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In this study, the V—/ transmission matrix formalism (V—/ method) is proposed to analyze the spectrum characteristics
of the uniform fiber Bragg grating (FBG)-based acousto—optic modulators (UFBG-AOM). The simulation results demon-
strate that both the amplitude of the acoustically induced strain and the frequency of the acoustic wave (AW) have an effect
on the spectrum. Additionally, the wavelength spacing between the primary reflectivity peak and the secondary reflectivity
peak is proportional to the acoustic frequency with the ratio 0.1425 nm/MHz. Meanwhile, we compare the amount of
calculation. For the FBG whose period is M, the calculation of the V-I method is 4 x (2M—1) in addition/subtraction,
8 X (2M — 1) in multiply/division and 2M in exponent arithmetic, which is almost a quarter of the multi-film method and
transfer matrix (TM) method. The detailed analysis indicates that, compared with the conventional multi-film method and
transfer matrix (TM) method, the VI method is faster and less complex.
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1. Introduction

The fiber Bragg grating (FBG) has been developed into
a critical component with wavelength selectivity, which can
be used in many devices, such as couplers,[!! lasers,?!
photodetectors,®! and sensors.!¥ In recent years, acousto—
optic modulation (AOM) has draw much attention, which can
be used in many domains, such as optical add/drop multi-
plexer (OADM),[S] tunable laser,!®! and filters.!”] In 1997,
the uniform fiber Bragg grating-based acousto—optic modu-
lators (UFBG-AOM) was proposed by Liu.!8! In the UFBG-
AOM, the longitudinal AW is translated onto the FBG, which
changes its transmission characters. The fiber Bragg grating
(FBG) in AOM can be excited by an axially propagating ex-
tensional AW, which results in high tuning speed, low inser-
tion loss, and simple structure. To be specific, the AW prop-
agating through the UFBG causes the lateral vibration and
makes the refractive index of the UFBG periodic stretched and
compressed. ]

Many methods have been proposed to analyze the
spectrum of the FBG based device, such as the equilib-
rium method, % the limit method,!'!! the method based on
coupled-mode theory,"?! the multi-film method,"?! Fourier
mode coupling theory,[!3-161 and the transfer matrix (TM)
method.!”! Among these methods, the Fourier mode coupling
theory and the TM method have been applied in analyzing
the UFBG-AOM. The Fourier mode coupling theory is easy
and fast to analyze the UFBG-AOM, but the effect on the de-
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vice characteristics from the Bragg construction is not appar-
ent by this method. Even though we can know how the Bragg
construction affects the device characteristics through the TM
method, the operating rate is limited. In 2003, Capmany pro-
posed a new method, the V—I transmission matrix formalism,
to calculate the spectrum of fiber gratings.!'8! Compared with
the well-known transfer matrix approach, the V-I method is
much easier to model photonic devices and circuits without re-
quiring impedance matching, and much faster to calculate the
characteristics of the FBG-based device for all the decrease of
the number of matrix. Therefore, the V—-I method can also be
used to analyze the device based on the FBG efficiently. ']

In this study, the V-I method is applied to analyze the
spectrum characteristics of the UFBG-AOM. Compared to the
multi-film method and TM method, the proposed V-I method
is faster and more succinct. Some relevant simulations are
done. From the simulation results, we obtain some important
points. The spectral location and intensity of the secondary
reflection peaks are set by the acoustic frequency and the am-
plitude of the acoustically induced strains. The primary reflec-
tion peak changes periodically with the acoustically induced
strains. In every period, the reflectivity increases at the be-
ginning, and then decreases. The wavelength spacing between
the primary reflection peak and the secondary reflection peak
is proportional to the acoustic frequency. The number of the
secondary reflection peaks increases with the increase of the
frequency of induced AW. All these simulation results are con-
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sistent with the experiment results.[?°! The study compares the

V~I method with the multi-film method and TM method in the
amount of calculation, and points out that the V-I method is
faster and more succinct. The results of the V-I method have
negligible difference with the results of the multi-film method
and TM method.

2. Model and method
2.1. The V-I transmission matrix formalism

For the multi-film method,'?! the FBG are served as
a structure with the cascade of multiple-layer optical thin
film. A simple example can be seen in Fig. 1, where the
left part is an elementary component of the FBG. Here, E,, ;
and E,, »(Ems1,i, and Ej41 ) represent the forward and back-
ward propagating fields of the film m (m+ 1). The study
uses Vi, = Ep i+ Epr and Ly, = (Ey; — Ep r)/Zy to translate
the forward and backward propagating fields of the multi-film
method into the fields of the V-I method, where Z,, and n,,
denote the impedance and the refractive index of the medium
m and Z,, = Zy/n,, = 1207 /n,,. Consequently, the VI trans-
mission matrix is defined as follows:

Hﬂ = [|VL||- H:*l } : ()

+1

The V1, is defined as VI, = VI! - VIL, and the interface
matrix VI., is formulated as

V=o'

|
BE f ’l
b1 ta
Em . EHH»I.V
- <

which is one of the most important features of the V—I method.

