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Different types of photonic crystal components have been modeled by approximate RLC circuits. The proposed
lumped circuits exploit the analogy of photonic crystal elements and RLC circuits. They are either coupled to each
other or inserted like lumped circuits to imitate wave propagation within the photonic devices. Different examples
such as side-coupled waveguide–cavity systems, side-coupled cavity–cavity systems, and improved structures are
investigated for evaluating the theory. It is shown that the proposed circuits are exact enough to be substituted
into the complicated calculations of numerical methods. In addition, the presented practical and straightforward
procedure can be employed for flexible and efficient design. The results are verified using the finite-difference
time-domain numerical simulations and coupled-mode theory for various devices. © 2020 Optical Society of

America

https://doi.org/10.1364/AO.395250

1. INTRODUCTION

Integrated photonics is a promising platform for implementing
large-scale mode transformations required for optical infor-
mation processing [1]. According to the analogy between
electronics and photonics, light control in optical circuits is
similar to flow of electricity in electrical circuits. Optical devices
show a faster speed, less energy consumption, and better stabil-
ity than electrical circuits. The field of photonics is constantly
advancing in developing optical integrated circuits, which
use nano-cavities as switches for controlling the flow of light.
Over the two last decades, photonic crystals (PhCs) have been
extensively studied and several concepts such as the photonic
bandgap, slow light, superprism effect, and negative refraction
have emerged [2–5]. PhCs are used to realize optical devices,
such as waveguides, splitters, resonators, optical filters, and
optical switches [6–10]. Many studies have dealt with numerical
and theoretical analysis of PhC devices. Different methods such
as finite-difference time-domain (FDTD), time domain beam
propagation [11], Dirichlet-to-Neumann [12], multiple multi-
pole [13], theoretical method of coupled-mode theory (CMT)
[14], etc., have been proposed. Among all of these methods,
numerical methods, despite their generality and flexibility, need
massive calculations and give us little insight into the physics
of devices. In this regard circuit models are required, because
of their efficiency in computation and their ability to provide
physical insights. They bring the concepts and existing design
methods of microwave area to optical PhC devices thereby
improving our ability to design. Many circuit models have been
proposed for active and passive optical devices: semiconductor

lasers [15,16], optical amplifiers [17], photonic crystal devices
[18], and Fano lasers [19].

The goal of this paper is to develop a more generalized circuit
model (CM) based on previous works [20] for modeling vari-
ous structures. Different models, such as the stub [21,22] and
cascade models [23], are extensively covered. It is demonstrated
that using these two models, different devices created based
on PhC waveguides can be analyzed and optimized, but these
models still have the problem of complexity when huge optical
circuits are considered. Further, both the stub and cascade mod-
els complement each other and they cannot be used individually
to describe more complicated circuits. In this paper, to our
knowledge, for the first time we introduce an efficient and flexi-
ble modeling scheme for simulating (a) traditional PhC optical
switches and (b) optical Fano switches. Optical Fano switches
are a new type of switch which have Fano resonance instead
of traditional Lorentzian resonance in their output spectrum.
Indeed, Fano resonance, because of its asymmetric and high-
quality factor shape, enables us to do switching operations while
consuming less energy. Also, with these types of switches, we will
be able to have optical femto-joule switches, which are required
for future advanced optical devices [24]. Promising photonic
systems for providing Fano resonances can be roughly classified
into four classes: photonic crystal structures, arrays of coupled
optical waveguide and resonators, plasmonic nano-structures,
and metamaterials [25]. Recent advances on Fano resonances
in plasmonic, photonic crystal, and metamaterial structures
have been reviewed in [26–28]. In Fano devices, the interfer-
ence of a discrete state with a continuum leads to asymmetric
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peaks. This refers to the resonance scattering of quantum theory
[29–31]. With regards to electric resonance, the electric-
dynamic equations of the “sharp” and “broad” electric-resonant
modes are established where Fano resonance emerges. Recently,
several devices have been presented for providing this type of
spectra. In this paper, we also used PhC structures and nano-
cavities as building blocks of Fano devices, and different Fano
structures are modeled based on circuit theory. The proposed
structures can be used as high-speed all-optical switches as well
as high-sensitivity sensors. Furthermore, the circuit model,
which is a mapping image of the classical mechanics, can be
employed toward Fano resonance concepts [32]. Inductance
in passive electric circuits demonstrates an effect boosting with
higher frequency, and the capacitance behaves in an opposite
way.

