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Differential Laser Doppler Velocimeter With
Enhanced Range for Small Wavelength Sensitivity by

Using Cascaded Mach–Zehnder Interferometers
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Abstract—A differential laser Doppler velocimeter (LDV) with
enhanced wavelength range for small wavelength sensitivity is pro-
posed by using cascaded Mach–Zehnder interferometers (MZIs)
for shifting the position of the beam at the input plane according to
the wavelength. The cascaded MZI structures are used to enhance
the position shift of the beam at the input plane compared with the
use of single-stage MZIs. The gradual shift in the incident angle of
the beam to the object is brought about with the combination of
cascaded MZI structures, lenses and apertures. The simulation re-
sults indicate that the wavelength range for small wavelength sen-
sitivity can be successfully enhanced by using two-stage cascaded
MZI structures.

Index Terms—Laser doppler velocimeter, interferometry, op-
tical planar waveguides, precision measurement, wavelength
sensitivity.

I. INTRODUCTION

I N research and industrial applications, laser Doppler ve-
locimeters (LDVs) have been widely used to measure the

velocity of a fluid flow or rigid object. The measurement by
using a differential LDV has the advantage of contactless, small
measuring volume giving excellent spatial resolution, and a
linear response [1]–[4].

Using a semiconductor laser as a lightsource of an LDV is
desirable to reduce the cost of equipment. However, typical in-
expensive semiconductor lasers suffer from the problem of in-
stability in lasing wavelength due mainly to the dependence on
temperature. In conventional differential LDVs, a Doppler fre-
quency shift at a monitoring point depends on the signal wave-
length to be used. Hence, wavelength instability in semicon-
ductor lasers causes measurement errors in the Doppler fre-
quency shift.

To reduce the measurement error due to wavelength change,
some studies have been reported [5]–[8] utilizing the change
in the incident angle according to wavelength shift, such as a
differential LDV using a diffractive grating [5]–[7] or arrayed
waveguide gratings (AWGs) [8]. However, these types of the
LDVs need complicated grating elements such as a diffractive
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grating or a planar waveguide grating. As a wavelength-insen-
sitive LDV consisting of simpler optical elements, we have pro-
posed the LDV that consists of single-stage Mach–Zehnder in-
terferometers (MZIs), lenses and apertures, and proved a wave-
length-insensitive operation [9]. The position shift of the beam
induced by the MZI is converted into the shift in the incident
angle to the measured point, and the aperture contributes to
smoothing and continuously shifting the field distribution. In
this structure, the wavelength range for small wavelength in-
sensitivity is limited to several nanometers. It is desirable to en-
hance the wavelength range for small wavelength sensitivity in
some cases, for example, when a cheap uncooled semiconductor
laser is used as a lightsource.

In this paper, we propose a differential LDV with enhanced
wavelength range for small wavelength sensitivity by using cas-
caded MZI structures for shifting the position of the beam at the
input plane according to the wavelength. Cascaded MZI struc-
tures have been used for applications to optical communication
such as multi/demultiplexers [10]–[12] or synchronized routers
[13], [14]. In the proposed LDV, cascaded MZI structures are
used to enhance the position shift of the beam at the input plane
compared with the previous work using single-stage MZIs [9].

II. PRINCIPLE

A. Structure

In a differential LDV, detected beat frequency, , is ex-
pressed as [1], [3], [15]

(1)

where is the incident angle of the beam to the object, is the
velocity of the object perpendicular to the bisector of the angles
of the incident beams to the object, and is the wavelength.
From this equation, if appropriately changes depending on ,
the wavelength-insensitive operation can be expected. When
is to be wavelength-insensitive around , the derivative of

with respect to should be zero around . From (1),
this condition is expressed as

(2)

where is the incident angle at .
Fig. 1 illustrates the proposed wavelength-insensitive LDV

using cascaded MZI structures. It consists of a laser, collimation
optics, a power splitter, receiving optics, a photodetector (PD),
and two sets of components, each of which consists of a mirror,
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Fig. 1. Proposed wavelength-insensitive LDV using cascaded MZI structure.

a cascaded MZI structure, an aperture, and a lens close to the
aperture. These two sets of the components having the same op-
tical characteristics are symmetrically arranged. The input beam
is split with a power splitter. Each beam is passing through the
cascaded MZI structure. The ratio of the powers of the beams
from output ports of the cascaded MZI structure changes ac-
cording to the wavelength. The beam freely propagates, passes
through the aperture and the lens, freely propagates again, and is
incident to the measured point. The position shift of the beam at
the output of the cascaded MZI structure is converted into shift
in propagation angle at the measured point by the lens, and then,
the incident angle changes depending on the wavelength. The
beams are scattered on the object at the measured point and de-
tected by the PD as the beat of the light that depends on the
Doppler shift due to the motion of the object.

