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ABSTRACT

A Study of Multiple Guide Optical Couplers

Ii'dward Milczarek

This thesis introduces coupled mode theory and uses it to study the trans-
fer characteristies of multiple guide optical couplers. Two and three guide
couplers are examined to determine their effectiveness as power transfer de-
vices, and the implementation of two and three guide switches is discussed.

A novelapproach to designing a three guide coupleris introduced, where a
feedback loop is placed around one of the guides. 1t is demonstrated that this
device exhibits desirable characteristicsthat are not available by current pas-
sive coupler designs: splitting any fraction of a signal between two separate
waveguides while maintaining a zero phase shift between the outputs, as well
as combining two signals of arbitrary amplitude and phase. The wavelength
dependence of this deviee is examined, and its potential as a wavelength
selective filter or wavelength division multiplexer is demonstrated.

Various computer programs have been developed to aid in the analysis
of optical couplers including one that animates the cigensolutions of the de-
vice as signals propagate though its length. The technique of cigensolution
decomposition is used to illustrate the relationship between coupling parame-
ters of multiple .V-guide couplers such that they may either achieve complete

transfer of power between guides or act as interferometers.

it
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Chapter 1

Introduction

The transfer of power between guided modes of parallel waveguides s known
as directional coupling. Directional coupling has long been a subject of in
terest in the field of integrated optics (1], Directional conplers can serve as
signal routing devices, switches, modulators, multiplexers and can perform
various signal processing functions (2,31, Directional couplers are key com
ponents in Mach-Zchnder, Michelson an<d Sagnac interferometers 5 oused i
a variety of optical communications and sensor applications 6. Duectional
couplers are also employed in the fabrication of lngh power semicondacton
lasers.

The most common tool of mathematical analysis need 1o study optical

couplers is coupled mode theory, developed by J. R. Plerce 7.8 1o analyze

the interaction of electron beam waves with electromagnetic waves in tiav

elling wave tubes. It was further developed by Yariv 4, and by Kogelnik
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and Shank 10 . for the analvsis of the effect of coupling in optical waveg-
nides and distributed feedback lasers. Kogelnik and Schmidt 11 proposed
cascaded directional couplers consisting of seetions having alternating phase
mismatch in which complete conversion of light from one guide to another
was achieved by applying a voltage to electrodes placed over the waveguides.
These so called A3 couplers allow the signal to be electrically switched be-
tween crossover and straight-through states. and provide the capability to
clectricaily tune out residual crocstalk.

Although two guide (four port) couplers perform the basic functions of
signal rerouting wnd combining. three guide (six port) couplers have prop-
erties, mainly relating to their phase characteristics. which overcome several
limitations of four port svstems. making six port couplers the preferred de-
vice for several applications 12,13.1.01.15.16.17.18 . For example, it has been
demonstrated that a three guide coupler can be used to build a fiber-optic
gyroscope without the need of a 90” phase bias required by conventional
gyroscopes 1920 . Inaddition, symmetrical three guide couplers can be used
as power dividers and combiners. whereas their two guide counterparts are
asvmmetrical.

In the second chapter of this thesis. we discuss the fundamental concepts
of optical coupling using the example of a four port coupler. To overcome

some of the limitations of the ordinary four port coupler. the switched A3
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directional coupler is introduced. 1 is demonstrated how switched ditectional
couplers can be implemented using sections of alternating difterential phase
constant,

The third chapter presents the propertios of the 33 coupler 2122,
23,24,251. Although most researchiers limit their discussions to cases whete
coupling takes place only between adjacent waveguides, or nearest neighbors,
a completely general derivation of the transfer characteristics of the 3 3
couplers are presented. This general derivation permits the study of deviees
consisting of waveguides that do not all lie in the same plane, such as in
the case where the three guides are placed in an equilateral triangle, and
all three guides are coupled to each other. Both closed form and numernical
solutions for the transfer function of the 3 - 3 deviee are presented. Feuations
describing the device dependent coupling parameters and the system transfer
function are presented in matrix form. Properties of these matrices are aleo
discussed. Itis demonstrated how 3 - 3 couplers can be used to form switching
systems that require fewer stages than conventional systems consisting of
switched AF 2 » 2 couplers.

In chaptei i, a3 3 coupler with feedback is introduced. A Toop connect
ing together an output port with an input port reduces the coupler to a foun
port device with characteristics that alleviate the Himitations of both 2. 2 and

conventional 3 ~ 3 couplers. Two important advantages of this novel device,
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which cannot be achieved by any other passive coupler presently available,
are emphasized. We demonstrate that an arbitrary fraction of power can be
transferred between the two guides of this feedback assisted 3 < 3 coupler,
while maintaining a constant phase ditference between the two outputs. We
prove that this device has the capability to transfer power completely be-
tween two dissimilar guides and show how an electrically tuned device can
be designed to combine two signals of arbitrary magnitude and phase. Fi-
nally, the wavelength dependence of the device is examined and its potential
as a wavelength division multiplexer is evaluated.

The fifth chapter of this thesis deals with devices built using an arbitrary
number of waveguides [26]. 'The method of analysis developed carlier in
the study is used to determine how such devices can be designed to exhibit
predescribed transfer characteristics.

Polarization effects are not considered in this study; rather, it is assumed
that the waves are purely linearly polarized, and remain in that state through-
oul the system. This is a good approximation for a family of devices which

are inlierently polarization maintaining.



Chapter 2

Fundamental concepts

2.1 The 2 x 2 coupler

Unlike the bound electromagnetic field propagating in metallic wavegnides
at microwave and millimeterwave frequencies, those associated with opti

cal wave propagation in open diclectric waveguides extend beyond the core
medium into the cladding. True guided modes decay exponentially with the
distance from the core boundary and are therefore evanescent in the cross
section of the external region. If two open waveguides are brought into prox

imity, their evanescent ficlds will overlap, and power is transferred hetween
guides as the signals propagate along the structure. If the separation he

tween the two guides is large, the interaction is negligible, and the individual
guides remain unperturbed. However, as the distance hetween the guides is
decreased, the coupling strength increases exponentially and the presence of

the neighboring guide can no longer he ignored. Fig. 2.1 illustrates a 2 - 2
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N\
/N

Figure 2.1: The 2 x 2 coupler.

directional coupler, where along the length L the guides are sufficiently close
to interact. It will later be shown that, in the case of two identical guides,
power between the guides is periodically completely exchanged. The min-
imum distance required to obtain complete crossover is referred to as the
conversion or beat length, .

A mathematical technique known as coupled mode theory can be used
to solve for the interaction between weakly coupled guides. The analysis of
the interaction that occurs between strongly coupled guides can be found in
[27.28.29.30,31.32,33] . When the guides are sufficiently separated, the per-

turbation of one guide upon the other will be small, and the field distribution
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of the coupled system caun be represented as a superposition of the simpler,
known solutions of the unperturbed systems.

The relationship between the perturbed aud unperturbed field quantities
which contribute to the coupled mode theory is governed by the Lorents

reciprocity theorem |34,

g
// a““(E,VH; | E;‘(H;)-ﬁ(lb‘ Jw //((’ OE' - E"dS (2.1)
e F .

where z is the axial coordinate along which the signal travels, S represents
the cross section of the system, the primed quantities refer to the perturbed
fields, the unprimed quantities refer to the unperturbed fields, the asterisk
denotes the complex conjugate, and the integration is over the enfire cross
section of the guide.

In this chapter coupled mode theory will be used to find solutions for
the modal amplitudes in a 2 ¥ 2 (two guide) system. The eleetric and mag,
netic fields for a single mode waveguide with constant permittivity along the

propagation direction z are given hy

E(z,y,z) e(x,y) . . L
H(z,y,2) h(z,y) }(x"( 177 (22)
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where we use lower case symbols to represent normalized field distributions
in the cross section of the guide, and where the exp(jwt) harmonic time
dependence is suppressed.

The fields in the composite structure can be represented as:

oy, 2) e (z,9) |
{ H/(m,z/,z) } = ay(2) hl(m,g/) exp(—3jBiz) )
toay(z) ﬁ((“j’,?;)) exp(—jfz)

The ficlds represented by (2.2) and (2.3) are total fields, composed of both
forward and backward propagating waves. However, we shall restrict our
investigationsin this thesis to uniform devices in which coupling from forward
propagating waves to backward propagating waves does not occur. As a
result, the field amplitudes a,(z) and a,(z) are those of forward propagating
waves, where subscripts 1 and 2 denote the guides.

Substituting (2.2) and (2.3) into the Lorentz reciprocity theorem and
invoking the orthogonality of the modal functions, we obtain the coupled
mode equations. Considering guide 1 to be perturbed by guide 2 one obtains

da! o

Jla(z)s b as(z)e!th g, (2.4)

dz

where the coupling coefficient is
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w o . .
K1 = 2// (2 e)le,-ejidS mo 2 (2.5)

The subscript ‘s’ denotes the substrate, i. c. the region external to the guides.
Integration is performed over the surface 5., which encompasses the pertuih

ing region, namely guide 2. Over this region of integration, Jey|" is negligible

compared to e, - e; and as a result x,, is likewise negligible compared to ay .

Thus, (2.4) can be approximated as

d
71% = jay(z)rp et ) (2.6)

Similarly, in the case where guide 2 is perturbed by guide I, we can write

da,

d:; = ‘j(ll(Z)l‘iw(' 1043 (2.7)

where

Kiu - ‘:—U /(c, (e -ends {2.8)
2/,
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Expressions (2.6) and (2.7) can be rewritten by defining the field amplitudes

a5

(2.9)

This definition transforms the set of differential equations governing the com-
plex field amplitudes of signals propagating through the waveguides of a 2x2

coupler from (2.6) and (2.7) to

dfs,

d= © B E - Rl (2-10)
dr, . cn
d"- JEnEy - jB.E, (2.11)

Conservation of power requires the total power flow in the system to be
invariant of z. Thus for a forward coupler where power propagatesin the 4z

direction in both guides:

EN(2)E(z) ¢ Ex(2)Ex(2)] = 0 (2.12)

Foccing this condition on (2.10) and (2.11) results in the constraint for

lossless systems: wy, K3,
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2.2 Determining the transfer matrix

The set of differential equations described by (2.10) and (2.11) can he solved

7

using methods of linear algebra as discussed in 1350 “asting these equations

in matrix form we wrife
JRE(2) (2.13)
where R is referred to as the coupling matrix:
R [ I "‘;I.‘]

Koy (1

The solution to (2.13) describes the field amplitudes at any position = along

the system given an incident £(0). Thus we can write,

where, formally the transfer matrix T(z) can be expressed as 35

T(z) exp( jRz) (2.16)
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Using the series expansion of the exponential matrix, the transfer matrix can

also be written as

Rz i (2.17)

where Tis the identity matrix. This formuiation is convenient because the
N power of a square matrix can easily be computed using Chebyshev poly-
nomials of the second kind {36].

An alternate solution for the transfer matrix can be obtained by examin-
ing the properties of the cigenvectors and cigenvalues of the system. Denoting
the eigenvectors of T(z) by E,, i - 1,2, and the eigenvalues by p;,(z), the

cigenvalue equation is

T(z)E, - pi.(z)E, (2.18)

In order to obtain the relationship between the eigenvalues and eigenvec-
tors of T and R, let us consider the input amplitude to coincide with an

cigenvector, that is

£(0) = E, (2.19)
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From the nature of the cigenvector we obtain the amplitude at : as

Substituting (2.20) into (2.13) results in the cigenvalue equation for the cou

pling metrix, R:

LG e e

—_
o
o

—

J
pr, dz
which indicates that R and T(z) have a common set of eigenvectors, e, that
they commute. From (2.21) the cigenvalues of R, py,, are related to those of

T(z) through (8]

pr.(z)  exp( jpuz) (222)

The modal matrix U which diagonalizes R according to

U 'RU  Pg  diag pri pres (2.23)
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consists of the columns of the cigenvectors of the coupling matrix;

U- E E, (2.24)

Since T(z) and R have a common set of cigenvectors, U also diagonalizes

T(z) according to

U '"T(z)U - Pr(z) diaglexp(- jpriz) exp(-jpr.:z)| (2.25)

Therefore T(z2) can be evaluated from

T(z) - Pp(z)U’ (2.26)

The system is conservative if and only if the quadratic form {37] repre-

senting the power flow in the coupler

o E()KE(z) (2.27)

is conserved. K is the so-called metric of the system, a 2 x 2 diagonal
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matrix consisting of + I elements for forward and 1 elements for backward

propagating modes. Thus, conservation of poweroccurs when

d dE(z) {l( =
do_dECI g k) n)k 1( )
az

dz  dz JECGYRK KRYE(2) 0 (2.98)

Since E(z) is arbitrary, we have

R'K KR (229)

as the condition of energy conservation. Power conservalion requires thal
the power flow entering and exiting the conpler be the same. Fn terms of the

T(z) matrix, this requires

EOYKE(0) E(2)KE(z)  EO) T()KT(z)k0) (2.30)

to be valid for an arhitrary excitation vector [(0), 1. e.:

K T(z)')KT(z) (2.51)
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For a forward coupler, K T the identity matrix, which means that in this

case B R'and T(z)T(2)! L The consequences of this is that since the

cigenvalies of @ Hermitian matrix are real. therefore

uu' 1 (2.32)

and the modulus of the transfer matrix eigenvalues must be unitary

exp( ypmz) 1 (2.33)

2.3 Reduction of the coupling matrix
: J..s0 we can we denote the average propagation constant as

In general

3, - 4,
3. T (2.31)

and define the detuning parameters



CHAPTER 2. FUNDAMENTAL CONCEFPILS i

A linear transformation from the E(z) basis to the 4(2) basts according to

A(2) "x"({;"';) vxp((j)'d,.:) 1) (2 36)
will then produce the reduced coupling equation
d.‘.'il(z:) IR, A(2) (2.37)
where
R, i [ :.'ln hhl‘.' } . (2 1K)

Using R, 4, . often serves to simplify optical coupler analysis asat allows

s -
a common 3, term to he factored out. In cases where the device contaims
identicallines, R,, g, 4 contains only zeros along the diagonal, When R,
is used to obtain the transfer characteristics « “ v conpler, the phase Shilt of

the signals relative to the input is lost: however. magnitudes and relative
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phase differences of signals in cach of the guides are preserved. Actual phases
(with respect to the input signals) are seldom needed but can nevertheless

be regained using (2.36).