Circuit models are typically used for simplifying simulations
and deep physical analysis. Meanwhile, alternatively using
simple models such as circuit models, numerical simulations
(i.e., FDTD) can be done simply for various devices within a
short time. Indeed, numerical models are mostly accurate but
very complicated and heavy to calculate; thus, circuit models
could be used to predict the behavior of the device, before sim-
ulations [33]. The method presented here has the advantage of
straightforward modeling. Also, because of the flexibility of the
model for lumped circuit like modeling, the model becomes
a promising procedure for future huge optical circuit designs.
Since the modeling capabilities of previous works to model
huge and complicated structures are weak, to overcome the
difficulties of section-based models, this paper illustrates a new
element-based method to model different parts according to
the elements of the structures with the problem addressed by
employing an element-based procedure for modeling more
complicated optical structures.

The paper is organized as follows. In Section 2, the procedure
of the modeling is presented. Circuit implementations and
modeling equations are described in Section 3. Section 4 deals
with the discussion. Finally, Section 5 concludes the paper.

2. THEORY

To analyze optical devices, the discrete elements of photonic
structures should be modeled individually after which the com-
prehensive model for photonic structures should be generalized.
According to [34], an electric circuit analog of the photonic
structure can be implemented. Obviously, capacitors play the
role of charge storage devices while inductors act as flux storage
devices. A standing wave is formed within the cavity which is
responsible for the light confinement and because of the similar-
ity of the concept to voltage storage in electronics, the equivalent
element can be considered as a capacitor. On the other hand, the
traveling wave formed in the waveguide is responsible for trans-
mitting the light and because of the similarity of this concept
to current storage in electronics, the equivalent element can be
regarded as an inductor [Table 1 (A and B)]. Thus, there is an
analogy between voltage and standing wave as well as between
current and traveling wave.

We need to introduce capacitors as coupling elements [shown
in Table 1 (C)] to describe the coupling effects between different
optical elements with electronic analogs. Loss of the light to

the air can be modeled as a resistor [Table 1 (D)] by supposing
a dissipation of power in electronics since the resistor leads
to electrical losses in forms of joule as with optical losses. In
cavity-based structures, we have two types of optical losses due
to cavities which should be considered in Q factors. Apparently,
the Q factor consists of two different elements called vertical
Q⊥ and in-plane Q‖ [35,36]. Vertical loss, i.e., Q⊥, is inde-
pendent of the elements around the cavity. This type of loss,
which leads to a decline in the device performance, could be
considered as an electrical resistance in the circuit model of the
structure. Another part of the Q factor (Q‖) which is due to
coupling to neighboring elements, can be modeled as a capacitor
between two nodes in the circuit model, where each node is the
equivalent of one optical element.

Because of the coupling effects between different optical
elements, and due to optical loss of the waveguides and cavities,
we need to model the optical elements by RLC circuits, i.e., R
is interpreted as loss of the cavities and L(C ) is conceived as
traveling (standing) wave behavior of the elements.

Using the design procedure developed in this paper and
Table 1, the circuit model can be implemented for optical struc-
tures. Generally, the presented concept can be used to design and
model any other devices consisting of waveguides and cavities.

3. CIRCUIT MODEL IMPLEMENTATION

An appropriate line shape can be obtained by tuning the values
of circuit model elements. In this method, we used parallel
and serial compositions of R , L , and C electrical elements for
simulating each optical element. R models the optical losses
to the clad, L is responsible for the traveling wave, and C deals
with local light confinement. Note that in cavities, inductance
vanishes gradually due to the existence of standing wave while
capacitance disappears gradually in waveguides due to existence
of traveling wave. Nevertheless, by replacing optical elements
with their equivalents, it is possible to model optical circuits
with large-scale electrical circuits.

Side-coupled waveguide–cavity and cavity–cavity structures
are key elements for realizing PhC devices [6,7,9,37,38]. For
example, a cavity that is side-coupled to a PhC waveguide or
another cavity could lead to Lorentzian resonances, or even
sharp asymmetric resonances known as Fano resonances. Several
optical structures are discussed here, and the circuit modeling is
also described.

Initially, we investigate the behavior of parallel RLC circuits
and compare the outputs with typical Lorentzian output spectra
of optical devices. Then, several Fano structures as well as a
new presented Fano structure will be modeled using electrical
elements such as a resistor, inductor, and capacitor. Finally, CM
results will be compared with FDTD results.

