissen et al., 1997), cannot be directly
implemented. However, the SD model has many potential
advantages and broad use. For example, the DD model can
only obtain the between satellite differenced baseline
multipath and phase center variation solutions, while the
SD model obtains them for each satellite. Thus, the SD
model can easily construct the baseline multipath and
phase center variation correction model for real-time
applications. Details will be discussed in the following
sections.

3.1.1 A new approach for integer ambiguity resolution of
SD observables

For the MS-GNSS receiver, both the satellite clock and
receiver clock errors can be eliminated simultaneously by
forming SD (denoted by MS-SD in this study). Compared
with the DD algorithm, the MS-SD model has more
observations and redundancy and lower correlations
among estimated parameters. Taking the dual-frequency
receivers as an example, the theoretical performance
comparison between the DD and MS-SD algorithm is
presented in Table 2 where n is the number of satellites and
m is the number of epochs.

Table 2 Theoretical performance comparison between DD and MS-

SD algorithm

DD MS-SD
Number of observations (n—1)*m*4 n*m*4
Redundancy (n—1)*m*4—(m—-1)*2—-6 n*m*4—n*2—8
Correlation High Low

The biggest obstacle to realizing the MS-SD algorithm is
the resolution of the integer ambiguity. Only in the DD
case is the ambiguity purely integer. Currently, the widely
used LAMBDA algorithm (Teunissen,1995; Teunissen et
al.,1997) to solve integer ambiguity first de-correlates the
ambiguities by means of the Z-transformation, and then
obtains integer ambiguity by searching over an ellipsoidal
ambiguity search space. Since this procedure is based on
the premise that the initial real phase must be eliminated, it
is viable for fixing the DD integer ambiguity.

To resolve the difficulty in the MS-SD case of fixing the
integer ambiguities contaminated by the float UPD (or line
biases), Li et al. (2004) proposed a new algorithm
integrating both the MS-SD and DD models. The proposed
algorithm is composed of two key steps. The first step is to
fix integer ambiguities in the DD carrier phase combina-
tions, and the second step is to solve UPD and MS-SD
integer ambiguity from MS-SD observations based on the
coarse attitude obtained from the DD model. The average
values of the bias between this GPS and inertial
measurement unit solutions on roll, pitch, and yaw are
0.012°, —0.056°, and -0.054°, respectively, and the
standard deviations are 0.16°, 0.13°, and 0.23°.

Dong et al. (2015a) and Zhou et al. (2015) proposed a
new ambiguity substitution approach (ASA) for the MS-
SD model for real-time attitude determination. The ASA
method introduces an additional UPD parameter estimated
together with the ambiguity parameters. Such a procedure
functionally raises correlations between the ambiguity
parameters, contrasting with the de-correlation philosophy
of the LAMBDA algorithm (Teunissen,1995; Teunissen et
al.,1997). The ASA approach successfully separates the
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common real initial phase from integer ambiguity because
of the strong correlation between this additive parameter
and the ambiguity parameters. This method solves the MS-
SD integer ambiguity with improved efficiency and
accuracy, which makes the advanced SD model feasible
with full use of clock synchronization technology. To test
the accuracy of the MS-SD method, a comparative
experiment of dynamic short baseline attitude determina-
tions with the Trimble software was conducted based on a
turning table (Fig. 2(a)). In this experiment, a Trimble
BD982 MS-GNSS receiver was used. Two antennas were
connected to the same receiver and mounted on a turning
table. The turning table rotated clockwise and counter-
clockwise to 325° alternately. The above process was
repeated for 31 cycles. The baseline was 0.175 m long. The
sampling frequency was 10 Hz. We solved the baseline
vector parameters in the geographic coordinate system
using the Kalman filtering algorithm, where the x-axis was
towards the east and the y-axis towards the north. Fig. 2(b)
shows the trajectories of the estimated baseline vector
between the master and slave antennas. The red symbols
represent the results of the MS-SD method while the blue
symbols represent the output of the Trimble software. It
indicates that the trajectory obtained by the proposed
method is consistent with the results from the Trimble
software, and the results of the former method display
lower dispersion.