2.4 Transfer characteristics of a 2x 2 coupler

The transfer matrix of a forward coupler defined by (2.14) with £ = K, =

£, and assuming 3, to be real, is
) A - JjB
T(z) - [ B A ] (2.39)

Where

(2.40)

A cos z\/im-' +‘(Aﬁ/2')-' + j(AB/2) [--7—;? S e

VIRE + (AB/2)°

B« i 2/l (_%ﬂizf} (2.41)

and AJ (8, B.). As shown by (2.5). the coupling coefficients, x, are

obtained from an overlapintegral that contains the difference of permittivities
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and the product ~f field amplitudes. For the case of lossless media, these
terms tend to be real. Section 3.5 provides an example of the parameters
required to implement a 3 ~ 3 coupler in the case of a slab wavegnide, and
shows that the resultant coupling coeflicient is indeed real. For hrevity and
without loss of generality, the remainder of this thesis will restrict a to real
values.

Examining (2.39) reveals that if and only if A3 0 can full transfer of
power from one waveguide to the other be achieved. This transfer occurs
periodically when the length of the coupler is
™

Lnuw - 2 l
( v )2h.

v anteger (2.12)

When all power is transferred from one guide to the other the coupleris said
to be in the crossed state ‘x’. In contrast, when no power is transferred to
the neighboring guide the coupler is said to be in the bar state ‘o’ The b

state occurs for a coupler length of

T

Ll)ru S .
Vet (AB/2)

v anleger (2.13)

The transfer characteristics of a 2 # 2 coupler with A O is illustrated

in Fig. 2.2 showing the output power of guides | and 2 as a function of
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N/
4.5 5

kappa*z

Figure 2.2: Transfer characteristics of the 2 x 2 coupler, with Ag = 0.

coupler length when unity power is applied to the input of guide 1. The
figure demonstrates that, for a device with identical guides (A8 = 0), it is
possible to achieve any ratio of power transfer between the two guides by
fabricating a coupler <f appropriate length. Note that if the guides are not
identical, then complete power transfer cannot be achieved.

For the case of identical guides, 4 and B are real, and the transfer matrix

(2.39) illustrates that the phase difference between the outputs of the two
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guides remains identically 90°, regardless of the coupling state.

2.5 The principle of alternating \s3

Section 2.1 of this chapter introduced the basic 2 - 2 coupler. It was shown
that a device consisting of identical waveguides can be designed to transfer
a given fraction of the incident power to the coupled guide by choosing the
appropriate coupling length. The major shortcoming of the 2 - 2 conpler
:s that once it is built, its length cannot be adjusted. If a fabrication error
results in inaccurate device length, then power will not be coupled between
guides in the desired proportion. For the particular case where the coupler
was designed to achieve a cross state, an error in the uniformity, device
length, or transverse distribution of material and geometrical parameters
produces crosstalk, which is the residual power remaining in a guide that
should have been depleted. In telecommmnications applications, the level
of permitted crosstalk is -20dB or lower, so one could potentially he left,
with a device that does not mect specification and must be rejected. "Thus,
accurate manufacturability is heavily dependent upon material and geometric
exactitude.

Although the physical characteristics of a fabricated device cannot he ad
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Figure 2.3: 2 < 2 couplers employing one and two tuning sections.

justed, it is possible to adjust the material parameters of the device through
the electrooptic effect, by applying an clectric field to the substrate using
overlaid electrodes. This allows post-fabrication tuning of the device to pei-
form as intended.

When a d .c. (or low frequency) electric field is applied to an electrooptic
material, such as LiNbOy, the refractive index varies with the strength of

the applied field. This property can be used to electrically tune a coupling
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device. If a voltage is applied across a pair of clectrodes placed over one of
the coupled guides, as illustrated by Fig. 2.3, the voltage creates an electric
field (transverse to the z direction) which in turn induces a change in the
refractive index and a change in the propagation constants of the guide,
By and B». This is referred to as a single detuning section. In the cuase
where a single detuning section is employed, the applied voltage can be used
to overcome differences in the propagation constants that oceurred due to
fabrication errors. Also, since the condition for a bar stateis dependent upon
the difference in propagation constants, application of a specific voltage may
be used to switch from a cross state to a bar state. This allows the deviee to
act as a switched directional coupler.

It will be shown that employing two detuning sections in cascade also
allows the conversion length to be adjusted within a range of values. 'T'hus,
employing two detuning sections relaxes the restrictions on the fabrication
parameters by compensating for fabrication errors in hoth the propagation
constants as well as in the length of the device. In the case of two detuning
sections, half the length of the coupler, from =z 0 toz  L/2,0s ¢xposed
to a voltage inducing A3, while the other half; from = Li2 1 =z L,
is exposed to a voltage of opposite polarity, inducing  Af3 as illustrated in
Fig. 2.3. This is referred to as detuning with sections of alternating A,

A device employing detuning scections has been analyzed 11,35 and
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demonstrated experimentally [39). The switching capability is best illus
trated by a switching diagram. Fig. 2.4 shows the switching diagram of a
directional coupler that employs a single detuning section. The abscissa is
proportional to the phase mismatch created by the voltage, and the ordinate
15 the interaction length, L, normalized by the conversion length L.

Bar states are marked by o’s, and cross states are marked by x’s. Stutes,
cither cross or bar, may be calculated by referring to the state equations
introduced in the previous section. Cross states occur when KL = (2v++1)7/2,
which can be written in the form L/l 2v+ 1,sincel = 7 /2k. They occur at
discrete points. The condition for a bar state is given by (kL)? -+ (ABL/2) =
(vr)?, or, (L/1)? 1 (ABL/x)* = (2v)?. Therc are an infinite number of bar
states, lying along the circles terminated by the o’s. The diagram illustrates
hew a bar state can be reached for a device of arbitrary length by adjusting
the A, which, in turn, is dependent on the voltage. However, stringent
physical requirements on the length must still be met in order to achieve a
cross state. Thus, fabrication errors cannot be completely compensated for
by applying a single detuning voltage.

The requirements for cross states can be relaxed and the switching dia-
gram can be fundamentally changed by using two detuning sections in cas-
cade, featuring A3’s of opposite signature. In this case, the t:ansfer function

from (2.39) must be modified to include the reversed Ag section. The trans-
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Figure 2.4: Switching diagram of a directional coupler employing a single
tuning section.

fer function of the new system is simply the product of the transfer functions

of each half section:

A B A B k)
i A A 1,(0)
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jAB A A B (244)

A Bl 52BA ] [ E\(0) J
In Lhis case, cross states occur when [A}* - |Bl? = 1 - 2B* =0, where A
and I3 are described by (2.40) and (2.41), with z == L/2. This results in the

cross state condition:

')

K* Lo/ =7 5 1
C o int (Ske 1 (aB)2 ) - 2.45
s oagay i (Ve r872)) = (2.45)
The switching diagram of Fig. 2.5 depicts L/l as a function of AGL/2 and
illustrates that the cross state condition is translated into a family of curves
that terminate on the vertical axis at the points L/l = (2v + 1).

Bar states occur when 24°B = 0, that is, either when 4 = 0 or when

3 0. Setting A3 0, 4 0is satisfied when

) 2020 1 1) v = integer (2.46)

This condition is represented by isolated points marked by o’s on the vertical

axis of the switching diagram. The second condition, B = 0, requires that

<Ill> ; ('}HE>- - (4,,)-’ v = integer (247)

T
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Figure 2.5: Switching diagram of an alternating Af3 coupler employing two
tuning sections.

On Fig. 2.5 these points translate into the family of circles with radins 4w
Fig. 2.5 reveals that there exist ranges of L/1 within which any desired

amount of power transfer can be achieved by adjusting A4, "Ihis is an

important advantage, since it eliminates the restrictions on deviee length

that make accurate fabrication difficult.
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This method of applying two reversed Af sections can be extended to any
number of cascaded alternating sections. As a result, the number of available
switching states will increase with an increase in the number of alternating

sections used.



Chapter 3

3 x 3 couplers

3.1 Introduction to 3 x 3 couplers

A device consisting of two waveguides in proximity of cach other constitutes
a four port 2 ¥ 2 coupler. Similarly, when three guides are placed i proximty
of each other, such as is illustrated in Fig. 3.1 a six port device known as

a 3 » 3 coupler is formed. Three guide conplers can be tmplemented as

integrated optical devices where the three guides Tie in the same plane or as
optical fiber devices where the guides form an equilateral tiangle. g 3.2
illustrates cross sectional views of these two configurations,

This chapter discusses how the 3 - 3 deviee can be used as a switch, o
splitter, or a power combiner. We also examine how the three guide con
pler can be used to overcome some of the limitations of two guide couplers

Because the three guide coupler has more ports than the two guide coupler,

it has potentially more flexibility. When used in switching systems, the two

29
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Figure 3.1: Schematicof a3 - 3 coupler.

Figure 3.7 Cross sectional view of (a) integrated optical. and (b) optical
fiber 3« 3 couplers.
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guide device acts on only two channels, whereas its three guide counterpant
can act on three. resulting in a smaller switching system.

In the previous chapter, it was determined that although the 2 2 coupler
1s capable of splitting an input signal into two separate signals, the ontputs
will be 90" out of phase, requiring an external phase shifter for compensation.
This chapter will discuss how the 3 < 3 coupler can act as a splitter with zero
out put phase difference.

In Section 3.2, the matrix method presented in Chapter 2 for determining
the transfer function of the two guide coupler is extended for the 33 case.
In Section 3.3 a Laplace transform solution to the coupled mode equations
is presented. Section 3.4 examines the transfer characteristics of the 3
3 coupler when used to exchange power between the outer waveguides, as
well as when used as a power combiner. In the former casel the effect of
coupling between non-adjacent waveguides is considered. 1t s shown that
complete power transfer between the outer guides 1s possible only when the
coupling between them is neglegible. When used as a combiner, the signals
propagating in the twoouter guides can be combined in the center guide only
when the applied input signals are of equal magnitudc and phase. Section
3.5 discusses the implementation of a 3 - 3 coupler using the specific case
of slab waveguides. In Section 3.6, it is shown that a 4 - 3 switch can be

implemented using a 3~ 3 coupler with two sections of altermating phase
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mismateh,

3.2 Coupling equations of a 3 x 3 coupler

In anintegrated surface wave device the three guides alllie in the same plane.
In optical fiber couplers the three guides are usually packed into an equilateral
irtangle. Since the distance between outside guides in an integrated surface
wave device is relatively large, the coupling between those guides is often
neglected. In contrast, in the case of the 3 < 3 optical fiber coupler, all
coupling cocflicients are equal and must be considered. Thus, in order to
study the characteristics of three guide couplers, the coupled mode theory
introduced in the previous chapter is used to determine the transfer matrix
of a general 3 - 3 coupler having an arbitrary coupling matrix, constrained
only by the assumptions of losslessness and co-directionality of propagation.
Reciprocity does not constrain the elements of a coupling matrix (R) of a
uniform coupler, which admits coupling only among forward ranning waves.
This can be shown by considering, for example, the scattering matrix of a
six-port, such as that of a 3 ~ 3 coupler. When coupling occurs only in one

direction, the scattering matrix of a reciprocal network is [40]



CHAPTER 3. 3 <3 COUPLERS 33

where S;is a 3 « 3 matrix relating the three output wave amplitudes to that
of the three input amplitudes. There are no constraints among the elements
of Sy; Sy is exactly T as defined in (2.15).

