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Abstract: Global navigation satellite systems (GNSS) are well suited for attitude determination. In
this study, we use the rotation matrix method to resolve the attitude angle. This method achieves
better performance in reducing computational complexity and selecting satellites. The condition of
the baseline length is combined with the ambiguity function method (AFM) to search for integer
ambiguity, and it is validated in reducing the span of candidates. The noise error is always the key
factor to the success rate. It is closely related to the satellite geometry model. In contrast to the AFM,
the LAMBDA (Least-squares AMBiguity Decorrelation Adjustment) method gets better results in
solving the relationship of the geometric model and the noise error. Although the AFM is more
flexible, it is lack of analysis on this aspect. In this study, the influence of the satellite geometry model
on the success rate is analyzed in detail. The computation error and the noise error are effectively
treated. Not only is the flexibility of the AFM inherited, but the success rate is also increased.
An experiment is conducted in a selected campus, and the performance is proved to be effective.
Our results are based on simulated and real-time GNSS data and are applied on single-frequency
processing, which is known as one of the challenging case of GNSS attitude determination.

Keywords: GNSS; attitude determination; rotation matrix; AFM method; satellite geometry model;
single-frequency

1. Introduction

Given that global navigation satellite system (GNSS) attitudes are unaffected by drifts and do
not require any alignment, GNSS are well suited for attitude determination. The attitude could be
noted as yaw (), pitch (6) and roll (¢). One baseline vector composed by two antennas comprises
two attitude angles like (\, 8). Thus, we could get three attitude angles from two baselines which
cannot be arranged in a parallel frame. The basic measurement used for GNSS attitude determination
is the phase difference (A¢) between the signals received by two antennas. However, GNSS attitude
determination includes unknown integer ambiguities, which should be solved at first. The baseline
length is usually known and it will help in integer ambiguities search. Many approaches have been
studied for resolving the GNSS attitude ambiguity resolution problem [1-3]. In this study, we use the
rotation matrix method (RMM) combined with the AFM method to solve the problem. This method is
efficiency used for GNSS ambiguity resolution. When the integer ambiguities are fixed, the attitude
angles can be calculated on the basis of the AFM method. Although the AFM is more flexible, it is lack
of analysis on the relationship of the geometric model and the noise error. In this study, the influence of
the satellite geometry model on the success rate is analyzed. The computation error and the noise error
are effectively treated. It is introduced in detail and the performance of this strategy is presented in the
sections below. Not only the flexibility of the AFM is inherited, but also the success rate is increased.
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The results are based on simulated and real-time GNSS data and are applied on single-frequency
processing, which is known as one of the challenging case of GNSS attitude determination.

2. Model of GNSS Attitude Determination

The carrier-phase equation for GNSS can be written as follows:

1
cp=X(p+6p+c6t7—c6t5+6pt—6pi)—N+£ (1)

where @ is the GNSS receiver carrier-phase observation; A is the GNSS carrier wavelength; p is the
range between the receiver antenna and GNSS satellite; 5p is the orbital error along the line of sight
from the satellite to station; c is the speed of light; 5¢, is the receiver clock offset from GNSS time; 6t;
is the satellite clock offset from GNSS time; dp; is the troposphere delay; 5p; is the ionosphere delay;
N is the carrier-phase integer ambiguity; and ¢ is an error term that includes the measurement noise,
multi-path errors, others.

An attitude determination system based on GNSS often consists of two receivers to receive the
GNSS signals from independent antennae. Given that the common clock is used in the system, the
satellite clock error can be removed by a single difference (SD) [4]. For a baseline length of a few
meters, the orbital and atmosphere errors in Equation (1) are actually the same, so that these errors can
be removed by a single difference. However, the receiver clock error ¢, still exists. The measurement
of the single difference is expressed as:

1
Ap = X(Ap + cAdty) — AN + Ae (2)

As shown in Figure 1, the SD model is built in local level frame (LLF).