3.1.2 Integrated attitude determination with GPS/
GLONASS

Satellite visibility is a major concern in an urban
environment. A joint solution of multi-satellite systems is
an effective strategy for this problem. GLONASS is an
important component of GNSS. However, the DD model

y/m

@
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cannot be used directly because the GLONASS signals are
of different frequencies. Keong and Lachapelle (2000)
developed a MS-SD model to determine heading and pitch
using GPS/GLONASS signals. To eliminate the receiver
clock error, a common oscillator was connected to two
Ashtech GG24™ receivers (Fig. 3). A kinematic test was
carried out to compare the performance of the GPS/
GNOLASS SD and GPS DD solutions. The results
indicate that the availability of the former solution is 8%
higher than of the latter. Thus, with the help of multi-
antenna synchronization technology, the GPS/GLONASS
SD model shows potential to improve availability under
signal masking conditions.

3.2 Multipath effect mitigation

The multipath effect remains an unsolved error source that
complicates high-precision GPS analysis. In addition to
direct signals from the satellite, a GPS receiver simulta-
neously receives reflected signals from surrounding
reflectors. The multipath effect cannot be estimated
through the difference technique or analytic model because
of the irregular shape, distribution, and complicated
reflective properties of reflecting objects. Therefore,
researchers have proposed various approaches for multi-
path effect mitigation. These approaches include: 1)
Selecting a proper site to avoid strong reflection and
intense radiation, 2) Improving GPS receiver hardware by
modifying the antenna structure (Young and Mechan,
1988) and the tracking loop technologies (Nee, 1992; Van
Dierendonck et al., 1992; Townsend and Fenton, 1994),
and 3) Several types of data processing methods. The site
selection approaches are subjected to real environments
and receiver hardware improvement technologies, which
partially reduce multipath errors but increase costs.
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Fig. 2 Comparative experiment between MS-SD method and Trimble software. (a) Dynamic short baseline attitude determination
experiment based on turning table. (b) The estimated trajectories of baseline vectors between the master and slave antennas using MS-SD

method and Trimble software.
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Fig. 3 Hardware Installation for GPS/GNONASS system
(Keong and Lachapelle, 2000).

Software-based data processing methods become the main
means of mitigating multipath errors. These methods can
be divided into two categories. One is offline data
processing methods such as wavelet analysis (Souza and
Monico, 2004) and filtering methods for separating
random and multipath errors (Ge et al., 2000; Zheng et
al., 2005). The other is using real-time processing
algorithms including the sidereal filtering method based
on the temporal repeated nature of multipaths for the
satellite constellation (Genrich and Bock, 1992; Bock et
al., 2000; Ragheb et al., 2007) and the look-up table
method based on the repeatability between multipath and
the satellite position in the sky (Cohen and Parkinson,
1991; Dong et al., 2014; Fuhrmann et al., 2015). The
benefits of using MS-GNSS receivers for solving multipath
errors in real time will be discussed in detail in the next two
sections.

3.2.1 Sidereal filtering

Sidereal filtering is developed on the basis that the GPS
satellite constellation in the sky repeats nearly every
sidereal day (23 h 56 m 04 s). If the receiving antenna is in
a fixed position and the surrounding environment remains
static, the relative geometric relationship of the satellite-to-
antenna phase center is the same each sidereal day, and the
multipath error of the observation site will also repeat.
Taking advantage of this property, the repetitive multipath
noise can be eliminated by modeling the repeated
observations on consecutive sidereal days. However,
some studies show that each GPS satellite has a different
orbital repeat period (Choi et al., 2004; Larson et al.,
2007), which will affect the accuracy of sidereal filtering
especially when processing real-time estimations. For this
reason, some advanced sidereal filtering algorithms have
been explored in recent studies, for instance, the modified
sidereal filtering (Choi et al., 2004) and the aspect repeat
time adjustment (ARTA) method (Larson et al., 2007).

The ARTA method is more consistent with the real GPS
orbits, and can improve the accuracy of GPS positioning
with a high sample rate. However, this method is suitable
only when the visible satellites are the same on each day
(Bilich, 2006; Larson et al., 2007), which is difficult to
satisfy in reality. To solve the above problem, Zhong et al.
(2010) proposed a new sidereal filtering algorithm based
on SD. Experiments were conducted to compare the
suggested method with classical sidereal filtering and
ARTA. The results show that this method can reduce the
root mean square value of 3D GPS positioning noises by
82% on average and improve the accuracy of the sidereal
filtering and ARTA method by 13% and 7% respectively.
Ye et al. (2014) applied a similar approach to BeiDou
satellite observations. The experimental results showed
that the proposed approach can promote the precision of
BeiDou positioning by 56%, 48%, and 48% in the north,
east, and vertical components. By using combined GPS +
BD positioning, the accuracy can reach 0.95 mm, 0.92
mm, and 2.31 mm in the three directions respectively,
which is better than that of the single system.

