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Abstract

Under WDM system, we often need a broadband device addressing all the
signals. One of the candidates is the adiabatic coupler which exhibits advantages
of insensitiveto polarizations, wavelengths and length of the device. In thisthesis
we proposed and analyzed several special adiabatic coupler profiles through
computing and ssimulating their crosstalk and bandwidths, and their results are
compared. We proposed the full coupler of length 1.2cm which can make the
crossing power over 98% of the input under the wavelength from 1.29 to 1.7um.
Filters that exhibit bandwidth of 106nm near 1.55um and low crosstalk less than

-20dB whether in 1.31or 1.55 bands are also provided in thisthess.
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Chapter 1
Introduction and Overview
1.1 Preface and overview

In early years before the invention of low loss fiber, the band mainly used for
communications are of microwave or radio wave. Many microwave devices are
proposed in that era and one of them relating to my thesis is the one called single
tapered mode coupler invented in 1955[1]-[3]. The coupler was analyzed using the
normal modes, which are just aternative expression of the traditional modal modes.
For the smplest example of norma modes is the even and odd mode used for
explaining the power distribution in a parallel waveguides. But the even and odd
modes are just subset of the normal mode , the normal modes can further survive in a
uniform mismatched coupler. For a non-uniform coupler the ideas of local normal
modes must be used. For a nonuniform waveguide, we can approximate the guide by
the series of uniform sections. As expressed in Fig. 1-1, the profile is independent of z
within each section and is defined at the center z=z_, where it coincides with the
profile of the non-uniform waveguide. Now we approximate the normal modes in
each section as it is infinitely long. It is clear that the modd will be exactly correct
only when the device length isinfinitely long. Due to the finite length of ared device,
we often just can use the loca mode to model approximately a nonuniform
waveguide. The accuracy depends on the relation between the slope of variation and
the device length, which will be covered more in chapter 2. A coupler is caled
adiabatic when it varies very slowly avoiding the coupling of the two normal modes.
Fig. 12 shows the general layout of this coupler. The phase constants of the two
composite guides vary with  reverse direction and cross over at some point of the
coupler, depend on its purpose. For example, if a full coupler is needed, we often put
the matched point at the center of the coupler and mismatched the two guides at the
two ends largely. We are not going to discuss further and more information about full
coupler will be covered in chapter 3. Since the principle of adiabatic coupler is the
power sustained in only one normal mode, it is apparently different with the
conventional coupler which is power redistributed through the interference of the two
normal modes. Interference will suffer the conventional coupler sensitive to
polarization, wavelength and then device length. This is the main reason adiabatic

coupler insengtive to al these parameters.



Since it is impratical for microwave application due to the need of 5 to 10 times
of coupling length of the parallel transmission lines. The wavelength of microwave is
about several centimeters and will make the single tapered mode coupler several
meters long! Because of the reasons above, this coupler is just for fun and useless at
that time. Until the developing of fiber-optic communication, extension of the use of
this coupler from microwave to optical waveguides was firstly proposed by [4] for its
tolerance to fabrication. The device is workable in optical domain since the optical
wavelength is thousands shorter than that of microwave. Because the phase constants
of two guides must match at certain point in this coupler, they called it “ cross beta”
coupler then. An analytic solution of the “cross beta’ coupler was derived under the
constraints of linear variation of propagation constants and constant coefficient [5]-[6].
A Fourier integra interpolation of the first order coupled-loca-mode theory of the
mode-conversion loss in adiabatically tapered waveguide is presented in [7].
Tapering in both dimension and refractive index of different special profiles were
solved numerically and analyticaly in [8]-[11].The first switch using adiabatic
principle is called digital optical switch in [12]. And many variations of the digital
switch are proposed under different structures [13]-[15].The filters, multiplexers and
half power dividers using adiabatic device are proposed in [16]-[20]. Among these
papers, there are some who announce they proposed a new profile that exhibits better
or optimal profiles but we found that they just change the form of the profiles which
had been provided in [3]. Although through many years from [3], we still discuss this
thess partly based on it.

1.2 Motivation of thisthesis

Originally, my job is to design a waveguide structure which is used as the front
end of an optical transceiver. As Fig. 1-3 shows, the laser emits signal of the band near
1.31lum.and transport it to the fiber and the received signals of the bands of 1.55um
must go through another way avoiding destroy the laser emitter. It seems we need a
filter which can tell the two wavelengths. However, we know the bands of 1.55um are
ranged from C band 1.53um to L band of 1.62um. We need a broadband filter which
can well cover al the bands. We found that only the adiabatic device can satisfy our
requirement and then we focused on studying each profiles of this coupler with some

condraints. That' s the place we entrance the gate of adiabatic devices.
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1. 3 Outline of this thesis

In the follow-up chapter we will introduce the norma modes of a coupler, which
is the transformation of the conventional modal modes. It is very necessary because
using the aternative modes we can explain and design the adiabatic coupler easier. In
chapter 3 we will discuss three cases of different constraints containing ten profiles
overall. In each case we examine the differences or relations between theoretical and
BPM crosstalk. The bandwidth of each profiles are listed for comparison, too. Two
examples of application are covered in chapter 4, which are optical switches and
filters. The functions of tapering the propagation constant and coupling will be
lightened through some simple comparison. And finally we give a conclusion to this

device in chapter 5.
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Chapter 2
The coupling principle and model

In this chapter we will discuss the conventional coupler using the principle of
interference of normal modes and then introduce the adiabatic direction coupler to the
reader. Which coupler has some advantage such as wavelength, polarization
insensitive and more tolerances to fabrication over the conventional one. In order to
get a clear picture of adiabatic coupler, we must give the reader an introduction of
what is normal modes in a coupled waveguides firstly, which is the job of the
follow-up section. Then the conventional coupler will be explained by the interference
of the normal modes in section 2. And we will focus on the quasi-norma modes of a
tapered couplers and one of its application, the adiabatic coupler, in section 3 and 4,
respectively. In addition, the broadband aspect, another issue in this thesis, will be
covered conceptualy in section 5.
2.1 Normal modes of uniform coupled waveguides

As we al know there are four normal modes that two ideal uniform lossless
optical waveguides can support, that is, two are in the forward and the others are in
the backward direction. Here we focus on the co-directional coupler so the backward
normal modes will be disregarded. The following equations govern the two forward
modal modes for such a system. The wave amplitudes for the two coupled

waveguides may be written in the form

d . :
d—/;l=- (b, +C)A +jCA,
q (2-1)
% - jca- i(b,+C)A,
dz
inwhich
A\, (z) =wave amplitudesin guides 1 and 2, respectively
b,, = uncoupled propagation consgtants of guides 1 and 2, respectively

C = mutud and sdf-coupling coefficient between the guides

Two assumptions had been made that the guides are lossless, and the mutual and
self-coupling coefficients are identical. Keep in mind that energy conservation will

require C be rea. The wave amplitudes are normalized so that the power in either
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guide is equd to the square of the wave amplitudes.

One may ever seen eg(2-1) in many text books and its solution can be derived
directly. Here we proceed to transform its solution to another form we care instead of
the direct form, that is, we are more eager for the norma modes representations
implicitly in eq(2-1). Taking out a common phase factor and introducing the normal
coordinates NA(z)and NB(Z), we get

A =g bk cos(quN (2)- sna(;%q
) (2-2)

A= —q—N() cofeq
é e2

where we define

b=%(b,+b,)
d =%(b1' bz)

d
t =M =—
coq)=m =2

G=+d?+C? =C+1+M ? °%

a8 o_ |G+d
25 V26
a6 |G-d

Sn ——
24 26

(2-3)

(0]

Among them, we define a new parameter M :%, which is called mismatch parameter

that measure the asynchronicity between the two guides.
Substituting (2-2) in (2-1), we find that the norma coordinates satisfy the

uncoupled equations.

dN, =0
dz (2-4)

c"\|E‘+jGI\IB:O
dz

The norma mode solutions may be written down immediately as
N,(2)=N,(0)e"
N, (z)= N (0)e’=

where N, (0)and N, (0) are the initid values a the start ends and b, are phase

(2-5)



constants of the two normal modes, which equas to J_rG:i% respectively

according to eq(2-3). From eq(2-5) it is clear that unlike the moda modes in
guides A and A,, the normal modes N,and N, never couple through the guides.
N,(2) is called the fast normal mode and N(z) is called the slow normal mode.

