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Abstract

Photonic-Loop Modeling Using
Ghost Waveguides

Parikshit Dale

Supervising Professor: Dr. Drew Maywar

In this thesis, we present a new method for the modeling and analyzing photonic-loop
structures which is based on a rotated directional coupler and ghost waveguide. This new
method is less complicated than available methods. Our method of photonic-loop structure
modeling is demonstrated by modeling and analyzing a ring resonator and its parameters.

We also model and analyze a multi-ring ring resonator.
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Chapter 1

Introduction

Without any doubt, innovation and advancement of integrated circuit (IC) was one of the
important and revolutionary technical advancement in the twentieth century. The devel-
opment of electronic ICs facilitates the ability to monolithically integrate multiple elec-
tronic devices into a single device providing many value-added functions by considerably
reducing cost. Likewise a photonic integrated circuit (PIC), similar to electronic IC, on
which many optical (sometimes electronic too) components are integrated and deliver an
advancement related to cost, space, reliability and power. In PICs, optical components
such as lasers, modulators, detectors, multiplexers, optical amplifiers, etc. are inter-linked
to each other by optical couplers. So PICs are comprised of simple photonic devices to
most complex photonic devices. Most of these photonic devices are comprised of simple
or basic photonic devices. So in the course of design and development of photonic devices,
it is essential to characterize the device parameters such as transmission parameters. If
the device comprises some other basic devices then it is useful to conceptually divide the
device to better understand its characteristics. Therefore different modeling techniques are

used to analyze the behavior of active and passive photonic devices.

1.1 Modeling of Photonic Structures

Modeling of photonic circuits plays an important role in design and development of pho-
tonic devices. Therefore depending upon the stage of photonic device development, the

modeling environment of photonics can be called as process modeling, device modeling or



circuit modeling.

e “Process modeling: covering both the numerical analysis of the fabrication process

and equipment used for the fabrication.” [4]

e “Device Modeling: the low-level analysis of the optical field inside an optical compo-
nent as well as the analysis of the interaction with the electrical field in optoelectronic

components.” [4]

e “Circuit Modeling: the higher-level analysis of the operation of a set of devices con-

nected within a photonic circuit.” [4]

In view of the above modeling techniques, the thesis discusses about the device model-
ing of photonic loop structures and building blocks of photonic loop structures. The main

objective of thesis is modeling of photonic loop structures using ghost waveguides.

1.2 Motivation and Scope of Thesis

As stated above, device modeling techniques are used for the analysis of optical fields
inside an optical component. Some of the important quantities in the analysis of optical
fields are the scattering matrix and transfer matrix along with the transmittivity and re-
flectivity. The scattering matrix and transfer matrix facilitates the relationship between the
optical fields at different ports in the device. So these matrices play an important role in
the analysis of optical fields in photonic devices. Transmittivity and reflectivity provides
the transfer or reflection of power between specific ports.

Some methods are available to model photonic loop structures. So the thesis starts with
the discussion of known methods to model photonic loop structures in chapter 2. Chapter 3
is focused on the directional coupler, a passive device, which is a major module in photonic
loop structures. Chapter 3 is dedicated to the discussion about the formation of 2 x 2 trans-
fer matrix from 2 x 2 scattering matrix in a four port unidirectional device and directional

coupler. Chapter 4 talks about formation of a 2 x 2 transfer matrix from a 2 x 2 scattering



matrix in four port bidirectional device and rotated directional coupler. Chapter 5 discusses
about parallel waveguides and their matrices. Chapter 6 discusses dual-waveguide ring
resonator metrics as a result of the combination of rotated directional couplers with paral-
lel waveguides. This chapter also validates the rotated directional coupler transfer matrix.
Chapter 7 introduces the concept of rotational directional coupler with ghost waveguide.
Chapter 7 advances with the application of rotational directional coupler with ghost waveg-

uide concept in ring resonator.

1.3 Photonic Loop Structures

1.3.1 Building Blocks of Photonic Loop Structures

Among the wide assortment of photonic structures, some structures include loops of some
form, including the photonic-ring resonator with single waveguide and dual waveguides.
These photonic loop structures can be designed by some modifications in directional cou-

plers with the help of photonic waveguides.

Central
—> Coupling —>

;Regiong

P1

Figure 1.1: Directional Coupler

By connecting the different ports on opposite side of coupling region by photonic
waveguide, different photonic loop structures can be designed. As seen in Fig. 1.1 the

directional coupler has 4 ports in which two are input ports and two are output ports. Port



1 is the input port from which optical signal P1 goes into the directional coupler and propa-
gates towards central coupling region. As light enters the central coupling region, a portion
of it transmits out through port 2. This signal power is called as throughput power. De-
pending upon the central coupling region, a desired part of the input signal is coupled into
the port 4. This port is called the coupled port. This device is termed as directional coupler
(DC) since it directs the flow of light in desired direction. So directional couplers play a

large role in photonic structures especially in photonic loop structures.

<« —>
P2 P4

Central Y
Coupling

P3

Figure 1.2: Rotated Directional Coupler

Fig. 1.2 1s achieved by rotating the Fig. 1.1 by 90° counter-clockwise. This device can
be called as a rotated directional coupler.

The rotated directional coupler has 4 ports in which two are input ports and two are
output ports. Port 1 is the input port from which optical signal P1 goes into the direc-
tional coupler and propagates towards central coupling region. As light enters the central
coupling region, a portion of it transmits out through port 2. Depending upon the central
coupling region, a desired part of the input signal is coupled into the port 4. So function-
ality of rotated directional coupler is same as directional coupler. The difference between
the directional coupler and rotated directional coupler is the direction of light propagation.
In the directional coupler, the light is traveling in the same direction in all ports, but in
the rotated directional coupler the light is traveling in either the left to right or right to left

direction. So the functionality of the rotated directional coupler remains the same as the



directional coupler but its application in modeling of photonic loop structures varies.My
thesis discusses how this varied application plays a significant role in concept of modeling

of photonic-loop structure using ghost waveguides.

—> —>
P2

P1

Figure 1.3: Photonic Waveguide

Another basic but noteworthy component that performs a significant role in photonic
loop structures is the photonic waveguide. It is a simple component with 2 ports, input port
P1 and output port P2. Later chapters explores the significant role of photonic waveguides
in the photonic loop structures.

The photonic directional coupler and photonic waveguide along with the photonic ro-
tated directional coupler are basic elementary components for photonic-loop structures. So

these components can be called as building blocks of photonic loop structures.

1.3.2 Photonic Loop Structures

Figure 1.4: Photonic Ring Resonator

One photonic loop structure is the ring resonator shown in Fig. 1.4. The ring resonator
is the most basic and generic configuration which consists of a unidirectional coupling

between a ring resonator and a waveguide [11]. A ring resonator can be designed by placing



the photonic ring near the photonic waveguide creating coupling region between ring and
waveguide. The principle characteristic of the ring resonator is that light propagates only

in the forward direction. So sometimes it is also referred to as an all-pass filter.

<

— —_—
Figure 1.5: Dual-waveguide Photonic Ring Resonator

As seen in Fig. 1.5, by adding one more waveguide parallel to the waveguide in the ring
resonator another type of photonic loop structure is formed. This structure is called a dual-
waveguide resonator. Due to the addition of a waveguide, the light not only propagates
in the forward direction but also drops at another port. This leads to major change of

characteristic in ring resonator working. This filter is also referred as add-drop filter.

1.3.3 Modeling of Photonic-loop Structures

Some methods to model photonic-loop structures are known. One of such methods is
of equating fields in the photonic-loop structures. Another known method is the unfolded
equivalent system method [12]. Photonic-loop structures can be modeled using these meth-
ods but these methods get complicated or inefficient as the number of cascaded loops in-
creases. These methods are discussed in chapter 2. My thesis introduces new method of
modeling photonic-loop structures, using a concept of concatenation of building blocks of

photonic-loop structures and the concept of ghost waveguides.



Chapter 2

Known Method to Model Photonic Loops

2.1 Method of Equating Fields

Pl —————o——i——— P2

Figure 2.1: Photonic Ring Resonator

This method of the modeling photonic loops uses the concept of equating fields i.e.
computing field at a specific port considering a different inputs and/or outputs field at a
port. Lets consider the ring resonator with single waveguide shown in Fig. 2.1. In Fig.
2.1, the port P1 is the input port of the waveguide and the port P2 is the output port of the
waveguide whereas the port P3 and P4 are ports on the ring. The coupling region between
the ring and waveguide is same as coupling region of the directional coupler. When the
optical light enters at the port P1, it propagates towards the coupling region. After entering
the coupling region, the optical signal is split into two portions and enters the port P2 and

P3. In the loop, the light within the port P3 circulates counter-clockwise and enters into the



port P4. The light from the port P4 and P1 combines in the coupling region and transmits
through the port P2 and P3. So the light coming out of the port P2 is the combination
of light from the port P1 and P4 and the light passing through P3 circulates in the ring
generating resonances. Consider the coupling coefficient of the coupling region between
the ring and the waveguide is € i.e. from the port P1 to the port P3. So Ei,F,, E3 and Ey
denotes the field strengths of port P1, P2, P3 and P4 respectively. The field strengths E}
and F, are combined together and are coupled to port P2 and P3 at the coupling region. So

the field strength at the port P2 and P3 can be given as

EQ =V 1-— €E1 + \/EE4 (21)
F3 = VeE, +V1 —€E, (2.2)

This gives the electric field equations for the ring resonator. This is very simple method
to derive electric field expressions for the ring resonator. But consider one more ring in the
device as shown in Fig. 2.2. This device behaves similar as the ring resonator but not the
same. Due to the addition of the ring, new coupling region is generated between two rings
and this makes equating electric field difficult. To equate electric field in the 2-ring ring
resonator, it is required to take splitting of light and resonances caused by the ring 2 into

consideration. This makes modeling of 2-ring ring resonator complicated.

2.2 Method of Unfolded Equivalent System

The method of unfolded equivalent of the resonator in explained in Ref. [12]. In this
method, the ring resonator shown in Fig. 2.1 is converted into Fig. 2.3. In this method, the
ring resonator is unfolded by considering into two rings which are coupled by the Fabry-
Perot(FP) etalon. The coupling region in the device equivalent is the directional coupler
as mentioned above. So when the optical light enters the device, it propagated towards
the coupling region. After entering the coupling region, the optical signal is split into two

portions and some light is dissipated at the transmitted output while some of the light is



Ring 1
€
Ring 2
€1
P1 P2
—_ —_
Input Throughput

Figure 2.2: 2-Ring Ring Resonator

coupled into the ring 1. When the light traveling in counter clockwise direction reaches the
FP etalon, some of the light continue to travel in ring while remaining light gets reflected
by the FP etalon and travels in the ring 2 in counter clockwise direction. So in both rings,
light travels in counter clockwise directions. The light traveling in the ring 1 in traveling
through the FP etalon whereas the light in the ring 2 is traveling due to reflection at the FP
etalon. “Thus the light always travels forward through the two rings; it is never considered
to be reflected back into its own path.” [12]

Reflected

Input Ring 1 Ring 2 Output

Transmitted
Output

Figure 2.3: Unfolded Equivalent Model of Ring Resonator

The device is considered as the compound system in which the directional coupler is

connected to the FT etalon by pair of fibers and the FP etalon is again connected to another
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directional coupler by another pair of fibers. So the compound system has 5 components : 2
directional coupler, 2 pair of fibers and the FT etalon. The transfer matrix of the compound
system shown in Fig. 2.3 is calculated using the transfer matrix method. The reflection
coefficient R and the transmission coefficient T of the whole system are calculated by the
transfer matrix. R and T equations carry the complex reflectance and transmittance of the
FP etalon terms. Depending upon the amplitude reflection coefficient r of the mirrors of the
FP etalon, functionality of the compound system varies. The value of r varies between 0 to
1. When value of r is neither O nor 1 then the compound system acts as a ring resonator.
This method is also not much difficult and complex for the ring resonator.

Reflected

Input
P Output

-
o

Transmitted
Output

Figure 2.4: Unfolded Equivalent Model of 2-Ring Ring Resonator

Consider one more ring in the ring resonator as shown in Fig. 2.2. So unfolded equiva-
lent model of the 2-ring ring resonator is as shown in Fig. 2.4. As seen in Fig. 2.4, unfolded
equivalent model of the 2-ring ring resonator is a complex system with 4 directional cou-
plers, 4 pairs of fibers and the FT etalon. So unfolding the device for equivalent model of

the system is making the complex system more complex.

2.3 Summary of Known Method to Model Photonic Loops

The two known methods: the method of equating fields and the method of unfolded equiv-
alent structures is discussed above. These two methods are uncomplicated for the simple

structures like the ring resonator. But as the structures gets complicated like the 2-ring ring
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resonator in Fig. 2.2, these two methods are gets complicated. So if the multiple rings are

added in the ring resonator structure then theses methods will become very complicated.
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Chapter 3

Directional Coupler

3.1 Four-Port Unidirectional Device

Four-port unidirectional devices contain four ports (two input and two output ports) and
are unidirectional in nature. The unidirectional nature means that the light streams travel in
only one direction. As shown in Fig. 3.1, four-port unidirectional devices are comprised of
two input ports P1 and P3 and two output ports P2 and P4, and light traveling in the device

is from the left to right direction.

El—|P1 P2 E>

E3—|P3 P4}l>E;

Figure 3.1: Four-Port Unidirectional Device

The electrical field strength at a port is denoted as £ where,
x - Denotes the port number e.g. *1” for port P1
y - Denotes the direction of light stream. If the light stream is traveling from left to right at

a port then y is ’+  and if the light stream is traveling from right to left at a port then y is

b

E ans E5 denotes the input fields of port P1 and P3 whereas E; and E; denotes the
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output fields of port P2 and P4. The total input in the device is denoted by a and the total
output in the device is denoted by b. So input a and output b for Fig. 3.1 can be represented

in matrix form as below:

o

a=| "1, (3.1)
Ef
L

b= | *1. (3.2)
Ef

In this thesis, all input and output matrices are written in a specific way. When writing
matrices from top to bottom, the matrix parameters for the light stream traveling from left
to right is written above the matrix parameters for light streams traveling from right to left.
If both matrix parameters are representing light streams traveling in the same direction then
matrix parameters for ports are written in a sequential manner from top port to bottom port
in the device figure. In (3.1), in matrix for input a, F;” and F; are traveling in the same
direction. So E; and Ej are written in a sequential manner from the top port to bottom

port in the device shown in Fig. 3.1.