In the circuit model analysis, we used the input impedance of
the circuit embedded in the single-input-single-output system.
The transmittance is defined as S21 = Poutput/Pinput, where
Pinput and Poutput are the input and output powers, respec-
tively. By tuning the zeros and poles of the input impedance,
we can implement appropriate asymmetric resonance toward
simulating the preferred optical device. We employed the
input impedance instead of oscillator-dynamic equations in
the spectral domain to simulate the optical devices because of
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Table 1. Procedure of Circuit Modeling

Element Optical Equivalent Electrical Equivalent Symbol

A Optical cavity C

B Waveguide L

C Coupling element C

D Loss to clad R

E Perturbed waveguide L2, C2

F Low Q Cavity L1, C1

simplicity and requirement of modeling, as well as tuning of the
asymmetric and symmetric spectra, which is more feasible in the
input impedance method [34].

The procedure of obtaining circuit model parameters
includes the calculation of resonance frequency of photonic
elements and deploying them to the circuit model and tuning
the parameters toward fitting the results on FDTD/CMT plots
while the resonance frequency is nearly the same.

A. RLC Circuit for Making Lorentzian Spectrum

The first structure has been considered to be a typical PhC filter
which has a Lorentzian spectrum at the output due to the cavity
in the light path.

The bulk photonic crystal is made up of a triangular air hole
photonic crystal slab with an air hole radius of 0.25a and thick-
ness of 0.4a, where a = 460 nm [35,38]. The wavelength of
light in the structure is the value typically used in optical com-
munications. When the waveguide width is correctly defined
(660 nm) to provide both low reflection and good optical con-
finement, the waveguide can be employed for single-mode
operation. Note that the width is set smaller than usual to pre-
vent excess waveguide mode from the output. The cavities are
made through shifting two near holes in opposite directions
with S1 = 85 nm and second holes with S2 = 20 nm (as shown
in Fig. 1). The structure is simulated numerically with FDTD.

The FDTD parameters are 1x = 10 fm and 1t = 0.1 fs. We
used a simple RLC circuit for modeling the physical structure
of Fig. 2(a). In this circuit [as shown in Fig. 2(b)], R is used for
modeling optical losses to the clad, L is considered to model
the traveling wave properties of the cavity, and C is used for
capturing the standing wave formation in the cavity. In Fig. 2(a),
the up cavity is responsible for filtering the input light coming
from the input waveguide.

The incident light from the input left waveguide trans-
mits to the right output port at resonance frequencies of the
up cavity with the Lorentzian spectrum emerging at the out-
put waveguide [as shown in Fig. 2(c)]. There is one resonant
photonic component, and thus only one RLC circuit is enough
to simulate the behavior. L and C are key elements in simulating
the structure as R is applied to fit the result to physical limita-
tions of the system. The LC system can be adjusted to make

Fig. 1. Procedure of synthesizing the nano-cavity. S1 and S2 are shift
vectors to shift PhC holes to make simple nano-cavity. Typical values of
vectors are shown in Table 2.
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Fig. 2. (a) PhC Lorentzian optical switch structure containing
one cavity and in/out waveguides. (b) Circuit model of the structure
shown in part (a) (RLC circuit is responsible for Lorentzian filtering).
(c) Comparison of the results of FDTD simulation and CM. The
values of L, R, and C are 1.0132 pH, 20 T� and, 1 nF, respectively.
The FDTD parameters are considered as1x = 10 fm and1t = 0.1 fs.

resonance at the preferred wavelength. In this structure, there
is no mode interference (only one photonic resonant element
exists) and no zero-pole adjustment is required to follow the
FDTD results.

The equation that models the optical behavior of the PhC
device shown in Fig. 2(a) is

Z = 1/

(
1

R1
+

1

jωL1
+ jωC1

)
. (1)

The results show that there is a good agreement between
the circuit model results and numerical FDTD simulations
[as shown in Fig. 2(c)]. The R , L , and C values are extracted
by considering the resonant frequency and bandwidth of the
RLC circuit which are 1/

√
LC and R/L , respectively. The CM

implemented here can be used to analyze complicated optical
devices consisting of the side-coupled cavity–waveguide and
cavity–cavity structures.