The amplitudes in the two guides are given by substituting equations (2-5) into

equations (2-2). |N A(O)|2represents the amount of power excited in the fast normal
modeand |N B(O)|2 represents the amount of power excited in the slow normal mode.

The amplitudes are normalized so that [N ,(0)" +|N, (0)° =1. The wave amplitudes in

the two guides for the fast norma mode are

0
_e
e (2-6)
5
_e
4]

Ai(z):_ Snéﬁ_qge i(b+c-bg)z
€2 g

(2-7)

The fast normal mode has the same phase in each guide and is called the in-phase
norma mode, while the dow mode s called the out- of- phase norma mode.

To get adear picture of norma modes, we can write the overal fidd as
y =AY tAY,
=Ny A tNgy g (2-8)
wherethe y ,,and y ,, are the waveguide fields of each core in isolation and the

normal mode fields, respectively. After some simple manipulation, we can rewritten it



0 .
w=oosgady +inf2Y
e2g

78
QLo

(2-9)

o8

. 0 0
Y o= SnEey , +cosa Y,
€29 [}

So the norma mode fields are the linear compositions of moda fields of the
uncoupled guides, and the coefficients are related to the mismatch parameter, M. In
the case of identical guides M=0, and the two norma fields can be formed as

EIVE
TRV
1.1

sz_Eyl J— 2

Which two match to the even and odd modes of the two identical guides.

(2-10)

€Y (b)

Fig. 2-1 (a) Even mode (b) Odd mode Of a coupler

2.2 Mode Interference Directional Couplers
The two coupled uniform waveguides treated above can be used as a directional
coupler. From equations (2-2) and (2-5) it is seen that the power in guide 1 is given by
al Y- S I \ -
P (2)=[A(2)" =[NA(0) cos"Ea+|No 0} "sin*EZa > sin (@)Re(NA(O)N; (0)e=)

(2-11-9)
and the power in guide 2 is given by



P (2)=1A (2)" =N (O] i *EEa 2N, (0 cos* g Sesin(a)Rel (01N (0e”*)

(2-11-b)
where Cisdefinedin (2-3)

From eq(2-11) we can tell immediately that the two guide powers are formed by
the interference of the two norma modesin eg(2-2).

It is clear that if only one norma mode is excited in the coupler, that is,
N, (0) or N (0) equals zero and then there will no power transfer between the guides.
To be a directional coupler both normal modes excited is necessary. Due to the
interference of the two normal modes, we call this kind of coupler as mode
interference directiona couplers (MICS)).

The beat length of the coupler is defined as the minimum distance between two
points along the guides at which the power in a given guides has its maximum value.
And the half distance of beat length is defined as coupling length Lc=p /2Cwhich
means the minimum distance between the power maximum point and its nearest
minimum point. In the following chapter we will use the minimum local beat length to

be the basic length or distance unit. The coming plot shows the definition of beat and
coupling length.

Beat length

Coupling length

Power

Fig. 2-2 Beat and Coupling length



Often the directiona coupler can redistribute the powers in the two guides. For
the sake of simplicity, we can define a new variable, transfer lossT , which stands for
the ratio of power flowing to the other guide when only one guide mode is excited at
the coupler head end. That is,

_P(L)_ _
T —W—Transfer Loss (2-12)

If, for example, Pl(O):l (@l power initialy inguide 1) and T =1 then al the power
is transferred from guide 1 to guide 2. This will be called a full or zero-db coupler. If
Pl(O):l andT =1/2, half the power is transferred from guidel to guide 2. This will
be called half or 3db couple. T can thus have any value from O to 1 and serves as a
parameter to describe conventiond” mode interference couplergMIC' ).

If b,=b,(a matched coupler), B(0)=1, N,(0)=1/+/2=- N,(0), then from
eq(2-11) , itisseentha

P,(2) = cos?(C2)
and

P,(z)=dn?(C2)
sothat | ,, =p /C.Thetransfer lossisgiven by

_P(L)_ zaqaLo
PO boﬂ

To get a 3db coupler in this case, the coupler is made 1/4 of a beat length long while a
full coupler is made 1/2 of abesat length long.

In general, when b, * b, if both modes are equaly excited, so that
N, (0)=- N, (0)=1/4/2, then from eq(2-11), it is seen that the power in the two guides
becomes

= +;CO
Pl(Z)—E \/m S(ZGZ)
and (2-13)
1 1
2( )_E_ WCOS(ZQ)

Here we plot the transfer loss for several values of mismatch parameter, M. However,
it can be seen from eq(2- 13) that if|M|>>1, there s practically no power transfer,
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P (z) == +—1 COS(ZGZ) »%

2 . IM(2?+4

1 \ (21) ) 1 (14
P,(2)==- ——==—=rc0s(2Gz)» =

2 IM(2) +4 2

while if |M |<<1, there is practically complete periodic power transfer between the

guides.
P(2)= i, 1 cos(2Gz)» L+cod2Cz) _ cos*(C2)
2 \IM(z)*+4 (2-15)
Pz(z):l- ;COS(ZGZ)»LL(ZCZ) =dn?(Cz)
2 M (2)%+4

which return to the case of identica waveguides.

The conventional couplers as we know are very sensitive to frequency, device
length and polarization etc. Sensitive to frequency means the device will not work
over a large frequency band, and sensitive to device length tell us we can’ t accurately
expect the performance of the coupler cause of the fabrication process. And the last
polarization is also important cause it aways introduce extra phase delay such will
disturb the signal’ s pulse shape. By adding more coupling elements and by means of
an ingenious variation of the strength of the coupling. Papers have shown that the
bandwidth may be increased, although there is a fundamental limit to the bandwidth

obtained by such schemes.

2.3 Quas (Local)-Normal modes In Tapered Coupled Waveguides

In this subsection we start to describe the quasi-normal modes in adiabatic
couplers. We must say there exists no normal modes in nortuniform waveguides but
as the title implied there exist quasi-normal modes instead. The word “quas” is easy
to understand that it means some quantity change very dow so we can assume it is
still a constant. Here the slowly varying parameter is the phase constant or the
coupling coefficient. If it changes sufficiently slow, we can assume it be a constant
and the quasi-norma modes exist now. The following work we will focus on the
coupler whose composite guides are function of z in phase constants, bl,z(Z), or the
coupling coefficient, C(2).

In order to see what restrictions must be placed on the variations of b,, b, , and

1



C, consider the following. For symmetry, assume the variation of b, and b,with z
can be expressed by
b, =b-d(2)
b,=b+d(z) (2-16)
C=C(2

bl(zs)zbz(zs) 7

Fig. 2-3(a) variation of the phase constant b and coupling coefficient C

Z=L1

Zs

I

Guidel Guide2

Fig. 2-3(b) The corresponding waveguide layout of (a)

whereb = constant and d (0)3 0. The equations for the wave amplitudes in the two

guides are given by eq(2-1) withb,, b, , and C given by eq(2-16). As the same treated

12



in eq(2-1) with norma coordinates, here we introduce the loca norma
coordinates N A(z) and NB(z).TheIocaI normal coordinates are related to Ai(z) and

A, (z)by

A(@)=en® i o+ ele Jor i o ()N, () nal)Nu (@ @17

A (2)=ef jGoz+ golz )z _.snéelq() N, (2o ()% (Z)z

where al symbols are defined by eq(2-3) but where it isto be understood that C, d,
C andqg are now functions of z. Then, substituting eq(2-17) into eq (2-1) where C,
b, and b, have the form of eg(2-16), we find after smple manipulation that N,
and N mug stisy

dN,
dz

. 1d
JG( )N _Ed_jNBO 'CABNB (2'18)

-ldg_ 1 dMm
2 dz 2(1+M2)dz

where C,; =

The difference of eq(2-4) and eq(2-18) is the coupling term in the right hand side of
eq(2-18). If g or M is constant aong the guides, eq(2-18) will return to eq(2-4)
which describes a uniform coupler. Since it is belong to the mode interference
couplers and had been discussed in preceding section, we are not going to consider it
here. It is clear, then , that there will be some coupling between quasi- normal modes
in a t7apered mode coupler. Such coupling between quas-normal modes will be
called “hypercoupling” to distinguish it from ordinary modal coupling between two
waveguides (as represented by the parameter C). A “hypercoupling coefficient ” h(z)
may be defined by

h(z )_2(31(2) (2!2 G(z§ 2 ;g? (&-19)

which gives a measure of the strength of the coupling between the quasi-normal

modes.
In order for the quas-normal modes have very little hypercoupling, we would

like to make the hypercoupling coefficient very small. That ish(z)<<1, which equals

to
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9 << 2p (2-20)
dz

where | isthe loca besat length in the coupler.

