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ABSTRACT In the future, a pedestrian navigation system (PNS) will be widely applied. In navigation
system, an initial alignment is essential before starting navigation. There are two primary alignment methods,
one is an inertial/magnetometer assisted alignment method, the other is a multiposition rotation modulation
alignment method. However, magnetometer is susceptible to magnetic disturbance, and the large volume
of rotary modulation system is not suitable for PNS. To solve these problems, a compound navigation
system (CPNS) is proposed. It consists of a single-axis fiber-optic gyro (FOG) and a triaxial microelec-
tromechanical system inertial measurement unit (MIMU) without modulation mechanism. CPNS is placed
in different positions. According to the variation law of cosine function, FOG data in multiposition are used as
fitting alignment, MEMS gyro tracks attitude changes between different positions. The experimental results
demonstrate that initial alignment accuracy can be well calculated with several multiposition schemes under
different conditions. This method could be a novel solution for PNS’s initial alignment.

INDEX TERMS Least squares method, MIMU/FOG compound navigation system, multiposition, initial

alignment.

I. INTRODUCTION

Because there is a need to develop weapons that do not
rely on a satellite navigation system [1], the Defense
Advanced Research Projects Agency launched the Micro-
Technology for Positioning, Navigation and Timing program
in 2010 [2], [3]. PNS is the key research direction in the
program. In navigation systems, it is essential to determine
the initial values of attitude angles (i.e., initial alignment)
before starting navigation. High accuracy IMUs can perform
initial alignment without other sensors in a less disturbed
environment, but their weight and cost limit their use in PNS.
Over last decades, the performance and accuracy level of
MIMU have been continuously improved. Due to its out-
standing advantages [4], [5], MIMU has become a research
focus in the navigation field. For MIMU, the initial alignment
cannot be directly achieved because microelectromechani-
cal system (MEMS) sensors have high noise and instability
characteristics [6], [7]. Many studies have been carried out
to improve the MIMU performance to accomplish the initial
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alignment of the MIMU [8]-[10]. Two primary methods can
be applied to improve the performance of MIMU. One is
an inertial/magnetometer assisted alignment method [11].
The other is a multiposition rotation modulation alignment
method, in which a turntable is applied to modulate the
rotary IMU.

In the inertial/magnetometer assisted alignment method,
the attitude information is obtained by a tri-axial magne-
tometer that can measure a geomagnetic field. Online cal-
ibration or periodic calibration is needed before using low
accuracy magnetometers. Thus, an integrated compensation
model based on the least squares ellipsoid fitting is pro-
posed to compensate the integrated error of the magnetometer
[12], [13]. After calibrating the magnetometer, a nonlinear
filtering data fusion method is discussed to perform sta-
tionary base alignment in [14]-[16]. However, the deteri-
oration of magnetometer accuracy under dynamic attitude
tracking, the method is not suitable for the dynamic align-
ment. To solve the problem, Ludwig [17] used a genetic
algorithm to find the optimal weight between the rela-
tive orientation from a gyro and the absolute orientation
from an accelerometer/magnetometer. The advantage of the
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inertial/magnetometer assisted alignment method is short ini-
tial alignment time. However, the magnetometer accuracy
is easily prone to disturbances from electrical and metal
surroundings, and the initial alignment accuracy is low.

To improve the alignment accuracy, a multiposition rota-
tion modulation alignment method, which uses an error com-
pensation technique (i.e., rotating modulation technique),
is proposed [18]-[20]. The rotating modulation technique can
operate in two modes: multiposition rotating modulation and
continuous rotation modulation. In [21]-[24], a multiposition
rotation path was designed to reduce the alignment error
that is caused by inertial sensor errors. The way to improve
alignment accuracy is to increase the number of positions, but
the alignment time increases at the same time. To reduce the
alignment time, Collin [25] proposed a continuous rotation
modulation method, and discussed the effect of rotating mod-
ulation on the stochastic error processes of a MEMS gyro.
Several real-time continuous rotation modulation methods
based on a gyro have been proposed in [26]—[28]. In this
method, the inertial sensors error is suppressed by the mod-
ulation mechanism. Thus, the long-term alignment accuracy
is considerably improved. However, the rotating modulation
technique scheme inevitably increases the operation com-
plexity, power supply, and the cost of the navigation system.
The large volume of the system is not suitable for PNS.