The method that was used to obtain the set of differential equations
governing the complex field amplitudes of signals propagating through the
waveguides of a 2 ¥ 2 coupler desceribed by (2.10) and (2.11) can be extended

to cover the case of three guides [41}. This results in

dF,
dz
dF,
dz
dls ) , . , o .
d”‘ JHI‘I‘/I jh',_‘gl'/l J/f;l’q (..’I)

<~

Jﬂ|[’1‘| j“]_i’l/‘_f jl‘i|gl'1‘; (:;2)

jH]_tI'J| _]-,H.gl’;_n jh',ggl'/'; (33)

-

where 8, (i : 1,2, 3) is the propagation constant of theth line and v, is the
coupling coefficient between the ith and jth lines.
A solution to the set of differential equations described by (3.2) (3.1) can

be found using the methods of linear algebra that were outlined in Section
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2.2. The equations are cast in their matrix form as in (2.13), where the
coupling matrix is now given by

By K1y Koy

R K2 B'.Z Koy (35)

Kiy Koy ,31

T(z) is determined by evaluating (2.26). Since the order of the coupling
matrix has increased to three, the system will generally have three distinct

cigenvalues and three eigenvectors.

3.3 Laplace transform solution of the cou-
pling equation

Although the solution to the coupled mode cquations has been presented
in Chapter 2, a Laplace transform solution to (3.2)-(3.4) is given here for
completeness,

The differential equations (3.2) - (3.4) can be converted to a set of alge-

braic equations using their Laplace transforms,

E(z)« - (%) (3.6)
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resulting in

SS‘(S) 1‘:'1(0) JAE(S)  JranE(s)  ang Wi #)
SFJ(S) 1’4‘_)(()) ‘]I'\'l_nt\(ﬁ) j{f:t'g(h') _].hg ((“;(5)

."'g,g(S) 1':;(0) jli] ;(C|(.5') LR ;g“_x(.‘v') ./“}““;(.’“)

In matrix form,

ME(s)  £(0)

where ' .
s i b JkEi JE1
M N _’}‘I‘C]_g s _],H_ﬁ jl\'_:g
IR JE 2 s i

The solution for E(s) is

E(s) M 'E(0)

The inverse of the matrix M is given by

3h
(3.7)
(3 8)
(3.9)
(3.10)
(3.11)
(312)
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M !
<y s bopdw 14 I.‘:J oy Jhpus  h,3hog Jhpas 4+ Royide ~ KpoRay
II' I T T T ST pdas b s 3, 3 b '.",‘ “pshog ot 3 lRey — KoAgs
rogs b b nds m Ry Shog b dlang - Koy T FES TS TR TT OO T
l B i 12

Where 1) is the determinant of M:

I3 ' gst(By v Bt By) 1 os(KT, F KT, bRy — BB — BBy — BaBs)

b(Ry .0, 0 KB 'i::;ﬂl - BiBuBy - 251K 3Kyy) (3.14)

Following algebraic simplification, the components of £(s) can be expressed

as

4 bs ta ,
GEAnE LA Pi=1.3 (3.15)

£is) (s - s1)(s = s2)(s - 84)

where sy, 85, and s are the three roots of D = 0 and

a,  E(0) (3.16)
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bl [‘::(O)U(d: | 'Hnl) !
l':, |(())l AN |:'

Ignl((])l .}‘Hl.lfli (-{ 17)

R X () I [ ARV AN
191-1(0)[":.: I/HHI LNERL IR II [

['/‘,+|(0)[Ii,, Iﬂ: I Koopthooag It (ZHH)

(i = 1,2,3 in cyclic order).
A trigonometric solution for the roots, s,, of the cubic equation (3.11) 1s

given by

! 2
8 - - ‘;u{ C cos {8 2™ (r 1) (3.19)

where

uN*: v
(¢ - 2 ( ) 3.20
\/ 3 3 ( )

7 5 €0 ‘ (3.21)
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and

w By B By) (3.22)
v ki, LR Ry BBy - BBy - BaBy (3.23)

w .I.(""],v_»ﬁi ! "if;ﬁ.’ | K“j;ﬁl B18235 — 2K1,K13K23) (3-24)

Once &,(s) is known, F,(z) is obtained by taking the inverse Laplace

transform of (3.15). The result is

a,si +b,s) ¢
E(z) - Lsi bbisy be ‘+
( ) (Sl 5'-’)(31 _ s-,) e‘{P(bIZ)
a,Sg + b132 + ¢,
(s2- s1){s2- $4) exp(s.z) +

s: 4 b,sy +b,
- a 5_‘ +_ J‘g"‘_.,}:‘_.“ CXp(S‘gS) (3'25)

(S.:_ ~“l)(Ss - 83)

(i 1,2,3 in cyclic order).
Result (3.25) describes the amplitude at z in guide ¢ for an arbitrary input
excitation [£(0). The elements of the transfer function, T(z), are obtained

from (3.25) through
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This is to say that the element T, is computed by evaluating (=) in (3.25)
with the input to guide j, /,(0), set to unity and the input to guides other
than j set to zero.

In deciding whether the method given in (2.26) or in (3.26) should be
used to compute T(z) it is important to consider the accuracy and the com
putation time required for their evaluation. The performance of a computer
program using expression (3.25) can be cvaluated by counting the number
of floating point operations required in obtaining the result. 'his number
is constant regardless of the number of system parameters. However, the
method described in Section 3.2 requires calculating the eigenvalues and
eigenvectors of the coupling matrix R. Numerical methods used to deter
mine these results employ successive iterations. The number of iterations
required to obtain the result changes with the conditioning of the R matrix,
which makes it difficult to make a good comparison between the two meth
ods discussed. Tests have been performed to measure the number of loating
point operations used by both methods, and the results indicate that finding
the transfer function by computing the matrix exponential of  jJRz 15 up

to 2 times faster than computing the closed form solution. In fact, software
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packages, such as MATLAB {42}, that are designed to deal with matrices
very efficiently can tmprove calculation speed by as much as six times over
that required by the method described in this section.

It should be noted that calculating the matrix exponential via eigenval-
ues and eigenvectors is not the only numerical method available. Many other
methods exist, including one that uses a Taylor series approximation and
another that uses the Padé approximation. Algorithms and discussions of
these methods can be found in [43]. It was found that neither of the afore-
mentionned methods were more efficient or more accurate than the direct
computation of the matrix exponential.

The method employed in Section 2.3 can also be used to simplify the 3 x 3
system matrix; (2.13) can be reduced by factoring out the average (3, term

from the propagation constants of the three guides using the transformation

A(z) - E(2)exp(38,z) (3.27)

where, for the case of three guides,the arithmetic average of the propagation
coustants is given by

g, Pl 18 (3.28)

3

Thus, the equivalent of R, g..q of (2.38) for the three guide case is
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S Kpr Ny
Rluiluul Nio (‘)" Koy . (:;2”)

Ky Koy Oy

|
| where
|

6, B, B, (3.30)

This serves to simplify the analysis involving couplers because it allows o

common G, term to be factored out carly in the analysis.

3.4 Transfer characteristics of 3 < 3 couplers

The transfer characteristics of couplers are best studied by examining how
complex wave amplitudes vary along the length of the device Ttas often
easier to examine amplitude and phase information separately, therefore,
graphs illustrating the power in cach guide as a function of deviee length
are common in the study of optical couplers. Graphs deseribing the phase
of the signal along one guide relative to a reference guide are also provided

when phase information is relevant. Such graphs are used to analyze the
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behavior of the 3 # 3 coupler when used to transfer power between guides,
as well as when used as a combiner. In this study, complex amplitude plots
have also been introduced, and a computer program has been developed that
graphically animates the complex amplitudes of the signals as a function of
length.
As a first example, consider a device consisting of three identical lines
(Ar A: By B)in asurface wave configuration as depicted by Fig. 3.1,
The coupling between guides 1 and 3 is much smaller than the coupling
between adjacent guides and will be ignored (k)5 = 0). The coupler is also
assumed to be transversely symmetric, with (k12 = k3 = &). As a result,
the coupling matrix for the device is given by
8 k 0
R— |k B8 & (3.31)
0 x 3
The transfer matrix is determined by evaluating (3.26). After considerable
algebraic manipulation, the transfer matrix is found to be
X+35 Y X-5

T exp(-jBz){ Y 2X Y (3.32)
X-5 Y X+.5
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where
) |
A N cos(y 2x2) (3.33)
and
Y ! Gin(y 2nz) (a1
\ 2

The complex field amplitudes of the waves travelling within the device at

any position z are described by

E(z) T(=)E(0) (3.35)

For the case where only the first guide of the device is initially excited by a

wave with unity amplitude,

EOy 1o oo (3 36)

the output at = - L is

E(L) - ;('ns(\/‘bil,) .

A\
G
e
eyt

~—
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FoL) Jl) sinfy 2n 1) (3.38)
\ 2

1
(1) , (VN1 (3.39)

These expressions reveal that the power is periodically exchanged as the
signal travels within the device. The power in guide 2 never exceeds half the

input power and a complete transfer of powerinto guide 3 occurs whenever

: (3.10)

where nois any non-negative integer. The first occurrence of complete power
transfer from one outside guide to the other occurs when n 0. thus the

shortest conversion lengih is

[ 7\ 2n (3.11)

\ graph demonstrating these periodic oscillations of power exchange is pro-
vided in Fig. 3.3.
It is important to emphasize that complite transfer of power from one

guide to another can only be achieved when the coupling between the outside
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Figure 3.3: Transfer characteristic of the 3 - 3 coupler.

guides is neglected. To reinforce this point. consider the sitnation where
the coupling between outside guides is no longer neglected. Assunmmg, the
coupling between neighboring giides to he 25 times that of the conpling

between outer guiacs, the coupling matrix becomes

R PO (3.12)
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IFigure 3.4: Transfer characteristicof the 3 x 3 coupler with x,; = 25k.

The transfer characteristic of this device can be determined numerically
by cvaluating (3.26), resulting in Fig. 3.4. It shows that although an ex-
change of power among the three guides still occurs, power is not transferred
entirely to any one of the guides. Thus, the non-zero £, ; limits the switching
capability of the device.

Let us now consider power combining in a 3 ¥ 3 coupler characterized

by coupling and transfer matrices given by (3.21) and (3.32) respectively.
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Assume an input excitation

! 1]
£(0) [ by U ‘)] (3. 18)
\ 4 \

i. e. , identical signals are applied to the outer guides, and no input s fed
into the center guide. The output of the device is given by (3.35), resulting

in

I (L) Iy(L) cos(V2n 1) (3.11)
E,(L) Jsin(V2nl) (3 15)

These results are illustrated in Fig. 3.5, and show that a complete transfer
of power from the ontside guides into the center guide oceurs at hall the
conversion length,i. e. atl 7/2V2k.

The usefulness of the 3 » 3 coupler as a power combiner is limited by the
fact that the signals to be combined must be of equal magnitude and phase.
To illustrate this point, consider the case where the input signals are of the
same amplitude but have a phase difference of ¢, The input veetor can be

represented by
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Figure 3.5: Transfer characteristic of the 3 x 3 coupler used as a power
combiner for applied signals in guides 1 and 3 of equal magnitude and phase.

! {

«1(0)7[«- 0 \/éx_c/;“ll (3.16)

When the phase of the input signals differs by 1807, for example, substituting

(3.16) into (3.35) results in
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(L) 1 (0) (3.17)
E(L) 0 (3. 18)
Ey(L) k£ 4(0) (3.19)

This demonstrates that no power is transferred between the guides when a
phase shift of 1807 exists between the input signais. To consider the effect of
other values of phase shift, the valuc of ¢ in (3.46) was varied, and substituted
iato (3.35) to study the resulting signals in all three guides. Fig. 3.6 plots the
percentage of total power coupled into the center guide as a function of the
phase difference between the equal magnitude signals applied to the inputs
of guides 1 and 3. Complete power transfer occurs only when the phase shift
is zero. Thus, when a phase difference exists between the input signals 15,(0)
and £,(0), an external device to eliminate this phase difference would he
required.

A similar analysis can be effected for the case where the magnitude of the
signals applied to guides | and 3 differs. In this case, it may he shown thal
the percentage of total power coupled into the center guide would decrease
with the difference in magnitude & “ween the twoinput signals and that total

power transfer occurs only with identical input signals.
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Figure 3.6: Percent of total power transferred into guide 2 of a 3 x 3 coupler
with guides | and 3 excited by signals of equal magnitude and varying phase.

Up to this point, we have used graphs that plot the amplitude and phase
of signals as they propagate through the three guides of a device in order
to analyze the characteristics of a coupler. In what follows we introduce a
novel method of graphically animating the complex wave amplitudes as they
evolve along the length of the device. A computer program was developed to
compute cigensolutions of the systern, which are then depicted using circular

plots.
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Cousider the eigenmodes of the 3 « 3 device. 'To cach eigenmode or

eigenvector 14, there corresponds an cigenvalue, exp( yp, ). where the p,oas

an eigenvalue of the coupling matrix, R. The cigenmodes rotate at the rate

exp( ~jp.z) as the signal propagates along the coupler. Since the eigenvee

tors represent a complete set, any excitation can be represented as o hinear

combination of the eigensolutions.

