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A displacement sensor based on transmission varied-line-space (VLS) phase gratings is proposed. The relationship be-
tween the properties of the sensor and the parameters of VLS is discussed. Compared with the displacement sensor manu-
factured by the reflective VLS grating, this type of sensor contains a grating with simpler structure and high diffraction
efficiency. It also has good stability with the change of temperature.
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The fiber bragg grating has been widely used in temperature
and pressure sensors [1-4]. A fiber optic displacement sensor
manufactured by reflective VLS grating was first proposed
by W. B. Spillman Jr in 1989 [5]. Further studies on the sen-
sor of this type have been continued ever since [6-8]. As the
reflective VLS grating, the key element of the sensor, is dif-
ficult to manufacture, lots of research on the design and manu-
facture of VLS grating have been also done [9-13]. In this paper,
a displacement sensor based on transmission VLS phase grat-
ings is proposed. The resolution of the numerical control
photolithography equipment in Hitachi Company of Japanese
can reach 0.02 nm[14], while the photolithography technol-
ogy of excimer laser etching and UV laser engraving can
reach the resolution of sub-micrometer. The precision of
grating’s groove depth is better than 0.1 m.

The structure of a transmission VLS phase grating with
rectangular grooves is shown in Fig.1. The refractive indices
of the dielectric material and air are noted by n1 and n2,
respectively. w is the thickness of the grating, and dd n, an and
bn are the line space, the material width and the slit width of
the n th period of the grating, respectively. The Cartesian
coordinates are used. The grating plane is within the o-xy
plane and the line spaces dndd crease along the positive direc-
tion of xf  axis. A monochromatic plane wave traveling in z
coordinate is incident on the grating normally.  is the dif-
fraction angle.

The change of dndd  can be described with a polynomial of
m orders:

                                                                                          (1)
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When m=1, the simplest case, the changing of dndd becomes:

where, d0d is the initial line space, G is a changing coefficientG
and xn is the sum of the previous n line spaces:

n
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kn dx
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                dn=d0d -Gxn-1 n=1,2,3, (2)

Using the mathematical induction method, the change of
dn described in Eq. (2) can also be expressed as:

n
n Gdd )1(0                                                                                             (4)n
n Gdd )1(0

Fig.1 The structure of transmission VLS phase grating.
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The related diffraction efficiency is:
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It shows that the diffraction efficiency is related to the
diffraction direction , the incident wavelength , the initial
line space d0d and the changing way of the line space (an,bn).
When the grating is illuminated by white light, the peak wave-
length at a given diffraction direction is related to the posi-
tion of the grating.

Fig.2 gives a calculated example, from which the dis-
placement of the grating can be deduced from the increment
of the peak wavelength.

where j is the diffraction order and  is the wavelength of
incidence. When white light normally incidents on the grating,
the diffraction intensities of different wavelengths are not
the same in a given direction. Light with the wavelength de-
cided by Eq.(5) has maximum intensity. Putting the diffrac-
tion light in this direction into a spectrometer, we will get a
spectrum. For a VLS grating, d in Eq.(5) can be treated ap-d
proximately as the initial line space of the illuminating area.
When the grating shifts along x axis, the corresponding ini-
tial line space d will change synchronously. Therefore, thed
peak wavelength in the spectrum will also change. And sub-
sequently the displacement of the grating can be calculated
through measuring the change of the peak wavelength in the
spectrum.

Actually, the diffraction intensity of the VLS grating can
be resolved based on the diffraction theory. Suppose a mono-
chromatic plane wave with wavelength of and amplitude
of E0E normally incidents on the grating. According to the scalar
diffraction theory, in the direction of , the complex ampli-
tude of the diffraction wave caused by an element dxdd  on the
position x of the grating is:

It can be seen that the line space dn varies as a geometric
series. When dn changes slowly, the diffraction properties of
the VLS grating can be qualitatively analyzed by the follow-
ing grating equation:

d sin =j=jj a               j=0,                                   (5)

                                                                                          (6)

where, n(x(( ) is the refractive index of the grating on point x.
By integrating Eq.(6), the complex amplitude of the wave
diffracted by the nth period of the grating can be obtained:

Thus, the complex amplitude of diffracted wave caused
by the anterior N periods of the grating is:N

where
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The energy of the zero diffraction order can be zero, and
most diffraction energy will concentrate on the first diffrac-
tion order. So, the properties of the sensor can be improved
by using phase grating.