3.1.1 Scattering Matrix

A matrix which correlates the input states of a photonic device or system to the output
state of a photonic device or system is known as scattering matrix. The scattering matrix S

which correlates the coupling of optical field transfer from input a to output b is given as

b= Sa. (3.3)

The parameters of scattering matrix S, which signify the optical field transfer coupling

coefficients, are represented in the form of

Smn = |Smn|exp(l¢mn) ,
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where |s,,,,| correspond to the magnitude and ¢,,,, correspond to the phase difference from
input port m to output port n. The correlation between input a in 3.1 and output b in 3.2

along with scattering matrix S for the four port one direction device in Fig. 3.1 is given as

E;_ - S12  S32 Ei'- (3 4)
Ez— S14 S34 E;_

3.1.2 Formation of Transfer Matrix

Transfer matrix

Transfer characteristics of a photonic device can be defined by correlating the states on the
left side of the coupling region to the states on the right side of the coupling region. This
correlation can be given in terms of the transfer matrix. So the transfer matrix 7 for the

four port one direction device in Fig. 3.1 is given as,

A B
T = . (3.5)
C D

The correlation between the coefficients of states on the left side of the coupling region
and the coefficients of states on the right side of the coupling region along with transfer

matrix 7 for the four port one direction device in Fig. 3.1 is given as

Ej A B| |E;
— . (3.6)
E} C D| |Ef

Formation of Transfer matrix

As the scattering matrix correlates the coefficients of the input state of a photonic device or
system to the coefficients of the output state of a photonic device or system, it is compara-

tively straightforward to derive scattering matrix of a device than to derive transfer matrix
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of a device. But in analysis and calculations transfer parameters of a device, transfer matri-
ces are more appropriate than scattering matrices. So the scattering matrix can be derived
initially and with the help of the scattering matrix, the transfer matrix can be derived. So in
this section, the matrix formula for formation of a transfer matrix from a scattering matrix
is derived.

From Fig. 3.1, it can be observed that all inputs are on the left side of the coupling
region and all outputs are on the right side of coupling region. This observation is also seen

in (3.4) and (3.6). So comparing (3.4) and (3.6), we get

A B S13 8¢
_ |fr2 S ' 3.7)
¢ D 514 S34

So the transfer matrix for the four port unidirectional device in Fig. 3.1 is written as

S12 S
T 12 S32 (3.8)

S14 534

3.1.3 Performance parameters

There are different performance parameters which provides some information about the

device. Some of such performance parameters are explained below:

Transmittivity Transmittivity is the fraction of power transmitted from input port to the

output port.
Reflectivity Reflectivity is the fraction of power reflected back to the same port.

Phase Transfer Functions Phase transfer functions are the phase differences between

the input signal to the output signal after passing through a device.
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Expansion of (3.6), gives following equations:

Ef = AE} + BE}, (3.9)

E} = CEf + DEJ . (3.10)

If light £ is launched at port P1 and input at port P3 is 0 , then substituting £ = 0

in the above equations gives the following equations:

Ej = AEY, (3.11)
Ef =CE}. (3.12)

Transmission coefficient 7,

The transmission coefficient 775 can be written as

By
= —. 3.13
T12 Efr ( )
Restructuring (3.11), we get the following equation:
By
— = A. 3.14
EF (3.14)
From (3.7), A = s15. So the transmission coefficient 71, can be given as:
T2 = A = 513 (3.15)
Transmission coefficient 7,4
The transmission coefficient 714 can be written as
E+
Ti4 4 (3.16)
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Restructuring (3.12), we get the following equation:

Ef

— =C. 3.17
oG (3.17)

From (3.7), C' = s14. So the transmission coefficient 714 can be given as:

e = C' = 514. (3.18)

3.2 Directional Coupler

3.2.1 Introduction

As described in 1.3.1, a directional coupler is a four port device and light is traveling in
only one direction. So a directional coupler can be considered as a four-port unidirectional

device.

El— —> E5
P1 P2

E3—> ﬂ — E;
P3 P4

Figure 3.2: Directional Coupler

As shown in Fig. 3.2, a directional coupler consists of four ports P1, P2, P3 and P4. Ports
P1 and P3 act as input ports and ports P2 and P4 act as output ports. E;" ans E; denote
the input field strengths of port P1 and P3. E; and E; denotes the output field strength of

port P2 and P4. So input a and output b for Figure 3.2 are given as,
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e

a=| ‘|, (3.19)
By
L

b= | *|. (3.20)
By

3.2.2 Scattering Matrix

As mentioned in 3.1.1, the scattering matrix correlates the coefficients of the input state
of a photonic device or system to the coefficients of the output state of a photonic device
or system. So from (3.3), the scattering matrix S which correlates the coupling of optical

fields from input a to output b is given as

b= Sa. (3.21)

From (3.19), (3.20) and (3.21), the correlation between input, output and scattering

matrix S for the directional coupler in Figure 3.2 is given as

Ef S12 8 Ef
= T (3.22)
EZ S14 S34 Egr
By expansion of the above equation, we get
E;_ = SlgEf + S32E;_7 (323)
Ef = s14Ef + s Ey . (3.24)

The scattering matrix S has two restrictions when we consider an actual physical device

[5]. The restrictions are:

1. “The first restriction is the result of the reciprocity condition arising from the fact

that Maxwell’s equation are invariant for time inversion. It means that they have two
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solutions in opposite propagating directions through the device, assuming single-

mode operation.”
814 = S32. (3.25)
2. Consider the device as a lossless device. So according to the energy-conservation

principle, the total of the energy at inputs must match the total of energy at outputs.

This is given as [5]
ElutputEOUtput = E;nputEinpuh

where, superscript T denotes the transpose conjugate. This equation can also be writ-

ten as,
By (EY)" + Ef (E)" = B ()" + E5 (EY)", (3.26)
where superscript * denotes the complex conjugate.
The complex conjugate of (3.23) and (3.24) is given as
(E)" = s1a(B)" + s5(B5)", (327
(EY)" = sTa(B)" + 53 (By)" (3.28)

By multiplication of (3.23) and (3.27), we get

Ey (EY)" = (s12E7 4 s52E5 ) (7o (E)" + s5,(E5)")
= 51981, B (EY)" + s1285, B (B )"+

832812E;—(E;r)* + 832822E;_(E;—)*. (329)
By multiplication of (3.24) and (3.28), we get

Ef(EF) = (suBf 4 ssa B3 ) (s1,(EF)" + s5,(E5)")
= susi By (BEY)" + susy, By (BS)'+

834ST4E;_(ET)* + 834S§4E§'_(E§_)*. (330)
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By addition of (3.29) and (3.30), we get

EY (ES)" 4+ Ef(Ef)" = s1251, B (EY)" + s1255, B (B3 )" 4 s525719 5 (E7)" + 53285, By (E3)*
+514814 By (B )" + susiy By (E3)" + s3as1,E5 (EY)™ + sass Be (E5)*
= (512575 + 514814 BT (ET)* + (51285, + s14554) By (E5)*

+ (532575 + 534574 B3 (E7)" + (53253 + S345%,) B3 (B )" (3.31)

By comparison of (3.26) and (3.31),

* *
S12819 + S14S14

*
512539 1 514534

N— S~— S~— S~—
5

— —~ —~ ~—~
=y
=+

(
(
($32515 + 5345714
(

* — 0’
$32530 + 83453, By (E5)" = By (E)"
(3.32)
Solving the above equations, and substituting si4 = s35 from (3.25), we get
$12879 + S14874 = 1, (3.33)
532579 + 534539 = 0, (3.34)
8323§2 + 83482;4 =1. (335)

The directional coupler is devised such that some quantity of power from input port 1
is dissipated at output port 2 while the remaining quantity of power is dissipated at output
port 4. Consider € as the optical power transfer coupling coefficient from input 1 to output
4. So the remaining of optical power (1 — ¢) from input port 1 is dissipated at output port
2. Assume that, without loss of generality, the phase difference between the electric field

from input port 1 and output port 2, ¢4, is zero. So the element of the scattering matrix,s;2,
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which represent the optical field transfer coupling coefficient from input port 1 to output

port 2 is given by

s12 = [V1 — elexp(j0),
S12 = V 1—ce¢ (336)
Assume that the coupler is symmetric. So the optical power transfer coupling coeffi-

cient s34 from input port 3 to output port 4 is equivalent to s;» with phase difference of zero

i.e.¢34 =0:

s31 = [V1 — eleap(50),
S34 = V 1—e. (337)

As € is the optical power transfer coupling coefficient from input 1 to output 4 as well
as from input 3 to output 4,the magnitude of s35 is equivalent to s14, i.e. \/€. Assume that

the phase difference between input port 3 and output port 2 is ¢35:

s32 = [Velexp(jdsz),
= Veexp(jhsm). (3.38)

Substituting values from (3.36), (3.37) and (3.38) into (3.34),

Veerp(js) V1 — e+ V1 — ee(exp(jgse))* =0,
Veexp(jos) V1 — e+ V1 — e/eexp(—jdsa) = 0,

exp(j@sz) + exp(—jpsz) = 0.

By Euler’s formula
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cos(jpsa) + jsin(jpsz) + cos(—jsz) + jsin(—jés) = 0,

cos(jdsz) + cos(jdaz) =0,
cos(jps2) = 0.
Solving the above equation
P32 = (2n + 1)% (3.39)
where, n =0,1,2,3...
Substitute the above value in (3.38), we get
K
S32 = |\/E|exp <]§> )
= jy/e. (3.40)
But from (3.25), s14 = S32. S0 $14 1s Written as
s14 = jV/e. (3.41)

Substituting values from (3.36), (3.37), (3.40) and (3.41) in (3.22), the scattering matrix

for the directional coupler is given as

T—<
S = ¢ Ve (3.42)

Ve VI=e|
3.2.3 Formation of transfer matrix

The transfer matrix fora four port one direction device is derived in 3.1.2. (3.1.2) provides a
formula to derive the transfer matrix from the scattering matrix for a four port one direction
device. As previously mentioned, the directional coupler is a four port one direction device,
and so transfer matrix for directional coupler can be derived by comparison of (3.1.2) and

(3.42). So the transfer matrix for a directional coupler can be written as:
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o |ViTe Ve (3.43)

jve Vi—e|

3.2.4 Transmittivity and Phase Transfer Functions

Transmission Coefficient 7

The transmission coefficient 715 for a four port one direction device is derived in 3.1.3.

From (3.15), the transmission coefficient 715 for a directional coupler can be written as:

T12 = A

We calculate the value of A by comparing (3.5) and (3.43), and substituting it in the

above equation gives the transmission coefficient 75 for a directional coupler:

T2 =V1—e (3.44)

So the transmission coefficient 715 of a directional coupler is /1 — €.

Transmission Coefficient 74

The transmission coefficient 74 for a four port one direction device is derived in 3.1.3.

From (3.18), the transmission coefficient 714 for a directional coupler can be written as:

T4 = C

We calculate the value of A by comparing (3.5) and (3.43), and substituting it in the

above equation gives the transmission coefficient 74 for a directional coupler:

T4 = jV/e. (3.45)

So the transmission coefficient 714 of a a directional coupler is j/e.
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Transmittivity 77,

As the transmittivity 775 is the fraction of power transmitted from input port P1 to the output
port P2 passing through the coupling region of a a directional coupler, it is calculated from

the transmission coefficient 715 as follow,

T12=|7'12’27

Thg = Tiz % Ty,

Tio =V1—ex (V1 —e),

Tio =vV1—ex/1— ¢,

Tio = (1 —¢). (3.46)

So the transmittivity 7} of a a directional coupler is (1 — ¢).

Transmittivitty 774

As the transmittivity 774 is the fraction of power transmitted from input port P1 to the output
port P4 passing through the coupling region of a a directional coupler, it is calculated from

the transmission coefficient 714 as follow,

Ty = |7'14|27

Ty = T1a * Ty,

Ty = jvex (jVe)",

Ty = jVex (—jVe),

Ty =ce. (3.47)

So the transmittivity 774 of a a directional coupler is €.
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Transmittivity vs. ¢ Spectra

As seen in (3.46) and (3.47), the transmittivity of a directional coupler is dependent upon
€. The graph in Fig. 3.3 shows how the transmittivity 775 and 77,4 varies with €. As seen in

Fig. 3.3, T}, decreases as € increases whereas 77, increases with e.

Directional Coupler : Transmittivity T vs &

Transmittivity T

Figure 3.3: the transmittivity vs. €

Phase Transfer Function ¢,

As the phase transfer function ¢;5 is the phase difference between the input at port P1 to

the output at port P2 after passing through coupling region of coupler, it is calculated from

the transmission coefficient 775 as follow,

P12 = GT9(712)7

$12 = 0. (3.48)

So the phase transfer function ¢, of a a directional coupler is 0.



26

Phase Transfer Function ¢,

As the phase transfer function ¢4 is the phase difference between the input at port P1 to
the output at port P4 after passing through coupling region of coupler, it is calculated from

the transmission coefficient 714 as follow,

14 = 6””9(7'14)a
P14 = arg(j\/e),

$1a = tan™! (%E) :

™
14 = 5 (3.49)
So the phase transfer function ¢4 of a a directional coupler is 7.