For a general input excitation of

E(O) T Uy b cols et

the output of the coupler is

E(z) = ciexp(-jpiz)ay it coexp( Jpoz)us 4 eyexp( gpiz)uy

In matrix form:

I’/1|(()) )y
I’l‘l((}) U [
I’/‘g(()) Cy

and

(3.50)



CHAPTER 3. 3 3 COUPLILRS 52

I (z) exp( jpiz) 0 0 cy
F,(z) U 0 exp( jpaz) 0 ey (3.53)
| Fi(z) 0 0 exp(-7pi2) c,

where U is a matrix whose columns are the cigenvectors of the system and the
¢,’s are the modal amplitudes, or weight coefficients. The ¢,’s are determined

from the initial condition which can be obtained from (3.52), namely

C 1’/‘1(0)
er | -UT| E(0) (3.54)
Cy 19‘;(0)

A computer program, CLOCKS.M listed in the Appendix, has been de-
veloped to aid the user in visualizing the cigensolutions as they evolve with
their respective propagation constants. The program plots both the am-
plitude and phase for the three elements of the eigensolutions; that is, the
individual cigenvectors multiplied by their respective weight coefficients de-
rived from (3.51) as they vary along the length of the device. Also, the sam
of the eigensolutions in each guide is plotted to illustrate the complex wave
amplitude and phase at that position within the device.

To better illustrate how a graphical approach can be helpful in analyzing
these devices, the example at the beginning of this section will be used, where

unity input was applied to guide 1, and no input was applied to the other
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two guides. The coupling matrix provided 1 (3.31) can be put in the form

of a reduced coupling matrix according to (3.29)

0 A~ 0
Rn duced K U A
0 ~ 0
The eigenvalues are
o V2K
p: 0
Ps \/2/‘6

and the matrix consisting of the cigenvectors is

1 [ v2 oo
U - ) V20 /2
| V2 I

The inverse of (3.59) is

(3.05)

(3 h0)

(3.57)

(3.58)

(3.59)

(3.60)
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and the weight coefficients corresponding to the initial condition given in
(3.36) are
I V2 I |

1
| ,
¢ V20 W2 0f=-]-v2 (3.61)
2 - 2
-1 V2 -1 0 —1

The top of Fig. 3.7 shows the complex modal amplitudes for each of the
coupled guides at z - 0. These amplitudes are obtained from (3.54) using
E(0) 100}, signifying that unit amplitude with zero phase reference
is applied to guide | at 2 = 0. The three ‘clocks’ in the first row, denoted
by ‘Line 1) show the values of the eigensolutions Uy c¢;, Ujsca and Uysey,
respectively, the sum total of which is E£,(0) = 1. Similarly, the amplitude
that appears in the ¢jth clock is given by U, c,, so that their sum over j,

namely

1)
3N U,e, = EL(0) (3.62)
J

is the excitationamplitudeinline 7 at z = 0. At an arbitrary point z alongthe
coupler, the three clocks in the first row show the values of Uy exp(—jp, z)ci,
Uyyexp( jp:z)es and Upyexp(--jpaz)es, the sum total of whichis E(z). The

amplitude that appears in the i5th clock is given by U, exp(—3p,z)c,, so that
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their sum over j is
l_]‘
Y Uyexp( jp,2)e,  E(2) (3.63)
J

which is the signal amplitude in guide i at :.

As z progresses, the complex amplitudes evolve in magnitude and phase,
the arms of the clocks rotate and vary in length. Partial waves with positive
and negative propagation constants will rotate in the clockwise and coun
terclockwise directions respectively, since the rotation depends on the phase
factor exp( ~jp,z). This rotation represents the phase shift with respeet to
the moving reference (,, the average propagation constant. A clock that
corresponds to p» == 0 will not rotate at all.

The central part of Fig. 3.7 illustrates the cigensolutions at a distance  in
the guide, after the clocks corresponding to non-zero eigenvalues have sotated
+90°. The figure shows that at this point the ficld amplitudes in all three
guides are non-zero. Since our aim is to determine the position, =, where
all the power is transferred into guide three, it is necessary to determine the
location of z where the eigensolutionsin guides | and 2 cancel out indicating
that power flow exists at that point in guide 3 only. The bottom part of
Fig. 3.7 shows that this occurs after a phase delay of p; 4z e oandicated

on the clock diagram by a 1 180” rotation of the arms with respect to their
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Figure 3.7: Ligensolutions of a symmetri: 3~ 3 coupler that result from unity
input into guide 1. Graphical results determined using CLOCK.M program
provided in the Appendix, as described in Section 3.4
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initial position at 0. This occurs at the conversion length

«©

T

)
~

(361

\ 2h

Since this device exhibits transverse symmetry, applying « unit wpat nto
guide 3 would result in complete power transfer into guide | at the same
conversion length.

This graphical method of monitoring cigenmodes provides simple. visual
means of predicting how a particular device performs subject toa given input
For example, by comparing the ‘Total” clock from the initial and final states
depicted in Fig. 3.7, it can be noted that a phase shift of 1807 occurred as
the signal was completely trausferred from one outside guide to the other.
Also, Fig. 3.7 allows one to anticipate that if an input is applicd to the centes
guide in addition to the signal already applicd to guidc 1, the ontput of the
center guide will be identical to its input with a 1807 phase shift. Testing

this hypothesis, consider a normalized input of

EO)y % 6 0 (3.601)

This results in




CHAPTER 3 3 3 COUPLLRS 58
() 0 6 81 (3.66)

at = 1, confirming that the signal in gnide 2 maintained its amplitude but
wis shifted by 1807,
A similar analysis may be effected to show how this device can act as a

splitter. Applying urity input to the center guide:

EO)y o1 o (3.67)

As shown in Fig. 3.8, at one-half the conversion length. = 12 - 7/2y2x,
the signal splits equally between the two outside guides; while at = {
7\ 2n, the signals will recombine in the center guide. Thus, the 3 - 3 coupler
may ceffectively act as a splitter or a combiner.

Fhis method may be used to better illustrate an carlier example where

puides 1 and 3 of the coupler were excited by signals of equal magnitude, but

with a phase difference of 1807

| Bk
1(0) [ 0 } (3.68)
\
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Figure 3.8: Eigensolutions of a symmetric 3 - 3 conpler that result form unity

input into the center guide. Grap'.ical resnlts determined vang CLOCK M
program provided in the Appendix, as deseribed in Sedtion 3.
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The input signal has been normalized 1o represent unit power. Since (3.68)
is an cigenvector corresponding to p, in (3.59), the signal will propagate
through the coupler unchanged, and the clocks depicted by Fig. 3.9 will
remain in their original position as z is incremented.

T he graphical "clocks” method of analyzing coupling devices developed
ard introduced in this study is a useful tool for determining the required
geometrical and material parameters for achieving a particular result. Given
a set of input signals; the device length, L, and the coupling coefficient, «,
necessary for the 3 - 3 coupler to act as a combiner or splitter according to

desired signal proportions may be casily calculated.

3.5 Implem« ation of a 3 x 3 coupler

A3 < 3 coupler can be implemented as an integrated device in the pla-
nar configuration using titanium indiffusion on a lithium niobate substrate.
LiNbO is often used for integrated optical devices because of its excellent
clectrooptic properties.  Details of the fabrication process of Ti-indiffused
optical waveguides and their characteristics can be found in 39! and 441,
'he material and geometrical parameters of a 3 - 3 coupler realized on

N cut Y propagating Ti-indiffused L Nb()y are shown in Fig. 3.10, where
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Figure 3.9: Eigensolutions of 2 3 - 3 coupler that result fiom an exatation
of signals of equal magnitude and a phase difference of 1807, for all .

the laboratory and crystal coordinates of the device are given in lower and
upper case letters respectively. The elements of the coupling matrix of the
device can be determined using coupled mode theory as deseribed in Section
2.1. The coupling between any two guides is evaluated using (2.5) Although,
strictly speaking, the electric fields in the guides have both ¢ and y vanation.
matters will be simplified here by showing results one can expeet in the case

where one dimensional slab waveguides with no y variation are used. "This
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Fignre 3.10: Schematic of the 3 % 3 coupler indicating physical and material

parameters.
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approach sufficiently describes the theory while reducing the complexity of
determining the coupling coeflicients.
The 2 components of the wavenumbers tn the core and cladding, respec

tively, are determined from:
k», \/u)",ll,,(,,u(-; ke (3.69)
and

a, \/A-’ wipr,cn? (3.70)

where n, and n, are the refractive indices of the guide and the sabstrate,
w is the frequency, p,, — 47~ 10 * H/m and ¢, 8854 - 10" F[/m are
the permeability and permittivity of free space, and &k is the propagation
constant in the z direction of an isolated line. The transverse resonance

condition is used to obtain the characteristic equation that hinks o, to k.

A':,l '
tan ( '2( ) ;-?y,-. (3.71)

k,, can be solved for by rewriting (3.70) in terras of ko, and substituting
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into (3.71):

f ) .
k_g,d u}‘!/l,,,(TL,'“‘ n#'.‘) - k:;),
tan ( 5 ) \; ! - - (3.72)

The relationship between the propagation constant in the z direction and k,,
is given by

N R (3.73)

As stated in Section 2.1, the propagation constant of a coupled line is ap-
proximately that of the uncoupled case, thus the 3,’s in the coupling matrix

R can be approximated by

8, = k. (3.74)

The expression for the coupling coeflicient &, can be determined using the

methods outlined in Section 2.1, resulting in

2w p,e,(ny” nS2)a, cost(k, d/2)
h',, '* -

l\':d(l . ”i-‘!) (a,
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A complete derivation of the above equations can be found in 31,
Using the fabrication parameters illustrated in Fig. 3.10, the coupling

matrix, R, of the 3 « 3 coupler can be evaluated using (3.71) and (3.75)

2.199 < 107 382.0 1191
R : 382.0 2.199 - 10 382.0 (3.70)
1.194 382.0 2,199 . 107 | ™

The transfer matrix of this device can be determined using (2.16). Fig. 3.11
illustrates the output of the three guides as the length of the device is varied
for a coupler with unity power applied only to the first guide. For this exam
ple, a vacuum wavelengthof A, .63 - 10 " m, corresponding to an angulan
frequency of w - 2.99 < 10" rad/s, was used. Fvaluating (3.11), we find
that complete transfer of power occurs for a device of length L H.81 .

The wavelength dependence and filter characteristics of the device can
be examined by observing the transfer characteristics as the wavelength (or
frequency) of the signal is varied. Fig. 3.12 illustrates the output of the first
oguide when a device length of L 11.63 muis chosen. These results show
that the device has a FWHM bandwidth of approximately 30 - 10 % g

around the operating wavelength of A, .63 jern, 1o eoa relative handwidth

of 5%.
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Figure 3.11: Transfer characteristic of the 3 x 3 coupler at A, = .63 um

3.6 Switched directional 3 x 3 couplers

Chapter 2 discussed how a 2 x 2 switched directional coupler can be made to
switch from the bar state to the cross state by using sections of alternating
phase mismatch. A A coupler can form part of a large switching system
used to network many communication channels. However, the number of
switches and stages of switches increases with the number of communication

channels required. These numbers can be dramatically reduced if the indi-
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Figure 3.12: Wavelength dependence of the 3 - 3 conpler.

vidual switches used are capable of switching between three channels instead
of two.

Consider the two switching configurations depicted in Fig. 3.13. T he top
of the figure shows that three stages cach consisting of four 2 2 switches are
needed to switch between eight channels, whereas the hottom of the figure
illustrates how only two stages of three 3.2 3 switches allow switching between

nine channels. Advantages of using less switches inelude reduced device size,
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Figure 3.13: Typical switching configurations using (a) 2 x~ 2 and (b) 3 x 3
switches
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cost savings and rednced transmission loss. Since most of the losses in laige
switching systems occur at interconnections, a decrease in the number of
stages results in a substantial decrease in the total system foss,

A 3 > 3 switch can be realized by placing three 2 - 2 switches on a single
substrate as illustrated by Fig. 3.11. However, this approach is impractical
because building a relatively small device would require curved interconne
tions with small radii of curvature. Since the radiation loss of curved gundes
increases with decreasing radius of curvature, this type of deviee would have
to be either very large or very lossy. As an alternative to nsing three 2 2 ¢l
cments on a single substrate, Ogiwara suggests implementing a 3 3 switceh
using a single 3 x 3 coupler with alternating sections of phase misimatch
[45,46].

As illustrated by Fig. 3.15, the 3 - 3 switching deviee is operated by
adjusting four separate voltages. These voltages induce the requisite phise
mismatch in the manner discussed in Section 2.5 . The purpose of the deviee
is to achieve any input/output combination possible with a 3 - 3 deviee,
as shown in Fig. 3.16. In this scction, the methods for analyzing couplers
previously presented in Chapters 2 and 3 are used to determine how the six
states of the 3 > 3 switch can be realized.

