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Abstract

A heterodyne laser source can be generated by several methods. The method using the Zeeman
effect is frequently used due to the simple construction and the small loss of a light. However,
the low beat frequency of the laser in the zeeman method limits the velocity measurement.
In this article, an electronical frequency modulation algorithm is proposed to overcome the
drawback of the low velocity measurement capability by increasing the beat frequency elec-
tronically. The brief analysis, the measurement scheme of the proposed algorithm, and the
experimental results are presented. It is demonstrated that the proposed algorithm is proven
to enhance the measurable velocity limit.

INTRODUCTION

Heterodyne laser emits two linearly polarized beams whose frequencies are w; and ws, re-
spectively. They differ in frequency by a beat frequency, Aw = wy — wi. When an object
moves, the interferent signal, cos{ Awt + ¢(t)} is varied by the Doppler effect.[2] In the het-
erodyne laser interferometer, the phase of the interferent signal, Awt + ¢(t) should be larger
than zero. Namely, the range of the phase variation is limited by the beat frequency, Aw. As
the beat frequency increases, the range of the phase variation can be large. Therefore, the
beat frequency should be high for high velocity measurement. However, it is not desirable to
increase the beat frequency unlimitedly since it is difficult to design the electronic circuit of
signal processing for the velocity measurement.
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There are three kinds of methods for the heterodyne laser source generation. First
method uses a He-Ne laser combined with an acousto-optic modulator (AOM). The hetero-
dyne laser light is generated using the acousto-optic effect[3],[4] in the AOM method. The
beat frequency is defined as the driving frequency of the AOM. This method has wide band-
width since the beat frequency is several tens of MHz, and it is very stable and constant
regardless of the laser source. However, the loss of light is large, the coherence length can
be short.[4], and the signal processing for the high frequency modulation is hard to be imple-
mented.

The second one uses two modes heterodyne laser. The two modes laser emits two os-
cillation frequencies, and polarization of these two adjacent modes are orthogonal due to
mode competition. The two modes laser dose not need any peripheral equipments to make
two frequencies. The maximum measurable velocity is not limited to the beat frequency since
the beat frequency of the two modes laser is 600 ~ 1000 MHz. Much research about the
displacement measuring system using the beat frequency between the two modes has been
introduced.[6],[7] However, the resolution is very low with mm order since it uses long wave-
length light which is composed of two wavelengths. In order to overcome this drawback, S. C.
Bartlett et al.[8] suggested the new system whose resolution is 0.5 nm by making a composed
wavelength.

The third method uses the Zeeman frequency stabilized laser.[5] When a laser tube
is placed in the transverse magnet field, two orthogonal linearly polarized intra-modes with
different frequencies are emitted from the laser tube by the Zeeman effect.[2] The loss of the
light is nearly zero and the construction is simple without additional devices in this method.
The beat frequency between these two emitted lights of the Zeeman laser is dependent on the
intensity of the magnetic field and the length of the laser tube. However, it is known that the
maximum beat frequency is around 3 MHz.[1] This low beat frequency limits the velocity
measurement.

In this article, in order to solve the disadvantage of the low velocity measurement ca-
pability in the Zeeman laser source method, an electronical frequency modulated algorithm is
proposed. Analysis and experimental results are presented to validate the proposed method.

PRINCIPLE OF OPERATION

Heterodyne interferometer

The heterodyne laser interferometer for the velocity measurement is shown in Fig.1 (a). The
laser output, which consists of two orthogonal linear polarized beams with different frequen-
cies of w; and wy (wavelength A\; and \») is partially reflected by the beam splitter(BS). The
reflected beam from the BS passes through the polarizer, which is oriented at 45° to the po-
larization axis of the two orthogonal beams, and falls on the photo detector, P D,.. The output
signal of the PD,, ®, is called as a reference signal and expressed as the following,

®, = & cos(Awt) (1)
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Figure 1: Heterodyne laser interferometer. (a) conventional configuration (b) proposed con-
figuration

The two orthogonal polarized beams transmitted from the BS are divided at the polarized
beam splitter (PBS) according to their polarization directions. one goes to the reference path
to the fixed mirror and the other goes to the object path. The beams reflected from the fixed
mirror and from the object mirror meet at PD,,,. The Quarter waveplatel ((QW7) and Quarter
waveplate2 (QQW5) are the phase retarders and used to rotate the polarization directions of the
returning beams from the fixed mirror and the object mirror. The output signal of the PD,,,
®,, is called as a measurement signal and expressed as the following

®,, = D cos{Awt + p(t)} (2)

where o(t) represents the phase varied according to the object movement.