B. Circuit Level Implementation of Fano Structure
(Type I)

Two conventional PhC-based Fano structures have been intro-
duced in [38,39]. The first structure is a two-cavity system
blocking the waveguide for guiding light to the output port
through two light paths via cavities [Fig. 3(a)]. In the PhC-based
Fano resonator, a simple nano-cavity could represent the dis-
crete state while the waveguide stands for the continuum. When
the spectrum of the states is combined at certain frequencies, the
Fano resonance will occur. Both the waveguides and cavities can
play the role of continuum states [38,39]. Regarding the quality
factor (QF), two elements with a high QF contrast interact and
consequently, Fano resonance can take place. In the structure
shown in Fig. 3(a) [29], a PhC nano-cavity-waveguide-based
structure is used for making better light confinement toward
better non-linear effects, and then smaller and lower energy
consumption. The bulk photonic crystal structure is the same
as the Lorentzian switch described in Section 3.A. The cavities

Fig. 3. (a) Optical PhC Fano switching structure Type I consisting
of two cavities by applying the second cavity to achieve a Fano shape
and in/out waveguides. (b) Circuit model of the structure; each RLC
circuit is employed to model one cavity. The topological-induced
difference of cavities is considered in R, L, and C values of each cav-
ity model. (c) Comparing the results of FDTD, CMT, and CM. The
FDTD parameters are considered as1x = 10 fm and1t = 0.1 fs. The
values of L1, R1, and C1 are 40.3443 pH, 150�, and 1 nF, respectively.
The values of L2, R2, and C3 are 0.1268 pH, 85 �, and 317.480 nF,
respectively. Also, C2 = 110 pF.

Table 2. Shifts Required to Make Cavities

S1 S2

Cavity 1 (Down) 85 nm 20 nm
Cavity 2 (Up) 90 nm 20 nm

of the structure shown in Fig. 3(a) have been made according
to Fig. 1. The parameters of the cavities are reported in Table 2.
Also, the waveguide width is set to 760 nm to have both a good
confinement and proper light coupling. By setting the wave-
guide width to 760 nm, some unwanted modes which are due
to entrapment of the light in the input waveguide (because of
the small width of the device and photonic crystal devices as
well as the vertical width of the input waveguide, which is nearly
a
√

3 as with typical cavities in photonic crystal structures) have
appeared at the output. These excess modes are not preferred
and as such the waveguide width in the earlier Lorentzian struc-
ture, shown in Fig. 2(a), is set to 660 nm without any problem
in functionality. The discussed modes are shown in the spec-
trum of Fig. 3(c) on the left tail of the FDTD plot which are not
mimicked by theoretical circuit and CMT models. The excess
modes were not considered in the theoretical models as they are
unwanted effects.

The procedure for modeling the structure considers (1) an
RLC circuit for each cavity and (2) a coupling capacitor for
modeling the coupling that exists between elements. The final
CM is shown in Fig. 3(b). Indeed, in resonant modes of cavities,
the output is in its highest value while in off resonance, the
output will be minimum with this behavior being in a good
agreement with the results of the CM.

In the structure presented in this section, input light enters
the structure from the left input waveguide and has two light
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paths to follow. One path is through the down cavity while the
other path is indirectly through the up cavity via the down cavity
and then entering the output waveguide. Subsequently, the
light is passed from two resonant elements with the light from
different paths combined at the output waveguide, whereby
interference occurs. The structure is considered as a structure
with two resonant elements, while their resonances are close to
each other. The equivalent circuit will be two LC circuits which
are bound with a coupling element and have constructive and
destructive interferences. According to the presented model,
we should set zeros and poles of the circuit to have them in
proper distance. Then, by adding R1 and R2 to both circuits, the
desired Fano resonance appears. The model is adjusted, and its
result is shown in Fig. 3(c).

The model is also evaluated by the FDTD and CMT, as dis-
played in Fig. 3(c).

