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In this paper, a liquid crystal tunable thin-film optical bandpass filter is studied and analyzed using the signal flow graph
technique. This paper investigates an exact form for calculating the transmission coefficients, reflection coefficients, and the
transmission intensity of the filter. The simulation results show the filter performance and the channel shape profile. In addition,
the results show the tuning capability of the filter. The signal flow graph technique provides an attractive method for analyzing the
thin-film optical filters since it overcomes the difficulty of the refractive index concept in extending to optical applications.

Moreover, it simplifies the filter analysis and design process.

1. Introduction

Optical filters are considered as one of the most im-
portant elements of optical and electro-optical systems
technology. Laser, photodetectors, and optical filters
represent some of the devices used in the optical com-
munication networks. The tunable optical filters are
considered vital components in the huge volume optical
communication systems based on the wavelength mul-
tiplexing approach [1, 2]. The performance of the optical
filters (bandwidth, slope, insertion loss, and flatness)
affects the overall signal to noise ratio (SNR) and the bit
error ratio (BER) of optical communication systems.
Therefore, effective analysis methods and approaches are
required to analyze the optical filter.

Several methods have been proposed for the analysis
of optical filters. Some of these methods are the matrix
method, the transfer matrix/chain matrix algebraic
method, and the method of solving the field equations.

These methods are hard to be extended to optical ap-
plications because of the dependency in optics on the
concepts of refractive index [3]. Signal flow graph has
been proposed to overcome the drawbacks of the other
approaches in difficulties due to the dependence in optics
on the concepts of refractive index and to avoid the
repeated summations in some other methods. Besides, it
simplifies the filter analysis, and it can be used in the
analysis and design of both the optical and the electrical
systems. In [3], a multicomponent cavity system in the
laser has been analyzed using the signal flow graph
technique, and the author has proved that it is a rapid and
convenient method in analyzing the cavities involving
active components. A microwave approach and signal
flow graph (SFG) approach were applied to analyze an
optical multilayer system in [4]. It was shown that the
signal flow graph approach is a powerful approach,
simple, and has visual advantages for design. A signal
flow graph structure of the high pass filter useful for
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operational transconductance amplifier and capacitor
(OTA-C) has been presented in [5]. A fiber optical
resonating structure has been designed and analyzed
using the SFG technique in [6]. Also, a comparison of
various analytical techniques has been made in order to
highlight the typical advantage of using the SFG.

2. Signal Flow Graph

A signal flow graph technique is used in order to generate
a graphical description of a vibrant system of linear
equations. The SFG contains several nodes which em-
brace the data momentarily and pathways to pass on the
data among those nodes [7]. Each pathway is guided from
the origin to the result, and it is characterized by a factor
named the gain transmittance of the pathway. Moreover,
the signal flow graph can be redefined in terms of paths
and loops. The loop is a path that starts and finishes at the
same node with no node passed by the loop more than
once. The loops of SFG are also characterized by the order
of each loop. A first-order loop consists of single loop,
while a second-order loop consists of two nonoverlap-
ping single loops [8]. A loop contains many single
untouching loops which is called a higher-order loop.
The gain transmittance of the second-order and higher
order loops can be found by multiplying the
gain transmittance of individual first-order loops that
create the second-order and the higher order loops [8].
The gain transmittance of the flow graph between a given
input and output nodes can be evaluated by Mason’s
formula:

p LRI LM+ YL@ = COE L)+ ]
1-YL()+YLQ2) -+ (-1)'Y L{)

(1)

where P, is the coefficient of the n'" pathway, ¥ L, (i) is
the summation of the coefficients of all the i"-order
loops that do not touch the n™ pathway P, and %L(i) is
the summation of the coefficients of all the i"-order
loops in the flow graph. In order to analyze a multilayer
optical filter using Mason’s rule and SFG theory, we will
apply this theory to a simpler multilayer filter analysis.
After that, we will apply it to a more complex multilayer
filter analysis. A three-layer optical structure will be
analyzed first. To begin analysis, we will assume that all
layers are lossless, the optical wave incident to the three-
layer system polarization is a transverse electric (TE)
polarization. As the LC used in this study is (BL006)
which is sensitive to TE polarization only, the alignment
director is parallel to TE polarization [9]. Moreover, the
incidence of the TE wave at the boundaries of the dif-
ferent layers is normal. The signal flow graph repre-
sentation is shown in Figure 1. To find the transmittance
of the three-layer optical system, there is one pathway
(abcdef) and one loop (cdlm). Applying Mason’s rule to
Figure 2, for input a to the output at node f, we have
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F1GURE 2: SFG representation for the optical filter after using single
path transformation.