Phase Transfer Function vs. ¢ Spectra

As seen in (3.48) and (3.48), the phase transfer function of a directional coupler is not
dependent upon e. The graph in Fig. 3.4 shows that even as ¢ changes, the phase transfer
function ¢4 and ¢4 remains same. As seen in Fig. 3.4, ¢15 is 0 and ¢4 is 5 for all values
of e.

Directional Coupler : Phase Transfer Function ¢vs £
T T T T T T

T T T

3
=

Phase Traansfer Function ¢
o

3
B

¢1 2

-Pizt

! L L ! L ! L I T
0ot 02 03 04 05 06 07 0B 08 1

Figure 3.4: Phase Transfer Function vs. €
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3.2.5 Conservation of Power

Conservation of a power means that for a lossless device, the total amount of power in a
system remains constant despite changes inside a system.So for a lossless device, the total
amount of input power must be equal to total amount of output power as there is no loss
in device. As the transmittivity is the fraction of power transmitted from the input port to
the output port passing through the coupling region of coupler and the reflectivity is the
fraction of power reflected back to the same port passing through the coupling region of a
coupler, the total of all the transmittivity and reflectivity of a device must be equal to 1.
Above, we considered input only at port P1 and we considered input at port P3 as 0.
So power from port P1 is transmitted to only port P2 and port P4 as as there is no coupling
between input port P1 to port P3 and there is no reflection at port P1. As stated the above,
for conservation of power in a lossless directional coupler, the total of the transmittivity 775

and the transmittivity 77, must be 1.

Trotar = Tig + Tha,
TTotal =1-—c¢ + €,

Trota = 1. (350)

As the total the transmittivity is equal to 1, the is conservation of power in a lossless

directional coupler.

3.2.6 Unitaryness of a Transfer Matrix

A square matrix U is unitary if
U =Ut, (3.51)

where U denotes the conjugate transpose and U ! is the matrix inverse.
So to verify that the transfer matrix for a directional coupler with unidirectional waveg-
uides is a unitary matrix, we calculate and compare conjugate transpose and matrix inverse

of the transfer matrix. Conjugate transpose is as below:
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o [V Tive (3.52)
E VT

Also the inverse of the transfer matrix is given as below:

—
o | VETe Ve (3.53)

—jve V-«

Comparing (3.52) and (3.53), we get that

TH =77} (3.54)

So the transfer matrix of a directional coupler with unidirectional waveguides is a uni-

tary matrix.

3.2.7 Determinant of a Transfer Matrix

The determinant of the transfer matrix of a directional coupler with unidirectional waveg-

uides is given as below:

VI—e jye

Ve Vi—e
det(T) = V1 — eVl —e— j/ejv/e
det(T) =1—€+e,

det(T) =

det(T) = 1. (3.55)

So the determinant of a symmetric lossless directional coupler with unidirectional waveg-

uides is 1.
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Chapter 4

Rotated Directional Coupler

4.1 Four Port Bidirectional Device

Four-port bidirectional device contains four ports (two input and two output ports) and
device is bidirectional in nature. The bidirectional nature of device means that the light
streams traveling in ports in the device are in either left to right or right to left direction. As
shown in Fig. 4.1, four port unidirectional devices comprises of two input ports P1 and P2
and two output ports P3 and P4, and the light traveling in device is in left to right direction

at ports P1 and P4 and in right to left direction at port P2 and P3.

El—|P1 P2 E

E3<—|P3 P4 Ex

Figure 4.1: Four-Port Bnidirectional Device

E ans E; denotes the input field strengths of port P1 and P2 whereas F; and £
denotes the output field strengths of port P3 and P4. The total input in the device is denoted
by a and the total output in the device is denoted by b. So the input a and the output b for

Fig. 4.1 can be represented in matrix form as below:
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E+

a=| "1, 4.1)
Ey
]

b=|"*1. (4.2)
Ey

4.1.1 Scattering Matrix

As mentioned in 3.1.1, the scattering matrix correlates the coefficients of the input state
of a photonic device or system to the coefficients of the output state of a photonic device
or system. So from (3.3), the scattering matrix S which correlates the coupling of optical

power transfer from the input a to the output b is given as

b= Sa. 4.3)

The correlation between the input a in 4.1 and the output b in 4.2 along with the scat-

tering matrix S for the four port two directional device in Fig. 4.1 is given as

EZ _ |54 S24 Efr 4.4

Eg_ S13  S23 EQ_

4.1.2 Formation of Transfer Matrix

Transfer Matrix

As mentioned in 3.1.2, the transfer matrix correlates the coefficients of states on the left
side of the coupling region to the coefficients of states on the right side of the coupling
region. So the transfer matrix 7 for the four port two direction device in Fig. 4.1 is given

as

A B
T = , 4.5)
C D
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The correlation between the coefficients of states on the left side of the coupling region
and the coefficients of states on the right side of the coupling region along with the transfer

matrix 7T for the four port two direction device in Fig. 4.1 is given as

E} A B| |Ef
= (4.6)
Ey C D| |E;5

Formation of Transfer Matrix

As stated in chapter 3, in analysis and calculations transfer parameters of a device, transfer
matrices are more appropriate than the scattering matrices. So the scattering matrix can
be derived initially and with the help of the scattering matrix, the transfer matrix can be
derived. So in this section, matrix formula for formation of the transfer matrix from the
scattering matrix is derived.

From Fig. 4.1 and (4.6), it can be observed that one input and one output is on either
side of a coupling region. So for formation of the transfer matrix from the scattering matrix,
it is obligatory to expand and rearrange the scattering matrix in 4.4. By expansion of 4.4,

we get the following equations,

Ef = suuEf + suE;, 4.7)

E3_ = SlgEf + 823E2_. (48)

Rearranging (4.8), we get

E:): = 813E1+ + SQgE{,

so3By = —s13E) + By,
1
By = -BEry ~ By (4.9)
523 523
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Substitute value of E5 in (4.7),

513 1

+ _ + + —
By = sub| + 8oy |——E + —FE5 |,
523 523
524513 S94
EZ_ = 314Ei’— — Ef_ + —E3 s
523 523
524513 So4 _
Ef = suEf — Ef + —Ej,
523 523
514523 — 524513 S94
Ef = Ef + —=F;. (4.10)
523 523

By arranging (4.9) and (4.10) in matrix form, we get

EI :i 814823 — 524513  S24 Ef ‘ @.11)

EQ_ 523 —S13 1 Eg_

The (4.11) is similar to (4.6). So the transfer matrix for four port two direction device

in Fig. 4.1 is written as

1 |[S14823 — S248 S
T 14523 24513 24' (4.12)

523 —S13 1

4.1.3 Transmission Parameters

As mentioned in previous chapter, transmission parameters provides some information
about transmission of power in device. By expansion of (4.6), we get the following equa-

tions,

E} = AE{ + BE;, (4.13)
Ey = CEf + DE; . (4.14)

If the light E;" is launched at port P1 and the input at port P2 is 0 , then substituting

E5 = 01n the above equations gives the following equations:
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Ef = AE! + BE;, (4.15)
0=CE! + DE;. (4.16)

Transmission Coefficient 73

Transmission coefficient 713 can be written as

Tig = % 4.17)
Restructuring (4.16), we get the following equation:
DE; = —CE},
Es = —%Ef, (4.18)
% = —%, (4.19)
Ti3 = —%. (4.20)
So transmission coefficient 713 can be given as —%.
Transmission Coefficient 7,4
Transmission coefficient 74 can be written as
Ty = g—? 4.21)

Substitute value of £; from (4.18) into (4.15), we get the following equation:
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Ef — AE' + B {—%ET] |

Bt = AB; - gy

Ef = AD 1_) b CE1+, (4.22)

% = ADZ)BC, (4.23)

T4 = % (4.24)
So transmission coefficient 714 can be given as —LE)BC.

4.2 Rotated Directional Coupler

4.2.1 Introduction

As described in 1.3.1, rotated directional coupler is four port device and the light is traveling
in ports in the device are in either left to right or right to left direction . So rotated directional

coupler can be considered as a four port bidirectional device.

E] —> <« E;
P1 £ P2

E3 <« — E;
P3 P4

Figure 4.2: Rotated Directional Coupler

As shown in Fig. 4.2, rotated directional coupler comprises of four ports P1, P2, P3 and

P4. Ports P1 and P2 acts as the input port and ports P3 and P4 acts as the output port. £
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ans E; denotes the input field strengths of port P1 and P2. £ and E; denotes the output

field strengths of port P3 and P4. So the input a and the output b for Figure 4.2 is given as

i

a=| "1, (4.25)
Ey
o

b=|"*1. (4.26)
Ey

4.2.2 Scattering Matrix

As mentioned in 3.1.1, the scattering matrix correlates the coefficients of the input state
of a photonic device or system to the coefficients of the output state of a photonic device
or system. So from (3.3), the scattering matrix S which correlates the coupling of optical

power transfer from the input a to the output b is given as

b= Sa. (4.27)

From (4.25), (4.26) and (4.27), correlation between the input, the output and the scat-

tering matrix S for the directional coupler in Figure 4.2 is given as

EZ . S14 S24 ElJr (428)
Eg_ S13  S23 EQ_

As mentioned in 1.3.1, functionality of rotated directional coupler is same as direc-
tional coupler. The difference between directional coupler and rotated directional coupler
is direction of the light stream traveling in ports. But direction of the light has no effect on
transfer of power in the device. So the above equation represents the light stream traveling
from top to bottom in directional coupler where the output is on the left side and the input
is on the right side of equation. So the above equation is same as the scattering matrix of

directional coupler. By comparison of (3.42) and (4.28), we get,
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S14  S24 v1i—e¢ j\/E

= . (4.29)
513 S23 Jve V1—e
So the scattering matrix for rotated directional coupler is written as
v1—e€ 1/ €
S = Ve (4.30)

jve Vi—e|
4.2.3 Formation of Transfer Tatrix

The transfer matrix for four port two direction device is derived in 4.1.2. (4.12) provides a
formula to derive the transfer matrix from the scattering matrix for four port two direction
device. As previously mentioned, rotated directional coupler is four port two direction
device, the transfer matrix for rotated directional coupler can be derived by comparison
and calculation of (4.12) and (4.30). So the transfer matrix for rotated directional coupler

can be written as:

1 —1 v1—¢€

T=—— 4.31)
Vel-yT—e 1

4.2.4 Transmittivity and Phase Transfer Functions

Transmission Coefficient 73

Transmission coefficient 73 for four port two direction device is derived in 4.1.3. From

(4.20), transmission coefficient 713 for rotated directional coupler can be written as:

C
T3 = — -

D

Comparing (4.5) and (4.30), calculate value of C and D. Substituting this value in the

above equation gives 73 for rotated directional coupler.
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T13=V1—¢. (4.32)
So transmission coefficient 73 of a rotated directional coupler is /1 — ¢.

Transmission Coefficient 74

Transmission coefficient 714 for four port two direction device is derived in 4.1.3. From

(4.24), transmission coefficient 714 for rotated directional coupler can be written as:

AD — BC
D .

Comparing (4.5) and (4.30), calculate value of A, B, C and D. Substituting this value in

T4 =

the above equation gives 714 for rotated directional coupler.

T4 = JV/e. (4.33)

So transmission coefficient 714 of a rotated directional coupler is j/e.

Transmittivitty 7’3

As the transmittivity 73 is the fraction of power transmitted from the input port P1 to
the output port P3 passing through coupling region of a rotated directional coupler, it is

calculated from transmission coefficient 773 as follows:

Ts = |mis]?,

T3 = Ti3 % T3,

Tis =V1—ex(V1—e),

Tis =vV1—ex\/1— e,

Tis = (1—¢). (4.34)

So the transmittivity 773 of a directional coupler is (1 — ¢).



Transmittivitty 774

As the transmittivity 734 is the fraction of power transmitted from the input port P1 to

the output port P4 passing through coupling region of a rotated directional coupler, it is

calculated from transmission coefficient 714 as follows:

Ty = |7'14|27

Ty = T1a * Ty,

Ty = jvex (jVe)",
Ty = jVex (—jVe),

€.

T14

So the transmittivity 773 of a directional coupler is e.

Transmittivity vs. ¢ Spectra

As seen in (4.34) and (4.35), the transmittivity of rotated directional coupler is dependent

upon €. The graph in Fig.

4.3 shows how the transmittivity 775 and 74 varies with €. As

seen in Fig. 4.3, T}3 decreases as € increases whereas 77, increases with e.

Transmittivity T

Rotated Directional Coupler : Transmittivity T vs €
T T T T T T T

o
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o
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Figure 4.3: Transmittivity vs. €
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Phase Transfer Function ¢,3

As phase transfer functions ¢,3 is the phase difference between the input at port P1 to the
output at port P3 after passing through coupling region of coupler, it is calculated from

transmission coefficient 713 as follows:

13 = C””g(ﬁs)?

13 =arg(v1—e),

0
¢13:tan_1( )7
1—c¢

$13 = 0. (4.36)

So phase transfer functions ¢,3 of a rotated directional coupler is 0.

Phase Transfer Function ¢,

As phase transfer functions ¢4 is the phase difference between the input at port P1 to the
output at port P4 after passing through coupling region of coupler, it is calculated from

transmission coefficient 74 as follows:

P14 = CL7“9(7'14),

P14 = arg(j\/g),

14 = tan™?! (?) , (4.37)
b1a = g (4.38)

So phase transfer functions ¢4 of a rotated directional coupler is 7.

Phase Transfer Function vs. ¢ Spectra

As seen in (4.36) and (4.38), phase transfer function of directional coupler is not dependent
upon €. The graph in Fig. 4.4 shows that even e changes, phase transfer functions ¢;3 and

¢14 remains same. As seen in Fig. 4.4, ¢13 18 0 and ¢4 is 5 for all values of e.
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Ratated Directional Coupler : Phase Transfer Function ¢ vs =
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Figure 4.4: Phase Transfer Function vs. €

4.2.5 Conservation of Power

As mentioned in chapter 3, for conservation of power, total of all the transmittivity and the
reflectivity of a device must be equal to 1.