Because the MS-GNSS receivers were not used in the
above studies, to eliminate receiver clock error the DD
residuals were first obtained by forming DD, and were then
transferred to the SD residuals for subsequent calculations.
Suppose &z is the SD residual of receiver 4 and B with

satellite 7 and &’ is the DD residual of receiver 4 and B
with satellite i and j, the transformation matrix is as
follows:

[w; wy wy w, | [ s |
1 -1 0 0 ||&p
10 -1 &y
1 0 0 -1 :
- - L®4B ]
[ Z wigp |
Eip
= el , “)
L ey

where w; is the weighting factor for each satellite. If there
are n single differences, only n—1 linearly independent
DDs can be formed. To obtain the inverse matrix, the “zero
mean” assumption (Alber et al., 2000), which set Z wiE g

=0, can be used to derive the weighting factor w;.

As mentioned in Alber et al. (2000), the “zero mean”
constraint will introduce extra errors during the transfor-
mation process. Suppose there are five satellites, and their
weighting factors are equal. Based on the “zero mean”
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constraint, Eq. (4) can be expressed as:

- o rel 7 T 0
E4p 0

1 1 1 1 1
1 -1 0 0 o0& €
10 -1 0 0 ||| =]|&3
L0 0 1 0 ||g gl
- ! 0 0 -1 - —8513 J est -8}1% d real
-0 -
8/113 _3513
= | eip—Exp ) %)
3/]13 _ng
L 8}13 - 8/543 d real
and the SD residual becomes:
rl 1 1 1 1 7
ol 55 5 5 5 ron
€ap 14 01 1 1
G 5 5 5 5 5 ||é&n
S T S R T R O
| TI5 5 5 5 5 ||t
€ls 11 4 1&g
. 55 5 5 5]
—gAB - est 1 1 1 1 4 -SAB d real
L5 5 5 5 54
r4 ., 1 &2 3 4 53]
ggABfg( 15+ Eap T+ Eap + E4p)
4 1
ggﬁgfg(gflw + &+ Ep + Eip)
4 1
= gfjg—g(giz? + &y + Elp + E1p)
4 1
ggjgfg(gig +Ep + Eip + &)
4

1
ggigfg(gfw + & + g + Ep)

- real
(6)

Eq. (6) shows that the estimated SD residual is not the
real SD residual, and these extra errors will subsequently
cause estimation errors of the multipath effect.

However, with the MS-GNSS receiver, we can obtain
the SD residuals directly and avoid the occurrence of
transformation errors, which will then enhance the
accuracy of the estimated multipath effect.

3.2.2 Look-up table method

Sidereal filtering is based on the time-domain repetitive
geometric relationships between the satellite, receiving

antenna, and surrounding environment. However, the look-
up table method is based on the fact that the multipath
effect is only related to the orbital position of the
transmitting source in the sky under the premise of an
unchanged relative position between the reflection source
and the receiving antenna. Therefore, multipath effect
corrections can be determined with the elevation and
azimuth angles of the satellite by mapping the multipath
environment around the GPS antenna (Cohen and
Parkinson, 1991; Cohen, 1992). The advantage of the
look-up table method is that it is independent of the
satellite and explores the space-time invariance of the
multipath effect under an unchanged environment. There-
fore, this method is applicable for static environments and
also for dynamic carriers where the dominant multipath
environment is static, such as for ships and airplanes.

Relying on the MS-GNSS receiver, Dong et al. (2014)
constructed a multipath hemispherical map (MHM) to
mitigate the multipath effects. Because the receiver clock
error is eliminated, the SD phase of the short baseline is
expressed as:

Ap = A(/’; + Aphp + Apupp + Ag, (7

where A is the MS-SD operator, i is the satellite index, ¢ is
the observed carrier phase, ¢, is the geometry distance
including the ambiguity parameter, ¢;,pis the phase
distortion caused by the multipath effect, ¢ ppis the
UPD parameter, and ¢ is the residual error.