Frequency modulation of the heterodyne signal

In this article, a frequency modulation algorithm is constructed to increase the beat frequency
using an electronical modulation method. In order to perform this process, the optical sig-
nals from the laser interferometer and the electrical signals from the waveform generator are
required. Equations (1) and (2) are called again as in-phase reference and measurement sig-
nals, respectively. The quadratic signals of Eq.(1) and Eq.(2) are required for the proposed
frequency modulation process. The quadratic in-phase reference signal, @, , can be obtained
by using a phase-shifting filter. The in-phase reference signal and its’ quadratic signal are
expressed for clarity respectively as

®,.; = Pcos(Awt), 3)

)

®,, = Osin(Awt). “)

where the subscripts ¢ and ¢ mean the in-phase and the quadratic signals, respectively.
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The quadratic measurement signal, ®,, , is obtained optically as shown in Fig.1 (b) for
the sake of the measurement ease. Therefore, the additional optical components are added to
the previous heterodyne optical system. The in-phase and the quadratic measurement signals
from the interferometer are obtained at P D,,, ; and PD,, 4, respectively, and the in-phase and
quadratic measurement signals are expressed as

b,;, = ® cos{Awt + ¢(t)}, 5

)

Dy = Osin{Awt+o(t)}. (6)

The in-phase and the quadratic electrical signals, ®; and ®, , are generated respec-
tively from a waveform generator as

O, = (i)COS(wst), @)

., = Dsin(wst). (8)
Hereafter, the electric signal which is expected to be shifted from the waveform generator is

called as a shifting signal, and w, indicates the shifting frequency.
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Figure 2: Signal processing algorithm of the frequency modulation

Figure 2 shows the process of the frequency modulation algorithm to explain how the
modulated reference signal, ®, ; and the modulated measurement signal, ®,,, ; are obtained.
®,. 5 can be obtained by using ®,.;, Y, 4, ®,; and @, , as following

(br,s = q)r,i ) (I)S,i - q)r,q ’ (pqu
= dcos(w t) )
where w¢(= Aw + w;) indicates the final beat frequency which is shifted by w, from the

original beat frequency, Aw. In the same way, ®,, s can be obtained by using @, ;, P g,
o, ; and @, 4 as following

(I)m,s = (I)m,q : (I)s,i - (I)m,i : (I)s,q
= dcos{wst + o(t)} (10)
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Frequency demodulation using an one-shot F/V converter

Once the interferent signals, ®,. s and ®,, , are obtained, the velocity can be obtained using
several demodulation algorithms. In this article, a frequency demodulation algorithm using
an one-shot F/V converter[9] is used. The principle of the one-shot F/V converter is based on
the fact that the frequency is inversely proportional to the period of a signal. The frequency
of a signal is directly converted to voltage using the F/V converter. The one-shot process
is occurred when the interferent signal crosses the zero voltage. The zero crossing is not
dependent on the amplitude but only on the period of the interferent signal. Therefore, the
one-shot is more robust to the noise and the amplitude variation of the interferent signal
than the other methods. Two one-shot F/V converters are used to demodulate the modulated
reference signal, ®, ; and the modulated measurement signal, ®,,, ;.
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Figure 3: Principle of the one-shot F/V converter. (a) frequency modulated interferent signal,
(b) square wave of the interferent signal, and (c) one-shot pulse signal

Figure 3 shows how @, ; or ®,, ; are converted to the series of pulse using one-shot
F/V converter. To demodulate the interferent signal, ®,. ; or ®,, s as shown in Fig. 3 (a), the
sinusoidal interferent signal is converted to the square wave. The square wave can be obtained
by using a comparator. The square wave signal, 51 ,(t) or s1,,,(t) is derived from ®,. 5 or ¢, ,
respectively as shown in Fig. 3 (b). At the falling edge(or rising edge) of s1 ,-(t) or s1 (%), the
one-shot generates very short pulse having the same period regardless of the input frequency
as shown in Fig. 3 (c). Since the output of the one-shot is zero except the short pulse, the
average value of the one-shot output is inversely proportional to the period of the input signal
of the one-shot. The one-shot pulse signal sz () from s ,.(¢) can be averaged by using a low
pass filter as