Consider first the example described at the beginning of Section 34 1t

has been shown that a symmetric device whaose coupling matrizis desenbed
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Figure 3.14: The 3 ~ 3 switch using 2 » 2 switching elements.
g

by (3.31) can be used to transfer power from guide 1 to 3, or from guide 3
to 1, when the device length equals 7/4/2k. Also, any signal fed into guide
2 will exit from that same guide. Thus, state (1) in Fig. 3.16 can be realized
without employing detuning, so all electrodes must be grounded. This can be
implemented using the Ti-indiffused LiNbO; coupler depicted by Fig. 3.10
in Section 3.5, The coupling matrix of the device was provided by (3.76).

Since the coupling between outside guides is much less than that of adjacent
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Figure 3.15: Implementation of the 3 - 3 switch using two sections of phase
mismatch.

guides, it can be ignored, and state (1) of the 3 - 3 switeh can he realized by
setting the length of the couplerto L x/y 2k, 7/3/2(3820) 581 1m

State (2) can be achieved if the device is detuned o as (o prevent any
depletion or crossover. In order to determine how this can be done, the
system eigensolutions must be examined. I the control voltagesin g 310

are adjusted such that
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Figure 3.16: The six conneeting states offered by a 3 - 3 switch.

Vi, Vo, Vi, - {7 (3.77)

then the two sections of Fig, 3.16 are biased identically and the resulting
rediuced coupling matrix applicable o both sections becomes
Ad & 0

R, . oo 0 K (3.78)
0 =x A
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The cigenvalues of this detuned system are

P VG2

P 0

Iy vAST 2R (349)

The objective is to detune the guides so as to prevent any power transler in
a device with a fixed length of L 7 28 (L 581 ) Thasis the total
coupler length previously determined to be the requisite for state (1) This
objective is achieved if the eigensolutions of the system, which 1otate at a
rate of exp( jp L), are the same at =z Loas they wereat = 0 That s,

when

expl gyp L) 1 (5.80)

For cigenvalue p, this is always satishied. For poand py, this condition

satisfied when

\ A3 2wl 20w (%1
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Using L 7/ V20, solving for the lowest Af (and consequently the lowest
controb voltage) results in A4 /Gh.

In detenmiming the associated control voltage, we consider the electrooptic
effect inorder to establish a relationship between the voltage and propagation
constant. A voltage V' applied to the electrodes separated by a distance d
creates a field o, - V/d. Applying an clectric field across a waveguide
built using an electrooptic material such as Li.VOO induces a change in the

refractive index of the guide (n,) according to

1 . g o
An, 211,;r1'4,,(,~ (3.82)

where ris the relevant electrooptic coefficient which depends upon the erystal
orientation and the direction of the applied electrical field. The change in
the propagation constants of the waveguides is related to the change in the

refractive index by

2 An,

A
A

(3.83)

Substituting (3.82) into (3.83) provides a solution for the volltage required
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for a specific AJ:

_\.'f,\‘,([

3
'

e
where 7, the electrooptic coeflicient for Lo Vb, i< 30.8 10 " v,

Thus, a change in the propagation constant of A3\ 6/ 9357 m
can be induced in a waveguide fabricated on Ti indiffused X ocut Y propagating
LiNbO ; using electrodes separated by a distance of | pgm that aie applicd o

voltage of 0.5:16 V', Thus, State (2) is realized by setting

"'|,, ‘a"(, \'”, \_r(, 05161 (.’: Hf))

In states (3) and (1) of Fig. 3.16, interaction takes place anly between
two neighboring guides. Only state (3), switehing between guides 1 and 2.
will be discussed here, as similar results apply 1o state (1) 11 will bhe shown

that the detuning voltages that are required to achieve state (3) are,

"I t. ' "»l, (:'I M;)
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That is, the two sections of guide T are detuned using oppositely polarized
voltages, while the two sections of guide 3 are either detuned by the same
voltageor by equal but oppositely polarized voltages. As a result. the reduced

coupling matrices of the lirst and second half sections of the coupler become

AB, k0
Itlru[mul K O K (3-87)
0 I Aﬁg
and
A/il R 0
l"'.'luluvr(/ K U K (3-88)

() K {- AH;

Interaction between guide 3 and the rest of the system is reduced as the
propagation constant of that guide is increasingly detuned.  First, it will
be assumed that guide 3 is detuned so much that it does not interact with
gmides T and 2: then, a method of transferring signals between 1 and 2 will be
developed, and fnally the results will be modified to consider the interaction
with guide 3.

As the detuning of gnide 3 goes to infinity (Af, » 1 0), the interaction
between goarde 3 and the other two guides reduces to zero and the transfer

matrices of (3.87) and (3.88) become
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A B 0
Ti(2) g 1 0 (3 80)
0 0 exp{ A3
and
A B 0
T.(=) B v 0 (3.90)
0 0 expl g Ad)

respectively, where .1 aud I3 are desceribed by (2.10) and (2.11) respectively
I \ !

The transfer matrix of the system consisting of two cascaded sections is,

A B 21 0
T.prem(z) J2B A A B 0 (341
0 0 exp()'AB T Af )

indicating that in the absence of any interaction with guide 3, guides 1 oand
2 comprise a 2 ¥ 2 coupler with two scctions of alternating phase misimatch
whose transfer matrix is given by (2.41) and whose condition for cross states
is provided by (2.45). Substituting the fixed L m/v/2h into (214 1eveals
that cross states occur when Af, 2k. This is aclieved by setting V7,
=V - 0435V

At this point the interaction of guide 3 with the rest of the system must

be considered. Unless guide 3 s completely asolated from guides | and 2,
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nnwanted power transfer between that guide and the rest of the system will
take place. Completeisolation is impossible as it would require an excessively
farge voltage. Thus, the object is to maximize the isolation of guide 3 with
the Jowest possible control voltage. Alternatives to be considered include
detuning hoth sections of the guide uniformly, or, detuning the two sections
with equal voltages of opposite polarity. Fig. 3.17 illustrates the results for
these two alternatives. The figure plots the output of guide 3 when the
device is fed with unity input into guide 2. Line A represents the case where
guide 3 is detuned with oppositely polarized voltages (Vy, = —Vy,), and
line B represents the case of uniform detuning (V), ~ V3,). The ordinate
is a4 logarithmic scale, and the abeissa is the detuning voltage V). These
results indicate that crosstalk reduction is periodic with a decreasing slope
of approximately 2.5 dB/V. For the case where oppositely polarized voltages
are used, regions of extremely low crosstalk occur in this periodic fashion.
Visual inspection and computer simulation lead to the result that the dips

in Mg, 3.17 oceur at approximately

ABL[2 - 2nm (3.92)

Fig. 3.17 shows the output level in guide 3 when guide 2 of the 3 x 3

switeh is excited. N similar analysis may be performed to determine the
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Figure 3.17: Crosstalk in guide 3 of a 3 - 3 switch that results from unity
input into guide 2, for a coupler length of L. 5.8

levels of crosstalk when guide 1 is excited. In hoth cases it was found that
minimum crosstalk occurred at the points shown in g 3007 “Thus states 3
and 4 are best implemented when the detuning voltage is set Lo correspond
to a dip in crosstalk using oppositely polatized voltages (i. eV, b,
125 V,2.6 V,4.0 V,...).

States (5) and (6) of Fig. 3.16 can only be realized by cascading some

combination of the first four. Forexample, to realize state (6), states (2) and



CHAPTER 3. 3 .- 3 COUPLERS 80

(3) are cascaded.

Thus, we have shown that adjusting the four detuning voltagesof a 3 x 3
deviee with two sections of alternating phase mismatch provides a method
of controlled switching between four distinet states; two additional switching

states may be achieved by cascading two of the primary states.



Chapter 4

The 3 x 3 coupler with feedback

4.1 Reasons for using a 3 ~ 3 coupler with
feedback

The signal processing capabilities of the 3 - 3 coupler can be signihicantly
enhanced by the application of feedback 1171 A 3 - 3 coupler with feedback
is realized by looping one of the outputs back into one of the inputs, thus
reducing the system to a four port. Fig. 1.1 illustrates the five generic feed
back configurations for a 3 <3 coupler. T his study will consider configuration
(a), where the output of guide 3 is connected to its input. Similar analysis
can be carried oul on the remaining confligurations, however they will not he
documented in this thesis.

This novel device is useful in optical switching, power splitting ‘comnbining,
and wavelength filtering. In optical switching, power apphed to one of the

input guides of a 3 ~ 3 coupler with feedback can be distributed, in any

81
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ratio, between the two output ports.  The transfer ratio can be adjusted
by varying the electrical length of the feedback line. In power combining,
an adjustment of both the electrical length of the feedback line and the
propagation constant of one of the three arms allows the device to combine
two signals of arbitrary magnitude and phase. In wavelength fii.ering, the
device can act as a wavelength division multiplexer or as a bandpass fi .~r
with extremely narrow bandwidth.

In this chapter we discuss the characteristics of the 3 x 3 coupler with a
feedback path and contrast them with those of two and three guide couplers,
which are briefly reviewed here. Although a symmetrical 2 x 2 coupler can
be buill to transfer a fixed fraction of power from one guide to the other, the
relative phase difference between the output signals is 90”. By introducing
alternating phase mismatch, it was shown that this transfer ratio is variable,
but the relative phase between the output signals varies with the transfer
ratio. In the case of a symmetrical 3 < 3 coupler with identical lines, complete
power transfer between guides can be achieved, but only with an output phase
shift of 180”. The conventional 3 x 3 coupler is also capable of combining
two incoming signals, however, complete combination is restricted to the
case where the inpat signals are equal in magnitude and phase, otherwise
residual power remains on the source waveguides. In contrast, it will be

shown that introducing feedback to a 3 % 3 coupler results in a device that
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can transfer power in any ratio while maintaining a 07 phase shift bhetween
the output signals. It will also be shown that this device can combine two
signals of arbitrary magnitude and phase. Finally, it will be shown that the
requirements of identical lines and transverse symmetry are not required for
this device to perform the above tasks.

Recall that R, ... ¢ 1s obtained by factoring out the average J, term
from the propagation constants of the three guides. Thus, analysis using
R, iuccq does not retain the average phase shift through the coupler which
must be considered when using a feedback loop. For this reason, the analysis
of circuits involving feedback loops in this chapter will use the full conpling

matrix, R, rather than R,, 4., described in (3.29).

4.2 The 3 x 3 coupler with feedback used as
a switch

In this section we discuss how the 3 - 3 coupler with a feedback loop placed
around the third guide is used as a power divider. The objective of this
device 15 to transfer any fraction of the incident power from one gude 1o
another. As an example we design a divider with an output power ratio, (.

For a normalized input of E(0) 1 0 we expect an ontput of
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Figure 1.1: The tive generie feedback configurations using o 3 < 3 coupler.
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The input and output of guide 3 are related by
Fy0) (L) ()

where t - 1t

exp( Jj@); ¢ represents the phase shift and 4 is the gain of the

feedback line. Therefore

(L) I (0)
F,(L) T(z) | I.(v) (123)
S L) NEAY

and T(z) is the transfer function of the coupler whose elements are given by

(3.26). This can be reduced to a 2 - 2 form,
(L) " 2 (0)
1
{ I2.( 1) o I.(0) fn
where

fl‘” TN T, . 1ol
[ Y ! [ 4
Ty, N 1,00 (1)
i P ! Lot
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(onsider a sywmetric 3+ 3 coupler of the planar design where 1
Oy - 3,8 A v and ~yy = 0. For the coupler under conaideration,
T(z) 7T(z) and the coupling and teansfer matiices are descrrhed by (331)
and (3.32) respectively. The elements of (3.32) can be substituted mto ¢ 10)
to determine the transfer matrix of the four port device denived by addig,
the feedback line. When the electrical length of the coupleris chosen so that

BL - 2um, where nois an integer. then the transfer matiiy of the reduced

2 < 2 coupleris

1 X(1o2) b V(1)
I (X . .5) V(U 1) X(2 21 )4y

where the expressions for X and Y were given by (3.33) and (3.31).
With unity input at port I, zero input at port 2, and a feedback Joop

attached to the third guide, the outputs at guide | and 2 of this device are

(1.%)
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oy e nl 1.351, the above equations can be

Choosing # L so that X

tedinced 1o
YLt
gLy ) (1 8) (1.9)

gLy ) U (+.10)

% (I’:\ ,') J (l f ’) ! (‘()t(¢) (4 1)
, (L!\ |) 2\ -¢ 2 2 .

Fauation (1.11) reveals that for a lossless feedback line (3¢ 1), the ratio
between the output signals at guides | and 2 is always real, and as a result,
their phase difference is either 02 or 1807, As ¢ int - Itlexp( -j¢) varies
from 0 to n, the ratio I, (L)/ E.(l) varies from infinity to zero,i. e. E,(L)
rises from zero to unity (complete crossover). During this period, the phase
difference between output ports 1 and 2 remains identically zero. When ¢ is

further varied from & to 2x, I.(L) varies from | back to 0, with a constant

phase difference of # between the two output ports.
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7

This result is illuscratedin Figs, 1.2 and L3 The device length o 7 Cas well
as 3 and & were chosen to satisfy the conditions 3L 2na and v/ P 3ol
In Fig. 1.2 the distribution of power is plotted as a function of the phase
shift. ¢, in the feedback line. Fig 13 plots the phase diflerence hetween
the output ports as it varies with o, Phese graphs demonstrate that any
ratio of power transfer can be achieved by varying the electrical Tength of
the feedback line while a fixed phase shift between the output sygnals s
maintained. The advantage of maintaining a constant phase s evident 1n
test and measurement applications, where such a coupler may be nsed to
extract a reference signal.