The geometry term in Eq. (7) can be eliminated by
tightly constraining the baseline vector and resolving the
integer ambiguities, and the gridded Agi, are then
estimated directly. Although the solutions are constructed
on the geocentric coordination system, the satellite position
in the sky is determined by switching to the topocentric
coordinate system (taking the master antenna as the
origin). Then we can obtain the azimuth angle o and
elevation angel z of satellite i:

a = tan~ ! <%>, ®)

z=tan ! ( v ) )
VE? +N?)’
where N, E, U is the coordination of satellite i in the
topocentric coordinate system. Thus, the gridded multipath
of the short baseline Ag},p can be visualized as a celestial
hemispherical map of multipath errors, which is shown in
Fig. 4. The multi-days multipath mitigation experimental
results based on a static short baseline demonstrate that
MHM is able to reduce the multipath error by more than
40%.
The look-up table method becomes feasible owing to the
emergence of the MS-GNSS receiver. The applications of
multipath mitigation are consequently extended to the
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Fig. 4 Spatial distribution of multipath error on celestial hemi-
sphere (Dong et al., 2014).

dynamic environment where the primary multipath is
caused by the carrier body itself.

3.3 Phase center variation correction

Phase center variation (PCV) refers to the deviation of the
instantaneous phase center of the antenna relative to its
average phase center, which depends on the elevation (and
azimuth) of the measured satellites. Both the transmitting
and receiving antennas have PCV. Usually, PCV is several
millimeters, and for some antennas up to several
centimeters. Thus, it is a crucial error source and should
be taken into account for high-precision GPS applications.
For long baselines, PCV is difficult to eliminate or weaken
using the difference method, and should be corrected by a
model.

Measurement methods for the antenna PCV are divided
into anechoic chamber measurements (Schupler et al.,
1995) and field measurements (Wiibbena et al., 1996;
Mader, 1999; Bilich and Mader, 2010). The former method
needs the construction of an anechoic chamber, which is
costly, rendering it impractical for commercial use. In
addition, although it is assumed there is no multipath effect
in the anechoic environment, some research studies show
that the pattern of the test antenna in an anechoic
environment is different from in a field environment
including multipaths (Rothacher et al., 1995; UNAVCO,
1995). Therefore, the field calibration is recognized as a
more feasible method for calibrating PCV.

Field calibration methods include the SD method
(Mader, 1999; Bilich and Mader, 2010) and DD method
(Wiibbena et al., 1996).

The calculation of PCV measurements with SD
observations must rely on the clock synchronization
technology, thus in this study we call these methods the

MS-SD PCV measurement methods. Mader (1999)
conducted relative PCV measurements through MS-SD
phase observations. In this study, JPL D/M + crT is used as
the reference antenna. The test antennas are located 5 m
away at approximately the same height. A rubidium
oscillator is used as an external frequency standard to
eliminate the receiver clock error (Fig. 5). The root mean
square repeatability of PCV obtained through correcting
different antennas of the same type is on the order of
several millimeters, which indicates that this method can
be used for accurate PCV measurements. Clock synchro-
nization technology can also be used for absolute PCV
measurements, which are more accurate than relative PCV
measurements. Bilich and Mader (2010) conducted
absolute PCV measurements by forming the time differ-
ence of the MS-SD observations (TDSD for short). The
calibration baseline is located in a large flat field with only
a few reflecting objects in the far field (Fig. 6(a)). The
referenced antenna was kept fixed while the test antenna
was controlled by a two-axis robot that made it rotate
automatically (Fig. 6(b)). The process of TDSD is: First,
use the MS-SD operation to eliminate common errors such
as the satellite clock, atmosphere, and receiver clock errors.
Second, use the time-difference operation to eliminate
multipath effects and the phase center of the reference
antenna. Finally, the phase center offset and PCV of the test
receiver are estimated with a two-stage least-squares
solution based on the TDSD observations. A Septentrio
AsteRx2eH MS-GNSS receiver was used in the compar-
ison experiments on the Trimble Zephyr Geodetic 2
antennas (S/N 30212661 and 30212716) and Ashtech
Geodetic III “Whopper” antennas (S/N 11885 and 11869)
between the TDSD method and IGS measurement. The
results show that the PCV values obtained using the TDSD
method agree within 1 mm of the published IGS values.

L\
g
5m ®
Reference antenna Rubldlum Test antenna
. oscillator .
north pier south pier

1 I
| 7-12 |

| 7-12 |

Fig. 5 Relative MS-SD PCV measurement experiment (Mader,
1999).

