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a b s t r a c t

The error of laser Doppler velocimeter (LDV) based on Janus configuration is analyzed as
the vehicle inclines. Analysis shows that the error of the Janus configuration LDV depends
on the vertical velocity to horizontal velocity ratio (VHR) only. But the measurement accu-
racy of the Janus configuration LDV will be not high enough to meet the requirement of
vehicle self-contained navigation system, if the VHR of the vehicle is overlarge in powerful
rough ground. The error of the Janus configuration LDV is corrected through an inclinom-
eter whose precision of angle needed is only 2%. Simulation shows that the error of the
Janus configuration LDV after correction can be limited below 0.1% even as the VHR reaches
0.3 and pitch angle is 15�.

� 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Since Yeh and Cummins demonstrated the possibility of
obtaining the fluid velocity through laser Doppler fre-
quency shift [1], LDV has enjoyed widespread use includ-
ing biomedicine, mechanics, astronautics, and acoustic
for the advantages of fast dynamic response, wide dynamic
range, good linearity, non-contact measurement and high
resolution [2–6]. Recently, our attempts using an LDV to
offer velocity parameter for the vehicle self-contained nav-
igation system (VSNS) have been reported [8]. On the occa-
sion that the vehicle pitches while moving, the velocity
error of conventional LDV occurs. A Janus configuration
LDV is proposed in order to decrease the influence of vehi-
cle inclination [9,10]. The LDV system producing forward
and backward beams is called a Janus configuration LDV.
Janus configuration has been employed in acoustic Doppler
logs conventionally [7]. Due to the Janus configuration, the
influence of the vehicle pitching is eliminated. However,
the measurement accuracy of the Janus configuration
LDV will be not high enough to meet the requirement of
VSNS, if the vertical velocity to horizontal velocity ratio
(VHR) of the vehicle is overlarge in powerful rough ground.

In the paper, the error of the Janus configuration LDV is
analyzed as the vehicle inclines. Moreover, the measured
velocity of the Janus configuration LDV is corrected with
the help of an inclinometer whose precision of angle
needed is only 2% while the VHR of the vehicle is overlarge.
The layout of this paper is as follows. It is briefly intro-
duced in Section 2 that the basic principle of the LDV sys-
tem based on Janus configuration and the velocity error
while the vehicle inclines and shakes. In Section 3, the
velocity correction and the simulation results are pre-
sented. Section 4 is the conclusion of the paper.

2. Principle and velocity error of the LDV

2.1. Principle of the single-beam LDV

The diagram of the single-beam LDV is shown in Fig. 1.
When the beam of the LDV emitted to the ground, the fre-
quency of the scatted light is shifted compared with the
emitted light.

The shifted frequency is called Doppler frequency,
which is given by [11]:

fD ¼ 2
j~v �~ej

k
¼ 2

v � cos a
k

ð1Þ

where v is the velocity of the vehicle, k is the wavelength of
the light, a is the angle between the velocity of the vehicle
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and the emitted light. From Eq. (1), we can see that the
Doppler frequency depends on not only the velocity of
the vehicle but also emitted angle. When the vehicle in-
clines, there will be a velocity error of the LDV. So a system
of LDV based on Janus configuration is proposed in order to
decrease the influence of the pitch angle.

2.2. Principle of the Janus configuration LDV

The diagram of the Janus configuration LDV is shown in
Fig. 2. There are two single-beam LDVs. One’s beam is
emitted towards the moving direction and the other one’s
beam is emitted towards the anti-direction of moving. The
emitted angles of both LDV are equal.

The Doppler frequencies of the two LDVs can be ob-
tained as

fD1¼2
j~vx � ~e1þ ~vz �~e1j

k
¼2

vx cosða�DaÞ�vz sinða�DaÞ
k

ð2Þ

fD2¼2
j~vx � ~e2þ ~vz �~e2j

k
¼2

vx cosðaþDaÞþvz sinðaþDaÞ
k

ð3Þ

where vx and vz is the horizontal and vertical velocity of the
vehicle respectively; Da is the pitch angle of the vehicle.

From Eqs. (2) and (3), we can obtain

Da ¼ a tan
ðfD1 þ fD2Þk tan aþ ðfD1 � fD2Þ
ðfD1 þ fD2Þ tan a� ðfD1 � fD2Þk

� �
ð4Þ

vx ¼
kðfD1 þ fD2Þ

4 cos a cos Da
� vz tan Da ð5Þ

where k = vz/vx is the VHR.
If vz� vx Eqs. (4) and (5) can be simplified to

Da0 ¼ a tan
fD1 � fD2

ðfD1 þ fD2Þ tan a

� �
ð6Þ

v 0x ¼
kðfD1 þ fD2Þ

4 cos a cos Da0
ð7Þ

v 0x will be taken as the result of the velocimeter. Therefore
the velocity error is immediately calculated

b ¼ v 0x � vx

vx
¼ cos Da

cos Da0
� 1

� �
þ k � sin Da

cos Da0
ð8Þ

For further calculation the following simplification is
applied

M ¼ fD1 � fD2

fD1 þ fD2
ð9Þ

According to Eq. (4), M can be resolved as

M ¼ ðtan Da� kÞ tan a
1þ k � tan Da

ð10Þ

With respect to Eqs. (6) and (10), Da0 is calculated as

Da0 ¼ a tan
M

tan a

� �
¼ a tan

tan Da� k
1þ k � tan Da

� �
ð11Þ

Substitute Eq. (11) into Eq. (8), the velocity error is further
simplified as

b ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ k2

q
� 1 ð12Þ

This is the relative error of velocity of the Janus configura-
tion LDV. As can be seen from Eq. (12), the velocity error b
obviously only depends on the VHR and is insensitive with
the pitch angle.

Fig. 1. Diagram of the single-beam LDV.

Fig. 2. Diagram of the Janus configuration LDV.
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