G(z)
So the variation ofq with respect to z must be sow enough compared to the local
beat length. When eq(2-20) had been achieved, there will be a negligible change in
the power of the local normal modes. We can then write down approximate solutions
of eq(2-18) which proceed essentialy in powers of the hypercoupling coefficient.
Thusthe In- Phase Quasi-Norma Mode is given gpproximately by

N, (@)@ B0}, 0)F T e Haz

dz
1 qu 2]r(') qu 2]r( )
.= hd 2-21
4NA(O) dz Qo s dz dz ) (2-21)

and the Out- of-Phase Quasi-Norma Mode by

it (2) 1 209 o (2) .
NB(Z)@ g\ls(o) ZNA(O)QdZ'e dz

1 \qu 2]r(z) dq 2]r(z)
- ZNB(O)QEe O € dz'dz 2 E; (2-22)

where

z)= QZG(Z )dz' (2-23)

If dq/dz=0, itisseen that these become the ordinary norma modes of eq(2-5).

2.4 Adiabatic Directional Couplers
The power in the two tapered guides[by eq(2-17)] is

R(2)=|A(z)’ =cos’ (; jN +sin28g%3NB(z)|2

- sin(q(z))Re(N, (z)NB(z)) (2-24-8)
P.(2)=|A,(2) nzga@l(Za 2)° +cos’ —ﬂN
+sin(g (z))Re(NA(z)N;(z)) (2-24-)

Choosingq (O):O, which neans the two guides are completely uncoupled at the

input end, we can write down the above two equations at the input end as
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R(0)=[N,(O)
P,(0)=IN4(0)°

If at the input end the power only existsin guide 1, ie Pl(O):land PZ(O):O, only one
of the  quas-normal modes  will be  excited under such
condition, N, (0)=1and N (0)=0. And we can derive the dynamic power flow in the

two guides as

R (2)=c0s' B (2 urvleh 0B )rte)rsnta (ol

(2-25-8)
P, (2) @in 50 (2 Ft+v(zh+cos"5a () n(2)- sn(a(2)ol2)

(2-25-b)

where
. 2
n(z):% 63—2 e e )dz = éCABej(“’(bA_bB)dZ dz
- %\qu ZJr( ) dq ZJr( ) _:_ 2-26
v(z) ZRedez 0 = dz'dz ¢ - mlz) (2-26)
D(z)==Re2?" () & 9921 (2)gy 9
e dz @

Equation (2-25) holds whenh <<1.

Since power must be conserved, we must have n(z)+v(z):o. This requirement may
easily be verified in the specific examples treated. If, furthermore, d(z) and C(z) are
chosen so that q(L):p (a full coupler), it is seen from eq(2-25) that power can be
transferred amost completely from guide 1 in the in-phase quasi-norma mode to
guide 2 in the same quasi-normal mode by exciting power in one line only. In fact, by

eq(2-21) — (2-26) we have for afull coupler



R(L)=[Na (L) =n{L)

(2-27)
P,(L)=|N, (L) =1+v(L)

where m and v are given in equation (2-26). Thus, n(L) gives a measure of the
error involved in making a complete power transfer coupler of length L in which only
the w,-mode is excited ifd(z) and C(z) are selected so that: (1) h(z)<<1, al z, and

@ q(0)=0 and q(L)=p. Sincem(L)=|N,(L)*, (L) also gives a measure of the

power in the initially nonexcited mode that is present at the end of the coupler. It is
therefore appropriate to call it the “mode crosstalk” . Since the input power in guidesis
redistributed through the almost unchanged quasi-norma mode, we cal this kind of
coupler as“ adiabatic directiond couplers’ (ADCS)).

In addition, we can express the “mode crosstalk” m{L) in Fourier transform

which we are more familiar [7].

2
3 dq. elids
ds

4

1
n(L)_Zde T4

2
‘Ld—q.e”r (Z')dz" -1

. 2
egedq ‘ 0,12 Gfs Jos (L a) = 1
elLds g

1 2

4

\fd_q

eiuLdu
Q du

(2-28)

where u(s'):z(:)s G(s)ds
f =u(l)
we can see that the crosstalk related to length L is proportional to the square of

Fourier transform of d%u , SO it provide a method to see its performance under any

profilesif du/ds is not acomplex form.

2.5 Broadband Aspect of Adiabatic Directional Couplers

With the developing of wavelength divison multiplexing in fiber-optic
communication system, insensitive to wavelength will be a necessary property of any
devicein the fiber links. For the coupler, the conventional MICs aways cut as certain
length of some designed transfer ratio but the length can only support only the
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designed wavelength working properly. That is, amost al devices are wavelength
dependent. We don’ t believe any coupler can completely independent of wavelength
but the adiabatic coupler will work amost as that in the frequency band of
communication usage, that is, 1.3um and 1.55um. For enlarge the capacity of fiber
links, the OH ' free fiber which flatten the peak near 1.45um might be used for
more broadband WDM system. So here we present the ADCs which working cover
al the region from 1.29um to 1.7um well, their performance will be shown through

the follon~up chapter.
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Chapter 3
Analysis and simulation of adiabatic couplers

In general, a compromise must be made between bandwidth and length of
tapered mode couplers. Several classes of tapered mode couplers will be considered to
illustrate this. Maybe other variations of d (z) and C(z) will eventually prove better
than those considered here but until they are discovered we must be content with what
we have. The ones illustrated here are chosen primarily for mathematical smplicity,
but it will be shown that they should be useful for bandwidths of the order of 3:1,
although physical length of no more than about three minimum local beat lengths are
required. Three Classes of couplers will be considered which will be called,
respectively, constant local beat length couplers, uniform single tapered mode
couplers and the linearization of both widths and separation couplers. The first two
cases are mainly from [3], and the third is from [19]. We provided severa new

profilesin the forma two and we got an exact numerical solution in case 3.
3.1 Case 1. Constant Local Beat Length Couplers

3.1.1 Thecrosstalk issue:
This caseis characterized by

Q(z) =4/d?(z)+C(2) =p/I ,,, = constant . (3-1)

The constraint we put is help smplifying the exponential term in the crosstalk

formula
2 ﬁ
_1 \zd_qezjr(zv)dz-‘ :géd_qeubokdk.
dz 4% dk
— 1 X ' j2pDk' '2
mk.D)=7 Qf (ke ok (3-2)
_dq _z _ L . : . ,
Wheref(k)—a, k=-and D=:=. This rewritten version of m will help us
b0

addressing all complex functions. From eq(2-27), we can see that it is Fourier
Transform like formulaif k=1 ard f (k) is zero outside the range , 13 k3 0. Wecan

say the crosstalk at the ends of guidesn{1,D)is the “Fequency Domain” of f (k). In
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order to get the better performance, that is, the minimum crosstalk( ) and the
shortest device length (D), we should select some profiles of (k) which have
narrower mainlobe and smaller sidebands to let the coupler can achieve the desired
crosstalk at shorter length.