Ant A Ant B

Figure 1. Illustration of the measurement of the SD carrier phase.

—

In Figure 1, b is the baseline vector formed by the antennae A and B, which contains the attitude
parameters. The SD carrier phase measurement equation is expressed as:

— , —

MA@+ AN') +cASt, =Db-s' = |b||s!|cosn’ 3)

= |b|[sinB'sin® + cosp’cosBeos (o — )]

where b = |b|(cosOsimp, cosOcosp, sind) is the baseline vector, P, 6 are the yaw and pitch, respectively;

st = (cospsined, cospicosad,sinf’) is the satellite I vector; o, B’ are the yaw and pitch, respectively;
n' is the included angle between the baseline vector and the satellite I vector; and AN’, A’ are the



Sensors 2016, 16, 841 30f13

integral and decimal part of the SD carrier measurement, respectively. After the measurement of the
double difference (DD) between satellites I and J, the receiver clock error can be removed. The DD
measurement is expressed as:

MVAQT + VANY) = b- (sl —s') = |b||s/ — s|cosn’/ @
MVAQY + VANY) = |b||s/ — st |[sinpsin® + cosB?cosBeos(x/ — )]
where b = |b|(cosBsimp, cosbcosy, sinb) is the baseline vector, P, 6 are the yaw and pitch,

respectively; s/ — s’ = |s/ — s'|(cosp/sina’l, cosp’/cosall, sinB¥) is the difference between the satellite
I and J vectors; o/, BY are the yaw and pitch, respectively; n'/ is the included angle between the

baseline vector and the satellite (s/ — s') vector; and VAN, VA¥ are the integral and decimal part
of the DD carrier measurement, respectively. As shown in Figure 2, the DD model is built in LLE.

Ant A Ant B

Figure 2. Illustration of the measurement of the DD carrier phase.

The parameters that are unknown in this function are VANY, 1, and 6. Assuming that the value
of VANY is known in the initial course, we can determine the attitude information using the RMM
method. Thus, the first step we should discuss is how to find out the integer ambiguities.

3. Rotation Matrix Method in Resolving Equations

The important feature in this method is the use of the RMM to resolve the equations problem.
This method is aimed at two equations. Equation (3) is a nonlinear equation, including sine and cosine
functions. The solution of the equations is given by the analytical resolution method [5,6], but the
solution process is very complex and the error angles of different scales in trigonometric functions
have not been analyzed. The rotation matrix method (RMM) is very convenient to obtain. It will be
discussed from two aspects.

3.1. Basic Model of Space

The basic model of spatial geometry is constructed according to the spatial relationship between
the baseline vector and the satellite vector, as shown in Figure 3.

In this figure, XB is the baseline vector; A_& is the satellite vector; {3 is the pitch of the satellite
vector; « is the included angle between the yaw of the baseline vector and the yaw of the satellite
vector; and 7 is the included angle between the baseline vector and the satellite vector. The geometric
relations (cosn = cosxcosf3) can be proved in the basic model. This model has a regular structure and
a clear geometric relationship. The following operations need to be conducted is to incorporate the
actual situation of the baseline vector and the satellite vector into the model.
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Figure 3. The basic model of spatial geometry.

3.2. Generation of Rotation Matrix
Two DD equations are given below:

—

-
s/ — s'|cosnY
— —

ANVA@i + VANY) = [b| -
b

AVA@* + VANK) = | b||sk — st|cosni
The spatial relation of two DD equations is shown in Figure 4.

7 &

Figure 4. The spatial relation of two DD equations.