The above in rotated directional coupler, we considered the input only at port P1 and
we considered the input at port P2 as 0. So power from port P1 is transmitted to only port
P3 and port P4 as as there is no coupling between the input port P1 to port P2 and there is
no reflection at port P1. As stated the above, for conservation of a power in lossless rotated

directional coupler, total of the transmittivity 773 and transmittivity 77, must be 1.

Trotar = Tiz + Tha,
Trotar =1 — €+ €,

Trota = 1. (4.39)

As total transmittivity is equal to 1, there is conservation of power in lossless rotated

directional coupler.
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4.2.6 Unitaryness of a Transfer Matrix

A square matrix U is unitary if
Ut =u-" (4.40)

where U denotes the conjugate transpose and U~ is the matrix inverse.
So to verify that the transfer matrix for directional coupler with unidirectional waveg-
uide is unitary matrix, calculate conjugate transpose and matrix inverse of the transfer ma-

trix. Conjugate transpose is as below:

o -
i _ I ‘1. (4.41)
Ve | yT—«¢ 1

Also inverse of the transfer matrix is given as below:

' —1 Vv1—e€
7= L . (4.42)

VeloyT—e 1
Comparing (4.41) and (4.42), we get that

T AT (4.43)

So the transfer matrix of directional coupler with unidirectional waveguide is not uni-

tary matrix.

4.2.7 Determinant of a Transfer Matrix

Determinant of the transfer matrix of rotated directional coupler with unidirectional waveg-

uides is given as below:

JVe —/1—€ 1
det(T) = 1. (4.44)
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So determinant of a symmetric lossless rotated directional coupler with unidirectional

waveguide is 1.

4.3 Rotated Directional Coupler with Ghost Waveguide

4.3.1 Introduction
Ghost Waveguide

One of several meaning of ghost is a faint trace of something. So similarly ghost waveguide
is waveguide which is fabricated for the purpose of convenience but with a a faint trace of it
in a device . Ghost waveguides concept used in the thesis is for the purpose of the modeling
photonic loop structures. For convenience of calculation and derivations, for some devices
we considered presence of ghost waveguides but these waveguides are not present in device.
The ghost waveguide concept used is applied and verified for rotated directional coupler in

next section.

Rotated Directional Coupler with Ghost Waveguide

Rotated directional coupler with ghost waveguide is as shown in Fig. 4.3. As seen in figure,
rotated directional coupler with ghost waveguide is same as rotated directional coupler but
one of the waveguide is ghost waveguide. So we will consider the existence of a ghost
waveguide until needed. When ghost waveguide is not required, we will consider coupling
between waveguides as 0.

As shown in Fig. 4.5, rotated directional coupler comprises of four ports P1, P2, P3 and
P4. Port P1 and port P3 are of real waveguide and port P2 and P4 are of ghost waveguide.
Ports P1 and P2 acts as the input port and ports P3 and P4 acts as the output port. E;
and E, denotes the input field strengths of port P1 and P2. So forget the concept of ghost
waveguide for now. So Fig. 4.5 is same as rotated directional coupler in Fig. 4.2. So
transmission parameters for rotated directional coupler with ghost waveguide is same as

rotated directional coupler.
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E] —> <« 5
P1 g o—=====P2

E3 €< \\ —> E;
P3 Smm————pY

Figure 4.5: Rotated Directional Coupler with Ghost Waveguide

4.3.2 Transmittivity and Phase Transfer Functions

Transmittivitty 7’3

As transmission parameters for rotated directional coupler with ghost waveguide is same as
rotated directional coupler, the transmittivity 7} 3 for rotated directional coupler with ghost
waveguide is same as rotated directional coupler. So from (4.34), the transmittivity 773 can

be written as:

T13 == (1 - 6). (445)

Now, consider the existence of ghost waveguide. So as ghost waveguide is not really
present, it is fabricated for convenience of calculation. So to neglect existence of ghost
waveguide consider the coupling coefficient as 0 i.e. € = 0. So there is no coupling between
real waveguide and ghost waveguide resulting in no power transfer. So ghost waveguide is
not present. So the transmittivity 773 of a rotated directional coupler with ghost waveguide

is (1 —0).ie. 1
Phase Transfer Function ¢,3

As transmission parameters for rotated directional coupler with ghost waveguide is same

as rotated directional coupler, the phase transfer function ¢;3 for rotated directional coupler
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with ghost waveguide is same as rotated directional coupler. So from (4.36), the transmit-

tivity 773 rotated directional coupler with ghost waveguide is 0.

Transmittivitty 774

As transmission parameters for rotated directional coupler with ghost waveguide is same as
rotated directional coupler, the transmittivity 7', for rotated directional coupler with ghost
waveguide is same as rotated directional coupler. So from (4.35), the transmittivity 774 can

be written as:

Ty = €. (4.46)

As stated the above, to neglect existence of ghost waveguide consider the coupling
coefficient as 0 1.e. € = 0. So the transmittivity 774 of a rotated directional coupler with
ghost waveguide is 0. This proves that there is no transfer of power from port P1 to port

P4.

Phase Transfer Function ¢,

As transmission parameters for rotated directional coupler with ghost waveguide is same
as rotated directional coupler, the phase transfer function ¢4 for rotated directional coupler
with ghost waveguide is same as rotated directional coupler. So from (4.37), the transmit-

tivity 774 rotated directional coupler with ghost waveguide is 0.

4.3.3 Conservation of Power

As mentioned in chapter 2, for conservation of power, total of all transmittivity and the
reflectivity of a device must be equal to 1.

The above in rotated directional coupler with ghost waveguide, we considered the input
only at port P1 and we considered the input at port P2 as (same as rotated directional

coupler). As stated the above, for conservation of a power in lossless rotated directional
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coupler with ghost waveguide, total of the transmittivity 75 and transmittivity 77, must be

1.

Trotar = T13 + Tha,

TTotal = 1. (447)

As total transmittivity is equal to 1, there is conservation of power in lossless rotated
directional coupler with ghost waveguide. The ghost waveguide is not affecting the transfer

of power.
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Chapter 5

Parallel Waveguides

5.1 Four Port Bidirectional Device

Four-port bidirectional device contains four ports (two input and two output ports) and
device is bidirectional in nature. This device is similar to four-port bidirectional device in
4.1 but difference between these two devices is direction of the light streams traveling in
ports. As shown in Fig. 5.1, four port bidirectional device comprises of two input ports
P1 and P4 and two output ports P2 and P3, and light traveling in device is in left to right
direction at ports P1 and P2 and in right to left direction at port P3 and P4. But in as shown
in Fig. 4.1, four port unidirectional devices comprises of two input ports P1 and P2 and
two output ports P3 and P4, and light traveling in device is in left to right direction at ports

P1 and P4 and in right to left direction at port P2 and P3.

El—|P1 P2 E>

E;<«<—]P3 P4 Es

Figure 5.1: Four-Port Bidirectional Device

E ans E, denotes the input field strengths of port P1 and P4 whereas E, and F;

denotes the output field strengths of port P2 and P3. The total input in the device is denoted
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by a and the total output in the device is denoted by b. So input a and output b for Fig. 5.1

can be represented in matrix form as below:

i

a=| ', (5.1)
Ey
]

b=| 1. (5.2)
Ey

5.1.1 Scattering Matrix

As mentioned in 3.1.1, scattering matrix correlates the coefficients of the input state of a
photonic device or system to the coefficients of the output state of a photonic device or
system. So from (3.3), scattering matrix S which correlates the coupling of optical power

transfer from input a to output b is given as,

b= Sa. (5.3)

The correlation between input a in 5.1 and output b in 5.2 along with scattering matrix

S for the four port two directional device in Fig. 5.1 is given as,

EQL 512 Sa2 Efr (5.4)
ES_ S13  S43 E4_

5.1.2 Formation of Transfer Matrix

Transfer Matrix

As mentioned in 3.1.2, transfer matrix correlates the coefficients of states on the left side
of the coupling region to the coefficients of states on the right side of the coupling region.

So the transfer matrix T for the four port two direction device in Fig. 5.1 is given as,
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A B
T = . (5.5)
C D

The correlation between the coefficients of states on the left side of the coupling region
and the coefficients of states on the right side of the coupling region along with transfer

matrix T for the four port two direction device in Fig. 5.1 is given as,

Ej A B| |Ef
= . (5.6)
E; C D| |E;

Formation of Transfer matrix

As stated in chapter 3, in analysis and calculations transfer parameters of a device, transfer
matrices are more appropriate than scattering matrices. So scattering matrix can be derived
initially and with the help of scattering matrix, transfer matrix can be derived. So in this
section, matrix formula for formation of transfer matrix from scattering matrix is derived.
From Fig. 5.1 and (5.6), it can be observed that one input and one output is on either
side of a coupling region. So for formation of transfer matrix from scattering matrix, it is
obligatory to expand and rearrange the scattering matrix in 5.4. By expansion of 5.4, we

get following equations,

E;r = 812E11+ + S42E;, (57)

ES_ = SlgEf + 843E4_. (58)

Rearranging (5.8), we get

E:; = SlgEfr + S43EZ,

1
Ef = —?Ef +—B;. (5.9)
43 543
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Substitute value of £, in (5.7),

513 1
+ _ + +
E2 = 812E1 + S42 __El + —E3 s
543 S43
513542 S42
Ey = s B — Ef + —Ej,
543 543
512543 — 513542 S42
E;“ = EfL + —E3 . (5.10)
543 543

By arranging (5.9) and (5.10) in matrix form, we get

E; :i 812843 — S13S42  S42 E1+ 7 5.11)
E4_ 43 —S13 1 Eg_

The (5.11) is similar to (5.6). So transfer matrix for four port two direction device in

Fig. 5.1 is written as,,

1 |S12543 — S13S42  S42

A , (5.12)

543 —S13 1

5.1.3 Transmission Parameters

As mentioned in previous chapter, transmission parameters provides some information

about transmission of power in device. By expansion of (5.6), we get following equations,

Ef = AEf + BE;, (5.13)
E; =CE} + DEj . (5.14)

If light £} is launched at port P1 and input at port P4 is O , then substituting £, = 0

in above equations gives following equations:

Ef = AE; + BE;, (5.15)

0=CE;f + DE;. (5.16)



Transmission coefficient 75

Transmission coefficient 713 can be written as,

Ly

T13 = =1 -
EY

Restructuring (5.16), we get following equation:

DE; = —CEY,
_ C
Ey  C
EF D’
C
T13 = —5
C

So transmission coefficient 713 can be given as —3.

Transmission Coefficient 7

Transmission coefficient 714 can be written as,

E-‘r

2
T2 = —-
By

Substitute value of £ from (5.18) into (5.15), we get following equation:

C
Ef — AES 4+ B {_BEf
BC
AD — BC
Ef = 5 E;,
Ef AD-BC
EFr D
AD — BC
T19 =
12 D

AD—BC

So transmission coefficient 715 can be given as ==
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(5.17)

(5.18)
(5.19)

(5.20)

(5.21)

(5.22)
(5.23)

(5.24)
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5.2 Parallel Waveguides

5.2.1 Introduction

Et— —> E5
P1 P2

La

Figure 5.2: Unidirectional Waveguide

Unidirectional Waveguide As described in 1.3.1, photonic waveguide shown in Fig. 5.2
is is simple component with two ports P1 and P2. Port P1 is an input port and port P2 is an
output port. Field strength at port P1 and port P2 is denoted as E;" and F, . The relation

between input E;" and output E; can be given as,

Ef =2 tAL gt (5.25)

where, o and (= 27n/\) represent the fiber attenuation and propagation constants, re-
spectively and L is the length of a waveguide. The above equation is equivalent to equation

(2.3.2)in[1].

Et—> —> E;
P1 P2
La
3 < <« E;
P3 P4
Lb

Figure 5.3: Parallel Unidirectional Waveguide
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Parallel Waveguide As shown in fig 5.3 ,2 unidirectional waveguides are parallel to
each other and light stream is traveling from left to right in one waveguide and right to
left in another waveguide. As direction of light stream does not affect the field strength
in a waveguide, the relation between field strength at input and field strength at output for

waveguide of length L is given as,

Eoutput - 6(7%+i6)LEinput- (526)

In Fig. 5.3, there are two input ports P1 and P4 and two output ports P2 and P3. Field
strength at port P1, P2, P3 and P4 is denoted as E", Ey, F5 and E; respectively. So input

a and output b for Fig. 5.3 is given as,

o

a=| "1, (5.27)
E;
)

b=| 21, (5.28)
Ey

5.2.2 Scattering Matrix

As mentioned in 3.1.1, scattering matrix correlates the coefficients of the input state of a
photonic device or system to the coefficients of the output state of a photonic device or
system. So from (3.3), scattering matrix S which correlates the coupling of optical power

transfer from input a to output b is given as,

b= Sa, (5.29)

From (5.26), (5.27) and (5.28), correlation between input, output and scattering matrix

S for the directional coupler in Fig. 5.2 is given as,
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ESL 512 Sa2 Efr (5.30)

ES_ S13  S43 E4_

As two waveguides are parallel to each other there is no coupling between them. So
there is no coupling from port P1 to port P3 and from port P4 to port P2. This leads to

s13 = 0 and s42 = 0. Substituting these values in above equation, we get

Ey |52 0 By (5.31)
Eg 0 543 EZ

s12 represents transfer of power from port P1 to port P2 for waveguide of length of La
and sy3 represents transfer of power from port P4 to port P3 for waveguide of length Lb.
As (5.26) represents the relation between input and output of photonic waveguide, s;2 and

S43 can be written as,

s12 = el"2THLa (5.32)

S43 = e(T2TIOLL, (5.33)

Substituting these values in (5.30), we get following equation

E;- e(—%-‘riﬁ)La 0 Ei—
— 4 ) (5.34)
Eg_ 0 e(—=5+iB)Lb E4—
So scattering matrix of parallel waveguides can be written as,
e(*%+iﬂ)La 0
S = . (5.35)
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5.2.3 Formation of Transfer Matrix

Transfer matrix for four port two direction device is derived in 5.1.2. (5.12) provides a
formula to derive the transfer matrix from scattering matrix for four port two direction
device. As parallel waveguide is four port two direction device, transfer matrix for rotated
directional coupler can be derived by comparison and calculation of (5.12) and (5.35). So

transfer matrix for rotated directional coupler can be written as:

T = . (5.36)
0 o($—iB)Lb

So the transfer matrix parameters mentioned above for parallel unidirectional waveg-
uides are equivalent to transfer matrix parameters for pair of fibers mentioned in [12] and
single-mode fiber channel in [2]. They are not same as the transfer matrix concept used
in [12] and [2] and concept we used is not same. In [12] and [2], coefficients of states on
the right side of the coupling region are multiplied by transfer matrix of a photonic device
to get the coefficients of states on the left side of the coupling region. Opposite to this, in
our derivation, coefficients of states on the left side of the coupling region are multiplied
by transfer matrix of a photonic device to get the coefficients of states on the right side of

the coupling region.