But what kind of functions exhibit this property discussed above? The paper in
[3] had proposed three profiles to comparison, had clamed the Raised cosine
function performs the best. For here, we just retain them and provide another three
profiles to comparison their crosstalk between theoretical and BPM simulation and the

broadband performance. The following table shows the six profiles.

Profiles £ (k) Plotsof £ (k)
(a) f(k):p f W Nl
6
5
4
3
2
1
0.2 0.4 0.6 0.8 1
) f W el
®) £ (k)= stin(pk) 5
4
3
2
1
0.2 0.4 0.6 0.8 1
1/23 k3 0 F Rt
© ()= APk 6
4p - k) 13 k>1/2
5
4
3
2
1
0.2 0.4 0.6 0.8 1
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(d) ¢ (k)=p @- cos(2pk)) f N Ml

0.2 0.4 0.6 0.8 1

(€) f(k)=p @- 0.852 cos(2pk))

0.2 0.4 0.6 0.8 1

(f) f W el

f(k)=p (- 1.19 cos(2pk)+ 0.19 cos (4pk ))

P N W s OO N

Table 3-1 Functions and profiles of f(k)

The profiles (a),(b)and (d) is presented in [3], others are provided here. In fact,
there have been exist some profiles which can minima the sidelobes developed in DSP,
The digital signal processing, in which the profiles are used in the windowing of
digital filter design. For example, Fig. 3-1 is alow pass filter. One can divide it into
three parts as (A)Pass band, (B) Transition band, (C)Stop band. Asyou seein Fig. 3-1,
there exists ripples in the edge of Pass band, this is caused by sidelobes of Fourier
transform of windowing function. And we often hate the region of transition band,
which is better as short asit can. That is affected directly by the width of main lobe of
Fourier Transform of windowing function So for an ideal filter we must use a profile

which exhibit narrower main lobe and smaller side lobes, there are four profiles
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famous in DSP design. That is, Hanning, Hamming, Blackman, and the last Kaiser
functions. The profiles (d), (e), (f) are corresponding to Hanning, Hamming,
Blackman functions. The Kaiser is too complex to addressed, so we drop it here for
amplicity.

Next we show the plots of mode crosstalk at the guide endsn{1,D) related to the
device length D. Note that the theoretical prediction only correct when D>>1.

@
"{1D)= sin ?(pD)

4D?

(b)

cos’(pD 40.]
rr(l' D) = p ? # 1 Theory

0 2 2 6 8 D
© m(1D)
N M
2 ]

TT(:L D) = #4@ -40-_

-100
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(d)
"{1D)= sin ?(pD)

4D°
(€)
p?(a- bD?)*sin?(pD)
m(1,D) = X
a=0.159155
b = 0.0235549
(0 m(1.D)

_p*(p- gp*)' sn?(pD)
D)=
D) D°(D*- 8D2 +16)
p = 0.636618
q = 0.0684366

204
_40:
60
80
-100

-120

Theory

[0]

Table 3-2 Functions and profiles of output crosstalk
The BPM smulation results will be discussed in the next subsection.

From the theory of crosstalk prediction, we can say the profile(d), (e), (f) are all
have small sidebands indeed. The side lobes in profile(d) are decreasing with D, and
profile(e) has nearly equal sidelobes excepting the second. The profile(f) had the
smallest sidelobes, but it has awider main lobe that will make it need longer lengthto
reach the firs sidelobe. But once it reaches the sidelobe region, it realy exhibits
pretty small crosstalk. So we can say that if the crosstalk constraint were not so strict,
smaller than -40dB, profiles(d)and (e) are prefer; if strict, the profile (f) might be a

better choice.

And we aso interested in the variation of crosstalk through the length given

device to help observe the dynamic power flow in the two guides. We have knew that
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the crosstalk is correct under the condition of D>>1 and crosstalk will be smaller
when length is longer, we will compare these profiles at three device length, D = 2, to
see if the prediction made by eq(2-27) will be distortion alot; D = 3.5, to be a normal
oneto compared to D = 6 to seeif longer length will get a better performance.

In Fig. 3-2, we can observe the crosstalk is zero at the beginning of the couplers.
Excepting crosstalk in profile(a), which behave as sinusoidal variation along the
coupler, others are al nearly increasing in the foresection and decreasing in the back
section. It will falls at the ends of the level computing in Table 3-2. We also can judge
that the maximum crosstalk along the couplers will decrease with the longer device
length D. Another important point will be highlighted in next subsection of BPM
smulation.

Knowing the variation of crosstalk along the couplers can help us confer the
dynamic power flow in the coupler. From eq(2-25) we can predict the power flowing
in guides, we add the BPM simulation here for comparison with the theoretical model .
Also three device length are discussed, the same as above, D = 2, 3.5, 6.

BPM smulation
Before we can proceed to compare theoretical model and the BPM simulation,
the first thing essentially is to transform the mathematical model to a real device
layout. In the case we have assumed that the local beet length be a congtant, thet is,
=L
l b0

which is fixed through the coupler. But remember the relation in eg(2-3)

Gk) = 4Jd 2 (k) + C?(k).

we can write

d (k) = - cosg (k)

b0

c(k)= lp—s'nq(k) (3-3)

So the phase constants and the coupling coefficients must obey the two functiors

given above. The six profiles are different on the parameterq(k), which is the
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integration of function f (k)and the boundary conditions are considered, ¢(0)=0
andq (1) =p .

@
q(k)=pk
(b)
q(k):ps'nzggkg
e2 g
(©
1 opk2 123k 0
q(k)_}zp(zk- k2) 13 k>1/2
(d)
a(k) =p &k - —sin(2pk)2
e 4]
(e
g 0852 6
alk) =p & S (2""),3
®

ak) =p §< - 1%gsin(Zpkﬁ %sin (4pk)§

Table 3-3 Functions of g (k)
And the corresponding plotsof q (k) areshowninFg. 3-3

In this figure we observe the slope of profile(d)and(f) at both ends trend to zero,
such a shape we will show you later that it gets better results in crosstalk and
broadband applications.

And the corresponding functions C(k)and d(k) which are expressed normalized to

P aeshownin Fg. 3-4, wherethel | ,isthe minimum local beet length.

b0

Here we sdlect the minimum local beat length to be 2000um at
1.57um, 1 ,, =2000um, and we are now ready to use all these parameters to design

couplers. We have known thatd (k) is half the difference of the phase constants when

waveguides are in isolation. We can change the refractive index or the widths of the

waveguides along the propagation direction to satisfyd (k) but the latter seems more
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practica in rea device so we will adopt it. We use the waveguide core index
n, =1.544, cladding index n, =1.523 to simulate the model. The next figure (Fig.
3-5) shows variations of effective index related to the waveguide widths.

Here we select the widths at the two ends of one waveguide starting at 5.52um
and ending at 6.56um and the other waveguide starting at 6.56um and ending at

5.52um. These two values are selected in order to satisfy the boundary condition of

d(0)=-d (1)=-2-=1570.8. So we can get apair of waveguides shown in Fig. 3-6.
b0

The coupler shown surely hadn’ t considered the variation of coupling coefficient
C(k). Due to the evanescent field is the exponential function of the distance away
from the waveguide core, the C(K) is approximately related to the gap function G(Kk)
asfallow.
C(k): Ae (6(k)-Go)
where A and G, are constants.
So the gap of the two waveguides is proportional to log C(k), we can complete the

overdl device layout now.(see Fig. 3-7)

From the structure of real devices, we can further divide them into three groups:
Groupl: () and (€), these two structures are bending seriously at the two ends. This
group is proven higher loss and smaler bandwidth later.

Group2: (b) and (), their ends are bending outward naturally
Group3: (d) and (f), Ends intend to extend parallelly with the propagation direction.
This group is proven lower crosstalk and broader bandwidth later.

