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Abstract - A Eimple design method to suppress
the sidelobes in the directional cofZbler-type light
power splitters is presented. Couplers with
variable differences along the guide axis and the
evolution of propagation constant between the
waveguides are investigated, and the optimum
profiles of the variation of the propagation-
constant difference are designed for desired
given power responses. A number of filter
functions are used to model a coupler with relax
length requirements but fulfilling the sidelobes
standard. It is found that Hamming filter
function offers the best sidelobe and maximum
length constrain.
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L. INTRODUCTION

Directional couplers are frequently used in a
number of applications such as power dividers,
wavelength selective and polarization splitters [1].
However, because of its interferometric behaviour,
it requires a strict fabrication tolerance, especially
when used as a switching device [2]. Additionally,
in silica-on-silicon, directional coupler switches are
impractical, because of the thermal crosstalk which
occurs between the two closely adjacent
waveguides.

To improve tolerances (and to suppress the
sidelobes in the device's switch characteristics)
several modified designs of coupler were proposed
for Ti:LiNbQ, devices. These include devices with

tapered gap between the guides [2][3], tapered
guide width or indices [4]-[6], and both tapered gap
and tapered width [7]. A useful performance
improvement was obtained, at the cost of a slight
increase in length and switching voltage. However,
there is another advantage. The use of a tapered gap
makes these structures inherently more suitable for
implementation as a silica-on-silicon device, since
the waveguide separation may now be much larger
in regions where a significant thermo-optic effect is
desired.

Around this time, Silberberg et al. demonstrated a
rather different hybrid X-junction switch, known as
the ‘digital switch’, with a tolerd&ke in fabrication
and operational conditions [8]. It has a step-like
switch response, which eliminates precise voltage
control; even more usefully, it is insensitive to
polarisation and wavelength. Following this, Syms
et al. proposed an analogous ‘digital directional
coupler’ with a similarly desirable switching
characteristic. The design was based on a linear
taper in guide width combined with a parabolic
variation in guide separation [7]. As in the hybl
X-junction, the device’s operation is dependent on
the evolution of a single normal mode due to the
gradual change in shape of the device with
distance, rather than by the beating of two modes as
in a conventional coupler. Power transfer occurs in
the middle of the structure, where the gap is
minimum and the two guides have equal width.

Xie et al. [9] of the Heinrich-Hertz-Institute, Berlin,
fabricated prototype GalnAsP/InP devices to this
design, using an e-beam writing system with 50 nm
resolution to lay out the structure and
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approximately the predicted performance was
obtained. However, they showed that to get full
power transfer in the unswitched state, the design
parameters must be chosen with care. The reason
was discovered in a later paper [10]; this showed
that a particular relation between the coupling and
dephasing variations was required to obtain low
crosstalk, because it minimised coupling between
the normal modes of the structure by maintaining a
constant separation between their propagation
constants.

In this paper we extend the approach of [10] in a
systematic comparison of four mode evolution

coupler designs that appear to allow good
performance without excessive length, with
parameters suitable for silica-on-silicon. The

analysis is performed using weak coupled mode
theory, in which the physical device shapes are
abstracted into suitable variations of the coupling
and dephasing parameters.

II. COUPLED MODE ANALYSIS

To analyse the structure, we first construct a
suitable theoretical model. In the geometry studied
here, we shall consider a coupler consisting of two
waveguides with tapered width and gap, leading to
a taper in velocity mismatch and in the variation of
the coupling coefficient as shown in Figure 1. The
variation of the former is antisymmetric, while that
of the latter is symmetric. Propagation is assumed
to take place mainly in the z-direction.

Guide 1

Guide 2

Figure 1. Geometry of a coupler with tapered velocity
and tapered coupling; wy and w» are the widths of the
two guides, g(z) is the inter waveguide gap and g is its

lowest value.
We assume that both guides are weakly guiding and
single moded; the widths and separation of the two
guides vary slowly and gradually, so that the mode

@pliludes also vary slowly with distance and weak
coupled mode analysis can be used. To describe the
power transfer process, approximate coupled mode
equations defining the change in the mode
amplitudes for two guides can be written in
compact matrix-vector form as [7] :

——=-jM A (1)

where 4 = J4,,4,}7 is a vector representing the
amplitudes of the modes in the isolated guides 1

and 2, and M is a 2x2 matrix defined by :
_ A8 K
M = 2
{ K - Aﬁ} v

Here, Af is the mismatch between the propagation
constant of each waveguide relative to a mean
value f, and K is the coupling coefficient. All
parameters are a functiofff§f distance z. A solution
to Equation (1) is now attempted in the form of
summation of the normal modes of the structure in
the limit of adiabatic variation, as:

A= chp(—j_[ Tdz)C (3
L]

here C = {C,, C3}7 is a vector containing the

amplitudes of the two local eigen-modes, V' is a
2x2  matrix containing the local normalised

eigenvectors V) and V, arranged in columns, and

[ is a diagonal matrix of the corresponding
eigenvalues y; and .