The characteristics of various primary initial alignment
methods are illustrated in Table 1.

TABLE 1. Characteristics of various traditional methods.

Methods Applicable scenario Disadvantages

L . Online calibration or
Ellipsoid fitting

Magn- periodic calibration
etome- Nonlinear . Low alignment
ter/IMU . Stationary base
. filtering data . accuracy;
integra- . alignment .
ted fusion method Susceptible to
method Kalman filter L interference
. Dynamic attitude
and genetic .
. tracking
algorithm
Multiposition . .
. High alignment The modulation
rotating "
accuracy system ism:
Modul- modulation y sy mechanism;
ated Conti Large volume;
ontinuous .
method i Quick alignment Not suitable for
rotation
. system portable use
modulation

To overcome the shortcomings of primary methods,
this paper presents a simple and rapid initial alignment
method. The proposed method aims to achieve the following
objectives:

1) A CPNS consisting of a MIMU and a single-axis FOG
is proposed to realize the PNS;

2) A MEMS tracking strategy replaces the traditional rota-
tion modulation system and achieves alignment accuracy in
the system with small volume and light weight;
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3) During the initial alignment process, the MEMS track-
ing system is isolated from external angular vibrations,
which reduces the interference factors such as artificial
misoperation.

In this study, the configuration of CPNS is developed.
In addition, a multiposition cosine-fitting method aiming to
calculate the initial alignment accuracy is introduced. During
the process, the least squares method is applied to the cosine-
fitting method. Finally, the experimental results demonstrate
that the initial alignment accuracy can be calculated with the
several multiposition schemes under different conditions.

Il. CONFIGRATION OF CPNS
CPNS is composed of a MIMU and a single-axis FOG,
as shown in Fig. 1.

4
otation

direction,

FIGURE 1. Configuration of CPNS.

It is assumed that the MIMU body frame coincides with
the east-north-up (ENU) frame, and the single-axis FOG is
placed along the y-axis of the MIMU body frame. CPNS
rotates along the z-axis. Because FOG is placed on the o-xy
plane in the body frame, the FOG output wr is the projection
of Earth’s rotation rate in the navigation frame, which can be
described as [29]

wF = w}, cos o )

where !, is the north component of Earth’s rotation rate in
the navigation frame, and 6 is the intersection angle between
the actual position of FOG and the true north direction.
Clearly, the FOG output is the cosine modulation of the
Earth’s rotation rate projection in the rotation plane.

There are two preconditions for the proposed initial align-
ment method used in CPNS: 1) the system has to be calibrated
before the initial alignment; the calibration method and path
design are described in [30]. After the installation error com-
pensation, the outputs of FOG and MIMU are unified into the
same coordinate system; 2) the FOG accuracy is much higher
than that of the MEMS gyro accuracy; thus, the random error
of FOG is not considered in (1).

Ill. MULTI-POSITION COSINE-FITTING METHOD

A. PROBLEM FOMULATION

The multiposition method uses only the static location posi-
tions. Consider that the output value has the form of a cosine
signal with a relative phase difference

y (@) = pcos (gx (i) + Agp) + € (i) 2)
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where y (i) is the output value; i is the position index; p is
the amplitudes of the signal; ¢ is the angular frequency given
by g = 2n ]}7:, where f is the frequency of the signal and f;
is the sampling frequency; x (i) is the input value; ¢ (i) is
the residual error. Ag is the phase difference between y (i)
and x (i).

B. LEAST SQUARES METHOD
Equation (2) is identical to the general quadratic form of the
cosine function written as

Z(x,y) =pcos(gx +Ap)—y=¢ 3

To minimize the residual error, the minimum value for the
objective function is calculated as

Z = min||Z (xi, y)II? @)
where x;, and y; are the i th position sample.
Fori=1,2,---, N, the matrix form in (3) is expressed as
cos (qi1x1 + Ap) P1 V1
cos (q2x2 + Ag) P2 y2
: - = )
cos (gnxy + Ag) | [ pn YN
The parameter vector is estimated by minimizing the error
cos (q1x1 + Ag) P Y
cos (q2x2 + Ag) P2 »2
= . 9 P = . b B = .
cos (gnxn + Ag) PN YN
The parameter vector is estimated as
Z(P) = (AP — B)T (AP — B) (6)

The minimization problem is solved by the least squares
method [31]

Pt = (ATA)ilATB )

C. COSINE-FITTING METHOD

1) PITCH ANGLE AND ROLL ANGLE CALCULATION

A transformation from the navigation frame to the body frame
can be carried out as three successive rotations about different
axes.