T/2

AT/T = 1/T/ s2,-(t)dt. (11)
—T/2
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where, T is the period of the @, ,. Since 52 and AT are constant, 5 AT can be assumed to be
1 for the simplicity. Therefore,

T/2
wy = 1/T/ s, (t)dt (12)

—T/2

As the similar way, the frequency of the modulated measurement signal, ®,,, ; can be obtained
as

T/2

wi + p(t) = 1/T/ So.m(t)dt (13)
—T/2

where, s ., () is the one-shot signal of the modulated measurement interferent signal, ®,;, .
The derivation of the phase which is related to the Doppler frequency can be obtained
by subtracting Eq.(12) from Eq.(13) as following

/2 T/2

sam(®)dt — 1/T / 52, (£)dt. (14)

—T/2

s -yr [

—T/2

Then, the velocity of the object can be calculated from the following relationship
v(t) = @(t)A/4mn (15)

where, n is the refractive index of the medium along the laser path.

EXPERIMENT

A Zeeman-type frequency-stabilized He-Ne laser is used as the coherent light source which
emits the two linearly polarized beams. The beat frequency, Aw, of the heterodyne laser used
in this work is nearly 450 kHz. Since Aw is 450 kHz in the experiment, the maximum fre-
quency of the interference signal is 900 kHz. Therefore, the maximum measurable velocity
is £ 0.14 m/s by Eq.(15). In the experiment, the electronically modulated beat frequency, w
is shifted up to 900 kHz. The maximum measurable velocity is increased to &= 0.28 m/s. The
electronical frequency modulation algorithm for the increase of the beat frequency is imple-
mented by using high speed operational analog amplifiers, AD8056, and Multipliers AD734.
The developed electronical frequency modulation system has a wide bandwidth enough to
modulate the interferent signal.

Figure 4 (a) shows the interferent signal, ®,, ; or ®,, , and the velocity signal without
the electrical frequency modulation when the excitation velocity of the object is lower than
the maximum measurable velocity, £0.14 m/s. The velocity signals obtained from the system
without using the electrical frequency modulation and the commercial product are expressed
as Uwo(t) and v, (t), respectively. The velocity in this experiment is +0.11 m/s which is ob-
tained by vibrating the light rectangular plate at 800 Hz. No distorted signals are observed in
velocity signal. Figure 4 (b) shows the interferent signal and the velocity signal without the
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Figure 4: Interferent signal and velocity signal without the frequency modulation. (a) under
maximum measurable velocity, and (b) over maximum measurable velocity.
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Figure 5: Interferent signal and velocity signal using the frequency modulation. (a) at the
velocity of 0.14 m/s, and (b) at the velocity of 0.24 m/s

electrical frequency modulation when the excitation velocity of the object is higher than the
maximum measurable velocity. The interferent signal,®,,, ; or ®,, , and the velocity signal,
Uwo(t) are distorted at the maximum velocity point ‘A’. Each velocity signal is compared with
that of the commercial laser Doppler vibrometer, OFV3001 made in Polytec Co.. The output
voltage indicates the 0.025 m/s/vol..

Figure 5 (a) shows the frequency modulated interferent signal, ®,, ; and the velocity
signal using the proposed frequency modulation algorithm. No distorted velocity signal is
observed even at the point of “‘A”". Figure 5 (b) shows the velocity, v, (t) when the proposed
frequency modulation algorithm is used. The maximum velocity in this experiment is 0.24
m/s which is obtained at 1 kHz excitation. It is higher than the maximum velocity, 0.14 m/s
which is obtainable from using the original beat frequency of 450 kHz. The proposed method
is verified that the velocity measurement can be increased through the experiment.
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DISCUSSION

The electronical frequency modulation algorithm to increase the maximum measurable ve-
locity by increasing the beat frequency is proposed. The proposed algorithm overcomes the
drawback of the Zeeman type laser which has a relatively low beat frequency, while taking
the advantages of simple construction and high efficiency. This method can shift the beat fre-
quency electronically. The electronic circuit for the frequency modulation is designed to have
the bandwidth over 3 MHz. For the high speed signal processing, whole electronic compo-
nents are selected seriously. The one-shot F/V converter method is used to demodulate the
modulated interferent signals since the method is robust to the amplitude variation of the in-
terferent signals. The theoretical analysis and the experimental results demonstrate that the
proposed algorithm is proven to enhance the measurable velocity limit by increasing the beat
frequency of the heterodyne laser. The velocity result using the developed system is compared
with that of the commercial laser Doppler vibrometer experimentally.
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