From eg(2-25), we can derive the dynamic power flow in the two guides.
P ()=cos*Ea ()9 mich+sn *a (k)mlk)+sinfa ()olk)

P,(k)=1- R (k)
we will compare it with those computed from BPM simulation at length of D = 2, 3.5
and 6 in Fig. 38. The power pumps into guidel and we check the power in two

guides through the coupler.
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k=1

k=0 J , X
TRk RK

Wefound that the theoretical model and the BPM simulation results are matched

more when length D increases. The reason is simple that the theoretical model only
correct when D >>1. Another note is that the model tell us a some lengths the
crosstalk will be reduced to zero, but we know it is impossible to reach such a good
result due to the length needed is very critical. We must say there are some
estimations when transforming the theoreticad model to a BPM layout, the critical
length of layout might randomly distribute with some variance around the exactly
“zero” place. The probability to choose such a exactly value is equa the one who
choose some real number exactly in continuous domain, which is zero indeed.
Another possible reason is the limit of the machine size value, each value computing
isjust an gpproximation.

We aso found profile(a) has some quivers along the guides especially D = 6. The
reason is the crosstalk in Fig. 32 exhibits sinusoidal variation, which quivers the
dynamic power flow.

In Table 3-2 we had shown the BPM results of crosstalk versus D. We might find
several things interesting. The fist, the apparent jitters on profile(@and(e). Which is
induced from the sharp bends at the ends of layouts in (a) and (e). Second, the phase
terms are ignored automatically as D large enough, which can be seen from (b) to (f).
The blurred phase in longer length possibly induced from the randomized factor
existed in real device, longer device will suffer easier to the random factors. The last
is the mismatched between the theoretical models and the BPM resultsin (d), (e), and
(f). Thisis somehow like the case in DSP. If the functions used getting more complex,
it will require the dimension of the device more critically. Such a critical requirement
will digortion the red device layout.
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Welig dl the data of crosstak at the guide ends below in favor of comparisors.

Profiles | Dvdue | Theoretica Crosstalk(dB) BPM Simulation Crosstalk(dB)
€) 2 -Inf -22.4716
35 -16.902 -19.5721
6 -Inf -30.7608
(b) 2 -19.5994 -23.7932
35 -Inf -35.2440
6 -39.1843 -34.9464
© 2 -Inf -37.7262
35 -31.7057 -38.8535
6 -Inf -46.1206
(d) 2 -Inf -28.7733
35 -37.9250 -37.8671
6 -Inf -43.7462
@ 2 -Inf -42.7092
35 -35.5658 -39.0795
6 -Inf -51.8233
) 2 -16.2777 -25.7150
35 -54.1956 -40.0238
6 -Inf -50.3644

Table 3-4 Output crosstalk comparisons of case 1

3.1.2 The Broadband | ssue

Another interesting point of adiabatic coupler is the really broadband
characteristic. We now scan the wavelength from 1.29 to 1.7um to observe its
behavior. Let’ s begin with the shortest device length of 2D. Here we are not only to
give you the information of crosstalk but also the loss, which is another important

subject of adevice.

D=2

In Fig. 3-9(a), amost al profiles perform well at longer wavelength but decay at

shorter wavelength. Even higher than 10dB crosstalk are occurred at 1.3um band.
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For the purpose of convenient comparison, we defined the bandwidth as the
dimengon of wavelengthsin which the output power in guide 2 (see Fig. 3-9(b)
exceeds 98% of input power. That is, the bandwidth is defined as the band when
power P, exceeds -0.0877dB.

From Fig 3-9(b) we can get their bandwidth in Table 3-5.

Profiles Bandwidth(nm)
(@) 0
(b) 0
(© 0
(d) 176
(e 0
® 164

Table 3-5 Bandwidths of each profilein case1, D =2

Only profile(d) and (f) have bands satisfy the requirement of the definition of
bandwidth. Length limitstheir performance.

Now we proceed to see their loss aspects. We defined the loss as

P +P, O
LOS o 10* L Og Jout 2out I
g Po o

and the average loss

Q Loss(i)
Average Loss=2— —
n

where n represents the number of wavelength scanned and i represents the index of
waveength scanned.
From Fig. 3-9(c) we can get Table 3-6.

Profiles Max L oss(dB) L ocation Average Loss
@ -5.5247 1.648um -3.3649
(b) -0.6427 1.358um -0.2950
(0 -0.4975 1.37um -0.2572
(d) -0.0230 1.29um -0.0049
(e -2.1225 1.29um -0.6179
® -0.0036 1.33um -0.0012

Table 3-6 L oss comparisonsof case 1, D =2
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The “Location” means the wavdength at which the maximum loss occurred.

Fig. 3-9(c) shows the loss of each device over the scan wavelength. It is expected
the profiles (a) and (€) are higher loss devices since they bend sharply at the two ends.
(Fig. 3-7) In addition to broader bandwidth, profile(d)and(e)are almost lossless

devices.

To sum up the graphs shown above, profile (d) might perform best in both the
bandwidth and loss considerations. And for profiles (a), it is the worst one in both
bandwidth and loss. In profile (€) it is expected to perform well in theoretical
prediction but is high loss device, too. The reason is that in the theoretical moddl it
doesn’ t consider the bending effect that profile (€) has, the real model should consider
both of them. We aso show performance of D= 3.5 and D = 6 to see if any effect will
be induced when the length are changed. .

D=35
Now we add the sequence column in bandwidth table for convenient comparison.
From Fig. 3-10(b) we get the bandwidth in Table 3-7

Profiles Bandwidth(nm) | Sequence
(@) 0 6
(b) 80 4
© 52 5
(d) 288 1
(e 140 3
() 260 2

Table 3-7 Bandwidths of each profilesin case 1, D = 3.5

The length had changed to 7000um from 4000um, and it is clear that all the
bandwidth become larger in Table3-7. Larger bandwidth of Profile(a) can also be seen
through Fig. 3-10(b)). The first and the second are the same as the case in D =2. And
the others are till less compared to the first two profiles.
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For the loss aspect we get Table 3-8 from Fig. 3-10(c)

Profiles Max L oss(dB) L ocation Average L oss
@ -7.2812 1.352um -2.1762
(b) -0.1693 1.302um -0.0968
(© -0.1214 1.31um -0.0750
(d) -4.7377e-004 1.29um -2.3126e-004
G -1.3796 1.404um -0.4161
)] -1.9706e-004 1.644um -9.8625e-005

Table 3-8 Loss comparisonsof case1, D = 3.5

It is apparent that al the average loss are much reduced.

D=6
We get thelr bandwidth in Table 3-9 from Fig. 3-11(b).
Profiles Bandwidth(nm) Sequence
(@) 0 6
(b) 410 1
(© 266 4
(d) 388 2
G) 150 5
()] 356 3

Table 3-9 Bandwidths of each profilein case 1, D =6

Now the broadest one is changed to profile (b), which covers all scanning
wavelength from 1.29 to 1.7um sustaining P, exceeds 98%. Profiles (d) is listed
second and profile (f) is closely followed it. Profile (€), which is disappointed to us,
just enhances 10 nm after being lengthened to 1.2cm, is surpassed by (c) eadly.
Profile (8 is Hill the ladt.
We get Table 3-10 from Fig. 3-11(c).

Profiles Max L oss(dB) L ocation Average L oss
€) -5.1233 1.296um -1.7777
(b) -0.0286 1.292um -0.0124
© -0.0737 1.402um -0.0204
(d) -8.2157e-004 1.532um -2.6200e-004




(e -0.8078 1.338um -0.2750

® -0.0021 1.532um -5.0275e-004

Table 3-10 Loss comparisonsof case1,D =6
After giving these figures, we can say that in this case there is no exception that
longer length of the some profile can get broader bandwidth.

3.2 Case 2. Uniform Tapered Mode Couplers
3.21TheCrosstalk Issue
This case aso follows the constraint of [3], which hold the hypercoupling

coefficient be acongtant through the coupler, thet is

where
p=-—— @)
Lgc(v)av

is a constant. Which is the integration of C(z) over the device. In orde for the

weekly hypercoupling requirement is satisfied, p <<1.