The layer matrix of the transmission matrix VI% for the
medium m with the refractive index #n,, and length L,, can be
defined as

COS Oy, jZy,sin Gy, (2n)n
L : m
— O, —
VIm ] S10 O COS Oy > Om A Lm (2)
m

Then, to analyze the FBG by the V—I method,!'8! the

equation can be written as
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As a consequence, the reflection and transmission transfer

functions can be written as

2
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Fig. 1. A simple example of fields changing from the multi-film method to the V- method.

2.2. UFBG-based AOM

The structure of the UFBG-based AOM is shown in
Fig. 2, which is composed of the UFBG, the silica horn, and
the piezoelectric transducer (PZT). The voltage source drives
the vibration of the PZT, and the silica horn induces the lon-
gitudinal AW into the single mode fiber, which makes the uni-
form FBG periodically stretched and compressed. After prop-
agating over the uniform FBG, the AW will be absorbed by the
fiber coating layer.

The strain field of the longitudinal vibration can be writ-
ten as?!l

s(z) = sosin(kaz), ko =21/ 24, ®)

where k, is the propagation constant of AW, A, = v,/ f, is the
acoustic wavelength, v, is the acoustic phase velocity, and f,

is the acoustic frequency. The variable so = \/2P,/(EAVg,) is
the amplitude of acoustically induced strain, P, is the power

of the acoustic wave in the fiber with Young’s modulus £ and
area A, and Vg, is the group velocity of the AW.

silica horn

fiber core

fiber cladding

Fig. 2. (color online) The structure of the UFBG-AOM.

After the AW is induced into the uniform FBG, the re-
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fractive index perturbation An(z) changes into!!®!

2 Aq
An(z) = 6, [1 +cos </§rz+ Adsocos(kaz)>} , 0<z<L,
(6)
where 9§, is the refractive index modulation depth, L is the
length of the grating, and A is the period of the grating.

3. Numerical simulations

In this section, the numerical simulation results of UFBG-
based AOM in different acoustic frequency and amplitude of
acoustically induced strain are given. The parameters of the
simulation are shown in Table 1.

Table 1. Simulation parameters.

Variable Parameter Simulation value
L grating length 15 mm
A grating period 525.878 nm
Ao central wavelength 1545.1 nm
Neff effective refractive index 1.4774
S, refractive index modulation depth 0.9%x 1074

According to Egs. (4) and (6), the spectrum of the AOM
in different frequencies are given in Fig. 3, where the ampli-
tude of acoustically induced strain is set at so = 1001L€ and the
acoustic frequency changes from 0.75 MHz to 3.0 MHz.

From Fig. 3, one can conclude that, when there is no AW
induced into the grating, the spectrum has only one reflectivity
peak at the central length. Once the AW is on, the reflectivity
peaks appear at not only the location of the central length, but
also the locations of the other lengths. To be specific, only the
main reflectivity peak appears in the spectrum in the condition
that there is no AW propagating through the UFBG because of
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the coupling between the forward-propagating core mode and
the backward-propagating core mode. However, when the AW
is propagated through the FBG, the side bands appear because
of the coupling between the AW and a part of the optical wave,
and the strength of coupling is changed periodically with the
increase of the strain.

Taking Fig. 3(a) for example, except the main reflectivity
peak at the central length with the reflectivity of 0.8488, there
are still four secondary reflectivity peaks, which are 1544.9
nm with the reflectivity of 0.3385, 1545.09 nm with the re-
flectivity of 0.8208, 1545.21 nm with 0.8099 and 1545.3 nm
with 0.4089. The study defines the two peaks near the primary
reflectivity peak as the first-order secondary reflectivity peaks,
which are symmetric with respect to the central length.

Comparing Figs. 3(a) and 3(b), we find that with the in-
crease in the frequency of the AW, the reflectivity of the pri-
mary reflectivity peak increases from 0.8488 and 0.9676 to
0.9773 and 0.9801. Meanwhile, the reflectivity of the first-
order secondary reflectivity peak decreases from the 0.8208 to
0.1876. The increase and decrease of these peaks conform to
the law of conservation of power. In addition, figure 3 illus-
trates that the wavelength spacing between the primary reflec-
tivity peak and the secondary reflectivity peak increases with
the frequency of AW.