Rotate angle ¢ about the navigation frame z-axis;

Rotate angle 6 about the new frame y-axis;

Rotate angle y about the new frame x-axis;
where @, 6, and y denote the heading angle, pitch angle, and
roll angle, respectively.

MEMS triaxial accelerometers in MIMU are installed
along the three axes of the body frame. The projection com-
ponents of the accelerometer output in the body frame are
measured as

T
fr=[R 5] ®)
The accelerometer output in the navigation frame is
T
f=[00¢g] ©))
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The attitude matrix C? from the navigation frame to the
body frame can be described as

C) =[An Az A3 ] (10)

where

COsy cos @ — siny sin@ sing |
—cosfsing ,

| siny cosg + cosy sin@sing |
[ cosy sing + siny sinf cos g |
cosf cos ¢ ,

| siny sing —cosy sinf cos g |

[ —siny cos6
Az = sin
| cosycosO

f? can be obtained by the attitude matrix

i 0
L= =[An AnA]| 0 (11)
£ 8
According to (10) and (11), (12) - (14) can be derived.
fxb = —gsiny cosf (12)
£} = gsinf (13)
fzb = gcosy cosf (14)

The pitch angle and roll angle are [32]

b

6 = arcsin <%> (15)
b

y = arctg (—%) (16)

2) O-XY PLANE IN THE BODY FRAME COMPONENTS OF THE
EARTH'S ROTATION RATE

Earth’s rotation rate in the body frame can be expressed as

wh = Chall (17)

where a)ﬁ? is the Earth’s rotation rate in the body frame,
T

ol = | b o’ @b | ;! is the Earth’s rotation rate

ie iex “iey ~iez > e
in the navigation frame, L is the local latitude, o} =
[0 wie cos L wje sinL ]T, and w;, is the Earth’s rotation rate.

According to (11) and (15), the projection modulus of the
Earth’s rotation rate in the o-xy plane in the body frame is

2
o= (wl-bex)2+ (a)f’ey) = wj, COS L\/sin2 y cos2 0 +sin” @
(18)
3) COSINE-FITTING METHOD

The relationship between the FOG output and MIMU heading
angle can be described as

wr (i) = acos (boy (i) + Agp) + ¢ 19)
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where wr (i) is the FOG output; a is the projection modulus
of the Earth’s rotation rate in the o-xy plane in the body frame,
which is calculated by (16); b is a constant value for unit
conversion; ¢y (i) is the track angle in different positions,
it is obtained by MIMU attitude updating; i is the position
index; Ag is the initial heading angle. ¢ is the residual error.

Posmon 2

' ﬂ
. a:The heading angle
Turntable }/ CPNS North reference
CPNS | direction
B ﬂ Posmon 1
vee |

Position N

FIGURE 2. Different positions of CPNS.

Position 7

Collected the MIMU/FOG system
static data for n seconds at Positon 1

v
Rotate the system and then lay
it in Position i
¥

Collected the system static data
for n seconds

Rotated the system around
a circle with Position N

The multi-position
cosine-fitting method

FIGURE 3. Initial alignment schematic.

D. INITIAL ALIGNMENT SCHEME

As shown in Fig. 2, CPNS is placed at different locations in
the o0-xy plane in the body frame. We propose an effective and
simple method for the initial alignment, as shown in Fig. 3.
The initial alignment scheme is described as follows:

1) Maintain a static state of the initial position, using a
MEMS accelerometer to perform the alignment in the o-xy
plane in the body frame. The pitch angle and roll angle are
calculated by (15) and (16);

2) After the alignment, the projection modulus of the
Earth’s rotation rate in the o-xy plane in the body frame is
calculated by (18);

3) CPNS is rotated around the z-axis in the body frame, and
a multiposition static measurement is carried out. During the
rotating process, the relative angle between multiposition is
obtained by MEMS gyro attitude updating;

4) After the multiposition measurement, the absolute head-
ing angle (angle to the north) Ag of the initial position is
calculated by fitting the alignment.