Let us consider the effect on the transfer characetensticif the feedhack e
is not lossless. Similar techniques used to produce the transfer charactenstic
for the lossless system are repeated for the specific case of a feedback line with
1dB loss. The resulting transfer characteristic shown in Fig. 4.1 illustrates
that ut ¢ 7, the output power in guide 1 dips dlose to zero and most of the
total iuput power, minus the loss in the feedback line,is transferred to gnide
2, as desired in a power divider. ‘The phase charactaistics in g, L also
show acceptable results, since there exist regions of constant phase difference
between guides | and 2; however, these regions ocenr for tess values of ¢ than
in the lossless case.

Similar analysis is performed to study the sensitivity of the device 1o
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Figure 1.2: Transfer characteristics of a 3 < 3 coupler with feedback

o)

—~4 L. c— ' 1 L i i

0] 1 2 3 4 5 6

Phase delay in feedback line (radions)

Figure 4.3: Phase difference between ports 1 & 2 for the device characterized
in Iigure 1.2
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changes in xL. Given a device with sl 1300, it can be shown that a
reduction in ~lL by 5% will result in greater than 99%% of the total power
transferred to guide 2. Thus, the power transfer tatio exhibits fow sensitivity
to kL. However, the phase difference no longer remains constant, which i,
undesirable.

It is important to note that the realization of the power divider requines
that the feedback loop does nor resonate. This point may be illustrated hy

considering the two conditions for resonance:

and
(L) + o 2nm (1.13)
where |T3(L)] is the magnitude of the transfer coefficient of guide 3, and,

éay(L) and ¢y, are the phase shifts incurred by guide 3 and the feedback line
respectively.

The first condition requires Ty(1). Tyy(z) Lms( V2ez) ! I
when a lossless feedback loop is used. This in turn requires the device Tength
to be L - (2n7)/(v/2x). However, substituting this length into the transfer

matrix (3.32) results in
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Figure 1.4: Transfer characteristics of a 3 » 3 coupler with 1 dB loss in
feedback line

4 e . . . . . .

4l L L s N
(e} 1 2 3 4 ] 6

Phase delay in feedback line (radians)

Figure 1.5: Phase difference between ports 1 & 2 for the device characterized
in Figure 1.1 with 1 dB loss in feedback line.
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The reduced transfer matrix T in (1.5) also reduces to the produet of the
identity matrix and a phase term, and is independent of the phase sinftn
the feedback line. Thus. a 3 ~ 3 coupler with feedback that has been built
using a coupler length that allows resonance in the feedback Toop cannot
serve as a power divider, as it maintains a flixed power transfer ratio despite
any variation of phase shift in the feedback line.

Note that the power divider analyzed at the beginning of this section
was restricted to a symmetric design with identical guiaes, tesulting i o
simplified R matrix. In the general case, the coupling matrix is arbitrary,
subject only to the condition of losslessness. A closed form derivation is
rather cumbersome for this general case, therefore numerical methods are
used for analysis.

Applying unity input to port 1 and zero input to port 2, a solution for
the outputs can be determined from the four port transfer function (1.5). An
additional condition, &,, real; has been used to maintain T T, resulting

in
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T fl'l_lfl'ss ZI )t

I (L) LT

(4.15)

,['l_’ “]'l.!, 'H ,1‘.’5711 iu

nes 1.16
A1) e (1.16)

Total depletion of guide | (£,(L)  0) is achieved when the numerator of

(1.15) is zero. Assuming [t] 1, [2,(L) can be set to zero by ensuring that
VATIEERVATY ATRE AT (4.17)
and
arg(Ty) arg((T) Ty,  Ti'Nt) (4.18)

The first condition for total depletion, described by (4.17) can be met by
choosing the appropriate coupler length, L. Holding L constant, the second
condition (4.18) is met by varying the electrical length of the feedback line.
This can be accomplished by varying the phase constant through mechanical

or thermal stress, or through the electrooptic effect.
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A computer program. ZPHLM, capable of determining the (L) comin
nation required to satisly (1.17) and (1.18) has been written and is hsted 1
the Appendix. As an example. consider a device with the following couphug,

matrix

5.35 ~ 107 300 30 |
R 300 5.35 - 107 300 { ‘ (1.19)
30 300 535 - 100 | 1M

After the addition of the feedback loop, the program evaluates the shortest
device length, L, that will satisfy (1.17). It then solves for the corresponding
@ using (4.18). For this case, the solution’is L 450 mm with L0V rad
Thus, a 3 x 3 feedback device with these parameters will function as a power
divider. These results arc illustrated in Figs. 1.6 and 4.7, Mig. 4.6 shows that
the output power in the guides will vary from zero crossover at b 105 rad
to complete crossover at ¢ 4.04 rad. VFig. 4.7 shows that although the
phase difference between the two guides is slightly higher than 0 or 7, it
nevertheless remains constant as ¢ is varied. This result is important, as it
illustrates that the 3 ~ 3 coupler with feedback can be used as a power divider,
even for a transversely asymmetrical device with dissimilar waveguides,
The output characteristics shown in Fig. 4.6 indicate that a 3 -~ 3 cou

pler with feedback can also be used as a sensor. One such configuration

is illustrated in Fig. 4.8 where the feedback line is placed inan environ
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Phase delay in feedback line (radians)

Figure 1.6: Transfer characteristicsof a 3 .. 3 coupler with feedback with an
R matrix described by (4.19)

4t s
(o] 1 2 3 4 5 5]

A I L L

Phase delay in feedback line (rodians)

Figure 1.7: Phe s difference between ports 1 & 2 for the device characterized
in Figure 1.6.
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ment of varying temperature. Since the electrical length of the feedback hne
¢ Il will be some function of temperature, detectors placed at the
output ports of the coupler can he calibrated to measure the temperature
variation sensed by the feedback line. Alternatively, the device can also be
used as a sensor of large electric ficld strength, such as that found wn the
vicinity of high power transmission lines, by placing a liber coil. serving as o
feedback line, close to the high tension wire where the eleetiic ficld throngh
the electrooptic effect will influence the fiber refractive index and theiehy
the electrical length (¢). One important feature of this device is that since
changes can be determined from the ratio of amplitudes exiting from the
coupler, the amplitude of the input soure (the laser) is not eritical and can
vary without affecling the results. The performance characteristies of fiber
and integrated optical sensors utilizing directional couplers is investigated

48]

4.3 3 x 3 coupler with feedback used a: a
combiner/splitter

In this section the application of the 3 3 coupler with feedback as o power

combiner/splitter is discussed. The device is a power combiner when two
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Figure 1.8: The 3 « 3 coupler used in sensor application to monitor changes
in temperature.
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signals fed into separate input ports exit from onlv one of the output ports,
or it is a solitter when a signal applicd to one mput port s distvibuted
some ratio between the two output ports.

Consider the phase matched 3 < 3 deviee described at the hegmning of
Section 4.2, The transfer function for the coupler without the feedbadck loop
was expressed by (3.32). Adding the feedback Toop and satisfying the 1o
quirement 3L 2n7 resulted in the transfer function of (1.6)  Choosing,
wlL - 1.351 so that .\ (", we now consider the general case where arh
trary inputs are applied to guides 1 and 2. 'The outputs can be expressed

a8

L1yt et
E, (1,\\ ) ‘I( ,’)/c,m). 1‘( y )/«;,m) (1.20)
4 i
et o7
1':_3 ([zt\ 'II) ]‘( I[ )I‘/'|(“) ! 'l( ll)l';‘:(“) (’I:)l)

5 4

This device is called a combiner if the inputs apphed to guides T and 2
exit guide 2, for example, with zero power available at the output of guide .
The value of ¢ required Tor [5, to equal zero can be found by setting (120

to zero and solving for I:
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)y - j2L.(0)

! texp( ye
expl o) I5(0)  21,(0)

I cases where £,(0) and £,{0) are in phase. the magaitude of the right side
of (12211 unity: thus, a viadue of ¢ for a lossless feedback line can always be

found, namely

G 2tan ("'(“) (4.23)

E(0

[ his we have tllustrated that a change in the ratio of magnitudes at the
input may be compersated for by a changein ¢. This is in contrast with the
3 3 combiner analyzed in Section 3.4 which required input signals of equal
magnitude and phase. The characteristics of the combiner with che feedback
loop are illustrated in Fig 1.9, T'he power at the output of guides | and
2 is plotted as a function of the phase delay. ¢. in the feedback line. The
arbitrarily chosen input conditions are: 1 (0)  .866 and £,(0) -~ .5. Note
that as the phase shift in the feedback line is varied, the ratio of coupled
power between the ontputs changes. At a phase shift of 1.836 rad, the total
power in the system is combined and exits at the output of guide 2.

We shall now discuss how the constraint of phase matching the input

signals can be eliminated. In the previous example, the requisite phase dif-
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Figure 4.9: Transfer characteristics of a power combiner with gy .y
3, Kk, - ki3 K&, and k22 0,

ference between the two inputs was zero. I can he shown sumerically that
for other cases, a fixed, but not necessarily zero, diflerential phase hetween
the two inputs is required for signal combining to be achieved. We wall dis
cuss how even this restriction on input phase differential can be chimimnated
by building a device which permits the propagation constant of one of the
guides to be varied.

For the general case when the elements of the R matrin are arbitrary (ro1s
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real) and subject only to the condition of losslessness, the output of guide 1

for an arbitrary input can be expressed using the four port transfer function

(1.5):
Ty, [711 AT ;Z}t)
o (L 3 U R0
(T )
T, 10,7y 1,7, s]t
- -] EN0 4.24

Let us assume all parameters including the length of the device to be fixed,
with the exception of the propagation constant, 3y, for guide 1 and the phase
shift, ¢, in the feedback line. The first step in finding a (8, ¢) pair that allows
the deviee to combine the total incident power into guide 2 requires setting
IV(L) in (1.24) to zero and solving for ¢,

t It exp( j¢)
(4.25)

IL‘Il(‘,'_)_“tl“'/"'_(“) o
hly 1 VI Oyt s daa - Tovlyayd a(v)
A numerical solution is employed that varies ) such that the magnitude of
the right side of (1.25) equals the magnitude of #, which, for an assumed loss-
less system, is unity. Once 3; is found, the required ¢ to equate the phases

of the equation must be calculated. A computer program, BIPHIL. M, devel-

oped to find the (1. ¢) pair is listed in the Appendix. Computer analyses
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of these devices reveal that there exist ranges of coupler length, 10 where
(B, @) points can be found for any input. Thus, this device is capable of
combining two signals of arbitrary magnitude and arbitrary phase. Changes
in either magnitude or phase can be compensated for by adjusting 3, and
¢. An extremely desirable feature of this deviee is that it can tolerate large
deviations in propagation constants, coupling coeflicients and deviee length,
which often occur due to errors in the fabrication process, by compensating
for them through varving 3, and ¢.

The following example illustrates these results using the "I indhifused
3 % 3 coupler described in Section 3.5 with a coupling matrix described by
(3.76) and an arbitrarily chosen device length of L 3 . The program
finds the (81, ¢) pair(s) that satisfy complete transfer of the arbitrarily chosen
inputs £,(0) = .5/35.5” and [£,(0) 866/ 119.0". Two results were found,
but the least detuning corresponds to a change of the propagation constant
of A8, = B, B, 83.31 m ' and ¢ 1.79 rad. Fig. 4 10 illustrates
the power in both guides of the combiner as a function of ¢, for a fixed
AB, =83.34m .

The corresponding voltage required to detune the first guide can he de

termined by substituting AB, 8334 m !

and the operating wavelength
A, -~ .63 pm, into (3.84), resulting in V' 50.27 m V.

As discussed carlier, the phase shift, ¢, of the feedback line can be varied
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4

Phase delay in feedback line (radians)

Iigure 4.10: Transler characteristics of a power combiner with R given by
(3.76)

using the electrooptic effect by applying a voltage across clectrodes placed
on the feedback line. The voltages required to detune the feedback line can
be determined by considering the relationship between the change in the
refractive index of the feedback loop, n,,, described by (3.82), and the change

in the phase shift of the feedback line,

A(b B w\///"‘(-lgnAanJ([(lll()l{l ((1'26)



CHAPTER 1. THE 3 N3 COUPLER WITH FFFDBACK 101

where L,y .1, o4 1s the length of the electrode. The voltage required to induce
a 7 phase shift in the feedback loop can be determined by substituting
(3.82), (3.83) and (1.26) into (3.81) with A¢p 1 w. The result is

A.d

Ve oo (1.27)

nl;,‘ [J. [. 1 ode

For this case, the voltage required to vary the phase shift in the feedback loop
from 0 to 2w is 1.263 V. For detuning clectrodes of length, Lo oae 3 iy
the necessary detuning voltage to set the phase shift in the feedback line to
¢ = 1.79 rad is 36 1.0 mV". Once built, this device can combine two arbitrary
signals. Note that as the magnitude or phase of Cither of the inputs changes,
so does the required (8, ¢) pair.