- — - -

AC=5 —s,AD=s"—s,AB=b,/BAC =n', /ZBAD =n

First, the ACD plane determined by the AC vector and the AD vector is defined as the level plane
of the new coordinate system. Attitude rotation is then conducted. The rotating method is applied
from the local level frame (LLF) to the new coordinate system (b):

Aroud Z ] Aroud X axi Aroud Yy axi
0 X,Y,Zy roud Zn axis - X174 roud Xy axis X2YaZs roud Yp axis XY, 74
rotate o rotate rotate 'y

— —

where « is the yaw of the AC = s/ — s? vector; B is the pitch of the AC = s/ — s vector; v is the included
angle between the ACD plane and the X,Y, plane. In the new coordinate system (O — XY} Z;), the

AC = [0; ACy; 0] vector and the AD = [ADy; ADy; 0] vector are together in the XY}, plane. The yaw

and pitch of the AC = s/ — st vector are (0, 0), and those of the AD = sk — s’ vector are (océk, 0), as
shown in Figure 5.
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b

Figure 5. The spatial relation in the new coordinate system.

In the new coordinate system (O — X;Y}Zp), the baseline vector (AB) and the satellite vector

s - - N

(AC = s/ — s') constitute the basic model of space geometry, the same as the baseline vector (AB) and

-

the satellite vector (AD = sk — s'). At this point, the DD equations are given by:

- -

AVA@T + VANY) = | b||s/ — s'|cosB,cosi, ©)

AVA@* + VANK) = | b||sk — st|cosBjcos (W, — ocik)

where cxék is the yaw of the AD = sk — s’ vector in (O — X,Y},Z;); 1y, 0 are the yaw and pitch of the
baseline vector in (O — X}, Y}, Z;), respectively. According to Equation (6), the results can be obtained by:

Ay—Aqcosock A(VA@i+ VAN
Y= et 4y = AVAeTTAN)
A e )
Yo = A1 ¢ A(VA@*+VANF)
D122 2 Ap=———=—=—"
zp = +A/|b]| — X, — Y |sk—si |

Finally, the baseline vector (x;; yp; zp) is converted through the rotation matrix from the new
coordinate system to the local level frame (LLF). This algorithm reduces the computational complexity
compared with the analytical resolution method [5,6]:

X Xp
y | = [Ry(Y)Re(B)R()] " | ws ®)
4 Zp

3.3. Method of Satellite Selection in Resolving Equations

I

According to Equation (7), the noise effect is larger when the |s* — | value and the ocik value are
smaller. Thus, the following settings should be applied for satellite selection:

|s* —s'| > 0.7 ©)
|lodk —90°| < 30° or |k —270°] < 30°

3.4. Integer Ambiguities Determination Method Based on Constraint Conditions

Many solutions have been studied to determine integer ambiguities, and all kinds of constraint
conditions exist, such as the fixed baseline or micro-electromechanical system (MEMS) that provides a
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small-angle search region [7,8]. For the DD equation, an integer ambiguity value that we should first
determine, as well as its span, is described as follows:

blsi— s bl —s

Finally, the integer candidates that pass the constraint conditions are incorporated into the

equations, and the candidate solution (b = (x; y; z)) can be calculated. These candidate solutions
are evaluated and distinguished by the AFM. The AFM was originally proposed by Counselman
and Gourevitch and later implemented by Remondi and Mader [9]. The candidate solutions can
more easily be determined using RMM directly than by searching for the maximum in the full
2D space. From n pairs of integer ambiguity candidates, m pairs of preliminary solutions exist:
(x1; y1; z1), (X2 Y25 22), -+, (Xm; Ym; Zm). Only one of these solutions is correct, that is, the one that
passes via AFM:

F(x, y, z) = LNZ_lcoszﬂ VA j_ b =s) (11)
7 yr - N _ 1 ],:1 (p )\
where (Z = (x y; z)), N is the number of satellites and (i, j) are the master satellite

and the concomitant satellite, respectively. Assuming that m pairs of preliminary solutions
(x1;y1521), (x2;y2;22), -+, (Xm; Yms Zm) exist in k epoch, the float ambiguity of one group

—

(bp = (xp; Yp; zp)) can be described as:

~ i o by (sl — ¢
VAN = VAg) - % (12)
Thus, the ambiguity function is:
1 N=1 3
Fe(xp, Yp, zp) = N_1 2 COSZT(VAN;,] (13)
j=1

Considering the measurement noise, a threshold T near 1 is necessary to filter out the incorrect
solution [5]. According to the first-order difference of the DD carrier measurement, its fluctuation
range is 0.9 cm (~ 0.05 A) as shown in Figure 6. There are (2 * 0.05 A) being introduced in Equation (6).
If the noise threshold is set to 0.2 A, the T value is 0.8:

Fe(xp,yp,zp) = T (14)

For N satellites tracked, the integer ambiguity vector is described as:

. " N N T
VAN) = (VAR VAR, ..., VAR D) (15)

where |- | denotes a rounding calculation [5].
In the initial course, the influence of the former epochs should be reduced. The solution is
given by:
7y _ 1 1 M-1
{ Wi(VAN)) = Wit (VAN)) + M2LR (), 0,) 16

Wi (VAN)) = Fi(b,, 6,)
The M value is the memory decline factor. After a few epochs, two cases always occur: (a) only

one candidate satisfies Equation (14) at epoch k, or (b) a number of solutions satisfy the threshold. The
real value is then selected with the following method. Ideally, for example, the number of satellites is
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greater than 8, and the geometric relationship is relatively good. The optimal value is obtained when
one of the solutions is twice the suboptimal value [6]. The inequality is given by:

W (VAN])

optimal

" > 2 (17)
Wk(VANP )suboptimal

In practical application, this ratio is slightly less than 2, while the ratio remains stable. If the
optimal value is greater than 0.9, and the difference between the optimal value and the suboptimal

value is greater than 0.3, the optimal solution is determined after 50 epochs, as shown in Figure 7:

Wi (VANY) > 09

g optimal i , k > 50epochs(duration) (18)
Wi(VANY) Wi(VANp)

optimal — suboptimal =

If the computation error and the noise error are not effectively treated, the success rate of the
solution will be decreased. Thus, the influence of the satellite geometry model on the error should be
analyzed in detail. In contrast to the AFM, the geometric correlation methods, such as the LAMBDA
method [10], the C-LAMBDA method [11-14] and the M-LAMBDA method [15], get better performance
in solving the relationship of the geometric model and the noise error. This relationship about the AFM
is analyzed in the sections below. The computation error and the noise error are effectively treated.
Not only the flexibility of the AFM is inherited, but also the success rate is increased.

carrier phase(cm)

carrier phase(cm)

1

0.9
0.8
= 07
w
<
k]
3 06
[
>
2
~ 05
0.4
0.3 A
== | —6— the optimal value
0.2 1 1 } —6— the suboptimal value
“o 10 20 30 40 50 50
Epoch(1Hz)

Figure 7. The value (Wy) of AFM.
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4. The Relationship of the Geometric Model and the Noise Error

4.1. The Influence of the Noise Error on the DD Equations
For the convenience of analysis, according to Equations (7) and (9), assuming that the satellite

parameters of the DD equations are set to \sj — si| = 0.7, |sk - si| = 0.7, oczk = 70°. Now noise is
added to Equation (7) and the parameters are substituted into Equation (7):

xp = 1519 # A[(VA@* + VANK 1 k) — 0,342 « (VA@T + VAN + /)]

yp = 1428  A(VA@ + VANY + aff) (19)
zp = H\[b>— xF— y?
Assuming that the vector (X;, Yp, Zp) is the real value of the vector (b = (x4 Yp; 2p)),

Equation (19) can be expressed as:

xp = Xp+ 1.519A(eF — 0.342¢%)
yp = Yp + 1.428)\ei (20)

zp = +\/|b|2— xi— y%

According to Equation (4), although the DD model eliminates the receiver clock error and the
satellite clock error, the cost of the DD measurement noise root mean square error is v/2 times than the
SD measurement, which is generally about 1 cm (i.e., roughly 0.05 GPS L1wavelength). Thus, according

to Equation (20), the noise root mean square error (rmse( b)) of the baseline vector (b = (xp; Yp; 2p))
is expressed as:
rmse(xy) = 0.102 A
rmse(y,) = 0.071 A (21)
rmse(zp) ~ 0.173 A