IV. EXPERIMENTAL PROCEDURE AND DISCUSSION
A. INITIAL ALIGNMENT SCHEME
The hardware design of CPNS is shown in Fig. 4.
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FIGURE 4. Hardware design of CPNS.

The MIMU uses ADIS16445 [33] which is produced by
Analog Devices, Inc., and the single-axis FOG uses a home-
built device. The typical performance parameters for CPNS
are shown in Table 2.

TABLE 2. Typical performance parameters for CPNS.

Typical values

Parameters MEMS
MEMS gyro accelerometer FOG
Dynamic range +250 °/s +5g +500 °/s
Constant bias 12 °/h 0.075mg 0.02 °/h
Angular o o o
Random Walk 0.56 °/vh 0.05°/vh
Velocity o 0.073mg/sec/ v o
Random Walk hr
. . 0.011 °/s/ ¥ Hz 0.105mg/ v Hz o
Noise Density (RMS) (RMS)

Numerical experiments are developed. Each sensor output
is sampled at a rate of 100 Hz. The system is placed in any
initial position and static data is collected for 1 minute. Then,
the system is rotated to the next arbitrary position for one
circle, and data is collected for 1 minute in each position,
for a total of N positions altogether. Of note, each quadrant
requires N /4 positions to ensure that each of them has an
output data of the corresponding position.

The definition of the experiment under different condition
is shown in Table 3:

TABLE 3. Definition of experiment conditions.

More east-west
directions and
less north-south

Arbitrary
positions in
east-west-north-

All in the east-
west directions

south directions directions

Sixteen- Case 1 Case 2 Case 3
position
Twelve- Case 4 Case 5 Case 6
position

Elght_ Case 7 Case 8 Case 9
position

Four- Case 10 Case 11 Case 12
position

To evaluate the CPNS alignment performance, six groups
of experiments are conducted in each case.
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TABLE 4. Design of Multiposition CPNS (The black dots represent CPNS

positions).
z y
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TABLE 5. Initial alignment accuracy of case 1, case 2, and case 3 (Unit: °).

Case 1 Case 2 Case 3
Groupl -81.7062 -83.2532 -82.8521
Group2 -81.7635 -82.3365 -83.2532
Group3 -81.1905 -82.2792 -82.7375
Group4 -82.3938 -82.5084 -83.3678
Group5 -81.5916 -82.4511 -83.1959
Group6 -82.9094 -82.3938 -83.3678
Mean value -81.9258 -82.537 -83.1291

RMS 0.6186 0.3601 0.2698

The initial alignment accuracies in sixteen-position are

shown in Table 5.

Where RMS is the root mean squared error.
The sixteen-position cosine-fitting results are shown

in Fig. 5.

Where (a-1)-(a-6) are Groupl-Group6 of Case 1 results,
(b-1)-(b-6) are Group1-Group6 of Case 2 results, (c-1)-(c-6)
are Group1-Groupb6 of Case 3 results.

In Fig. 5, the x-axis represents the MIMU calculation
angle, the y-axis represents the FOG output, and the red line
is the result of the multiposition cosine-fitting method. Blue
dots are distributed arbitrary in each quadrant in Case 1.

Twelve-position, eight-position, and four-position Initial

alignment accuracies are shown in Table 6.

The initial alignment accuracy for different cases is sum-

marized in Table 7.

As shown in Table 7, the initial alignment accuracy is
improved when the position increases. For the positions
with arbitrary angles, the sixteen-position initial alignment
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FIGURE 5. Sixteen-position results.

accuracy is improved by 59.2% compared with the four-
position initial alignment accuracy. In more east-west
directions and less north-south directions, the sixteen-
position initial alignment accuracy is improved by 31.2%
compared with the four-position initial alignment accuracy.
In the east-west directions, the sixteen-position initial align-
ment accuracy is improved by 39.8% compared with the four-
position initial alignment accuracy. The experimental results
show that for same position number, the more east-west
directions have higher initial alignment accuracy. The initial
alignment accuracy will be improved with an increase in east-
west directions. Similarly, the initial alignment accuracy will
improve with the number of positions.