Fig.2 The spectrum of diffraction light in a given
direction before and after the movement of VLS

grating, respectively. Real line: before movement;
Dashed line: after movement.
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According to the diffraction efficiency of VLS grating
given by Eq. (10), we can analyze the influence of the pa-
rameters of VLS on the sensitivity and dynamic range of the
sensor. The line space of the grating changes in geometric
series as shown in Eq.(4), and the spectrum of the incident
wave is in gaussian function,

]
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where, 0 is the central wavelength, 0=0.5 m, andd =0.25
m. Since that the input/ output properties of the sensor will

not be affected by the move direction of the grating, we can

Fig.3 The influence of d0dd on the properties of the sensor, w=0.7ww m, G=0.000 1. (a) The input/output curves; (b) The
relationship between the displacement of the gratings and the peak diffraction efficiency.

Fig.3(a) suggests that the grating with the line space
changing in this way is ideal for sensor.This is consistent
with the conclusion of the reflective grating sensor [9]. When
d0d is smaller, the slope of the curve becomes larger, which
stands for a higher sensitivity of the sensor. Curves in Fig.3
(b) imply that for a given value of d0d , when the x increases,
the peak diffraction efficiency decreases. And with a smaller
d0d , the diffraction efficiency decreases more quickly, which
shows a narrower dynamic range of the sensor.

For a grating with the initial line space d0d =5 m, an/bn =1,n

w=0.7 m, we choose G to be 0.000 1, 0.000 2 and 0.000 3,G
respectively. The calculated input/output curves are given in
Fig.4(a). Fig.4(b) shows the relationship between the dis-
placement of the grating, x and the peak diffraction
efficiency.

The thickness of grating and the diffraction direction may
influence the diffraction efficiency of the waves with differ-
ent wavelengths. For a given thickness and given diffraction
direction, only the wave which satisfies both Eqs.(5) and (11)
can reach the highest diffraction efficiency. If the grating

assume that the VLS moves to the positive direction of x
axis.

Supposing a given grating with an/bn=1, w = 0.7 m, G =
0.000 1. The values of d0 are 3 m, 5 m and 10 m,
respectively. And the diffraction direction  is along the first
diffraction order of the incident wavelength of 0.7 m. Us-
ing Eq.(4), we can obtain curves for the properties of the
displacement sensor. The calculating results are shown in
Fig.3. Fig.3(a) gives the input/output curves. The lateral axis
denotes the displacement of the grating, x, while the longi-
tudinal one denotes the displacement of the peak wavelength
in the output spectrum, . In Fig.3(b), the relationship be-
tween x and the peak diffraction efficiency is displayed.

moves towards the direction that the line space decreases,
the wavelength of peak efficiency will decrease according to
Eg. (5) and the thickness of the grating will no longer satisfy
Eg. (11). Then the diffraction efficiency will fall down. The
larger the displacement of the grating is, the lower the dif-
fraction efficiency will be. As a result, the measuring range
will be restricted.

In practical application, the thickness of grating and the
diffraction direction are  chosen according to the actual mea-
suring requirements. If the measured movement is in a fixed
direction, supposing it is in the direction of line space
decreasing, the peak wavelength in the output spectrum will
surely move towards short wavelength. In order to enlarge
the dynamic range of the sensor, the thickness w of grating
and the diffraction direction can be determined by Eq. (5)
and Eg. (11) with a wavelength in the red end of input
spectrum. If the direction of measured movement is uncertain,
the values of w and w  should be calculated by Eq. (5) and Eq.
(11) with the central wavelength of the incident spectrum.
Taking a grating with d0d =5.0 m, an /bn=1, and G=0.000 1 as
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Fig.5 Influence of the grating’s thickness and the
diffraction direction on the peak diffraction efficiency.