To enhance the range in position shift according to wave-
length compared with a single MZI, cascaded MZI structures
are employed. Fig. 2 outlines the set of the components using a
two-stage cascaded MZI structure. Signals with different wave-
lengths to the output of an -th-stage MZI are demulti-
plexed with an -th-stage MZI by setting the free spectral range
of the -th-stage MZI to twice that of the -th-stage MZI.
For the two-stage cascaded MZI structure, signals with four
equally-spaced wavelengths within one free spectral
range are first divided with a first-stage MZI between the two
groups and , and next divided with second-stage
MZIs into each signal. The lower port of the upper second-stage
MZI and the upper port of the lower second-stage MZI should
cross each other so that the four signals are spatially
arranged in this order at the input plane (i.e., at the output of
the cascaded MZI structure). These output ports of the cascaded
MZI structure are equally spaced with an interval .

To obtain wavelength-insensitive operation, the field should
be smoothed and continuously shifted at the output plane (i.e.,
around the measured point) as the change in the wavelength. The
aperture contributes to smoothing and continuously shifting the
field distribution at the output plane according to wavelength
change as shown in Fig. 2. The aperture acts as a spatial filter for
truncating a part of the diffraction pattern of the beams from the
discrete ports of the cascaded MZI structure. Especially, when

Fig. 2. Set of components consisting of two-stage cascaded MZI structure,
aperture, and lens.

the spatial filter transmits just the pattern within one Brillouin
zone determined by the arc subtended by the angle [16],
[17], i.e., the zone covering just one fringe of the periodic pat-
tern, the field distribution at the output plane is smoothed due to
spatial band limitation.

The proposed structure can potentially be constructed as fol-
lows. First, the cascaded MZI structure is fabricated with planar
lightwave circuit (PLC) technology [18]. There have been some
reports [10], [11], [14] in which a cascaded MZI structure was
fabricated by using silica waveguides. Second, each set of com-
ponents consisting of the cascaded MZI structure, an aperture
and a lens is submounted. Third, a laser, collimation optics, a
splitter, mirrors and the submounts of the components are ar-
ranged so that the beams cross each other at the measured point.
Here, the beam from the laser is coupled to the input waveguide
of each cascaded MZI structure by using lenses. The focal length
of the coupling lenses should be chosen according to the spot
size of the beam and the dimension of the waveguide at the input
of the cascaded MZI structure. Finally, receiving optics and a
PD are arranged.

B. Paraxial Lens System

A set of optical components shown in Fig. 2 is modeled using
paraxial approximation of a lens system with an aperture based
on our previous work [9] to simulate the characteristics of the
proposed structure. For simplicity, we treat one-dimensional
case.
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The transfer function for the -th output port
of a cascaded MZI structure with output ports, , is
generally expressed as [12]

(3)

where ( is the number of stages), is the nominal
wavelength, is the wavelength shift from is the
free spectral range of the final-stage MZIs, and are the
constant phases and is the Dirichlet kernel defined as

[19]. The beam from a single-
mode waveguide is approximated as a Gaussian function. Let
the field distribution of a normalized one-dimensional Gaussian
beam from a waveguide at the input plane, , be

(4)

where is the spot size. The total field distribution at the
input plane, , is given by the superposition of separated
Gaussian beams, i.e.,

(5)

The Fourier transform of is then given by

(6)

where is the wave number in the air and is the dis-
tance between the input plane and the aperture. Here, the Fourier
transform of is defined by

(7)

The field distribution of the beam at the output plane, ,
is given by using paraxial approximation of a lens system [20]
with an aperture as

(8)

where is the distance between the lens and the output plane,
and the functions and , which represent parabolic
phase change under Fresnel diffraction, are defined by

(9)

(10)

where is the focal length of the lens near the aperture.
is the Fourier transform of the aperture function as

(11)

where is the half width of the aperture. The half width of the
aperture that just covers one Brillouin zone, , is determined
as

(12)