5.2.4 Transmittivity and Phase Transfer Functions

Transmission Coefficient 7

Transmission coefficient 715 for four port two direction device is derived in 5.1.3. From

(5.24), transmission coefficient 715 for parallel waveguides can be written as:

AD — BC
T2 = T

Comparing (5.5) and (5.36), calculate value of A, B, C and D. Substituting this value in

above equation gives 75 for parallel waveguides.
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19 = el"2TiPLa, (5.37)
So transmission coefficient 715 of a parallel waveguides is e(~2 +#9)Le,

Transmission Coefficient 73

Transmission coefficient 73 for four port two direction device is derived in 5.1.3. From

(5.20), transmission coefficient 713 for parallel waveguides can be written as:

C
T3 = ——H.

D

Comparing (5.5) and (5.36), calculate value of C and D. Substituting this value in above

equation gives T3 for parallel waveguides.

T13 = 0. (538)
So transmission coefficient 73 of parallel waveguides is 0.

Transmittivity 77,

As transmittivity 775 is fraction of power transmitted from input port P1 to the output port

P2 , it is calculated from transmission coefficient 7y, as follow:

_ 2
T = ‘712’ )

*
Tig = T2 * T2,

Ty = e(—%—i—iB)La * (6(—%+zﬂ)La>*

Y

Ty = 7oL, (5.39)

So transmittivity 7}, of a parallel waveguide is e(~*®),
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Transmittivitty 773

As transmittivity 773 is fraction of power transmitted from input port P1 to the output port

P3, it is calculated from transmission coefficient 773 as follow:

- 2
T3 = |1i3]%,

E3
T3 = T13 * T135

Tis = 0. (5.40)

So transmittivity 73 of a parallel waveguides is 0.
Transmittivity vs. %L Spectra

As seen above, the transmittivity of the parallel waveguides is dependent upon « and, (3
and L. The graph in Fig. 5.4 and Fig. 5.5 shows how the transmittivity 7}, and T}, varies

with % respectively. As seen in Fig. 5.4, T, remains 1 as € increases whereas 714 remains

0.

Parallel Waveguides : Transmissivity T, , vs Normalized frequency(BLin)
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Normalized frequency (BLM)

. . e BL
Figure 5.4: Transmittivity 772 vs. ==

Phase Transfer Function ¢,

As phase transfer functions ¢, is the phase difference between the input at port P1 to the

output at port P2 , it is calculated from transmission coefficient 715 as follow:
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Parallel Waveguides © Transmissivity T, ; vs Normalized freguency(BLi)
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Figure 5.5: Transmittivity T}3 vs. 2=

T

P12 = 0”“9(712),

¢12 — arg(e(_%+iﬂ)La,
T
¢m=§. (5.41)

So phase transfer functions ¢ of parallel waveguides is 7.

Phase Transfer Function ¢,3

As phase transfer functions ¢;3 is the phase difference between the input at port P1 to the

output at port P3 , it is calculated from transmission coefficient 73 as follow:

P13 = C”“g(ﬁ:),)a

P13 = 6”“9(0)7
¢13 = tcm_l (0) s
13 = 0. (5.42)

So phase transfer functions ¢35 of a parallel waveguides is O.
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Phase Transfer Function vs. ¢ Spectra

As seen in above equations, the phase transfer function the parallel waveguides is not de-
pendent upon « or 5. The graph in Fig. 5.8 and Fig. 5.9 shows that how ¢, changes with

the change in L, whereas ¢4, remains same 0 .

Parallel Waveguides : Phase Transfer Function ¢, , vs Normalized frequency(BLi)
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Figure 5.6: Phase Transfer Function ¢,

Parallel Waveguides : Phase Transfer Function ¢, 5 ve Normalized frequency (L)
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Figure 5.7: Phase Transfer Function ¢35 vs. fB?L
5.2.5 Conservation of Power

As mentioned in chapter 3, for conservation of power, total of all transmittivity and reflec-

tivity of a device must be equal to 1.
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Above in parallel waveguides, we considered input only at port P1 and we considered
input at port P4 as 0. So power from port P1 is transmitted to only port P2 as as there
is no coupling between two waveguides and there is no reflection at port P1. Also for
parallel waveguides to be lossless, fiber attenuation o must be 0. As stated above, for
conservation of a power in lossless rotated directional coupler, total of transmittivity 773

and transmittivity 77, must be 1.

Trotar = Ti2 + T,

—alLa
TTotal - 6( ) )

Trotar = 1. (5.43)

As total transmittivity is equal to 1, there is conservation of power in lossless parallel

waveguides.

5.2.6 Unitaryness of a Transfer Matrix

To check that transfer matrix for parallel unidirectional waveguide is unitary matrix, con-
sider that device is lossless device. As « is fiber attenuation, consider it as O to change
device to lossless device. So transfer matrix of parallel unidirectional waveguide for loss-

less device is written as :

e@ﬂ)La 0
T — . (5.44)
0 e(_i/B)Lb
So to verify that transfer matrix for parallel unidirectional waveguide is unitary matrix,
calculate conjugate transpose and matrix inverse of transfer matrix. Calculate conjugate

transpose and matrix inverse of transfer matrix for lossless case. Conjugate transpose is as

below:

TH = . (5.45)
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Also inverse of transfer matrix is given as below:

T = . (5.46)

Comparing (3.52) and (3.53), we get that

TH =71 (5.47)

So transfer matrix of parallel unidirectional waveguide is unitary matrix.

5.2.7 Determinant of a Transfer Matrix

To derive the determinant of a parallel unidirectional device consider length of both waveg-
uides equal i.e. La = Lb = L .Determinant of transfer matrix of parallel unidirectional

waveguides is given as below:

o(~S+iB)L 0
det(T) = L ,
0 6(571/8)11

det(T) = 1. (5.48)

So determinant of a parallel unidirectional waveguides is 1.



61

Parallel Waveguides : Phase Transfer Function ¢, , ve Normalized frequency (L)
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Figure 5.8: Phase Transfer Function ¢ vs. %L

Parallel Waveguides : Phase Transfer Function ¢, , vs Normalized frequency(BLA)
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Figure 5.9: Phase Transfer Function ¢13
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Chapter 6

Dual-Waveguide Ring Resonator

6.1 Introduction

6.1.1 Dual-Waveguide Ring Resonator

A a dual-waveguide ring resonator can be designed, as shown in Fig. 6.1, by placing the
photonic-ring between two parallel photonic waveguides. This device is also called as the
two-coupler ring resonator as the ring is coupled to two parallel waveguides.

As seen in Fig. 6.1, there are four ports in the device. When the light is entered in
the input port as seen in Fig. 6.1,it travels towards the coupling region with the coupling
coefficient ¢;. When it reaches the coupling region with the coupling coefficient ¢;, some
quantity of power from the input port is coupled into the ring and the remaining power in
dissipated at the throughput port. The power coupled into the ring travels in the ring till it
reaches the second coupling region with the coupling coefficient €5. At this point also some
quantity of power from the ring is coupled into the drop port and the remaining power is
re-transmitted into the ring. The power re-transmitted in the ring travels in the ring till the
coupling region 1. At this point it again combines with power from the input port and some
of power is coupled to throughput region whereas some of it is re-transmitted into the ring.

So some quantity of power keeps circulating in the ring.

6.1.2 Concatenated Structures

Sometimes, some basic structures are used to form complex structures. So concatenated

structures are such complex structures in which basic structures are connected to each other
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Figure 6.1: Dual-Waveguide Ring Resonator

after one another by waveguides. As shown in Fig. 6.2, three photonic structures Z1 and
72 are connected to each other by waveguides and structure Z2 is connected to another
structure Z3 by waveguides. This is called concatenations of structure. This can be a long

chain of structures concatenated to each other.

Overall Complex Structure C

Figure 6.2: Concatenated Structures

As this chain of structures concatenated structures increases, it is really difficult to
to model these structure using method of equating field or method of unfolded equivalent
system. On contrary it is quite simple to model these complex photonic structures if transfer
matrices of basic structures Z1, Z2 and Z3. Consider field strength at 4 ports are given by

Ef, Ef, Ef and E. So the transfer matrix of complex structure T in Fig. 6.2 is given
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as

Ey EY
= dc
Ef Ey

Assume that transfer matrices of these basic structures are represented by 771,175, T3
respectively and the transfer matrix of parallel waveguides connected these basic structures
is represented by T'pyw 1 and Tpy go. Transfer matrix of a complex structure is represented
by 7¢. So the transfer matrix of a complex structure 7 is calculated by matrix multipli-
cation of the transfer matrix of basic structures and parallel waveguides from right to left

order. So the transfer matrix of a complex structure 7 is calculated as

Te = [Tzs][Trwes][Tz2][Trwerl[T21].

6.1.3 Dual-Waveguide Ring Resonator as Concatenated Structure

From Fig. 6.1, it can be observed that a dual-waveguide ring resonator has two coupling
regions with coupling coefficients €; and €,. These two coupling regions forms two di-
rectional couplers. Rotating Fig. 6.1 90° anticlockwise and splitting it, we get Fig. 6.3.
From Fig. 6.3, it can be observed that, a dual-waveguide ring resonator is obtained by a
concatenation of the rotated directional coupler, parallel waveguides and finally another
the rotated directional coupler. As there are two rotated directional couplers, we call the
rotated directional coupler on left as RDC/ and the rotated directional coupler on right is

called as RDC2.Lets call the parallel waveguides as PWG.

As seen in Fig. 6.3, RDC1 has four ports P1, P3, P2  and P4". Similarly, ports for
RDC2 are designated as P2, P4, P 1" and P4’. But for overall coupled structure i.e. a dual-
waveguide ring resonator, the four ports are P1, P2, P3 and P4. Field strength at P1, P2, P3
and P4 is given by E; , E, , E5 and E respectively. For a dual-waveguide ring resonator,

port P3 and P2 acts as the input port and port P1 and port P4 acts as the output port. The
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Figure 6.3: Dual-Waveguide Ring Resonator as Concatenated Structur

coupling coefficient of RDC1 is €; and of RDC2 is €5. The waveguide in PWG is of length

LA and LB along with attenuation constant o and propagation constant /3.

6.2 Transfer Matrix

As previously stated in 3.1.2, the transfer matrix of the photonic device can be defined by
correlating the coefficients of states on the left side of the coupling region to the coefficients
of states on the right side of the coupling region. So the transfer matrix Trr of a dual-

waveguide ring resonator with unidirectional waveguide device in Fig. 6.3 is given as

Bf Ef

= Trr ; (6.1)
Ey Ey
Bf A B| |Ef 62
Ey ¢ D| |E7| '

Dual-waveguide ring resonator is comprised of 2 the rotated directional coupler with

unidirectional waveguides(RDC1 and RDC2) and parallel unidirectional waveguides(PWG).
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So the transfer matrix of a dual-waveguide ring resonator is combination of transfer matri-
ces of RDC1, PWG and RDC2. So to obtain the transfer matrix of a dual-waveguide ring
resonator, multiply the transfer matrices of its subsystems from right to left. So the transfer

matrix 7rp 1s given as follows:

Trr = Trpc2TpweTrDCN, (6.3)
A B

Trr = ) (6.4)
C D

As derived in 4.2.3, from (4.31), the transfer matrix of RDC1 and RDC2 with coupling

coefficients €; and e, respectively is given as

1 —1 V1—¢
Trpc1 = ~ ; (6.5)
e | —yT=e 1
1 —1 V1 — e
Trpo2 = ~ (6.6)
e | —yT=e 1
Also as derived in 5.2.3, from (5.36), the transfer matrix of PWG is given as
o(—§+iB)La 0
T = ) 6.7
PWG . (3B (6.7)

Substituting and multiplying Trpc1, Trpee and Tey ¢ in (6.3), Ty is calculated.
Comparing the result with (6.4), the transmission coefficients of a dual-waveguide ring

resonator the transfer matrix 7’z is given as follows:



67

—e(G7iALa 4 (5IALL /(1 — ) (1 — €)
Veie ’

B_ e~ (GmiLa, /(1T —¢)) — 37O /(T — ) 69)
Veae ’ '

e ) ¢ T

€1€2
@_(%_iﬁ)l‘a\/(l — 61)(1 — EQ) — 6(%_i6)Lb

\€1€2

So the transfer matrix parameters we are getting are equivalent to the transfer matrix

A:

(6.8)

, (6.10)

D 6.11)

parameters for two-coupler ring resonator i.e. a dual-waveguide ring resonator in [2]. They
are not same as the transfer matrix concept used in [2] and concept we used is not same.
In [2], coefficients of states on the right side of the coupling region are multiplied by the
transfer matrix of the photonic device to get the coefficients of states on the left side of the
coupling region. Opposite to this, in our derivation, coefficients of states on the left side of
the coupling region are multiplied by the transfer matrix of the photonic device to get the

coefficients of states on the right side of the coupling region.