For couplersto satisfy (2-22), it can be shown that d (k) and C(k) must be related by
(k)= dk) . 1-2s(k)

= = 3-6
k) 200 s W 0
where
Nc(v)dv
s (0= 8 @7)
oc(Viav
We again face the problem of mode crosstadk, that is
_1l«dqg jor '2: 2 2 :
n(k'D)_ZQWe dk| = p?dn?(r (k) (3-8)

From eq(2-3),and eq(2-18)

G=+d?+C?=C M2+1:% 1

S-S




T -Gn -l ' (k)
=2—;sn (1-25(k)r0

where we have used the rdation of d_s =

dk

We can rewrite eg(32) as

&
nk,D) = p?sn?¢ 2

& dn1(1- 2s (k)

2p

Here we provide four profiles.

Q f B D P Mo

(3-9)

Profiles _,®pb
1,D)= p*dn’g—=
it.0) g 2p g
@ m(1,D)
C:p_ Oj
| 10]
bo ]
=204
.30
_40:
.50
601
703 . :
D
®) D)
p Oj Theory
Clk)= 1- 0.852 k 104 —==—BPM
=52 bo( cos(2pk) "
_30:
_40:
-50 1
-60:
0 2 ) s
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©
18
C :p_e-t?(- EZ‘

IbO

t = 10.1072

(d

i C, + mK KEt
C:% C, t<k<l-t
Lom(k+t- 1)+c, 1-t£k

C,= 0.082 -60

where I ER N ID
t=0.430633

C,-C,
t

m=

Table 3-11 Functions of coupling and profiles of crosstalk
The BPM simulation results will be covered in the next subsection.

The crosstalk between profiles(b) and (c) are hard to differentiate because their p
vaues are dmost the same, see Fig. 3-12.

The crosstdk at the output of the coupler can be written as

e snzg‘% L(SC(k)dkg
m(1, D)= p2sin i i Z (3-10)
?.Qc(k)dk—

Which told us its envelope is proportional to the inverse of the square of integration of
C(k) along the guides.

Since the hamming and the Gaussian profiles are nearly overlay, amost the
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same area below the C(k) can be imagined. So we can expect their performance of
crosstalk and performance will be very dike.

As treated in case 1, we now consider the crosstalk through the guides when
device lengths are given, D is known. Three values are provided here for comparison,
D =2,35,6.(InFig. 3-13)

From Fig. 3-13 we observe that they have more than one maximum as in case
1(excepting profile(a) in case 1), and the local maximum increases as D increases.
Which a phenomenonwill quiver al dynamic power flow, as case 1(a).

We aso found that the peak vaue of crosstalk decreases as D increases.

Next we consder the real device layout.
BPM Simulation
Before we can start our layout to simulate, we need two parameters, C(k)and d (k).
The C(k) we have known since its our choice, it seems simple the other one can be
derived from eq(3-6). However, we find the values of M (k) are positive and
negative infinity a the guide ends. We cari't use it without further reform.
In order to make the boundary valuesof M (k) to be finite, we reform it below.

The origind function,
A 0
2c—=-s (k)+
M (k): \/1- 2s (kz _ 62 (%] - (3_11)
2{s (k)-'s *(k) \/1- 228%-3 (k)2
e a
Now we use a unknown to replace “2”.
ag>-s (k)2
M (k) @—= 2 (3-12)
\/1- azgelz- s (k)2
e a

For here we assume the boundaries of the two endsM(O):loand M(l):- 10,

respectively, and a =£can be derived directly. Profile of M(s) isshown in Fig.

~101
3-14
Now we can derive thed(k) directly from eq(3-6) and its variation is plotted in Fig.
3-15.



Here we select the same parameters as case 1,

Minimum loca besat length | o, =2000um
Waveguide Core Index n, =1.544
Waveguide Cladding Index ny =1.523
Tedting Wavdength | =1.57um

Table 3-12 Simulation parameter s of case 2

We can get the device layout in Fig. 3-16. We can see the widths of the first profile
changed from 2um to 10um, which a variation must |eave the guide away from single
mode and additional terrible loss. We will discuss it only theoretically but not BPM
smulation.

We aso compare the dynamic power variations in guides between theoretical
model and BPM simulation in Fig. 3-17. Asin case 1 treated, three device lengths will
be considered, D = 2, 3.5, 6.

The power pumps into guidel and we check the dynamic power in two guides through

the coupler.

k=1
k=0 J ., X
TR RW

From Fig 3-17 we do observe the quivers in al profiles, and we might judge that the

model and BPM simulation will not match well when the local maximums increase in
Fg. 3-13..

We can find that the BPM simulation results in Table 3-11 are well matched with
the theoretical model. In fact only case 2 can match so perfect through this chapter,
and that represents in this case those functions used to built the device layout is not as

critical asthe case 1.



We ds0 give the output crosstalk of the three values of D in this case.

Profiles | Dvdue | Theoretica Crosstalk(dB) BPM Simulation Crosstalk(dB)
@ 2 -18.7616 NaN
35 -19.6762 NaN
6 -21.9860 NaN
(b) 2 -13.3564 -12.8775
35 -29.5406 -34.0912
6 -22.3619 -34.1155
© 2 -13.7311 -13.2864
35 -27.2500 -43.2208
6 -21.4461 -29.3768
(d) 2 -28.0485 -24.4709
35 -15.9621 -16.1489
6 -24.3844 -16.3809

Table 3-13 Output crosstalk comparisons of case 2

3.2.2 The Broadband I ssue

In the subsection we scanned the three profiles using the same range from 1.29to
1.7um as preceding case. And the definition of bandwidth and loss are the same as the
preceding case.

D=2
From Fig. 3-18(b) we get the bandwidth in Table 3-14. The line in Fig. 3-18(b)
masked -0.877dB isjust for the bandwidth measure.

Profiles Bandwidth(nm) Sequence
(b) 182 3
(© 186 2
(d) 280 1

Table 3-14 Bandwidths of each profilein case2, D =2
Although the lengths of these devices are just 4000um, their bandwidths are
larger than the onesin case 1. Thefirst is profile (d), and the other two are almost the

Same.



From Fig. 3-18(c) we get the follow-up Table.

Profiles Max L oss L ocation Average L oss(dB)
(b) -0.0092 1.608um -0.0028
(©) -0.0099 1.602um -0.0035
(d) -0.0206 1.29um -0.0035

Table 3-15 L oss comparisonsof case2, D =2

All the three profiles exhibit pretty small loss. We can found that the loss even
larger than zero near 1.7um, it means the power is enlarged through the device. That’ s
surely impossible and the reason is probably limited by approximation of the beam

propagation method.

D=35
From Fig. 3-19(b) we get the bandwidth in Table 3-16.
Profiles Bandwidth(nm) Sequence
(b) 332 1
© 328 2
(d) 252 3

Table 3-16 Bandwidths of each profilein case 2, D = 3.5

The former champion has down to the last position in D =3.5 since there is a

deep near 1.65um.

From Fig. 3-19(c) we get the device lossin Table 3-17

Profiles Max L oss L ocation Average L oss
(b) -0.0031 1.532um 0.0041
(©) -0.0035 1.532um 0.0036
(d) -0.0099 1.334um 5.3279e-004

Table 3-17 L oss comparisons of case 2, D =3.5

The vaue of loss is not true but the trend might be right so we retain the results here.

Theloss are dl reduced when length increasesto D = 3.5, as is the same as case 1.

D=6

From Fig. 3-20(b) we derived the Table 3-18.
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Profiles Bandwidth(nm) Sequence
(b) 332 2
© 328 3
(d) 364 1

Table 3-18 Bandwidths of each profileincase2, D =6

Although profile (d) has large crosstalk near the band of 1.55um, but it perform
better in the band of 1.6-1.7um and wins back. The others are exactly the same asin D
=3.5. The broadband issue must consider all the bands but not only some critical
wavelength, that is the job of the preceding crosstalk issue. Smaller crosstalk at some
wavelength (1.57m) can not promise it can work over broader band. So there exists
weakly relation between the results of Table 3-10 and dl tables in this subsection.