Then, the study figures out a series of simulation data
points, and the linear fitting results are shown in Fig. 4. It
is clear that the wavelength spacing AA is proportional to the
acoustic frequency, and the ratio is 0.1425 nm/MHz. This
calculating ratio is consistent with the experimental result of
0.142 nm/MHz.[2% This means the V—I method, used to ana-
lyze the UFBG-AOM, is correct and effective.
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Fig. 3. (color online) Spectrum of UFBG-AOM with different acoustic frequency, where so = 100 e and f, = 0 (the dotted line), 0.75 MHz (a), 1.5 MHz

(b), 2.25 MHz (c), and 3.0 MHz (d).
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2 3 4
Acoustic frequency/MHz

Fig. 4. (color online) Wavelength spacing AA varies with the acoustic
frequency. The dots are the calculated data; the solid line fits for the

data.
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At last, we set the acoustic frequency at 800 kHz, and
then obtain the results of setting amplitude of acoustically in-
duced strain at so = 50u e, 100ue, 150ue, 200ue, 250 e, and
300u e, which can be seen in Fig. 5. It is obvious that under
the same acoustic frequency, with an increase of the strain, the
number of the secondary reflectivity peak increases.

Comparing the primary reflectivity peaks in Figs. 5(a)—
5(f) with each other, it is apparent that the reflectivity of the
primary peak changes periodically with the increase of the
strain. When the strain increases from 50ue to 200ue, the
reflectivity decreases from 0.9716 to 0.2049 gradually, while
the strain increases from 200p€ to 300 €, and the reflectivity
increases to 0.6491.
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Fig. 5. (color online) Spectrum of UFBG-AOM with different strain, where f, = 800 kHz and sy = O (the dotted line), S0ue (a), 100ue (b), 150ue (c),

200p€ (d), 250p€ (e), and 300e (£).
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4. Performance evaluation

In order to compare the V- method with the multi-film
method and the TM method, all the parameters are the same.
As shown in Fig. 6, when the frequency of the acoustic wave
is 2250 kHz and the acoustic amplitude is 100u €, the results
from the three methods are almost the same, in spite of a little
difference shown in the upper right corner. The order of mag-
nitude of the error between the V—I method and the multi-film
method is 10~4, and that between the V—I method and the TM
method is 107> (see Fig. 7).
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Fig. 6. (color online) Spectrum of the UFBG-AOM in the V-I method
(the solid line), the multi-film method (the dotted line), and the TM
method (the chain line) when f; = 2250 kHz and so = 100u¢€.
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Fig. 7. (color online) The error between the V-I method and the multi-
film and TM methods when f, = 2250 kHz and sy = 100u€.

Assuming that the number of the period is M, we list the
amount of calculation of the three methods respectively in Ta-
ble 2.

Table 2. Amount of calculation of the three methods.

add. (+) / sub. (—) mul. (x)/div. (+) exp. (e‘s)

VI transmission method 4 x (2M —1) 8x (2M —1) M
Multilayer film method ~ 12x (2M —1) 13x(2M—1) M
Transfer matrix 8x (2M —1) 52x (2M —1) M

In terms of the calculation of addition and subtraction,
the 4 X (2M — 1) of the V-I method is lower than the 12 x
(2M — 1) of the multi-film method and the 8 x (2M — 1) of

the TM method. For the multiply and division calculation, the
TM method is much more difficult than the V-I and multi-
film method, because the 52 x (2M — 1) is much larger than
the 8 x (2M — 1) and 13 x (2M — 1). The exponent arithmetic
of the V-I method is also easier than the other methods. To be
specific, the amount of calculation of the V-I method is about
a quarter of the others.

In accordance with the discussion above, we conclude
that the results of three methods are almost the same, and the
amount of calculation of the V-I method is much lower than
the multi-film method and the TM method.

5. Conclusion

The V—I transmission formalism is used to analyze the
UFBG-based AOM in this study. By simulation, the study
figures out the spectrum fast and effectively. Those simula-
tion results illustrate that the location, the reflectivity and the
number of peaks are determined by the acoustic frequency and
amplitude. The wavelength spacing between the secondary
and the primary reflectivity peaks has a linear relation with the
frequency of the acoustic wave. Under the same acoustic fre-
quency, the reflectivity of the primary peak changes periodic
with the increase of the amplitude of the acoustically induced
strain. All these simulation results are consistent with the ex-
periment results in our former work. This means that the V-1
method used to analyze the UFBG-AOM is corrected and ef-
fective.

Comparing the simulation results and the amount of cal-
culation of the V—I method, the multi-film method and the TM
method, we conclude that the simulation results of the V-/
method are almost the same as those of the multi-film method
and TM method, because the order of magnitude of the error
between the V—I method and the other methods is 10~# and
1075,
method and the TM method is almost four times the calcu-
lation amount of the V-I method. Thus, this study concludes
that the V-I method is faster and more succinct than the multi-
film method and the TM method.

However, the amount of calculation of the multi-film
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