Wiibbena et al. (1996) proposed a DD method for
absolute PCV measurement. In this experiment, a
reference antenna was fixed while the direction of the
test antenna was variable, as in the TDSD method. There
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Fig. 6 Absolute MS-SD PCV measurement experiment (Bilich and Mader, 2010). (a) The calibration baseline. (b) Two-axis robot used

to move the test antenna.

are four steps in the DD absolute PCV measurement
method. First, eliminate the multipath, PCV of the
reference antenna, and the complete geometric information
by building a mean sidereal day time difference. Second,
eliminate the clock and atmospheric terms with DD. Third,
estimate the DD PCV of the test antenna. Finally, calculate
the PCV based on DD PCV.

Suppose that two epochs in a sidereal day interval are 1
and 2, and the common satellite is i. The final equation for
SD PCV method can then be expressed as:

(10)

where a is the azimuth angle of the satellite and z is its
elevation angle. Assume there is another satellite j, the
equation of DD PCV solution is:

VAVI{? = [Vz(aé’zé) g (“ﬁ%)*”z(ag,zé)

AVliz = [Vz (aéazé) ! (ali ,zﬁ)},

+ vi(di,z1)]. (11)

From the above two equations, it is obvious that the rank
deficiency of the DD approach is more serious than that of
the MS-SD approach. The rank deficiency of the MS-SD
algorithm for PCV modeling is one. This rank deficiency is
remedied by constraining the sum of the PCV solutions of
all grids to be zero. Thus, the derived PCV plus PCO
models (from an external source) represent the total
antenna phase center variations at each grid. Meanwhile,
the DD algorithm for PCV modeling has another one rank
deficiency. Usually, we remove this extra rank deficiency
by constraining the PCV solution at the central grid of the
antenna to be zero. This constraint causes errors when the
real PCV value at the central grid is not zero. Besides, the
observation errors of the DD observables are larger than
the errors of the MS-SD observables and are no longer
independent at each epoch. Thus, the formal uncertainties
of the PCV solutions of the DD algorithm are greater than
those of the MS-SD algorithm by at least a factor of
1.4142. Thus, the MS-SD method can result in more
precise PCV measurements than the DD method.

In summary, with the help of clock synchronization
technology, we can obtain more precise PCV measure-
ments. In addition, compared with previous experiments

with external common clock equipment (Mader, 1999), the
MS-GNSS receiver also increases the ease and feasibility
of the experimental operation.

3.4 Ground-based carrier phase wind-up calibration

GPS signals are characterized by right-hand circle
polarization, thus both transmitting and receiving antennas
are right-hand circle-polarized antennas. When a satellite
or receiving antenna rotates, an additive phase is
generated. This phenomenon is called the phase wind-up
effect (Tetewsky and Mullen, 1997). In particular, phase
wind-up caused by the rotation of a satellite antenna is
called space-based carrier phase wind-up (SPWU),
whereas that caused by the rotation of a receiving antenna
is called ground-based carrier phase wind-up (GPWU).
Phase wind-up is unrelated to the position of the antenna
carrier. However, it affects positioning accuracy, making it
an important error source in precision positioning. SPWU
is related to the angle between the connecting line of the
satellite and the earth’s center, and the connecting line of
the satellite and the receiver. There are many studies on the
influence, analytic expression, and modeling of SPWU
(Wu et al., 1993; Kouba and Héroux, 2001). By contrast,
few research studies have explored GPWU. Theoretical
research indicates that, if the spin axis is aligned with the
antenna boresight, the produced GPWU is independent of
the satellite and is completely correlated with the receiver
clock error. The GPWU effect is directly eliminated in DD
observations and is completely absorbed by the receiver
clock error parameters in routine SD and non-difference
observations. Therefore, knowledge of the characteristics,
effect, and potential use of the observed GPWU is still
limited. Previous studies are mainly about the calibration
of the GPWU effect in a non-difference solution. For
example, to solve the problem of incompatibility in the
conventional Precise Point Positioning (PPP) functional
model caused by GPWU, Banville and Tang (2010) used
two different clock parameters on phase observations and
code observations to absorb the GPWU-based decoupled
clocks model.