The modeling equation for the CM is

Z = R A + RB +
1

jωC2
, (2)

where R A =
1

1/R1+1/ jωL1+ jωC1
, RB =

1
1/R2+1/ jωL2+ jωC3

, and
C2 is a capacitor for making coupling between two resonant
states of the circuit. Also, the CMT equations for this structure
are according to [38]

da1

dt
=

(
jω1 −

1

τt1

)
a1 + jµ1a2 + jκCCSi , (3)

da2

dt
=

(
jω2 −

1

τt2

)
a2 + jµ1a1, (4)

where the resonance frequencies of the continuum and discrete
states of the cavities are equal to ω1 and ω2, respectively; a1

and a2 indicate the field amplitudes of the down and up cavi-
ties; µ1 is the coupling coefficient between the first cavity and
the waveguide; Si denotes the amplitude of light that couples
to the structure; and τti is the electric field decay rate and is
calculated as

τ−1
t1 = τ

−1
t2 = τ

−1
int + τ

−1
cpl + τ

−1
abs , (5)

where τint is the intrinsic decay rate of the cavity, τcpl denotes the
coupling decay rate, and τabs is the absorption decay rate which
is proportional to bulk material absorption. Also, by considering
S1+ as incoming light, S1− as reflecting light, and S2− as trans-
mitted light, while the incoming light from the output is consid-
ered zero, the relation between in and out waves will be

S1− = S1+ −µ
∗

1a1, (6)

S2− =−µ
∗

2a1, (7)

whereµ1 =
√

2/τcple jθ1 ,µ2 =
√

2/τcple jθ2 , and κCC = 2/τCC.
θ1 and θ2 are either 0 or π depending on the symmetric or anti-
symmetric property of the cavity mode profile, and κCC can be
calculated from Q =ωτ/2, where QCC is the quality factor due
to each of two coupled cavities.

The fitted transmission spectra of the CMT method,
FDTD, and the presented circuit model are shown in Fig. 3,

while the quality factors are obtained from experimental
results, i.e., Qcc = 1800, Qcpl = 3000, Qabs = 34700, and
Qint = 10500 [38]. The FDTD results are due to the interfer-
ence between two different optical modes; with a one-by-one
mapping, we could model each optical frequency mode induced
from each cavity with a parallel RLC, as depicted in Fig. 3.
Comparison of the results from the CMT, CM, and FDTD
methods demonstrates the strength of the model in simulating
this Fano-resonance-based structure. Thus, the circuit model as
well as CMT and FDTD predict the behavior of the system and
can be used to design optical circuits.

C. Circuit Level Implementation of Fano Structure
(Type II)

The second approach for making a Fano resonance is a simple
structure introduced in [40]. The structure consists of a partially
transmitting element (PTE) in a PhC waveguide coupled to a
cavity (Fig. 4).

In the presented structure, a single cavity and a waveguide
with a PTE with proper radius are resonant elements in the
structure. By employing one or several PTE(s) or changing the
PTE radius in the waveguide and also near the cavity, we could
have different Fano resonances in terms of asymmetric property.
Note that, adding extra PTEs or equivalently changing the PTE
radius or vanishing PTE(s) leads to creation of a conventional
Lorentzian spectrum at the output. Indeed, by adding PTEs (or
changing the PTE radius), the waveguide reaches low quality
factor (Q). Because of such a low-quality-factor cavity located in
the vicinity of a real existing cavity, a stronger coupling between
the cavity and waveguide will be obtained.

The result of the manipulation of the waveguide will be two
optical paths shown in Fig. 4. Indeed, in this structure, by tun-
ing the hole radius in the waveguide, the light coupled to the
up cavity is tuned and we can switch between the Lorentzian
and Fano spectrum. The circuit model of the structure could be
modeled using the model presented in [34]. Switching between
Lorentzian and Fano spectra could take place by tuning the
capacitance of the coupling capacitor, which describes the cou-
pling between the cavity and the waveguide in the structure
(Fig. 5). By increasing the radius of the PTE inside the wave-
guide, the coupling of light to the cavity is increased. As a result,
the second light path will be intensified [40]. Note that a simple
circuit presented for the structure is implemented by employing
the mentioned concept which comes from the analogy between
electronics and photonics.

In the presented model, the light intensity in different paths
could be tuned by modifying different elements in the model
until Fano resonance occurs, and the important point is that we

Fig. 4. Waveguide and a cavity that couples between them is tuned
by changing the PTE radius in the waveguide and consequently, the
Fano shape is changed. The first structure does not have any PTE
and in the next structures, PTE is added and its size in increased
respectively.
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Fig. 5. (a) Circuit model of the presented structure in Fig. 4.
This structure is implemented by a simple circuit. In the circuit, the
capacitor and inductor are responsible for modeling the up cavity and
capacitor (C2) is applied for modeling the guiding element. (b) The
change of PTE size in the waveguide is simply modeled by changing the
C2 capacitor in the model from 10 pF to 10000 pF; thus, the spectrum
is reformed from Lorentzian to Fano shape and then came back to
Lorentzian.

should refer it to coupling capacitor, i.e., C2, phenomenologi-
cally. Because of the effect of adding PTE(s) (or equivalently
changing its radius), which emerges as a transformation of
waveguide to the low-Q cavity, the series type of circuit model
for the Fano structure shown in Fig. 3 could be applied for this
structure, but the presented model is preferred because of the
simplicity. In this model, the parallel RLC circuit which was the
building block of the previous model is not used, and because
of their differences in filtering mechanisms, just the series LC
model is employed for modeling the structure.