As a special case, when the output plane is set to the image
plane defined by the thin-film equation and the distance between
the aperture and the lens is negligible, the following relation
holds between and [21]:

(13)

III. SIMULATION RESULTS AND DISCUSSION

The characteristics of the LDV is simulated by using the lens
system model expressed as (8), assuming that two-stage cas-
caded MZI structures (i.e., ) made from silica waveg-
uides [18] are used. It is also assumed that the relative index
difference between a core and cladding is 0.3%, the core width
at the output of the MZI structures is 10 m, and m.
is then assumed to be 4.74 m under Gaussian approximation,
derived from the approximated relation between the normalized
core width and the spot size of the fundamental mode [22]. The
nominal wavelength is set to 1.3 m to be used as an example
of simulation. The aperture width is set to the width just cov-
ering one Brillouin zone determined by (12). The position of the
output plane is set to the image plane determined by (13).

Fig. 3 shows the contour plot of the calculated power dis-
tribution of the beam at the output plane for a two-stage cas-
caded MZI structure as a function of relative wavelength devia-
tion . The power distributions are plotted for var-
ious aperture widths ( , 0.75, 1.0, 1.25, 1.5, and
without an aperture). Here, mm and
mm. When is larger than 1.0 (i.e., Fig. 3(d), (e) and (f)),
the field at the output plane tends to be discretely shifted as the
wavelength changes. When is equal to or smaller than 1.0
(i.e., Fig. 3(a), (b), (c)), the field distribution at the output plane
has only one peak and the position of the beam shifts continu-
ously as the change of the wavelength. The smooth field distri-
bution and continuous shift for the LDV with the aperture are
due to the effect of spatial band limitation by the aperture. We
should note that the field distribution is broadened when
is smaller than 1.0. It is because the reconstructed field at the
output plane is excessively bandlimited. From the viewpoint of
spatial resolution, smaller measurement volume is preferable.
Hence, an value of around 1.0 should be optimum in terms
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Fig. 3. Contour plot of calculated power distribution of beam at output plane as function of ����� for two-stage MZI structure. � � � mm and � �

� � � mm. (a) ��� � ���, (b) ��� � ����, (c) ��� � ���, (d) ��� � ����, (e) ��� � ���, and (f) without aperture.

of smooth field distribution, continuous shift and small measure-
ment volume. Hereafter, it is assumed that .

Fig. 4 plots the propagation angle at the output plane as a
function of the relative wavelength deviation . Here,
the propagation angle is defined by the angle between the direc-
tion of propagation and the -axis. As well as the case for a

two-stage cascaded MZI structure, the conventional case for a
single-stage MZI (i.e., ) with the same core width and
is also plotted in this Figure. The propagation angle of the beam
changes as the change of the wavelength . It results from the
conversion of the position shift of the beam at the input plane
caused by wavelength shift into the shift in propagation angle
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Fig. 4. Propagation angle at output plane as function of ����� for two-
stage cascaded MZI structure �� � �� and single-stage MZI �� � ��. � �
� mm and � � � � � mm.

by the lens. The wavelength range in which change in propa-
gation angle is almost linear can be increased to about
of by using a two-stage cascaded MZI structure,
whereas the range is about of for the con-
ventional case using a single-stage MZI. The range in prop-
agation angle is also increased from about rad for
a single-stage MZI to about rad for a two-stage cas-
caded MZI structure. When the beam shifts between the mar-
ginal output ports for a two-stage cascaded MZI structure, the
wavelength shifts from to of with
a position shift from to . On the other hand, the
wavelength shift is from to of with a
position shift from to for the conventional case.
This enhancement in the wavelength shift and position shift
leads to enhancing the range for almost linear change.

for wavelength-insensitive operation should be de-
rived as a parameter for the MZI structure, once the incident
angle is fixed. From Fig. 4, the increment of the incident
angle with respect to is derived as 0.0204 rad
around . is then derived so that the relation (2)
approximately satisfies after is fixed. When is set to 30
for example, should be set to 46.0 nm.

Fig. 5 plots the deviation in of an LDV using two-
stage cascaded MZI structures due to the wavelength deviation

calculated by using (1) for
mm, and mm. The deviation in is defined
as . For comparison,
the deviations for a conventional LDV without MZIs and a con-
ventional LDV using single-stage MZIs are also shown in Fig. 5.
The wavelength range with small deviation in can be
increased by using cascaded MZI structures. The wavelength
range for small deviation in (within ) is

nm for the LDV using two-stage cascaded MZI structures,
whereas the range is nm for the conventional LDV using
single-stage MZIs.