Fig. 4.11 shows the tuning characteristic of the device analyzed above.
The abscissa indicates the voltages used to induce the phase shift in the
feedback line, on the ordinate is the voltage used to detune the first guide,
Contour lines indicate regions of equal power in Guide 2. Two points of
maximum power where the signal is combined into guide 2 are indicated by
asterisks. One point corresponds to the detuning voltages that achieved the
(Bi,¢) pair calculated by the computer program. The second point corre

sponds to AB, - 17000 m ', ¢ 1.050 rad and the resulting Vo1 02517,
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Figure 4.11: Tuning characteristics of a power combiner for E(0) = [0.5 <
35.5" 0.866 < --149.0"]’. Curves represent points of equal power in guide
2; maximum power is denoted by an asterisk.
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Vi, = 211.1 mV’. Note that as the ratio of magnitudes or difference in phase
between the two input signals varies, the point where all the power combines
will shift on the graph. This change must be compensated for by a change
in the two detuning voltages, that in turn induce a change in Ad; and .
A similar analysis can be effected using a coupler that is not transversely

symmetric.

4.4 Wavelength dependence of a 3x3 coupler
with feedback

This section examines the wavelength dependence of a 3 - 3 conpler with
feedback and its usefulness as a wavelength selective filter and wavelength
division multiplexer.

The phase delay of the feedback loop around guide 3 of the coupler por

trayed in Fig. 3.10 is

¢ Bplp (1.28)

where Ly, is the length of the feedback loop and By, is the propagation

constant of the waveguide that comprises the loop. If the feedback loop
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is implemented by the same Ti-indifflusion process as the coupler and its
width is identical to that of the waveguides in the coupler, then its propaga-
tion constant will be identical to those of the individual lines of the coupler
(i.e. B, Bp B).

The length of the coupler and the phase delay incurred in the feedback
line that are required so that a 3 ~ 3 coupler with feedback remains in the
bar state (no transfer between guides | and 2) can be obtained using the
program ZPHI. M that was described in Section 4.2. For the case of the
coupler portrayed by Fig. 3.10, whose R matrix at A, = 0.63 pm was given in
(3.76), the requisite parameters are L = 3.536 mm and ¢ = 0.691+4 2nr rad.
The wavelength dependence of this device can be studied by examining the
transfer function of the device as the wavelength is varied, while holding
all other parameters fixed. Fig. 4.12 illustrates the output of guide 1 as a
function of wavelength deviation from A, = 0.63 pum. An input of E(0) =
(1 0]/ was applied. The results were obtained by recalculating the coupling
matrix, using the method outlined in Section 3.5, for each wavelength. Points
of zero power transfer into guide 2 occur periodically about the bias point
AN 0. This characteristic demonstrates the potential use of this device
as a wavelength division multiplexer. For example, if the input to guide 1
consisted of signals with two wavelengths, A = 0.63 pm and A = 0.63001 pm,

then the former would exit from guide 1 and the latter from guide 2.
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Figure 4.12: Wavelength dependence of the 3 4 3 coupler with feedback.

The quality of @ comb £'*er is often assessed by its finesse, which is the
free spectral range divided by the FWHM bandwidth. T'he free spectral
range is defined as the wavelength separation of the transmission peaks. The
characteristicofa comb filter with high finesse has narrow transmission peaks
that are widely separated.

The finesse of the 3 x 3 coupler with feedback examined above can he

increased dramatically if the separation between guides 2 and 3 is increased,
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Iigure 4.13: Wavelength dependence of the 3 x 3 coupler with increased
separation between guides 2 and 3 .

¢. g from s,y - 3 pm, as shown in Fig. 3.10, to s,; = 4 pm. For this latter
case, [, - 4.071 mm and ¢ = 3.375 rad are required for an input signal of
A, 0.63 pm applied to guide 1 to exit completely from the same guide.
The transfer cha:acteristic of the modified device is illustrated in Fig. 4.13.
The graph depicts that a small decrease in the spectral range and a large
decrease in the bandwidth occurred, resulting in a increase in the finesse by

approximately 15,



CHAPTER 1. THE3 N3 COUPLER WITH FFEDBACK 110

We shall now discuss the results depicted by Figs. 112 and 113 The free
spectral range of this device is, to a very good approximation, given by
A2

AX (1.29)

n, lllllnlul

where L. is the sura of the lengths of the coupler and the feedback hine.

n, sy is the effective rerractive index of the guides given by

8,

1.30
27 ( )

norg

The bandwidth of cach resonance is inversely proportional to the loaded
quality factor of the resonator, @;. To increase the finesse one must either
increase the Q,, or decrease L, or both. The ) can be increased by
reducing the coupling between the resonating guide and the rest of the coupler
by increasing the separation s,4. This causes a significant narrowing of the
bandwidth, but also necessitates a slight readjustment of the length of the
coupler in order to maintain zero power transfer at the bias wavelength A,,.

Finally, Fig. 4.14 demonstrates that the bias point of these filters or multi
plexers can be moved by adjusting the phase delay in the feedback line. The
figure depicts the same situation as Fig. 4.12, except that different values

of ¢ were used. The characteristics are plotted with three different values
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Figure 4. 14: Wavelength dependence of the 3 x 3 coupler with varying phase
delay in the feedback line.

of ¢ on the same graph. The first ¢ = 0.69 rad illustrates the bias point
at A, 0.63 pm. The other two curves, plotted with ¢ = 2.70 rad and
¢ L88 rad show that the bias point can be shifted to either a higher or

tower wavelength.
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N x N couplers

5.1 Introduction to N x N couplers

[n this chapter we discuss how the analysis of two and three guide conplers
can be extended to encompass devices containing an arbitrary number of con

pled waveguides. Other methods of transferring power among N waveguides
are discussed in [19,50]. 1t is demonstrated how the technique of eigensolition
decomposition can be used to obtain specific transfer characteristics. Design
examples are provided of interferometers, as well as of couplers capable o

complete power transfer between designated channels.,

112
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5.2 Analysis of N » N couplers

Fquation (2.13) can be used to deseribe. in matrix form, the complex ampli-
tudes in N coupled waveguides. For the case of ¥ guides, £(z) is a column
veetor of length N containing the complex amplitudes of the signals. The

coupling matrix is

o1 Kis Ky o0 Ky
Ky Y AN

R\ Ko Koy 3y KA (5.1)
I N O N L B\

and the terminal parameters of the coupler are related by the linear trans-
formation given by (2.15). If the system is nondegenerate, it will consist of
N distinet eigenvalues. and an arbitrary input excitation can be decomposed
into the NV eigenvectors, 1. e, any excitation can he represented as a linear

combination of the cigensolutions. For the general input excitation of

I'.|(U) ]
£(0 *y

A ] (5.2)
F\(0) e\

the eutput of the coupler is
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E(z) exp( Jpiz) 0 0 “y
E)(z) U 0 expl gpoz) - 0 o
F\(2) 0 { ceoeapl o gpaz) TN

(5 3)

where Uis an N « N matrix consisting of the cigenvectors of the system and
the ¢’s are the modal amplitudes. or weight coeflicients that are determined
from the initial condition of the system. Substituting the inverse of (5.2) into

(5.3) results in the transfer matrix of the N+ NV coupler, nmiely

T(z) UPp(z)U! (5.1)

where P (z) is the diagonal matrix whose elements are exp( ypo)

1toN.

5.3 Coupling coefficients for a given power
distribution

Haus and Molter-Orr have empirically developed the relationships hetween

coupling coeflicients required to design N~ N conplers capable of complete
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power transfer between outside guides (51,52,531. For the case of couplers
containing an odd number of waveguides, they have also developed the rela-
tionships between the coupling coeflicients required to build an interferom-
cter, which is a device that is capable of splitting an input signal into two
signals of identical magnitude and phase. In this section, the technique of
cigensolution decomposition will be used to verify their findings using the
example of 2 4 - 4 coupler. It will also be shown that the eigensolution
method leads to alternate, undocumented, solutions, and «zmonstrates how
an interferometer can be built using a coupler with an even, as well as an
odd number of waveguides.

The general N guide coupler considered by Haus and Molter-Orr is il-
lustrated in Fig. 5.1. following their example, we shall assume that the de-
vice exhibits transverse symmetry, and only the coupling between adjacent
guides is considered. Equations that allow the determination of the ratios of

coupling coeflicients required to transfer power between outside guides were

described in [51] by the expression

An® - Nn — n? (5.5)

and the ratios of coeflicients required to build an interferometer were given

as
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Figure 5.1: Schematic of a N - N coupler.

K. (N V' Dn I’ (5.6)

The convention assigns &, to be the coupling coeflicient between the onter
most guides and their adjacent guides, as depicted by Fig. 5.1,
Applying the Haus and Molter-Orr method to a 4~ 4 coupler, (5.5)

yields k,/k; = 2/4/3. This solution can be verified using the technigue of
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cigensolution decomposition. The reduced coupling matrix of this four guide

coupler is

0 K| 0 0

K 0 Ko 0 -
I{Hr’llllll () l‘;,_) 0 '\‘4| (0'7)

0 0 K 0

Four eigenwaves will rotate in this device at the rate of their corresponding

cigenvalues. The eigenvalues are given by

poop - Sl ) (5.8)
and

e by (u 1) (5.9)
where

u \Il L (5.10)

g, 5.2 illustrates the cigensolutions for the 4 x 4 coupler. As in Section

3.5, the clocks represent the complex amplitude of each of the modes in each
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Figure 5.2: Eigensolutions of a 4 /4 coupler with w,/r,  2/,/3
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of the waveguides. The clocks in the right column represent the sum of the
modes in cach row corresponding to the amplitude and phase of the signal at
position z. The cigensolutions for the modes at the input of the device are
shown at the top of the figure. The cigensolutions after they have travelled
a small distance z such that z < x/2p, are shown at the center, indicating
the sense of rotation. Examination of the graphical representation of the
cigensolutions reveals that they can be forced to cancel out in all guides,
except the fourth, when the modes corresponding to p» and p; rotate by
{ 37/2, and those corresponding to p; and p; rotate by 4-7/2. Determining
the coupling coeflicients, k; and ., are achieved by setting p, = 3p, and
solving (5.8) and (5.9) for the required ratio. As expected, the result is
Kalh 2/\/3. The length of the device that is necessary for complete

transfer of power is found by setting

exp(-Jjpiz) — exp(-jm/2) (5.11)

Thus, a device with a coupling ratio of x,/x, — 2//3 achieves the goal of
transferring all power from guide 1 into guide 4 after propagating a distance
of = w/2py 37/2p,. This result is illustrated at the bottom of Fig. 5.2.
A better illustration of how the power is distributed along the length of this

device is provided in Fig. 5.3, where the power in each guide is plotted as a
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Figure 5.3: Transfer characteristics of a 1 - L coupler with n./ny 273

function of device length.

Although the ratio of coupling cocflicients caleulated above aclieves the
desired goal, closer examination of the cigensolutions i Fig. 5.2 reveals that
other solutions also exist. For example, coupling ratios that foree the cigen
solutions corresponding to p, and p, to rotate - (dn 1) /2 while thoee
corresponding to p; and p; to rotate - 7/2 can be found. This results in

Kol = 2/V3,6/VT,10//11 for n 1,23 respectively. Fig. 5.4 illustrates
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Figure 5.4: Transfer characteristics of a 4 x 4 coupler with k./k, = 6/4/7.

the situation where py and p, are forced to rotate +77/2 corresponding to
n o 2and x,/x,  6/7. Although fluctuations occur in the transfer char-
acteristic, it is clear that the goal of complete power fransfer between guides
I and 11is still achieved. The transfer length is z = w/2p, = T7/2p;.
Fxamination of the eigensolutions will show how the four guide coupler
can be used as an interferometer. Fig. 5.5(a) illustrates the eigensolutions

that result when a signal is applied to guide 1 of a 1 x 4 coupler at z = 0.
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-

The solutions after the signals have propagated a small distance = 25 py iy
shown in Fig. 5.5(b). If the coupling coeflicients were adjusted such that the
modes corresponding the p, and p, rotate by 571 while those corresponding
to py and p; rotate by 3m/ 1, then the cigensolutions in guides | and 3 would
cancel out, leaving signails of cqual magnitude at the ontputs of guides 2
and 1. This result is illustrated in Fig. 5.5(¢) where the signals were split
after propagating a distance of = 3w /1p;,  57w/1p,. This example requires
Ky/Ky = 2/V/15.

Finally, sections of alternating phase mismatch can bhe added toan N - N
coupler. This provides the device with the ability to switch states, as well
as tune out crosstalk induced by errors in coupling lengths. An analysis of
these devices can be found in [52,54].