D. Circuit Model Implementation of the Proposed
Fano Structure (First Stage Improvement)

We have proposed an improved Fano structure in [41,42].
Typically, the two-state system, which is crucial for making a
Fano resonance, consists of two cavities with different Q factors.
Indeed, the up cavity, which has only coupling to the down cav-
ity while its coupling to other elements is very weak, has a higher
Q factor with respect to the down cavity that is coupled to both
of the waveguides and the up cavity. In the proposed structure,
cavities are made by shifting two near holes and second ones
around the cavity. The second shift is done for reducing the
vertical losses of the cavity [38]. With regard to this mechanism,
which is used for suppressing the loss, we suggest a new method
which attempts to reduce the vertical losses as much as possible.
Hence, the total Q factor of the structure is increased, and the
sharper Fano spectrum is produced.

The cavities of this structure are made according to Fig. 1 and
Fig. 6(a). In other words, the new cavity discussed in this section,
which is the discrete state in the structure, is made according to

Fig. 6(a) to have a higher Q factor than the continuum and the
continuum state related cavity is made by Fig. 1. The parameters
of the cavities are shown in Table 3.

In the presented method, the up cavity of the structure shown
in Fig. 3(a) is more softened by symmetric shifting of more holes
around the cavity, as discussed by Noda et al. [43]. The results
of applying this method to the nano-cavity in the structure
shows steeper Fano resonance due to reduction in vertical losses
of the cavity. The down cavity remains unchanged. Applying
this new method to nano-cavities leads to increasing Q factor.
The method of making the new cavity is shown in Fig. 6(a). For
modeling an increase in Q factor, a virtual cavity is considered
in the position of up cavity (while its Q factor is increased) [42].
The schematics of the presented method are shown in Fig. 6(b).
The equivalent of the new cavity is modeled simply through
repeating RB in the CM of Fig. 3(b). The CM is shown in
Fig. 6(c). In this model, as discussed above, R2 = R3, L2 = L3,
and C3 =C4. The equivalent circuit equation can be derived as
below:

Z = R A + 2× RB +
1

jωC2
, (8)

where R A =
1

1/R1+1/ jωL1+ jωC1
, RB =

1
1/R2+1/ jωL2+ jωC3

, and
C2 is a capacitor for making coupling between two resonant
states of the circuit.

The results of this circuit model in comparison to the CM
of Type (II) structure (without any modifications) show better
and steeper Fano shape at the output. The new structure with
new cavity is also simulated with the FDTD method to con-
firm the model. The results of both FDTD and CM after the
modifications are shown in Figs. 7(a) and 7(b), respectively.
Comparing the two plots, it shows that the present results are in
good agreement with FDTD results.

Fig. 6. (a) Procedure for making a new type of cavity. (b) Schematics
of virtual cavity representation. (c) New structure equivalent circuit
model; R2 = R3, L2 = L3, and C3 =C4.

Table 3. Shifts Required for Making the Cavities

S1 S2 S3

Cavity 1 (up) 92 nm 11.5 nm 92 nm
Cavity 2 (down) 85 nm 20 nm 0



9212 Vol. 59, No. 29 / 10 October 2020 / Applied Optics Research Article

Fig. 7. (a) FDTD simulation results from the Fano structure. The
FDTD parameters are considered as 1x = 10 fm and 1t = 0.1 fs.
(b) Plots from output of the presented circuit model before and after
applying the improving method.

E. Circuit Model Implementation of the Proposed
Fano Structure (Second Stage Improvement)

As shown in Fig. 8(a), for suppressing the losses of light induced
from diffraction, the same two cavity systems are added into the
region under the waveguide. Thus, the input light which is devi-
ated into dual-cavity systems after collision with air holes in the
waveguide is shaped and transmitted to the output. As discussed
in [41,42], the new symmetrized structure consists of four cavi-
ties for manipulating the light and in/out waveguides for trans-
mitting the light [Fig. 8(a)].