(a) Grating moves in a single direction. w=0.7ww m,
corresponds to the first diffraction order of 0.7 m
wavelength. (b) Grating moves in both positive and

negative directions. w=0.7ww m, and  corresponds to
the first diffraction order of 0.5 m wavelength.

Fig.4 The influence of G on the properties of theG
sensor, w=0.7ww mm, d0dd =5 m. (a) The input/output curves

(b) The relationship between the displacement of the
gratings and the peak diffraction efficiency.

Tab.1 The measuring precision of the sensor with
different values of df 0dd and G.

G=0.0001 G=0.0002 G=0.0003

 d0d =10 m  d0d =5 m d0d =3 m d0dd =5 m d0d =5 m

The measuring
precision (nm)

 144                72                43                36              24

Actually, either the line space of the grating and the chang-
ing coefficient can decrease infinitely. They are restricted by
the dynamic range as mentioned above. Besides, when d0d is
close to the order of wavelength, the polarization dependence
of the diffraction field will affect the properties of the sensor.
Diffraction efficiencies for different polarizations are
different, which should be analyzed separately.

In Fig.1, suppose the polarizing direction of TE (TM)
wave to be perpendicular (parallel) to the paper surface. When
TE or TM wave incidents on the grating, the electromagnetic

an the calculated results for both cases mentioned above are
shown in Fig.5. The lateral axis denotes the displacement of
the gratings, while the longitudinal one denotes the peak dif-
fraction efficiency in the output spectrum.

Above all, when the initial line space of the grating d0d  is
smaller or the line space changing coefficient G is higher,
the sensitivity of the sensor becomes higher and the dynamic
range will be narrower. It appears that the values of d0d , G, w,
and  should be chosen appropriately to meet the measuring
requirement in the practical application.

The measuring precision of the sensor is determined by
its input/output property and the measuring precision of the
spectrometer. Nowadays, the measuring precision of the spec-
trometer can reach 0.001 nm [15], as a smallest displacement
of wavelength =10-3 nm. According to the curves in Fig.3
(a) and Fig.4(a), we can get the measuring precision of the
sensor in each case, which is shown in Tab. . It is hopeful
that the measuring precision of the sensor can be improved
further by decreasing d0d or increasing G as long as the fabri-
cation technology of grating is allowed.



ZHOU et al. Optoelectron. Lett.  Vol.4  No.3

                                                                                       (a) d0dd  =1.5 m

                                                                                       ( b) d0dd  =3.0 m

field around the grating can be calculated by the FDTD algo-
rithm and the complex amplitude distribution on the rear plane
of the grating can be obtained. Then, according to the Fou-
rier optics, one can make the Fourier transform of this com-
plex amplitude distribution to get the distribution of the
Fraunhofer diffraction field.

Let d0dd  be 1.5 m, G be 0.0001, and G 1 be the direction of
the first diffraction order of the central wavelength of inci-
dent light. The diffraction efficiencies of all wavelengths in
the direction of 1 were calculated for TM and TE
polarizations, respectively. The normalized efficiencies are
displayed in Fig.6. The horizontal axis denotes the

wavelength, while the vertical one denotes the diffraction
efficiency.

As shown in Fig.6 (a), the shapes of the output spectra
for both TE and TM waves are distorted so that the peak
wavelength is hard to read.

It can be seen from Fig.6 (b), that when dn 0d =3.0 m, the
peak diffraction efficiencies of TE wave are still not obvious,
while the shape of output curve for TM wave becomes
smooth, and the peak wavelength can be obtained. So the
value of d0d  of the VLS phase grating for displacement sensor
can not be decreased infinitely. Besides, TM polarization is
the better choice in practical application.

Fig. 6 Diffraction efficiencies of TM and TE waves with different initial line spaces.

The displacement sensor has linear input/output property
if the line space of VLS phase grating changes as a geomet-
ric series.It is concluded that the sensitivity of the sensor will
become higher and the dynamitic range will be narrower as
decreasing the value of d0d  or increasing the value of G. Ap-
propriate values of d0d and G should be chosen depending onG

the measuring requirement in the practical application. Con-
sidering the polarization properties of diffraction and the
measuring precision limitation of the sensor, the TM polar-
ization is priority when the line space is near to the order of
wavelength.
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