When allowable deviation in is once determined, the
wavelength range for the allowable deviation in can
be maximized by optimizing because the increment of

with respect to is determined by . Fig. 6 shows
the relation between allowable deviation in and half

Fig. 5. Deviation in � �� of LDV using two-stage cascaded MZI structures
as function of ��. � � �� 	 � � � mm, and � � � � � mm. The
deviation for conventional LDV without MZIs and conventional LDV using
single-stage MZIs are also plotted in this figure.

Fig. 6. Relation between allowable deviation in � �� and half bandwidth.
� � �� 	 � � � mm, and � � � � � mm.

bandwidth. The half bandwidth is defined as the half of the full
wavelength range within which the absolute value of the devi-
ation in is below the allowable deviation. It is found
that the half bandwidth is wider for the LDV using two-stage
cascaded MZI structures when the absolute value of the devi-
ation in of larger than is allowable. When
the allowable deviation is larger than , the band-
width for the two-stage cascaded MZI structure becomes larger
than twice that for the single-stage MZI. The half bandwidth
for the two-stage cascaded MZI structure has two discontinu-
ities caused by some slight nonlinear changes in the wavelength
dependence of propagation angle.

As well as the paraxial lens system model expressed as (8),
we simulated the field distribution by the beam propagation
method (BPM) as a conventional method for simulating beam
propagation to verify the simulation result from the lens system
model. We used commercially available software (BEAMPROP
ver.8.1, RSoft Inc.) for the BPM simulation. We compared the
numerical result from the lens system model expressed as (8)
with that from simulation using the BPM. We only simulated the
free propagation region between the input plane and the output
plane including the lens and the aperture with the BPM, whereas
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Fig. 7. Contour plot of field amplitude of diffraction pattern from input plane to around the output plane by BPM. � � ���m, � � �����m, � � � mm,
� � � � � mm and ��� � ���. (a) �	��	 � ����, (b) �	��	 � ����, (c) �	��	 � ����, (d) �	��	 � �. Here, the input plane
is at 
 � �, the lens and the aperture are at 
 � � mm, and the output plane is at 
 � 	 mm.

Fig. 8. Calculated power distribution of beam at output plane for BPM simulation and paraxial lens system model. � � � mm, � � � � � mm and ��� �

���. (a) �	��	 � ����, (b) �	��	 � �.

the input amplitudes induced by a cascaded MZI structure were
analytically given by (3) for .

Fig. 7 shows the contour plot of the field amplitude of the
diffraction pattern from the input plane (i.e., the output of the

cascaded MZI structure) to around the output plane by 2-D BPM
simulation. It is assumed that m, m,

mm, mm and . The diffrac-
tion pattern reveals that the diffracted beam outside the central
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Brillouin zone is screened by the aperture. Consequently, the
field distribution has a single main peak around the output plane
( mm) even when the power splits mainly two output ports
of the cascaded MZI structure. This result clearly indicates the
effect of the band limitation by the aperture. Moreover, the shifts
in the direction and the position of the beam around the output
plane depending on the wavelength are appeared in the BPM
simulation as well as the lens system model. It indicates that the
wavelength sensitivity can be reduced by utilizing these shifts.

Fig. 8 plots the calculated power distribution of the beam at
the output plane for the BPM simulation and the paraxial lens
system model for and 0. The power dis-
tribution given by the lens system model agreed well with that
given by the BPM simulation. This agreement indicates that the
lens system model derived in Section II.B can be used to ana-
lyze the proposed LDV effectively.

IV. CONCLUSION

A differential laser Doppler velocimeter (LDV) with en-
hanced wavelength range for small wavelength sensitivity has
been proposed by employing cascaded MZI structures for
shifting the position of the beam at the input plane according
to the wavelength. The cascaded MZI structures are used to
enhance the position shift of the beam at the input plane. As
a result of the simulation using a model of a lens system with
an aperture, we found that the wavelength range for small
wavelength sensitivity can be enhanced by using two-cascaded
MZI structures. The wavelength range for small deviation in

(within ) can be increased to nm for
the LDV using two-stage cascaded MZI structures, whereas the
range is nm for the conventional LDV using single-stage
MZIs. It would be useful for low-cost and precise velocity
measurement in many researches and industries.
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