Now, according to Equation (21), the noise error of the ambiguity function (F(x, y, z)) is analyzed:

N b-(s" —s')
A

1 Nzl )
F(x,y, z) = N_1 Z cos2nt{ VA" — (22)
=1

]

For the convenience of analysis, the satellite vector (s — s) of the other DD equation is converted
through the rotation matrix from the local level frame (LLF) to the new coordinate system (O — XY} Z;):

(s" —s') (x) (s — Si)LLF(x)
(Sm — Si)b(y) = [RY(Y)RX(E’)RZ((X)] (Sm — si)LLF(y) (23)
(s™ = 5")pa) (s" = ") LrF(2)

Then, Equation (23) is substituted into Equation (12) and the result is expressed as:

n T
VAN = YA 4+ ¢im _ (s )b (Xp¥p,Zb)
¢ o - (24)

1

(5" =8 )pcy Xo+ (8" =5 )y Yo+ (5" =5 )y(zy-2p
A

—
—g!

VAN™ = VAQ™ 4 ¢ —
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- >

where ¢ is the noise error of the DD equation (the satellite vector: s — s'); VAN™ is the float
ambiguity. The Equation (21) is substituted into Equation (24), the noise root mean square error
(rmse(VAN™)) of the float ambiguity is expressed as:

O

Cri . m__ iy . T
rmse(VAN™) = rmse(e™) + (s"=s")y rrr}t\se(xb,yb,zb)
— - — — N s

rmse(VAN™) ~ 0.05 + (s" = s')p()-0.102 + (5" = 5')y(,)-0.071 + (s" — s );,)-0.173

(25)

4.2. Ambiguity Decorrelation Adjustment of the Geometric Relationship

According to the previous analysis, if the basic equations (Equation (6)) of the DD model are

- S -

determined, the satellite parameters (s) — st sk — sf, aik) are also determined. The method for
satellite selection is based on Equation (9). According to Equation (25), the value (rmse(VAN im))

—

of the float ambiguity is only related to the other satellite vector (s — s'), and the candidate vector

(b = (xp; yp; zp))- It represents the geometric relationship between the candidate vector and the
satellite vector. If the correlation of geometric relationship is smaller, the value (rmse(VAN™)) of the

float ambiguity is smaller. Thus, we need to find the suitable satellite vector (s — s_)x), so that the
value (rmse(VAN™)) of the float ambiguity is the smallest. This process is equivalent to ambiguity
decorrelation adjustment of the LAMBDA method [10-12]. If this value (rmse(VAN™)) is smaller,
the correlation interference of the noise error is smaller and the robustness of the ambiguity function
(F(x, y, z)) is better. In contrast to the LAMBDA method, this method gets better performance in
reducing computational complexity.

4.3. Comparison of the Simulation Results

The simulation is performed from two aspects. In the first aspect, the algorithm is processed with
ambiguity decorrelation adjustment of the noise error, and the other one is not do it. The simulation
results are shown in Figures 8 and 9.

The algorithm is not processed

T T
e 73‘@3%6{}3%;355?{%:1?}1’— SN,
CERgeef \ R S S S S N S

Lo
09k—— [, [ Lo L’;fi\ﬁ%%j,,,,

The value of AFM

Epoch(1Hz)

Figure 8. Algorithm after not-processing.
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0.2 !
0

40 50 60

Epoch(1Hz)

Figure 9. Algorithm after processing.
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The performance of the algorithm in Figure 9 is better than the algorithm in Figure 8. The
algorithm is effective, and the robustness of the ambiguity function (F(x, y,z)) is improved. In the
second aspect, the success rate of processing and not-processing is compared, as shown in Table 1.