The MS-GNSS receiver provides an effective means for
assessing the GPWU effect and its application because
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most of the other error sources have been eliminated. For a
conventional receiver, GPWU will couple with the receiver
clock error in SD and non-difference observations. Thus, it
is difficult to obtain pure GPWU values in conventional
cases. However, if a MS-GNSS receiver is used, the
receiver clock error will be eliminated and the hidden
GPWU value appears. Based on this property, Dong et al.
(2015b) proposed a single antenna yaw angle determina-
tion (SAYD) method. The details of this follow. The
linearized equation of MS-SD observations is:

Lo
Ap = E(A,oo + AAX) + Mg + Apupp + Apgry

+ AN’ + Ag, (12)
where A is the MS-SD operator; i is the satellite index; Ap})
is the initial value of the distance difference between the
satellite and the two receiving antennas; 4 is the coefficient
matrix of the baseline parameters; AX is the baseline
parameters to be estimated; ¢;5, @ypp, and gpgpyy are the
line bias, UPD, and GPWU, respectively; N is the
ambiguity parameters; A is the wavelength of the carrier
phase, and ¢ is the measurement of noise plus unmodeled
errors. Because the coefficients of Ag;p, Agypp, and
Apgpwy are the same, these parameters can be combined
into one item and recorded as Ag,,. Eq. (12) is then
simplified as:
A¢:%(Ap6+AAX) + Ap,, + AN' + Aé. (13)
Here, Ap;p and Agypp are constants while Apgpyy is a
stochastic parameter. If a proper perturbation value of Ag,,
is assigned in Kalman filtering calculation, Apgpyy will
be completely absorbed by Ag,,. The epoch difference of
Ag,, then represents the accumulated value of Aggpyy
between these two epochs. An experiment was conducted
to test the performance of SAYD. As shown in Fig. 7(a),
one antenna was placed on a stationary tripod, and another
on the turning table. The boresight of the antenna was

Upd:cycle

@

consistent with its spin axis. Fig. 7(b) shows the changes in
Agp,, over time. The horizontal axis refers to the epoch, and
the vertical axis refers to the number of cycles. In this
experiment, the antenna rotated for a total of 50 cycles,
which coincided with the amount of the cumulative
estimated MS-SD GPWU (about 50.47 cycles) (Fig. 7
(b)). The dispersion of the estimated yaw angle was 0.0579
cycles, and the mean error was 0.0094 cycles per cycle.

The MS-GNSS device makes it possible to observe and
make use of the GPWU effect. The SAYD method, which
is based on the MS-GNSS receivers, requires only one
antenna and its solution accuracy is independent of the
baseline length. Hence, the SAYD model demonstrates a
potential advantage in the ultra-short baseline applications
over the current GNSS yaw angle determination method
using two antennas.

4 Summary and conclusions

This paper presented the MS-GNSS receivers which have
been emerging rapidly in recent years. This type of receiver
shows great advantages in high-precision positioning
applications such as attitude determination, multipath
effect elimination, PCV correction, and GPWU calibra-
tion:

1) For attitude determination, based on an MS-GNSS
receiver, the MS-SD can eliminate both satellite and
receiver clock errors simultaneously, which is equal to the
conventional DD method. However, it has more observa-
tions and redundancy and appears less noisy. Its solutions
show better repeatability and lower correlations among
parameters. The MS-SD based ASA narrows the searching
space of ambiguities and improves the efficiency and
correctness of integer ambiguity resolution. Experiments
under conditions of poor visibility also indicated that MS-
GNSS receivers have the potential to improve the
availability of signals.

10

T T T T T T
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Fig. 7 Accuracy test experiment of SAYD with turning table. (a) Experiment setting. (b) Changes in ¢,,over time.
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2) For multipath effect mitigation, the MS-GNSS
receiver obtains the SD residuals directly, therefore
avoiding the transformation process from the DD residuals
by adding constraints, thus making the ARTA method
more precise. In addition, this receiver makes the look-up
table method usable, and widens the application of
multipath mitigation technology. Currently, the look-up
table method is only for short baseline applications.
Research on extending this method to PPP application
will hopefully expand its scope of applications.

3) With the MS-GNSS receiver, the relative and absolute
PCV can be measured directly, which can reduce the rank
defect of the observation equation and improve the
accuracy of measurement results. The MS-GNSS receiver
can also simplify the operation process of PCV measure-
ment.

4) The MS-GNSS receiver is able to separate the GWPU
and receiver clock error, and provides an accurate means
for assessing the GWPU effect. The SAYD method based
on the measured GWPU has explored the potential of this
receiver in yaw angle determination and demonstrates
advantages in ultra-short baseline applications. At present,
the SAYD method is based on the MS-GNSS receiver, and
is feasible only when the distance between the two
antennas is fairly short. Thus, solutions of wider applic-
ability need to be further studied.

The development of the model and algorithm for the
MS-GNSS receivers deserves further investigation.
Improving the performance of this type of device will
allow it to play a greater role in high-precision applications
of positioning and attitude determination.
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