According to [41,42], employed cavities consist of two
similar pairs of cavities while each pair is designed to make an
asymmetric Fano shape. As such, two Fano resonances appear at
the output. Note that waveguides are applied only for guiding

Fig. 8. (a) Symmetric structure, and (b) equivalent circuit model.

Table 4. Shifts Required for Synthesis of Cavities

S1 S2

Cavity 1 (up) 85 nm 20 nm
Cavity 2 (up) 92 nm 20 nm
Cavity 1 (down) 85 nm 20 nm
Cavity 2 (down) 92 nm 20 nm

the light required to be switched to the structure. This sym-
metrization leads to greater increase of light transmission and
reflection than previous structures when the switch is on and
off, respectively. The cavities of the structure shown in Fig. 8(a)
are made according to Fig. 1. The parameters of the cavities are
shown in Table 4. The CM procedure for modeling the excess
symmetric part is to double the circuit through paralleling it
with the same circuit [shown in Fig. 8(b)]. When the same struc-
ture is added such that the input power is divided proportionally
among components, it should be interpreted as paralleling the
before circuit model with new component’s circuit model. In
this case, the new component is the same as the before structure.
The equivalent circuit equation can be derived as Eq. (9):

Z =
(

R A + RB +
1

jωC2

)
‖

(
R A + RB +

1

jωC2

)
, (9)

while R A =
1

1/R1+1/ jωL1+ jωC1
, RB =

1
1/R2+1/ jωL2+ jωC3

, and
C2 is a capacitor for making coupling between two resonant
states of the circuit.

Equations (8) and (9) describe how concepts are used to relate
photonics and electronics.

The results of both FDTD and CM after two modifications
discussed in Sections 3.D and 3.E are shown in Figs. 7(a) and
7(b), respectively.

4. DISCUSSION

Several different photonic elements, such as cavities, wave-
guides, cavity–waveguides, cavity–cavities, and other optical
components have been discussed in previous sections. It can be
said that the behavior of optical structures originates from the
resonances and their interference; thus, and because of their
simplicity and their ability to model these behaviors, electri-
cal circuit models are desired. Comparison of results with the
FDTD numerical method and also the CMT method shows a
good agreement with experimental results.

Hence, the model makes it possible to analyze complicated
optical circuits using electronic tools. In Sections 3.D and 3.E,
the procedure of PhC optical structure modeling has been
employed for simulating the effects of modifying the earlier
devices. The comparison of the CM and FDTD simulation
results, before and after the improvement, shows that the accu-
racy of the CM model is acceptable. According to [41,42],
after improving the cavity responsible for the discrete state of the
Fano system, the output Fano spectrum is sharpened. The modi-
fication is reflected to the CM by enhancing the part related to
the modified cavity. The advantage of the model compared to
other models is that, because of inserting the electrical analog of
photonic components as lumped circuits, the modifications on
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the structure can be applied to the circuit model just by modi-
fying the related parts in the photonic structure. As another
improvement action, the symmetrizing effect discussed in
Section 3.E is applied to the CM, simply by paralleling the same
circuit with the earlier CM. Indeed, the total system responsible
for Fano is doubled, and therefore the equivalent modification
will be doubling the circuit. The CM interpretation of the
mentioned optical phenomena due to structural modifications
of the photonic structure is presented as an example to show
the ability of the CM to model future optical circuit challenges.
Electronic interpretations of optical phenomena originate from
the analogy between two areas and because of the element-based
scheme employed in the presented model, other challenges
around elements and phenomena could be addressed similarly.
Every optical structure includes one or several elements, some of
which are resonant elements and create the frequency behavior
of the device. As shown in several sections, resonant elements
can be substituted with electrical circuits where the relations
between elements which are due to coupling phenomena should
be addressed with the coupling element introduced above and
then circuit modeling is straightforward. Fitting the results from
the circuit model on the real device spectrum requires zero-pole
analysis of S21. Then, by adjusting the position of zero/poles
to have a proper distance, the desired output is obtained. The
presented scheme of modeling is practical and simple to use
because of discrete designing and modeling, which are prop-
erties of lumped circuit modeling. Note that, as mentioned in
Section 3.C, the parallel RLC model cannot always predict the
behavior of the photonic device precisely. Indeed, in some cases
where the transmission occurs in the off-resonant mode (in
the opposite case where transmission occurs in the resonance
mode), the series model is preferred. Thus, both circuit models
are required for designs [Fig. 5(a)].