From Fig. 3-20(c) the device loss are shown in Table 3-19(c).

Profiles Max L oss L ocation Average L oss
(b) -0.0011 1.54um 0.0040
© -0.0013 1.53um 0.0036
(d) -0.0037 1.628um 0.0011

Table 3-19 Loss comparisons of case2, D =6
Over the loss comparisons of this section, we can conclude profile(b) exhibits the

lowest loss.

3.3 Case 3. Linearization of Device layout
3.3.1 Thecrosstalk issue

After following the preceding two cases, let's consider the constraint of
linearization of the variation of widths and the separation of the two guides. Such a
guide layout had been proposed in [19], which had provided an optimal design way.
However, the process in that had ignored the phase terms and some mismatch between
their models and the real device is expected. Here our job is to search the real optimal
parameters without dropping the phase terms and compare the crosstalk among the
two design ways

As fig. 3-21 shows, this kind of couplers can be divided into three regions. Wid
is the widths of the guides, and G is the separation between the two guides, these two

parameters both linearly vary with propagation distance. In order to get a clear picture
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of the mode crosstalk in this case, we need consider the phase terms using eq(2- 26)

2

1

4

cdq
dk’

2
ejzf(k')dk" :‘5CAB(k')e"2f(k')dk'

where CAs(k):E(;W)Z—I\:’M isgiven aseq(2-3), M :% .

Now we define M ,and M, which are the asynchronicity parameters at the input of
Region 1 and Region 2, respectively. Here we select M ,=10and M,,=0.8 in
order to let theC,, (which is the value in Region 2,C,, )andC
at the input of Region 1,C,,)to be the same as in case 2. We also denote the length of

(which is the value

min

, L : -
the Region “X” asD, =—, where thel , is the minimum local beat length. Here
b0

we use the optimal designin [19] that

y =097@
f b
So D,=D,=D,=D/3, which a ratio can minima the crosstalk under constant

coupler length. Using all above parameters, we can plot the C,; (k)and r (k) and then
integrate them using eq(2- 26).(see Fig. 3-22)

Below (Fig 3-23) we show the relations between crosstalk, m,,.(1,D) and
device length, D. And here we also draw the result of [19] for comparison, which is
denoted asm,,gq.(L D). Since in [19] they didn’t consider the phase term, they
predict a higher crosstalk indeed and that is not a tight bound. And the BPM resultsin
Fig. 3-23 will be discussed in latter subsection.

The following given (Fig. 324) is the dynamic crosstalk through the coupler.
Two things are notable here. The one is the maximum of crosstalk decreases as D

increases and the other is the number of pesksincreases as D increases.

BPM Simulation

Almost through the same process as the preceding two cases, we get the device
layout.

We here dill use the wavelength of 1.57um to smulate the crosstalk.’
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Minimum loca besat length | o, =2000um
Waveguide Core Index n, =1.544
Waveguide Cladding Index ny =1.523
Tedting Wavdength | =1.57um

Table 3-20 Crosstalk simulation parametersof case 3
And the waveguide layout is drawn in Fig. 325. All parameters are the same as in
case 2.

In Fig. 323.the variation of the crosstalk with the length is plotted. We found
that the theory-phase included and BPM lines mismatch at longer device length. The
line of BPM is gpparently phase lead the theory one.

The following table compares the crosstalk of theoretical computing and BPM
simulation. We can find that the phase included crosstalk not only more close to the
BPM results but also predicts there is a peak near the length of D=3.5, which is
impossible for the envelope prediction in the “without phase’ crosstak.

D vdue | Theoreticd Xtak(dB) Theoreticd Xtak(dB) BPM Xtalk(dB)
(without phase) (phase included)

D=2 -9.61 -29.12 -49.74

D=35 -14.47 -19.354 -23.42

D=6 -19.15 -31.56 -45.62

Table 3-21 Output crosstalk comparisons of case 3

Further Discussion

Does the “optima” ratioa given in [19] really perform best result? We can change it
to see if it is the one that exhibits the smallest mode crosstalk. Here we use BPM
smulation to search the optimala  under different lengths.

The coming plot (Fig. 3-27(a)) shows that the theoretical prediction is well matched
with the BPM simulation results if the device length is shorter then D = 4.5. But they
start to mismatch when the length becomes longer.(Fig. 3-27(b)). In Fig. 3-27(b) we
can see the difference is evident especially largera . The reason of mismatch in longer
device must be the random phase effect induced in device layout. Fortunately we
often need a shorter device in real world so the theoretical model can still work
correctly. No matter how the length of the device is, we found there is no fixed

optimum length ratio existed. In [19], it is written as a form independent of device
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length (a =1 in this case) and now we prove thisis not be true.

3.3.2 TheBroadband issue

Here we focus on the comparison of bandwidths in different length. As the
preceding cases treated, the bandwidth is defined as the power in guide2 exceeding
98% of input power at guide 1.
From Fig. 3-28(b) we get the following table.

Length Bandwidth(nm) Sequence
D=2 302 3

D=35 322 2
D=6 378 1

Table 3-22 Bandwidths of each profilein case 3
Longer device exhibits broader bandwidth. This has been proved again.

From Fig. 3-28(c) the loss are listed below.

Length Max loss L ocation Average L oss
D=2 -0.0204 1.700um -0.0050
D=35 -0.0068 1.700um 0.0010
D=6 -0.0092 1.648um -0.0015

Table 3-23 L oss comparisons of case 3
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Fig. 3-9(a) Power in guide 1, case 1, D =2, scanned from 1.29to 1.7um
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Loss(dB)
0.030 -
0.025—-
0.020—-
0.015—-
0.010—-
0.005—-
0.000—-

-0.005 .

-0.010+

Fig.3-19(c) L oss comparisons of case 2, D =3.5

P,(dB) -

-10-
-20-
-30-

‘40 N \\\

-50-

‘60 T T T T T T T T T
1.3 14 5 1.6 1.7
| {Um)
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Chapter 4

Application Aspect

One may wonder how we need a full coupler since all power flowing into another port
that really makes no meaning. In this chapter two devices, switch and filter, using

adiabatic principles will be covered, which are workable over larger bandwidth. And

the influences of two basic characters of adiabatic device, tapered coupling and widths,

are shown through comparison with the conventiona device.

4.1 Broadband Optical Switch

Optical switch is one of the key components for optical communication and
optical signal processing. With the devel oping technologies of WDM, we often need a
broadband switch which can work well over the wavelength being used in
communication, the band of 1.31um and 1.55um. Using the OH *free fiber the
operating wavelength can even range from 1.30um to the L band of 1.62um. One of
the candidate switch can support such a broad range of wavelength is the adiabatic
switch, which can be formed only added a heater on one of the guides to tune the
mismatch phase congtants.

We have known the principle of adiabatic coupling is the crossing match of
phase constants at the coupler center. If a heater is added to change the refractive
index of one of the coupler guide, we can move the match point of phase constant out
of the strong coupling region and findly mismatch the two guides.

Fig. 4-1 shows the two states of the switch. The phase constantsb, and b, are
assumed linear variation along propagation under switched state. If the turned on
heater raises the temperature of guide 2 and changes its refractive index, the phase
constant of guide 2 will turn to the unswitched state, b, which will move the match
point of phase constants away from the strong coupling region near the center of
coupler and then stops the power flow across the two guides. The same structure can
also be replaced by electro-optic material such as LiNbO, or carrier injected type
method such as GalnAsP/InP [15] but for here we use the polymer material, BCB4024,
which exhibits the thermal-optical coefficient of- 1.5 107*/°C .

Fig. 42(A) shows the adiabatic switch layout. Excepting the heater component
added on guide 2, all parameters and materials are the same as in case 3, chpater3.