The method of eigensolution decomposition can be extended to any num
ber of guides. As the number of guides increases, the complexity of closed
form analysis grows dramatically, thus emphasizing the importance of graph
ical analysis. Coupling coefficients consistent with those described by (5.5)
and (5.6), as well as others, can be found which aid in the design of interfer

ometers and hybrid couplers.
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Chapter 6

Conclusions

This thesis studied the transfer of power hetween guided modes of
parallel open waveguides. The simple case of the two guide deviee was used
to introduce the basic concepts of directional coupling. It was demonstrated
how these devices can act as signal routers by inducing phase mismatches 1o
allow an applied signal to be electrically switched between the erossover and
straight-through states. Limitations of 2 - 2 devices were discussed, mclud
ing the occurrence of a phase shift bet ween the output signals when power
is transferred between the guides.

T he basic concepts of two guide couplers were then extended to deviees
consisting of three channels. Both analytical and numerical solutions for
determining the 3 ~ 3 system transfer function were determined. ‘The gov
erning equations were cast into matrix form, and the matrices describing

the coupling and transfer properties of the device were studied. A computer

124




CHAPTER 6. CONCLUSIONS 125

program, developed in the course of this work, that graphically traced the
cigensolutions of the three guide coupler was used to determine the geo-
metrical and coupling parameters requisite for attaining a specific transfer
characteristic. It was found that this method provides a good alternative to
employing closed form analysis as it yields the same results but often reduces
the complexity of evaluation. The application of the 3 x 3 coupler as a power
combiner and a power divider was introduced, and some of the inherent lim-
itations of 3 « 3 couplers were discussed. The design and implementation of
a3 - 3 switch using a three guide coupler with sections of alternating phase
mismatch was presented and the six switching states were studied.

We have shown that reducing the 3 - 3 couplerto a 2 %2 device by placing
a feedback loop around one of the guides resulted in a device that overcame
many of the imitations of both two and three guide couplers. Specifically, it
was demonstrated thet o= 3« 3 coupler with feedback is able to transfer any
amount of power hetween two guides, while maintaining a constant phase
difference between outgoing signals.  Also, it was shown that varying the
propagation constant in oue of the guides in the 3 x 3 coupler with feedback
allowed two input signals of arbitrary magnitude and phase to be combined.
The wavelength dependence of the 3 x 3 coupler with feedback was also
examined, and it was found that this device has the potential of being used

as a filter or a wavelength division multiplexer.
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Finally, the matrix method used throughout this thesis was extended

AL 5
to include devices with an arbitrary number of waveguides. Methods for
determining the conpling coeficients required for the ¥V coupler to adt

as a hybrid coupler or to transfer power between guides were discussed
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Appendix

The following programs were writtenin MATLAB 12 Fxplanations of cach
are given as part of the preamble.

o CLOCKS. M
e ZPHIL. M

e BIPHIL M

e TUNE. M

% PROGRAM CLOCKS.M I 2>t Revision: April 30, 1992
[/

% This program, described in Sec. 3.4 of the thesis plots the
% eigensolutions of a 3X3 coupler as the independent variable
(2)

% 1is varied.

[/

A Uses - Subprogram PSETUP.M

h - Function PPOINT.M

[/

[

clear

clg

hold on

result=zeros(12,2);

)

global depvarmax depvar depvarmin erpoint

132
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[/
% ENTER THE FOLLOWING PARAMETERS
% Enter ‘depvar’ for the variable to be varied
[/
depvarmin= 0 ; / Independent variable minimum
depvarstep= pi/sqrt(2)/.25/20 ; ¥ Independent variable step
depvarmax= pi/sqrt(2)/.25 ; /4 Independent variable maximum
i
psetup 7 Draw setup screen
for depvar=depvarmin:depvarstep:depvarmax
[ ;
betal=0 ; % The coupling matrix
parameters
beta2=0 ;
beta3=0 ;
k12=.25 ;
k13=0 ;
k23=.26 ;
z=depvar ; % The device length
Ain=[1;0;0] ; % The input
[/
%
R=[betal k12 k13 ;
k12 beta2 k23 ;
k13 k23 beta3 ];
h

[u,v]=e1g(R) ; % Calculating eigenvals & eigenvecs resp.
c=u"(-1)*A1n ; % Solvaing for c¢’s

[

erpoint=1 ; % Erase last point

proint(result) o

[/

% Calculate the eigensolutions

for n=1:3

sol(:,n)=u(:,n)*c(n)*exp(-j*v(n,n)*z);
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end

h

% Calculate total field in the line

for n=1:3
total(n)=sum(sol{(n,:));
sol(n,4)=sum(sol(n,1:3)); ¥ storing total in 4th col. of sol

end

h

% Storing values into a matrix to transfer data to plotting prog.

for n=1:3
for k=0:3

result(k+4*(n-1)+1,1)=real(sol(n,k+1));
result(k+4*(n-1)+1,2)=imag(sol(n,k+1));

end

end

h

erpoint=0 ; % Plot the vectors

ppoint(result) ;

pause

end ; /, end outside loop

hold off

h

%  SUBPROGRAM PSETUP Last Revision: April 30, 1992

% This subprogram, used by CLOCKS sets up the circles on the
% graphics screen where the eigensolutions will be plotted

global base
axis([0 12.5 0 8.75]),axis(’normal’)

hold on;
clg
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text(.3,8.7,’p 17);
text(2.8,8.7,'p 2°);
text(5.3,8.7,’p 3*);
text(10.4,8.7,'Total’);
text(-1.5,7.5,’Line 1°);
text(-1.5,4.9,’Line 2’);
text(-1.5,2.3,'Line 37);

/ Setting up the center points for the circles
for k=1:4
for n=0:2
base(k+4*n,1)=1+(k-1)*2.,5;
base(k+4%*n,2)=7.5-n*2.6;
1f k==4:base(k+4*n,1)=1+k*2.5;end
end
end
/A
% Plotting the center dots
for n=1:12
plot(base(n,1),base(n,2),’o’)
end
A
% Plotting the circles
for a=0:.1:2*pi
x=real(exp(j*a)) ;
y=1mag(exp(j*a)) ;
for n=1:12
plot(base(n,1)+x,base(n,2)+y,’.g’)
end
ond
A
A
% Creating the legend
pil=sprintf(’'Min. = Yg’,depvarmin);
p2=sprintf(’Max. = Jg’,depvarmax);
text(0,.1,pl,’sc’);
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text(.5,.1,p2,’sc’);
text(0,0.046,0’,’sc’);
text(.125,0.046,'0’,’sc’);
text(.375,0.046,’0' ,"sc’);
text(.5,0.046,’0’,’sc’);
text(.25,0.046,’0%,’sc’);

% FUNCTION PPOINT.M Last Revision: April 30, 1992

% This function is used by CLOCKS to plot the vectors stored in
i "result" onto the graphics screen.

function ppoint=ppoint(result)
h
% Plot or erase last line
for n=1:12
if erpoint==
plot([base(n,1) result(n,1)+base(n,1)], ...
[base(n,2) result(n,2)+base(n,2)],’w’)
else
plot([{base(n,1) result(n,1)+base(n,1)],
[base{(n,2) result(n,2)+base(n,2)],'i’)
end
[
text (depvar/depvarmax*.5,0.05,’.°,’sc’);
end
h
h
% 3K 2k ok ok K ok ok o ok ok ke ok oK oK ok R 2k A A o ok ok K Rk ko ok i R KOR e ROK A Ak K AR RO AR AR e o R Ao A A A o ke A

)

h
% PROGRAM ZPHI.M Last Revision: May 4, 1992
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%

% This program finds a pair (z,phi) that will result
/% in complete crossover

5

clear

7, USES - teigbl to find the z

A - r33ph1 to find the phi with the corresponding z
A

clear

A

firstgpi=3 ; ’ Initial guess for pi

firstgz=1 ; Y Initial guess for z

“

A

global betal beta2 beta3d k12 k13 k23

A

betal=1 ; % Coupling matrix parameters
beta2=.9 ;

beta3=.8 ;

k12=1.2 ;

k13=.1 ;

k23=.8 ;

fz=fzero(’teigbl’,firstgz,1e-14,1); % Find the z
z={z;

global z;

fphi=fzero(’r33phi’ ,firstgpi,le-8,1);
bl=betal;b2=beta2;b3=beta3;kk12=k12;kk13=k13;kk23=k23;zz=z;
test=r33phi(fphi);

clc

test

zphi=[z fph1]

7, FUNCTION TEIGB1 Last Revision: May 4, 1992

function teigbi=teigb1(z)
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h

% This function finds a length =z where complete crossover

% can occur

%

R=[betal k12 k13;k12 beta2 k23 ; k13 k23 beta3];
teig=expm(-j*R*z) ;

teigbl=abs(teig(1,1)) - abs(teig(1,1)*te1g(3,3)-te1g(1,3)"2);
)

A

Y = m e e
Y2

% FUNCTION R33PHI.M Last Revision: May 4, 1992
YA

function r33phi=r33phi(phi)

%

% finds the phi with the corresponding =z

)

a(1)=1;

a(2)=0;

x=exp(-j*phi);

%

R=[betal k12 k13;k12 beta2 k23 ; k13 k23 beta3];
T=expm(~-j*R*z);

££(3)=(T(1,3)*a(1)+T(2,3)*a(2))/ (1-T(3,3)*x);
££(1:2)=T(1:2,1:3)*[a(1);a(2);f£(3)*x];

r33phi=real(ff(1));

%

./. ke ok 2k 3K ok ok ok ok ok ko ok ke 3 3 OkOK Kk o ko sk ok B RO K KK 30k ak kol kOR K A ke s R ORR AR A o ARk R A R

%

)

% PROGRAM BPHI.M Last Revision: May 2, 1992

h

% This program finds the betal-phi pair needed to acheive proper
% combiner properties (1.e. Output only out of guide 2)

h

% Uses - TFBDB

clear
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global R E1 E z

[/

E=[ .5+exp(-3* 62); .866*exp(j*2.6)];

E=E/sqrt(abs(E(1)"2)+abs(E(2)72));

z=1.8;

R=[8.11.2 .3;... % For R(1,1) enter initial guess value
1.29. .9;...
.3 .9 8.8];

[/

betai=fzero(’tfbdb’,R{(1,1),1e-14,1)

[

R(1,1)=betal;

T=expm(-j*R*z);

ph1=(E(1)*T(1,1)+E(2)*T(1,2)) / ...
((T(1,1)*T(3,3)-T(1,3)"2)*E(1)+. ..
(T(1,2)*T(3,3)-T(2,3)*T(1,3))*E(2) );

ph1=1og(ph1)/(-j)+2*pi;

[/

clc

betal

% FUNCTION TFBDB.M Last Revision: May 2, 1992

function tfbdb=tfbdb(dbi)

% Thais function 1s used to evaluate the difference

% 1n magnitudes of equation 4.22

Rp=R;

Rp(1,1)=db1;

T=expm(-j*Rp*z);

tfbdb=abs ( (E(1)*T(1,1)+E(2)*T(1,2)) / ...
((T(1,1)+T(3,3)-T(1,3)"2)*E(1)+(T(1,2)*T(3,3)~...
T(2,3)*T(1,3))*E(2) ))-1;
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% PROGRAM TUNE.M Last Revision. May 1, 1992
[/
% This program creates a contour plots showing how the
% combiner output given by 4.22
A
4 Uses T2.M
/)
clear
nopts=100 ; 4 number of subdivisions
beta=10:-4/nopts:6 ; h The range of betal values
phi=0:2*pi/nopts:2*p1 ; % Phi range
h
beta2=9;
betal3=8.8;
k12=1.2;
k13= .3;
k23=.9;
Ain=[.5%exp(-j*.62); .866%exp(3*2.6)];
Ain=Ain/sqrt (abs(4in(1)"2)+abs(A1n(2)72));
2=1.8;
for nnn=1:nopts+l
for mmm=1:nopts+l
betal=beta(nnn);
phil=phi (mmm);

e=t2(betal,beta2,beta3, k12,k13,k23,z,ph11)*A1n;
eddy(nnn,mmm)=abs(e(2))"2;

end

end

h

v=[{0,.2,.4,.6,.8,.9,.95,.98,1]

[/

axis(’square’)
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cs=contour(eddy,V,ph1(1:nopts+1),beta(nopts+1:-1:1));
clabel(cs)

zlabel(’Phaste delay i1n feedback Line (radians)’)
vlabel(’Beta 1’)

Y, FUNCTION T2 M Last Revision: Feb. 12, 1992
h

%/ This function evaluates the transfer matix of 3x3
4 coupler reduced by a feedback line

h

function t2=t2(betal,beta2,beta3,k12,kt3,k23,z,ph1)

h

z=exp(-j*ph1);

A

R=[betal k12 k13;k12 beta2 k23 ; k13 k23 betal];
T=expm{-J+R*z);
£2(1,1)=T{1,1)+T(1,3)"2%x/(1-T(3,3) *x);
£2(1,2)=T(1,2)+T(1,3)*T(2,3)*x/(1-T(3,3)*x);
£2(2,1)=T(1,2)+T(1,3)*T(2,3)*x/(1-T(3,3) *x) ;
£2(2,2)=T(2,2)+T(2,3)"2xx/(1-T(3,3)*x);

[/
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[/