Comparison of the results with different numerical and
theoretical methods such as FDTD and CMT shows a good
agreement with the findings obtained from the circuit model
presented here. The promised flexibility of the CM to consider
future modifications on pre-designed optical circuits, which has
not been addressed in earlier papers, will be crucial in optical
interconnects. The other way to transfer designs from circuit
models to optical structures is straightforward, where the device
could be designed by the circuit model directly using Figs. 9(a)
and 9(b).

These figures describe the frequency behavior of Lorentzian
and Fano switches with respect to cavity sizes. They display the
relationship between the cavity resonance frequency and related
air hole shifts. Regarding f = 1/

√
LC , while f is the resonance

frequency, L is the inductance, and C is the capacitance of a
resonant RLC electrical circuit and considering constant L , it is
possible to calculate the C , and vice versa. Figure 9(a) has been
drawn based on shifting two close air holes in the Lorentzian
switch [Fig. 2(a)] by 80 to 90 nm, which is required for making
nano-cavities. Figure 9(b) has been drawn by different shifts
(up cavity) in the Type I Fano structure [Fig. 3(a)] on the hori-
zontal axis and its resonance wavelength on the vertical axis.
Note that Fig. 9(b) has been plotted by considering a constant
shift of 85 nm of the down cavity. In both figures, wavelengths
have been obtained from the FDTD method. As shown in

Fig. 9. (a) Required shift for predefined working frequency for the
Lorentzian switch described in Fig. 2. (b) Wavelength versus required
shift for designing the Fano switch described in Fig. 3.

both figures, shifts and resonance wavelengths are related by
w= 0.00117x + 1.47. In this relation, the width of the origin
of the equation, 1.47, shows the photoluminescence peak of the
bulk material of the switch, which is the wavelength in zero shift
(x = 0 in the above equation).

The slope of the line, 0.0017, shows the sensitivity of the
structure to disordering, which is related to specifications. These
figures have been plotted from FDTD simulations, and a linear
equation has been estimated by fitting tools.

Depending on the Fano resonance shape, parallel or series
RLC circuits are employed to describe the photonic structures.
To describe Fano resonances with equal rising and falling tails,
there is no difference between employing series or parallel
RLC circuits. On the other hand, parallel RLC circuits have
maximum impedance at resonance frequency, and they are
appropriate to simulate the Fano resonances with a long tail at
the rising part and a small tail at the falling part. The series RLC
circuits have minimum impedance at resonance, and they are
appropriate for another type of Fano resonance with a long tail at
the falling part and a small tail at the rising part. Note that, when
interference occurs between the continuum and discrete states,
by approaching the tail of the continuum, the fully asymmetric
Fano resonance occurs and because of limitations of falling
effects at such frequencies, parallel RLC circuits cannot follow
the Fano resonance with a long tail at the falling part. Also,
similar behavior happens for a series RLC circuit. Consequently,
as shown in Fig. 5, a series RLC circuit is employed for mod-
eling the Type II Fano structure while a parallel RLC circuit is
employed to simulate the Type I Fano structure (Fig. 3). It is
noted that choosing the best circuit model based on the Fano
resonance type is crucial in designing photonic circuits.

5. CONCLUSION

Considering future optical circuits involving cavities, wave-
guides, and a set of PTEs as well as material properties, it is
possible to design the equivalent electronic circuit models of
optical circuits which are the result of a deep understanding of
analogy between electronic and photonic areas. Introducing
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electronic models which are analogs of photonic elements beside
phenomena (such as coupling, etc.), could open a new shared
window in both electronics and photonics. In this paper, several
elements and mechanisms were shared between electronics and
photonics. We hope that the model presented herein will be
useful in predicting the results of future optical designs before
doing complicated numerical simulations. Further, this theo-
retical model could be useful to gain benefits of electronic circuit
experiences in future optical computer designs (i.e., huge optical
circuits). Another benefit of the presented method with respect
to others such as CMT is that in this method, by adding a new
element to the structure, it is not necessary to redesign and
recalculate all computations. Also, we will work with electrical
simulations instead of differential equations. Using this method,
we can propose a design scheme for optical circuits.
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