6.3 Electric-Field Expressions

Electric field expression defines the analytic expression for output in device with input in
device.As equation (6.2) related the input and output of a dual-waveguide ring resonator
with the help of the transfer matrix, expansion of (6.2), gives electric field expression of a

dual-waveguide ring resonator as follows:

E} = AEf + BE;, (6.12)

E; = CE{ + DET . (6.13)

where, A, B, C and D are the transmission coefficients of a dual-waveguide ring res-

onators.
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6.4 Performance Parameters

6.4.1 Reflection Coefficient

In a dual-waveguide ring resonator shown in fig. 6.3, port P3 acts as the input port. So some
of input power from port P3 is coupled to port P2 and some of input power is reflected to
port P1. Also some power is dissipated as a feedback from port P4’ to port P1 in RDC1
the coupling region. So reflection of the light from the input port P3 to the throughput port

P1 is given by the reflection coefficient r as follows:

_ b

=1 6.14
EF (6.14)

r

To calculate the reflection coefficient r, consider input from port P2 i.e. E, is 0. So

substituting this in (6.13),

0=CE{ + DEy,

—DE; = CEY,
Er C
=12 6.15
Ef T D (1)
So the reflection coefficient r is given as
C
=—-= 6.16
r D (6.16)
e (5-ifLa /(] _ ($—iB)Lb /(] —
S P A el Y o M) 6.17)
| R =) - ) - P
[e(5=B)Lb /[T — ) — e—(5—iB)La /(] _
AP | B VAC ) Ul (6.18)
I —e(3 7L 4 o= (G=iB)Le, (1 —€))(1 — €)

Substitute La = Lb = % and —1 = €™,
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i | €T T — e el T 6.19)
r=e .
() e(TFE) 4 o) (D) ﬂm
b oilnBL) eI =6 — e PhyT— ¢ 6.20)
1—e%)ebly/T— eI — e

Substitute e=*L = @ and L = ¢ and we get the reflection coefficient r for a dual-

waveguide ring resonator,

r = e (mt9) vavl—e -Vl -4 (6.21)
1—\/a€i¢\/1—61\/1—62 . .
Reflectivity Reflectivity R of a dual-waveguide ring resonator is given as
R =|r? (6.22)
R=rxnr". (6.23)

Substitute r from (6.21) in the above equation,

R [ez’(ww [\/_\/1 — e —e wﬁﬂ” {e"(””’) [\/am_ e—i¢\/1T€1H*
1-vaoryT—avi-all I~ Vae TV

_ a(l—e) —+/a(l —e)(1 —e)(e® +e )+ (1 —e) ‘

1—+/a(l—€)(l —e)(e? +e ) +a(l —e)(l —e)

(6.24)

By Euler’s formula,
e + €7 = 2cos(¢).
Substituting this the value in the above equation, we get reflectivity R for a dual-

waveguide ring resonator.

_ a(l — ) —2v/a(l — €1)(1 — e2)cos(d) + (1 — €) '
1—2y/a(l—e)(1—e)cos(9) +a(l —e)(1 — e)

(6.25)
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As phase transfer functions ¢, is the phase difference between the input at port P3 to

the output at port P1 , it is calculated from the transmission coefficient r as follows:

Or = arg(r),
b, = arg(elm+e) | VOV = @ V1@
' 1= Voo Jl—avi—o

). (6.26)

6.4.2 Transmission Coefficient

In a dual-waveguide ring resonator shown in fig. 6.3, port P3 acts as the input port. Some
of input power from port P3 is reflected to port P1 and some of input power is coupled to
port P2'. From port P2, it is induced into RDC2 through port P1’. When the light stream
is induced in the RDC2, some of power is dropped into port P4. So transmission of the
light from the input port P3 to the drop port P4 is given by the transmission coefficient t as

follows:

_ By

t=—L,
Ey

(6.27)

To calculate the transmission coefficient t, substituting the value of £ from (6.15) in

(6.12), we get

BC
Ef = AES — —-Ef,
AD — BC
Bl =—p 5
Ef AD - BC
Ef D 7
,_AD-BC
= =5
NUM
= ——. 6.28
D (6.28)

where NUM = AD-BC
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Substituting the value of A, B, C and D from (6.8), (6.9), (6.10) and (6.11), we get

[—e Pt 4+ el ST = )1 = 6)] [~ G0 /T =) (L = ea) — €59
e (E9a ST = ) — e§I0 ST = ) [~e 900 [T = ) + e§D8 /T — &))

Ve Vae

NUM =

(6.29)

Substitute La = Lb = % and SL = ¢,

NUDMeeq = [—e—(%_w)é + e3Pz V(=) —e)]

eIV -1 - ) —els5]

L
2

e 505 /(1= ) — (57

SIS

NUMe e = [—6_(7)6(%) + e(%)e_(7)\/(1 —e1)(1 — )]

[—e D)D)\ /(T — &) + Tl (D) /(T = ). (6.30)

Substitute e L = q,

NUM =1. (6.31)

Substituting NUM = 1 and the value of D from (6.11) in (6.28), the transmission

coefficient t is given as
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‘= Ve , (6.32)

al iBL

¢ — ilm+BL) Ve Te 2
1-— e_aTLeifBL\/(l —e1)(1 —€)

(6.33)

«

Substituting @ = e~* and ¢ = BL, we get the transmission coefficient t of a dual-

waveguide ring resonator as follows:

i$

t = i) vayaae . (6.34)
1 —/ae®\/(1 —e;)(1 — €)
Transmittivity T of a dual-waveguide ring resonator is given as
T = |t (6.35)
T=txt". (6.36)

Substitute t from (6.34) in the above equation, we get transmittivity T of a dual-waveguide

ring resonator
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7 [ome . YavEae f v Ve
1_\/aei¢\/(1—61)(1—62) i 1_\/561'¢\/(1_€1)(1_62) )

i¢

1—Vae?/(1-ea)1l-e)| | 1—ae /(1 —€;)(1 — €)
T — \/56162
1—2/a(l —e;)(1 — ez)cos(d) +a(l —e)(1 — &)

\/56162

_w© i
T = |eilmte) %V €16€ 2 o~ im+9) \4/5\/ €1€2€ 2 ]

T = :
1—2v/a(l—e)(1 —e)+2/a(l —€1)(1 —€e2) — 2y/a(l — 1) (1 — €2)cos(d) + a(l — e1)(1 — €2)

7 — Vae e
1—2y/a(l — )1 —e) +a(l —e)(l—e)+2/a(l —e)(1 —e)(1 — cos(¢))
T= Vaaie; .
(1—va(l—e)(1—e))2+4y/a(l —e)(l — e)sin2(2))

So the transmittivity we are getting is same as transmittivity for two-coupler ring res-

Y

onator i.e. a dual-waveguide ring resonator in [2], even the transfer matrix concept used
in [2] and concept we used is not same. Because the transmittivity is the fraction of power
transmitted from the input port to the output port passing through the coupling region of
coupler and power transfer will be same in both cases.

As phase transfer functions ¢, is the phase difference between the input at port P3 to

the output at port P4 , it is calculated from the transmission coefficient r as follows:

¢t = aTg(t), )
= i(m+o) %\/@6_%
¢y = arg(e 1_ \/Eei‘b\/(l —e)(1—€)

). (6.38)

6.5 Performance Parameters Spectra

6.5.1 Reflectivity and Transmittivity Spectra

As seen in (6.25) and (6.37), reflectivity and transmittivity of a dual-waveguide ring res-
onator is dependent upon various parameters such as €;, €5, o, $ and L. The following

various graphs shows how reflectivity and transmittivity varies with different parameters.

(6.37)
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Reflectivity and Transmittivity vs. ¢;

The graph in Fig. 6.4 shows how reflectivity R and transmittivity 7' varies with €;. For this
graph, only ¢, is varied and other values used are e, = 0.5, L = 7 ,a =0.95.

As seen in Fig. 6.4, R decreases as € increases whereas 7' increases with e.

Dual-Waveguide Ring Resonator : Transmittivity vs =,

o
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o
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=

Transmittivity and Reflectivity
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Figure 6.4: Reflectivity and Transmittivity vs. €;

Reflectivity and Transmittivity vs. e,

The graph in Fig. 6.5 shows how reflectivity R and transmittivity 7' varies with €. For this
graph, only ¢ is varied and others the value used are as follows:
e6=05,8L=7%,a=0.95.

As seen in Fig. 6.5, R decreases as € increases whereas 7' increases with e.

Reflectivity vs. % - For various values of ¢;
The graph in Fig. 6.6 shows how reflectivity R varies with normalized frequency % For
this graph, only %L is varied for different values of €; and other values used are e = 0.5,
a=0.95.

As seen in Fig. 6.6, reflectivity R remains constant 1 when the coupling coefficient for

RDCI1 ¢ is 0 as all power is transferred from port P3 to port P1. Graph also shows how

reflectivity R varies for ¢; = 0.5 and ¢; = 0.9.
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Dual-Waveguide Ring Resonator : Transmittivity vs &,
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Figure 6.5: Reflectivity and Transmittivity vs. €y
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Figure 6.6: Reflectivity vs. %L

Transmittivity vs. 22 - For various values of ¢,

™

The graph in Fig. 6.7 shows how transmittivity T varies with normalized frequency fBTL For
this graph, only i—L is varied for different values of €; and other values used are e = 0.5,
a=0.95.

As seen in Fig. 6.7, transmittivity T is O when the coupling coefficient for RDCI1 ¢ is
0 as all power is transferred from port P3 to port P1, there is no power dissipated at port P4

. Graph also shows how reflectivity R varies for ¢; = 0.5 and ¢; = 0.9.
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Figure 6.7: Transmittivity vs. 2%
s

Reflectivity vs. 2~ - For various values of ¢,

The graph in Fig. 6.8 shows how reflectivity R varies with normalized frequency % For
this graph, only '%L is varied for different values of €, and other values used are €; = 0.5,

a=0.95.

As seen in Fig. 6.8, as € increases from 0 to 0.5, trough increases but troughs start
decreasing again as €, increases from 0.5 onward.
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Figure 6.8: Reflectivity vs. %
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Transmittivity vs. 2= - For various values of ¢,

The graph in Fig. 6.9 shows how transmittivity T varies with normalized frequency %L For
this graph, only % is varied for different values of €, and other values used are €; = 0.5,
a=0.95.

As seen in Fig. 6.9, as €, increases from 0 to 0.5, peak starts increasing but peak start

decreasing again as €, increases from 0.5 onward.
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Figure 6.9: Transmittivity vs.

6.5.2 Phase Transfer Function Spectra

As seen in (6.27) and (6.38), the phase transfer function of a dual-waveguide ring resonator
is dependent upon various parameters such as €, €5, , § and L. The following various

graphs shows how phase transfer functions varies with different parameters.

Phase Transfer Function vs. ¢;

The graph in Fig. 6.10 shows how phase transfer functions varies with ¢;. For this graph,
only ¢; is varied and other values used are e, = 0.5, fL = 5,a=0.95
As seen in Fig. 6.10, phase ¢, changes from 0 to —7 as €; increases similarly ¢,

changes as ¢; increases .
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Figure 6.10: Phase Transfer Function vs. €;

Phase Transfer Function vs. ¢,

The graph in Fig. 6.11 shows how phase transfer functions varies with ¢,. For this graph,

only €, is varied and other values used are ¢; = 0.5, fL = 5,a=095.

As seen in Fig. 6.11, phase ¢, moves towards O as e, increases whereas ¢; moves in

opposite direction as €5 increases .

Dual-Waveguide Ring Resonator : Phase Transfar Function ¢vs &,
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Figure 6.11: Phase Transfer Function vs. €,

Phase Transfer Function ¢, vs. BL _ For various values of €1

™

The graph in Fig. 6.12 shows how the phase transfer function ¢, varies with normalized

frequency %L For this graph, only ’B?L is varied for different values of €; and other values
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used are e = 0.5,a =0.95.
As seen in Fig. 6.12, the phase transfer function ¢, remains constant 1 when the cou-
pling coefficient for RDC1 ¢, is 0 as all power is transferred from port P3 to port P1. Graph

also shows how reflectivity R varies for e = 0.5 and ¢; = 0.9.

Duakwavequide Ring Resonator : Phase Transfer Function ¢, vs Normalized frequency(BL/)
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Figure 6.12: Phase Transfer Function ¢, vs. ’%L

Phase Transfer Function ¢, vs. % - For various values of ¢;

The graph in Fig. 6.13 shows how the phase transfer function ¢, varies with normalized
frequency %L For this graph, only %L is varied for different values of €; and other values
used are e = 0.5,a =0.95.

Graph shows how the phase transfer function ¢, varies for various values €; = 0, € =

0.5and ¢; = 0.9.

Phase Transfer Function ¢, vs. BTL - For various values of ¢,

The graph in Fig. 6.14 shows how the phase transfer function ¢, varies with normalized
frequency %L For this graph, only B?L is varied for different values of €5 and other values
used are ¢; = 0.5,a =0.95.

Graph shows how the phase transfer function ¢, varies for various values e = 0,

€y = 0.5 and €y = 0.9.
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Duakwavequide Ring Resonator : Phase Transfer Function ¢y vs Normalized frequency(BLi)
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Figure 6.14: Phase Transfer Function ¢, vs.

Phase Transfer Function ¢, vs. BL _ For various values of ¢,

e

The graph in Fig. 6.14 shows how the phase transfer function ¢, varies with normalized
frequency % For this graph, only % is varied for different values of €5 and other values
usedaree; = 0.5,a=0.95.

Graph shows how the phase transfer function ¢, varies for various values e, = 0, € =

0.5and e = 0.9.
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Chapter 7

Ring Resonator

7.1 Introduction

7.1.1 Ring Resonator

A ring resonator is similar to a dual-waveguide ring resonator with a difference of a waveg-
uide. A ring resonator can be designed, as shown in Fig. 7.1(a), by placing the photonic
ring near a photonic waveguide creating a coupling region between a ring and waveguide.
We can also say that “a ring resonator can be designed by connecting the input and output
ports associated with one core of a directional coupler through a piece of fiber to form a
ring” [1]. The significant property of this device is that the light propagates only in one
direction i.e. the forward direction. For lossless conditions, all input power is transmitted
to the output. So this device is also called as the all-pass filter.