To verify the effectiveness of the proposed method, the ini-
tial alignment accuracy of three methods is compared.
Method 1 is the auxiliary alignment method of the mag-
netometer. The total RMS noise of the magnetometer is
0.5mG [34]. Method 2 is the rotation modulation alignment
method with motor in the hardware, and the gyro accuracy is
0.2°/h (10) [35]. Method 3 is the proposed method without
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TABLE 6. Initial alignment accuracy from case 4 to case 12 (Unit: °).

Case 4 Case 5 Case 6
Groupl -83.4251 -83.4251 -83.0813
Group2 -81.7062 -82.3938 -83.4824
Group3 -81.8208 -82.2219 -82.9667
Group4 -81.4197 -82.6802 -83.8835
Group5 -82.5084 -82.4511 -83.4251
Group6 -80.5029 -81.9927 -83.5397
Mean value -81.8972 -82.5275 -83.3965
RMS 0.9922 0.4964 0.3316
Case 7 Case 8 Case 9
Groupl -84.5711 -83.5397 -83.4251
Group2 -81.8208 -82.5084 -83.5397
Group3 -81.3624 -82.2219 -83.0813
Group4 -82.4511 -82.8521 -84.17
Group5 -81.8208 -82.623 -84.1127
Group6 -81.9354 -82.1646 -83.597
Mean value -82.3269 -82.6516 -83.6543
RMS 1.153 0.5044 0.4179
Case 10 Case 11 Case 12
Groupl -84.2273 -83.3105 -83.7116
Group2 -81.4197 -81.9927 -82.8521
Group3 -81.477 -82.1646 -83.9408
Group4 -80.1019 -81.9927 -83.3678
Group5 -81.5343 -82.05 -82.6802
Group6 -80.0446 -81.9927 -83.4824
Mean value -81.4675 -82.2505 -83.3392
RMS 1.5174 0.5236 0.4485

TABLE 7. Initial alignment accuracy for different cases (Unit: °).

More east-west
directions and
less north-south

Arbitrary
positions in
east-west-north-

All in the east-
west directions

south directions directions

Sixteen- 0.6186 0.3601 0.2698
position
Twelve- 0.9922 0.4964 0.3316
position

Eight- 1153 0.5044 0.4179
position

Four- 15174 0.5236 0.4485
position

TABLE 8. The comparison results between the three methods.

Method 1 Method 2 Method 3

RMS 0.5° 1° 0.2698°

amotor. Using Case 3 of the proposed method as an example,
the comparison results are shown in Table 8.

In Table 8, the initial alignment accuracy is improved
by 46% compared with the achieved by the magnetometer
methods and improved by 73% compared with the rotation
modulation alignment method. The result proves the validity
of the proposed method.

B. DISCUSSION

In this section, a series of experiments are performed to vali-
date the feasibility and effectiveness of the proposed method
based on CPNS, and the experimental results are discussed
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in detail. The results prove the superior performance of the
proposed method, which successfully improves the initial
alignment accuracy. The main advantages of the proposed
method are listed below.

1) CPNS has a simple configuration, small size and light
weight;

2) The proposed multiposition cosine-fitting method is
effective and simple for PNS;

3) Experiments under different conditions are employed to
verify the theoretical deduction. Therefore, the requirements
for the position can be reduced.

V. CONCLUSION

The initial alignment is an essential procedure to achieve
high-accuracy initial attitude determination for PNS. Aiming
to achieve an effective method for the initial alignment, this
paper presents two important issues: the configuration of
CPNS and the multiposition fitting method. By combining the
small size of MIMU and the high accuracy of FOG, a com-
pound configuration of MIMU/FOG is proposed. To fit the
FOG output and MIMU attitude information in the approxi-
mate o-xy plane, a multiposition cosine-fitting method based
on the least squares method is proposed to realize the initial
alignment. Experiments under different conditions verify the
feasibility and effectiveness of the proposed method.
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