Py =tytye %, (2)
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A =1 (4)

From equations (1)-(4), the transmission coefficient ¢,
at node f is
t12t23‘37i62

t13 = 1 —2i6," (5)
—T1T3€

Now, the intensity transmittance of the path from layer 1
to layer 3 can be determined using the following equation:

n
Tys = —tyst)s
13 =7 fstis (6)
where n; and nj are the refractive indices for the first and
third layer, respectively. Using the same procedure to find
the reflectivity, then we get
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In the five-layer optical system, the analysis will depend
on the results previously attained from the analysis of the
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three-layer system, because we can implement this system as
a cascade of two three-layer system. Since the transmission
coeflicients ¢, and t5; have been derived in equations, they
can be used in this structure analysis, which helps to reduce
the number of anticipated branches of the SFG. Then, the
analysis results will be as follows:
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Now, the intensity transmittance of the pathway from
layer 1 to layer 3 can be determined using the following
equations:

*

n

5
T.- = —t,:t
15 15
n, 2

1

2i6,

- r13 + T3s5€
15~ 1 —2i6, (10)

—131735€

2i6,
Ts3 +13.€

L —2i0,
1—r;rsse

3. Liquid Crystal Tunable Optical
Filter Structure

The structure of the LC tunable filter is composed of two
cascaded five-layer optical structure (with alternating high
and low refractive index materials) to form the reflective
mirrors, with an LC sandwiched in between. The tuning
capability in the suggested filter design is realized by
inserting a liquid crystal (LC) in the filter cavity as the tuning
medium. The effective refractive index of the nematic LC
layers can be controlled applying an electric field. Appli-
cation of the electric field will change the LC molecules
orientation which results in changing the LC layer refractive
index to obtain the required tuning capability [9]. Based on
this structure, we can use the previous signal flow graph
analysis results for such a filter. The signal flow graph
representation for the filter is shown in Figure 3. The
transmission and the reflectivity coefficients can be calcu-
lated using the same procedure discussed previously for the
three- and five-layer structures.

In order to derive the transmission coefficient and
reflectivity, we follow the same procedure as before. The
signal flow graph implementation of Figure 3 is transformed
using a single path transformation method which was dis-
cussed by Lee and Whitaker [6], where the reflective paths
are excluded. The resulted new topographical transform is
shown in Figure 2.

4. Results and Discussion

The filter design shown in Figure 3 has been simulated using
the SFG analysis results derived in Section 3. The filter design
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FiGUre 3: Reduced SFG representation for the optical filter.

parameters used were as follows: the high and low refractive
index materials were silicon (Si) and silicon dioxide (SiO,),
respectively. These alternative layers are used to form the
reflective layers. The liquid crystal used was BLO06 which has
a refractive index tuning range of n=1.5-1.72. The results
for the transmission profile are shown in Figures 4 and 5.

Figures 4 and 5 show the channel shape profile for the LC
refractive index (n=1.5 and n=1.72), respectively. The
transmission profile has a sharp flat-top response with ripple
less than 0.1 dB for both figures. As seen from Figures 4 and
5, this filter has a tuning range around 170 nm. Moreover,
this tuning range covers the C and the L bands.

The profile width for typical bandwidths: —3dB and
—0.5 dB are given on both figures. It is noteworthy to say that
the values of these bandwidths are different for the two
figures. This is due to the fact that the chromatic dispersion
of the filter, i.e., the dependence of the refractive index on the
wavelength, which leads to widening the bandwidth of the
filter [10]. Even though the widths are almost doubled for the
-3 and —0.5 dB bandwidths, we still have a —3 dB bandwidth
less than 2nm that is the standard for such filters. The
dispersion factor was considered in the values of the LC
refractive index by using the following equation [11]:

n(A)=A+§+%, (11)

where A, B, and C are constants that can be found in (9).

Figure 6 shows the filter channel shape for different
values of the LC refractive index. We can see from the figure
that the filter has the tuning capability, as for each value of
LC refractive index, we have different center frequency for
the filter transmission profile. The refractive index values
used in this figure are close to each other in order to make
the figure clearer. Such small value change required a stable
and accurate voltage source [9].

5. Conclusions

Tunable optical filters are widely needed in optical com-
munication systems. This paper illustrates the analysis of
liquid crystal tunable optical thin film filters using the SFG
technique. A detailed derivation of the SFG analysis is
presented in this paper. The paper provides an exact form for
calculating the transmission coefficients, reflection coeffi-
cients, and the transmission intensity. The resulted equa-
tions described the transmittance of eleven-layer thin film
optical filters with a LC crystal inserted between the re-
flective layers. The simulation results show that the filter has
a flat-top sharp response. Moreover, the results show the
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FIGURE 4: The channel shape profile for the LC refractive index
(n=1.5).
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FIGURE 5: The channel shape profile for the LC refractive index
(n=1.72).
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FIGURE 6: The transmission intensity for different values of the LC
refractive index.

tuning capability of the filter. The SFG technique provides a
simple and accurate analysis method for the tunable thin
film optical filters.
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