As seen in Fig. 7.1(a), there are two ports in the device. When the light is entered in
the input port as seen in Fig. 7.1(a), it travels towards the coupling region with coupling
coefficient ;. When it reaches the coupling region with coupling coefficient €;, some
quantity of the power from the input port is coupled into the ring and the remaining power
is dissipated at the throughput port. The power coupled into the ring travels in the ring till
it reaches back to the coupling region. At this point it again combines with the power from
the input port and some of the power is coupled to the throughput region whereas some of
it is re-transmitted into the ring. So some quantity of power keeps circulating in the ring
which generates resonances.

From Fig. 7.1(a), it can be observed that the ring resonator has a coupling region with
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Figure 7.1: Ring Resonator

coupling coefficient ¢;. As stated above, this coupling region forms a directional coupler.
Rotating Fig. 7.1(a) 90° counter-clockwise and arranging a coupling region as a rotated
directional coupler, we get Fig. 7.1(b). So Fig. 7.1(b) is the ring resonator which is

arranged in the different style.

7.1.2 Ring Resonator with Ghost Waveguide

As described in chapter 4, a ghost waveguide is a waveguide which is fabricated for the
purpose of convenience. So let’s introduce a ghost waveguide in Fig. 7.1(b) which forms a
coupling region with the ring but in the opposite side of the present coupling region. This
use of the ghost waveguide transform the ring resonator in Fig. 7.1(a) into Fig. 7.2. But

Fig. 7.2 is the same as a dual-waveguide ring resonator in Fig. 6.3. From Fig. 7.2, it can be
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observed that, a ring resonator (with the ghost waveguide) is obtained by a concatenation of
a rotated directional coupler, parallel waveguides and another rotated directional coupler.
As there are two rotated directional couplers, define a rotated directional coupler on the
left as RDCI and rotated directional coupler on the right as RDC2.Lets define the parallel
waveguides as PWG.

Throughput

P1
Ei<—

E3—>
P3
Input

-

RDC1 PWG RDC2

Figure 7.2: Ring Resonator with Ghost Waveguide

As seen in Fig. 7.2, RDCI has four ports P1, P3, P2 and P4'. Similarly, ports for
RDC?2 are designated as P2, P4, P1" and P4’. But for the overall coupled structure i.e. ring
resonator (with ghost waveguide), the four ports are P1, P2, P3 and P4. Field at P1, P2, P3
and P4 is given by E|, E, , E5” and E; respectively. For the ring resonator (with the ghost
waveguide), port P3 and P2 acts as the input port and port P1 and port P4 acts as the output
port. The coupling coefficient of RDCI is €; and of RDC2 is €,. The waveguide in PWG is
of length La and Lb along with the attenuation constant o and propagation constant 3. As
the RDC?2 is formed with the help of a ghost waveguide for mathematical convenience, the

coupling coefficient of RDC2 is ¢; will be taken as O at the appropriate section ahead.



85

7.2 Transfer Matrix

As previously stated in 3.1.2, the transfer matrix of the photonic device can be defined by
correlating the coefficients of states on the left side of the coupling region to the coefficients
of states on the right side of the coupling region. So the transfer matrix Tz of the ring

resonator(with the ghost waveguide) device in Fig. 7.2 is given as

Ef Ef

= Tgrr ; (7.1)
Ey Er
Ef A B| |Ef a2
Ey ¢ D| |E7| '

The ring resonator(with the ghost waveguide) is comprised of 2 the rotated direc-
tional coupler with unidirectional waveguides(RDC1 and RDC2) and parallel unidirec-
tional waveguides(PWG). So the transfer matrix of the ring resonator(with the ghost waveg-
uide) is combination of transfer matrices of RDC1, PWG and RDC2. So to obtain the trans-
fer matrix of the ring resonator(with the ghost waveguide), multiply the transfer matrices

of its subsystems from right to left. So the transfer matrix Ty is given as follows:

Trr = Trpc2TPwcTrRDCN, (7.3)
A B

Trr = ) (7.4)
C D

But a device in Fig. 7.2 is the same as a device in Fig. 7.1(b). As (7.3) is the same as
(6.3), the transfer matrix of both devices is the same. So from (6.4), (6.8), (6.9), (6.10),
and (6.11), the transfer matrix Tzr of the ring resonator(with the ghost waveguide) with

the unidirectional waveguide device in Fig. 7.2 is given as

A B
Trop = , (1.5)
C D
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where,

—e~(57iALa 4 (5-IALL, /(1 —€))(1 — €)

. : (7.6)
\/€1€2
e~ (GmiLa /(T —¢)) — 57O /(T — )
. | (7.7
\/€E1€2
—e~(GmiLa, [T — &) + eG=Ab, /(1 — ¢y)
o : (7.8)
1/ €1€2
o O A=) =) — i (19)

Ve
7.3 Electric-Field Expressions

Electric field expressions define the analytic expression for output in a device with input in a
device. A device is Fig. 7.2 is the same as a device in Fig. 6.3. So electric field expressions
of both devices are the same. So (6.12) and (6.13) give electric field expressions of a

dual-waveguide ring resonator(with the ghost waveguide) as follows:

E} = AEf + BE;, (7.10)

E; = CE{ + DEY . (7.11)

where, A, B, C and D are the transmission coefficients of a dual-waveguide ring res-

onators.

7.4 Performance Parameters

7.4.1 Reflection Parameters

In the ring resonator (with the ghost waveguide) shown in fig. 7.2, port P3 acts as the input
port. So some of input power from port P3 is coupled to port P2 and some of input power

is reflected to port P1. Also some power is dissipated as a feedback from port P4’ to port
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P1 in the RDCI coupling region. So reflection of the light from the input port P3 to the

throughput port P1 is given by the reflection coefficient r as follows:

_ B

= —. 7.12
EF (7.12)

r

The transfer matrix of the ring resonator (with the ghost waveguide) and the dual-
waveguide ring resonator is the same as well as the reflection coefficient in (7.12) and (6.14)
is the same. So the reflection coefficient for the ring resonator with (the ghost waveguide)
is the same as the reflection coefficient for the dual-waveguide ring resonator. So from
(6.21), the reflection coefficient for the ring resonator with (the ghost waveguide) can be

written as,

imre) [ VOV =6 —e7V/T — ¢
1— \/Eei‘i’\/l — 61\/1 — €9 .

As discussed above, the ghost waveguide is used for the sake of calculation conve-

(7.13)

r=e

nience. So to eliminate RDC2 and convert the ring resonator with (the ghost waveguide) to
the ring resonator, consider e; = 0. As there is no coupling at the RDC2 coupling region,
all power reached at port P1’ is dissipated at port P3’. So substituting e, = 0 in the above

equation, we get the reflection coefficient for the ring resonator as follows:

inre) | VO — e VT — e

1— \/Eeid’vl — €1 ‘

The reflection coefficient we are getting is the same as the reflection coefficient for the

r=e (7.14)

ring resonator in Ref. [1].

Reflectivity Similar to the reflection coefficient, the reflectivity of the ring resonator can
be derived by substituting e, = 0 in (6.37). So the reflectivity of the ring resonator is given

as
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_a—2 a(l —e)cos(d) + (1 —€)
1 —2+/a(l — €)cos(¢) + a(l — €)

The reflectivity we are getting is the same as the transmission past the resonator in the

. (7.15)

input waveguide for the ring resonator in Ref. [11].

Phase Transfer Function Similar to the reflection coefficient, the phase transfer function
of the ring resonator can be derived by substituting e = 0 in (6.38). So the phase transfer

function of the ring resonator is given as

(br = arg(?’)

or = arg(e YT (7.16)

7.4.2 Transmission Parameters

As in the ring resonator shown in Fig. 7.1, all power from the input port is transferred
to the throughput port. But the ring resonator (with the ghost waveguide) is the same as
the dual-waveguide ring resonator. As we assumed €5 = 0 to convert the ring resonator
(with the ghost waveguide) to the ring resonator, it is necessary to verify that no power is
leaked at port P4 in Fig. 7.2. So transmission of the light from the input port P3 to the
drop port P4, given by the transmission coefficient t is calculated by substituting €2 = 0 in
(6.34). So transmission of the light from the input port P3 to the drop port P4 in the ring

resonator(with the ghost waveguide) is given as

i(n+¢) \4/5\/ €1 * 067%
=€

1 vaerJA-—a)d - 0)
t=0. (7.17)

So, there is no transmission of the light from the input port P3 to the drop port P4 in the
ring resonator(with the ghost waveguide) i.e. no there is no power loss through the ghost

waveguide in the ring resonator. As the transmission coefficient is 0, the transmittivity is 0.
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7.5 Performance Parameters Spectra

7.5.1 Reflectivity Spectra

As seen in (7.15), the reflectivity of the ring resonator is dependent upon various parameters
such as €1, o, # and L. The following various graphs shows how the reflectivity varies with

different parameters.

Reflectivity vs. ¢,

The graph in Fig. 7.3 shows how the reflectivity R varies with €;. For this graph, only ¢, is
varied and other values used are L = 7 and a = 0.95 .
As seen in Fig. 7.3, R decreases as €; increases. Also it can be observed that 7' remains

0 independent of value of ¢;.

Ring Resonator : Transmittivity vs g
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Figure 7.3: Reflectivity vs. €;

Reflectivity vs. %

The graph in Fig. 7.4 shows how the reflectivity 2 varies with normalized frequency %

For this graph, only % is varied for different values of €; and other value used is a = 0.95

As seen in Fig. 7.4, as €; decreases, the resonances becomes sharper. Resonances gets

sharper at ¢; = 0.10
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Ring Resonator : Reflectivity R vs Mormalized frequency(BLI)
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Figure 7.4: Reflectivity vs. %

7.5.2 Phase Transfer Function Spectra

As seen in (7.16) , the phase transfer function of the ring resonator is dependent upon
various parameters such as €;, o, § and L. The following various graphs shows how the

phase transfer function varies with different parameters.

Phase Transfer Function vs. ¢

The graph in Fig. 7.5, shows how phase transfer functions varies with ¢;. For this graph,
only ¢, is varied and other values used are L = 7 and a = 0.95 .

As seen in Fig. 7.5, phase ¢, changes from 0 to —7 as €; increases.

Ring Resonator . Phase Transfer Function ¢vs g
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Figure 7.5: Phase Transfer Function vs. €
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8L

Phase Transfer Function ¢, vs. ==
The graph in Fig. 7.6 shows how the phase transfer function ¢, varies with normalized
frequency % For this graph, only % is varied for different values of €; and other values
used are a = 0.95 .

As seen in Fig. 7.6, the graph also shows how the reflectivity R varies for ¢; = 0.10,
€1 = 0.5and ¢, = 0.9.

Ring Resonator : Phase Transfer Function ¢, vs Normalized frequency (BLA)
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Figure 7.6: Phase Transfer Function ¢, vs. %L

7.6 Significance of Ghost Waveguide Coupling Coefficient

As seen in the section 7.5, the ghost waveguide is eliminated to remodel the Fig. 7.2 into
the ring resonator and the performance parameters of the ring resonator is obtained by sub-
stituting the value of the coupling coefficient e, = 0 in the dual-waveguide ring resonator
performance parameters. This coupling coefficient represents the coupling between the

ring and the ghost waveguide.

7.6.1 Ghost Waveguide Coupling Coefficient ¢; = (

We substituted this e, = 0 while calculating performance parameters of the device. We
could have substituted e, = 0 either before transfer matrix multiplication or immediately

after transfer matrix multiplication to simplify equation. If we substituted e; = 0 before
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the transfer matrix multiplication, then we need to substitute it in the transfer matrix of the
rotated directional coupler. But in the transfer matrix of the rotated directional coupler,
there is € term in the denominator which turns the transfer matrix of the rotated directional
coupler to infinity. Similarly if we substituted e; = 0 in the transfer matrix of the ring
resonator(with the ghost waveguide), it could have turned the transfer matrix of the rotated
directional coupler to infinity. So we couldn’t substitute e; = 0 either before the transfer
matrix multiplication or immediately after transfer matrix multiplication. We substituted
€2 = 0 1n transfer matrix parameter equations and we got the above performance parameters

for the ring resonator.

7.6.2 Impact of Ghost Waveguide Coupling Coefficient ¢; on Reflec-
tivity

The ghost waveguide coupling coefficient ¢; has a lot of impact on the reflectivity of the

ring resonator. If the ghost waveguide coupling coefficient €, varies from 0, then there is

some power dissipation through the RDC2. The impact of the ghost waveguide coupling

coefficient €5 on the reflectivity R and the phase transfer function ¢, is shown in following

graphs.

The graphs in Fig. 7.7 and Fig. 7.8 shows the impact of the ghost waveguide coupling
coefficient €5 on the reflectivity R. In these graphs, the reflectivity R is plotted against the
normalized frequency 5L and graphs are plotted for various values of e5. The value of €;
in both graphs is 0.5 but @ = 1 i.e. lossless device for the graph in Fig 7.7 and a = 0.95 for
the graph in Fig 7.8.