Table 1. Single-frequency, single-epoch, GNSS ambiguity success rates based on Equation (17) and

Equation (18) for the processing (Y) and not-processing (N) RMM-AFM methods.

Ibl =200 cm Carrier Phase Precision: 3.0 mm Pseudorange Precision: 15 cm
#Sats Method Success Rate (%) Method Success Rate (%)
5 Y 72.1 N 43.1
6 Y 924 N 67.3
7 Y 95.1 N 774
8 Y 97.3 N 82.1

5. Experimental Attitude Determination Results

In this section the RMM method is demonstrated using data collected in an experiment. The
experiment is conducted on the top of a building. In this experiment, two receivers (COMNAV K500,
Shanghai Siyue Technology Co. Ltd, Shanghai, China) are used, and both are connected to the GNSS
antennae. The receiver electro-circuit is shown in Figure 10.

Figure 10. Receiver electric circuit and antennae configuration.
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The baseline is constrained with 2.0 m and 0.5 m and the pitch angle search region of 20 degrees
is provided by MEMS. During the initial step, the integer ambiguity combination is resolved by RMM
method and the real value is work out after a few epochs, as is shown in Figure 11, and the real value
is a point on the peak obviously.

AFM “alue

40

Pitch () Heading ()

Figure 11. Adaptive function value demonstration.

In this test, the number of locked GPS satellites is about eight, and the geometry of observations
for this test is reasonably good. The experiment is performed from two groups in different arrangement.
In Figure 12, with 2.0 m baseline, the standard deviation of the yaw and pitch angles are about 0.14°
(1o) and 0.18° (10), while with 0.5 m baseline the standard deviation reaches about 0.2° (10) and 0.25°
(1o) as shown in Figure 13. However, the calculation is reduced greatly.

65

yaw
64.8

pitch

| | |
l l l
L L L
100 200 300 400 500 600 700 800
Epoch(1Hz)

Figure 12. Experimental data of 1st group.
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63

1 1 1 1 1 i mean of yaw
I I I I I
| | | | |
| | | | |
’m\ |
(5]
R=A
=
©
>
8 I \ I I I I -
i i i i i i mean of pitch
Y| R S S T o L _ilTTmooeteh
| | | | | | |
a | | | [ | | |
(7] | - | L — |, W, ol J, -t
S f
= | | | | f | |
o | | | | | | |
15 ,,,,,, L - - __ . | - — — — _ L ____ [ |
I I I I I I I
| | | | | | |
| | | | | | |
1 1 1 1 1 1 1 1
0 100 200 300 400 500 600 700 800

Epoch(1Hz)

Figure 13. Experimental data of 2nd group.

The performance is good with high accuracy shown in Table 2.

Table 2. Standard errors of attitude determination experiment.

Test Epochs Baseline (m)  Attitude (°) Std. Errors
1 800 2.00 PYI?:Z\IQ 8 1322
2 500 2.00 P 01501
5 800 05 o 02509
- P osers

6. Conclusions

This study describes the rotation matrix method and the relationship of the geometric model and
the noise error for single-frequency and single-epoch GNSS attitude determination. The rotation matrix
method reduces the computational complexity compared with the analytical resolution method [5,6].
In RMM, the calculation is reduced greatly and the error angles of different scales in trigonometric
functions are effectively avoided. In contrast to the AFM, the geometric correlation methods [10-15]
get better performance in solving the relationship of the geometric model and the noise error. Although
the AFM is more flexible, there is a lack of analysis on this aspect. In the study, this relationship about
the AFM is analyzed in detail. The computation error and the noise error are effectively treated. Not
only is the flexibility of the AFM inherited, but the success rate is also increased. According to our
simulations and real-time experiments, this method is verified as very reliable and effective. The
computational complexity is greatly reduced and the success rate is effectively increased. In future
studies, we plan to combine the method with an inertial navigation system (INS) for tight combination.
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