Other profiles discussed in chapter 3 can also be used for switch but picks this one
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mainly dueto its ease of fabrication

Another two structures are compared to the adiabatic switch, case A is consisted
of two identical parallel guides formed a conventional coupler and case B is the same
asthe former excepting the tapered coupling. These two samples will help us see what
are the advantages of the tapered width and the tapered coupling in adiabatic case.
Ther diagramsarein Fg. 4-2(A) and (B).

All three devices are 7000um long anda is defined in preceding chapter. The
value ofa selected in case (B) is for the coupling optimum. The refractive index of

core n_. and n are used of polymer materials, BCB4024 and BaK2, which

core cladding

are 1.544 and 1.523 at 1.55um, respectively. And the thermal-optic coefficient of
BCB4024is- 1.5 10*/°C.

Fig. 43 indeed shows the differences of paralel and tapered guides, and of
constant and tapered widths. The coupler of parale guides exhibits large
sinusoid-like sidelobes through al scanning range. These sidelobes can aways
unstable the device controlled in a system, due to possible severely output power
change even when very small shift of temperature control. In the tapered separation
but non-tapered width guides coupler the side lobes are apparently mitigated and it
converges to unswitched state very soon compared to the adiabatic coupler. Up to now,
we have known the tapered guides exhibits the advantages of eliminating sidelobes.
However, the tapered width in adiabatic coupler spoils the performance of transition
since it has a larger mainlobe and thus will take more time to raise temperature of
unswitch state. If this be true, why we need such a tapered widths coupler? The
answer isin Fg. 4-4.

It is clear now that the tapered width can help the switch working in much more
broad bandwidth in both switched ( DT=0) and unswitched (DT =12) states.
Figgured-4(a) and (b) show the crosstalk of unswitched and switched states,
respectively. For now we can give a summary that the tapered coupling and widths of
an adiabatic coupler can help eliminate the sidel obes in the switch transition state and
give abroadband identity in such adevice.

From the preceding chapter we have compared several profiles under different
lengths, and now we also compare the switching characters of adiabatic switches with

different lengths. In Fig. 4-5 we show the output power versus the temperature
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changed over guide 2 a wavelength 1.55um.
In the switched state, ieDT =0, the dynamic coupling is the same as discussed in
preceding chapter. When the temperature in guide 2 raises or lowers gradualy, the
power in guide 1, P, starts to raise to 1. And in this diagram you can see longer the
device length, faster P, approaches one, which might mean that it is unnecessary for
longer device raise so high temperature as for shorter one and correspondingly
reduces the switch time. Fig. 4-6 shows the issue of broadband.

In the switched state it is the same as discussed in chapter 3, but in the
unswitched state we can see longer device length will exhibit less crosstalk which is
different in the switched state that D = 3.5 induce more crosstalk than shorter length

of D =2. Thetwo plots are just for a reference and we will not discuss them further.

4.2 Broadband Optical Filter (WDM Filter)

In a subscriber WDM system, filters separate the bands of 1.31 and 1.55um are
needed, and these filters are often called WDM filters. The passband of filters should
be broad enough to cover al the using channelsin C and L bands, that is, ranges from
1.53 to 1.62um. Due to such a broad bandwidth needed in operation, the adiabatic
filters are one of the candidates. The principles of directiona coupler filter can be
found in many text books so here we will just explain it conceptualy. We al know
only the phase match of two guides the power can flow completely to another port. If
we tune the refractive index and structure of one of the guides to match at some
designed wavelength, we will find that it will leave the matching condition when the
operationd waveength shifts.

Excepting the designed wavelength, we see the two phase constant lines in Fig.
4-7 separate further when leaving away from the designed wavelength. Such a
machenism can clearly be used as a filter. For now we still provide three basic
structures for comparison, which are al designed matched at wavelength of 1.55um in
Fig. 4-8.

The thinner guide is simulated using another polymer material, CN120-S80, of
which the refractive index is 1.5547. The other guide and the cladding are both the
same as the switch

All three structures in Fig. 48 are of two different guides designed matched at

1.55um. And as the preceding switch case we provide the three to see what are the
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functions of tapered coupling and tapered widths. Case A contains two guides of
uniform coupling and widths. Case B (which had been proposed in [17], and the
advantage of tapering of a filter is studied in [21]) adopt the tapered coupling but
constant widths. Case C, which based on adiabatic coupler, surely has tapered
structures of both coupling and widths. We should note the device lengths are dightly
different due to tuning to its optimum filter function.

Output P, Output P,
1.31um band 1.55um band

ﬁlnput P =1
1.29um ~1.7um

As the above indicated, we pumped all power of wavelength distributed from
1.29 to 1.7um into guide 1 and observed the outputs.

It' s clear from Fig. 4-9 that the case A oscillates seriously outside the narrow stop
band of guide 1 and lengthen the transition band making it ineffective in operation.
Using the tapered coupling in case B, it apparently eliminates the sidelobes of case A.
This behavior is like the case B in preceding section, which is in the temperature
domain. The reason that the tapered coupling can eliminate the sidelobes is amost the
same as the case of grating. When weakly coupling between two modes, the power

can be written as the formula below [22]

A (L)»- jQLC(z)e(p(- 2jdz)dz

It is assumed that AZ(O):O. So outside the strong coupling region, the behavior of
power in guide 2 is proportional to the Fourier transform of the coupling coefficient.

The case A in switch or filter holds coupling constant mapping to a sinc alike function
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which has significant sidelobes, and the tapered coupling used for migrating the
problems can be imaged now. The same method is often used in a grating, too.

Besides tapering the waveguide separation, tapering the widths can also provide
additional advantage of broad bandwidth. If we need a crosstalk less than 10dB near
the 1.55um band, then only the adiabatic can sustain over the range of 1.5 to 1.64um.
The only priceis the deterioration of crosstalk at exact 1.55um compared to case B.

Fig. 410 shows the adiabatic filter in different lengths. We can see when the
device becomes longer, the filter exhibits more bandwidth and abbreviate the
trangition band between the bands of 1.3 and 1.55m.

We defined the bardwidth as the band of crosstalk lower than -20dB near the
communication band of 1.55um.

Device _ Crosstalk at
Range(um) Bandwidth(nm) _
Length(cm) 1.31lum(P2 in dB)
0.7 1.544~1.566 22 -24.35
12 1.514~1.596 82 -30.96
2.0 1.504~1.610 106 -35.58

Table 4-1 Bandwidths and crosstalk comparisons of adiabatic filters

For the three different lengths we found that longer device can exhibit broader
bandwidth and lower crosstalk.

Summary

We had demonstrated two adiabatic devices of switch and filter, and compared
with the conventional ones to point out the advantages of tapering in separation and
widths. The tapered coupling can help mitigate the significant sidelobes and the
tapered widths can enhance its working bandwidth. And we proposed filters that
exhibit bandwidth of 106nm near 1.55um and low crosstalk less than -20dB whether
in 1.31or 1.55 bands.

In both adiabatic devices, longer one can aways reduce transition band
obvioudly, but more space and cost are paid. There exists a trade off between the

transition band (in wavelength or temperature domain) and the length of an adiabatic
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device.

Fig. 4-1 Phase constants of different states
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Fig. 4-2 The switch layouts
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Chapter 5
Conclusion
In this thesi's we had done that:

1. We provided three additional profiles originally from DSP application to the
adiabatic couplers and their andytic form of crosstalk are derived.

2. We predicted the performance of the dimension linearized coupler more accurately
with phase considered and proved that the optimum length ratio in this case should
depend on the length of the device.

3. We had shown two examples of applications in switches and filters and derived
thefilter of length of 2cm which had bandwidth of 106um.

Better performance can always be observed as long as we lengthen the
device. We had not found the optimal profile of the adiabatic coupler since the
complexity of mathematical form of crosstalk. Even if the optimum profile exists,
that will be a complex function and require much critica parameters in
fabrication. Another way of shorten the length instead of searching the optimum
profile is to enlarge the evanescent wave and reduce the beat length and overal
length can be shorten. This will be more practica compared to model

computing. .
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