As seen in Fig 7.7, the reflectivity R is constant 1 for e; = 0 but as the value of e
increases the resonances start evolving which goes on increasing. Similarly, in Fig/ 7.9, the
resonances start evolving for e = 0 and the resonances become sharper as €2 = 0 increases
to e = 0.5 . In Fig/ 7.8, the resonances starts evolving for e = 0 due to attenuation in
the parallel waveguides and as the coupling coefficient e, = 0 increases the resonances

becomes sharper due to power dissipation through the ghost waveguide.
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Dual-waveguide Ring Resonator : Reflectivity R ws Mormalized frequency (BLim)
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Figure 7.7: Reflectivity R vs. ¢
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Figure 7.8: Reflectivity R vs. €;

The graphs in Fig. 7.9 and Fig. 7.10 shows the impact of the ghost waveguide coupling
coefficient e, on the phase transfer function ¢,.. In these graphs, the phase transfer function
¢, 1s plotted against the normalized frequency L and graphs are plotted for various values
of €5. The value of €; in both graphs is 0.5 but a = 1 i.e. lossless device for the graph in
Fig 7.9 and a = 0.95 for the graph in Fig 7.10.

As seen in Fig 7.9, the phase transfer function ¢, changes very gradually as €5 increases.
Even introducing loss in the device by using a = 0.95 for the graph in Fig/ 7.10, there is

no visible change in the graph comparing to Fig. 7.9.
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Dual-waveguide Ring Resonatar : Phase Transfer Function ¢, vs MNarmalized frequency (BLA)
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Figure 7.9: Phase Transfer Function ¢, vs. €;

Dual-waveguide Ring Resonator : Phase Transfer Function ¢ vs Mormalized frequency (BLA)
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Figure 7.10: Phase Transfer Function ¢, vs. €;

7.6.3 Performance Parameters Spectra with MATLAB for ¢, = 0

The above performance parameters are plotted with the MATLAB using equations (7.14),
(7.15), (7.16). But these graphs can be plotted directly using the transfer matrices of basic
building blocks of ring resonator i.e. rotated directional coupler and parallel waveguides.
The matrix multiplication of RDC1, PWG and RDC2 can be done in MATLAB and the
performance parameters can be calculated and plotted in MATLAB directly. But we can’t
use e = (0 in the MATLAB as it gives an error for RDC2 transfer matrix because of

presence of €2 = 0 in denominator. We can use e; = 0.000001 as this is a very small value.
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Ring Resonator : Transmittivity vs g
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Figure 7.11: Reflectivity R vs. ¢;
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Figure 7.12: Phase Transfer Function ¢, vs. €;

The graphs shown in Fig. 7.11 and Fig. 7.12 have two cases. Case I graph is plotted us-
ing the equations (7.14), (7.15), (7.16). Case II graph is plotted using ¢, value as 0.000001
in a matrix multiplication of RDC1, PWG and RDC?2 in the MATLAB, as explained above.
From Fig. 7.11 and Fig. 7.12, it can be observed that there is no difference between re-
flectivity as well as phase transfer function for both cases. So the use of e, = 0.000001 for

ghost waveguide coupling coefficient has no effect on the output of the ring resonator.
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Chapter 8

Multi-Ring Ring Resonator

8.1 Introduction

Multi-ring resonators are ring resonators with additional rings cascaded to the present ring.
As number of rings increases in the multi-ring resonator, varying the coupling coefficients
between the rings, many interesting devices can be formed. For the analysis of transfer
functions of the multi-ring resonators, if the modeling of these devices is attempted with
the help of method of equating fields or method of unfolded equivalent system, then it
is very tedious and may be impossible attempt. But as explained in the chapter 6, these
devices can be designed by the concatenation of the rotated directional couplers with the
help of parallel waveguides. The concept of the ghost waveguides explained in chapter 7
can be used if multi-ring waveguide is not a dual-waveguide device. Analysis of the 2-ring

ring resonator is explained in next section.

8.2 2-Ring Ring Resonator

The 2-ring ring resonator is similar to the ring resonator with a additional ring. The 2-ring
ring resonator can be designed, as shown in Fig. 8.1, by placing additional photonic ring
near the existing photonic ring creating the coupling region between two rings. Similar
device is also seen in Ref. [8] as serially coupled double ring resonator. This device is
has two rings and two waveguides. So this device is similar to the dual-waveguide ring
resonator with two rings. 2-Ring ring resonator is also the dual-waveguide ring resonator

with two rings when we uses the ghost waveguide with it. Eventually the ghost waveguide
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will be eliminated.

As seen in Fig. 8.1, there are two ports in the device. When the light is entered in
the input port as seen in Fig. 8.1,it travels towards the coupling region with the coupling
coefficient €;. When it reaches the coupling region with the coupling coefficient €¢;, some
quantity of the power from the input port is coupled into the ring 1 and the remaining
power is dissipated at the throughput port. The power coupled into the ring 1 travels in the
ring 1 till it reaches the coupling region with the coupling coefficient €;. When it reaches
the coupling region with the coupling coefficient €5, some quantity of the power from the
input port is coupled into the ring 2 and the remaining power is dissipated into the ring
1. So the power coupled into the ring 2 travels in the ring 2 till it reaches back to the
coupling region the with coupling coefficient e5. When it reaches the coupling region with
the coupling coefficient €,, it is combined with the power which comes from the ring 1.
From this combined power, some quantity of the power is coupled into the ring 2 and the
remaining power is coupled into the ring 1. The power coupled in the ring 1 travels till it
reaches the coupling region with the coupling coefficient €;. When it reaches the coupling
region with the coupling coefficient ¢y, it is combined with the input. Some quantity of this
combined power is coupled back into the ring 1 and the remaining power is dissipated at
the throughput port. The some quantity of power keeps circulating in the ring 1 and the

ring 2 which generates resonances.

P1 P2
— —_
Input Ring 1 Throughput

€
Ring 2
€2

Figure 8.1: 2-Ring Ring Resonator
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As the concept of the rotated directional coupler with the ghost waveguide is used
for the ring resonator in previous chapter, same concept can be used for the 2-ring ring
resonator. So rotating Fig. 8.1 by 90° in counter clockwise direction, and using the concept

of rotated directional coupler and parallel waveguides, similar to chapter 7, Fig. 8.2 is

obtained.
Throughput ' ! ! ! Drop
P1 €1 i &) b €3 P2
By € AT A —> E;
- N N\ /N <
P3 —< > P4
Input | | | |
RDC1 PWG1 RDC2 PWG2 RDC3

Figure 8.2: 2-Ring Ring Resonator with Ghost Waveguide

As seen in Fig. 8.2, in the 2-ring ring resonator with the ghost waveguide, RDCI is
concatenated by PWG1 which is cascaded by RDC2 which is concatenated to PWG2 and
finally concatenated to RDC3. Consider the transfer matrix of 2-Ring Ring Resonator,
RDCI1, PWGI, RDC2, PWG2 and RDC3 is T'Msrr, TMrpc1, TMpwei, TMrpeo,
T Mpwea2 and T'Mppces respectively. So the transfer matrix of the 2-Ring Ring Resonator
T Msrpr can be calculated by the matrix multiplication of T'Mgzpco1, TMpweai, TMgrpeo,

T Mpwae and T'Mgpes from right to left in Fig. 8.2 as follow;

T2RR = [TMRDC3] [TMPWGQ] [TMRDCQ] [TMPWGI] [TMRDCI] . (8 1)

As RDC3 is the last rotated directional coupler which is created by the ghost waveguide.
So the coupling coefficient of the RDC3 i.e. €3 will be 0 for the elimination of the ghost
waveguide. As discussed in the previous chapter, the performance parameters of the 2-ring

ring resonator can be plotted using the MATLAB and the coupling coefficient for the ghost
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waveguide i.e. €3 = 0.000003. So using MATLAB program, performance parameters of

the 2-ring ring resonators are plotted.

8.3 Reflection Parameter Spectra

8.3.1 Reflectivity Spectra

As the reflectivity of the ring resonator is dependent upon various parameters such as ¢,
«, [ and L, similarly the reflectivity of the 2-ring ring resonator may be dependent upon
various parameters. The following various graphs shows how the reflectivity varies with

different parameters.

Reflectivity vs. ¢;

The graph in Fig. 8.3 shows how the reflectivity R varies with €;. For this graph, €; is
varied and other values used are e = 0.5, fL = sanda=0.95.
As seen in Fig. 8.3, R decreases gradually as €; increases. Also it can be observed that

T remains 0 independent of value of ¢;.

2-Ring Ring Resonator  Transmittivity vs g
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Figure 8.3: Reflectivity vs. €;
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Reflectivity vs. e,

The graph in Fig. 8.4 hows how the reflectivity R varies with €,. For this graph, ¢, is varied
and other values used are ¢; = 0.5, SL = sanda =0.95.

As seen in Fig. 8.4, R decreases gradually as € increases until €5 reaches 0.8. As
€ reaches around 0.8, the R decreases very rapidly. It can be observed that 7' remains 0

independent of value of es.

2-Ring Ring Resonator : Transmittivity vs &

04t

Transmittivity and Reflectivity

Figure 8.4: Reflectivity vs. €,

Reflectivity vs. 2L - For various values €1
s

The graph in Fig. 8.5 hows how the reflectivity R varies with %L For this graph, € is
varied and other values used are e = 0.5 and a = 0.95 .
As seen in Fig. 8.5, ¢; decreases the resonances becomes sharper.The periodicity of the

resonances remains same even value of €; changes.

Reflectivity vs. %L - For various values ¢,

The graph in Fig. 8.6 hows how the reflectivity R varies with %L For this graph, €, is
varied and other values used are ¢; = 0.5 and a = 0.95 .
As seen in Fig. 8.6, €5 changes the periodicity of the resonances. But the depth and the

amplitude of resonances remains same even value of ¢, changes.
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2-Ring Ring Resonator : Reflectivity R vs Mormalized frequency(BLin)
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Figure 8.6: Reflectivity vs. %

8.3.2 Phase Transfer Function Spectra

As the phase transfer function of the ring resonator is dependent upon various parameters
such as €, a, § and L, similarly the phase transfer function of the 2-ring ring resonator
may be dependent upon various parameters. The following various graphs shows how the

phase transfer function varies with different parameters.

Phase Transfer Function vs. ¢;

The graph in Fig. 8.7, shows how the phase transfer function varies with €;. For this graph,

only ¢; is varied and other values used are e; = 0.5, fL = sanda =0.95.
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As seen in Fig. 8.7, phase ¢, changes from 0 to —7 as €; increases.

2-Ring Ring Resonator - Phase Transfer Function ¢ vs &
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Figure 8.7: Phase Transfer Function vs. €;

Phase Transfer Function vs. ¢,

The graph in Fig. 8.8, shows how the phase transfer function varies with ¢;. For this graph,
only €, is varied and other values used are ¢; = 0.5, fL = sanda =0.95.
As seen in Fig. 8.8, phase ¢, changes from 0 to —7 as €, increases.
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Figure 8.8: Phase Transfer Function vs. €

Phase Transfer Function ¢, vs. 2Z - For various values ¢,

s

The graph in Fig. 8.9, shows how the phase transfer function varies with ’B?L For this graph,

€; 18 also varied and other values used are ¢, = 0.5 and a = 0.95 .
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As seen in Fig. 8.9, it can be observed that the frequecncy of resonances remains same

even the value of ¢; changes. The phase changes very gardually with change in ¢;.

2-Ring Ring Resonatar : Phase Transfer Function ¢, vs Narmalized frequency(pL)
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Figure 8.9: Phase Transfer Function ¢, vs. %

Phase Transfer Function ¢, vs. ’BTL - For various values ¢,

The graph in Fig. 8.10, shows how the phase transfer function varies with %L For this
graph, ¢, 1s also varied and other values used are ¢; = 0.5 and a = 0.95 .
As seen in Fig. 8.10, it can be observed that the frequency of resonances remains

changes as e, changes.
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Figure 8.10: Phase Transfer Function ¢, vs. BTL
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8.4 Modeling of Multi-Ring Resonators

As discussed previously, multi-ring ring resonators analysis gets complicated and tedious
as the number of rings increases. As seen in chapter 2, the analysis of 2-ring ring res-
onator using the method of equating fields or the method of unfolded equivalent system
is complicated. But previous section demonstrates that the analysis of the 2-ring ring res-
onator by new technique of ghost waveguides is not complicated. New technique used with

MATLAB makes the analysis of multi-ring ring resonators simple.
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Chapter 9

Conclusion

This thesis explored a method of modeling and analyzing photonic loop structures which
is based on rotated directional coupler with a ghost waveguide.

As the photonic directional coupler, photonic rotated directional coupler and photonic
parallel waveguides are basic building blocks of our technique, we first derived the scatter-
ing matrix and transfer matrix of a directional coupler. By rotating the directional coupler
by 90° counter-clockwise, we achieved the rotated directional coupler and derived its scat-
tering matrix and transfer matrix. Even though the functionality of a rotated directional
function is same as a directional coupler, its application is different. The scattering matrix
and transfer matrix for parallel waveguides have been derived. We introduced the concept
of ghost waveguides which are not existing in the photonic device but can be used as con-
venience for the purpose of simplification of modeling and analysis of the device. The
concept of a ghost waveguide is demonstrated for rotated directional coupler.

We modeled and analyzed the dual-waveguide ring resonator. Rotated directional cou-
plers are concatenated with parallel waveguides which again are concatenated to rotated di-
rectional couplers and the method of transfer matrix multiplication is used to get the transfer
matrix of the dual-waveguide ring resonator. The analysis of the dual-waveguide ring res-
onator verifies the method of concatenation of basic building blocks of the photonic-loop
structures and that the transfer matrix multiplication method can be used for photonic-loop
structures.

We then modeled and analyzed the ring resonator with the help of a rotated directional

coupler with ghost waveguide. By introduction of the ghost waveguide,the ring resonator
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becomes a dual-waveguide ring resonator and the results from the dual-waveguide ring
resonator are used as a starting point for ring resonator modeling. Later by excluding the
ghost waveguide, the results of the ring resonator is obtained. These results are verified
with the available results. So modeling and analysis of the ring resonator is authenticated
by the method of photonic-loop modeling using ghost waveguides. Later we extended this
method for a 2-ring ring resonator analysis using MATLAB.

A new method of modeling with ghost waveguides can be useful for photonic-loop
structures especially considering compound structures. The concept of ghost waveguides

can also be used in other photonic structures apart from loop structures.
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