If this is done, Equation (1) can be rewritten to give
alternative coupled mode equations that now
describe p@lkr transfer between the two
eigenmodes of the complete structure rather than
the modes of the isolated guides, as in [10]:

ac,  _ dv,
gz— (lsl . E] exp {+J‘u (}'I - }'2 ]a’z}Cz

(4)
dc,

_ dy
e ew ] n -
o

Now, consider the full power transfer condition,
and ask how we should choose the spatial
variations of AZ and K to restrict mode conversion
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as far as possiblé One way to do this is to set the
dephasing term (y—p) to the maximum value
allowed by the system, since this makes the
exponential terms in Equation (4) vary rapidly with
distance, and hence implies that amplitude
contributions coupled from one eigenmode to the
other do not combine coherently to yield significant
overall power transfer. This can be done by putting

[10]:
n=yK? + A =y, =K, 5)

where K, is a constant dependent on the particular
waveguide system, so that :

n-r2=2K, (6)

If this is done, we may write the coupling and
dephasing terms as trigonometric functions of the
form:

K = K ,sin(0)

AB =K, cos(0) "
where & is a new variable. It should be noted that
K. and Af are now no longer independent, so that
the problem is less open-ended than before [13].
With this notation, the local eigenvectors can now
be written as :

v, = {cns(g), sin(g)}r

vy = {sin(g),— cns(g)} '

Equation (8) shows clearly that the eigenvectors are
orthogonal to each other and effectively transform
as they propagate through the structure by rotation,
at a rate determined by the variation of the angle 8
with distance.

For full power transfer (say) from a launch in

Guide 1 to an output from Guide 2, the vector TJI

must evolve from {I,O}I to {O,I}T through the

length L of the device. Consequently, the structure
should have boundary conditions of # =0at z=10
and @ =matz= L.

Differentiating Equation (8) and taking dot
products, it is simple to show that the central
coefficients in Equation (4) become:

dvy, 146 _ dv,
"W T2dz - "27dz ©
so that Equation (4) itself reduces to:
dc, g .
= 24 exp(+27K,2) G |
c, 1 1o

0 .
B 24 exp(-2/jK,2)C,

1 d6
Equations (10) imply that the term 3 which
4

we term the ‘shape function’ of the device, is in
fact a coupling coefficient between the eigenmodes,
while the term +2K, is a dephasing parameter.
Furthermore, the use of Equation (6) renders this
parameter both constant and large.

It is well known from prior coupled mode analysis
of directional couplers and grating filters [3][14],
that there exists a Fourier-transform like relation
between the spatial variation of the coupling
coefficient K(z) and the dephasing length ASL
(although this is strictly valid only in the limit of
very weak coupling). By analogy we may see from
Equation (10) that there will also be a Fourier-
transform like relation between the shape function
and the value of the coupling length K, L. Suitable
shape functions may therefore be selected from the
set of window functions used to obtain low
sidelobes in conventional signal processing
problems, subject to the additional constraint that
they must be realisable in a physical device like a
coupler using a positive coupling coefficient
variation only [10]. This restriction does not apply
in the case of a grating device, since the phase of
the grating fringes may vary.

A number of different filter window functions are
known to exist. These are conventionally optimised
against particular design criteria (sidelobe level,
passband ripple, etc), but have not been developed
by a systematic and unified procedure. The most
useful are the raised cosine, Hamming, Blackman,
Kaiser, and Dolph-Chebyshev functions. In this
case we consider the first three, together with a
simple rectangle function. Each is known to give
good sidelobe suppression, and is thus potentially
suitable for our application, although slightly
different performance is to be expected here due to
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the requirement for strong coupling in a practical
device, for reasons of high efficiency. Forms of
these functions that achieve the correct initial and
final values of & over the range () <z <L are then
given by [10][15] :

1do =«

—— = rectangle
2dz 2L

1d6_7 _ 7 45275

2dz 2L 2L L

raised cosine

lﬁ s 08527 ) 2rz

2a: 21 2z

Hamming (11)

1do _ m _ 1,19?2’(:0‘;[2}'2'3]_'_ l],lgfrcm(-‘-l;rz]
2dz 2L 2L L 2L L

Blackman

In each case, the function is non-zero only within
the device length, falling to zero outside. Figure
6.2(a) shows the wvariation of all four functions.
Clearly the rectangle function has the most abrupt
transition at the input and output; the other three
functions are smoother, with the Blackman being
the smoothest overall at the input and output but
reaching the highest peak.

all T AR
‘l
‘ \
=
L e N
= [
- . = = =pectanghk "
+ B
r raised cosine
Hamming
= - = = -Bhciman o
n T T T T
1] 02 0.4 L X3 0.8
Normalised dstance =L
(a)
Figure 2 (a) Variation of the window functions
1do

——— with normalised distance for each of the four

2 dz

expressions in Equation (11)

Equations (11) can obviously be integrated between
the input of the device and an arbitrary point z to
find the corresponding variations of &  with
distance, which we term the ‘rotation functions’, as

Tz
G=— rectangle
L
9 Tz 05 s 2az - ed cosi
=7 sin( 7 ) raised cosine
0="2_04265in(>= Hammi
=7 426 sin( L) amming

(12)

0= "2 05952 5in(2Z) + 00476 sin( 22
=7 . sin( L) X sin( 3 )
Blackman

Figure 2 (b) shows the variation of these functions
with normalised distance z/L. In each case, the
initial and final values of & are as required by the
boundary conditions. However, as can be seen, the
rectangle window function gives rise to a linear
rotation function, while the other three all generafF)
S-shaped variations, with a smoother transition at
the input and output of the device and more rapid
variation near the centre of the device.

- 0 -
T Blackman———————#-
raied cosine ’

-"

o+ ~Hamming
-
L — rectangle

) = t } t t
[} 0.2 0.4 0.6 [k
Normalised distance z/L
(b)

Figure 2(b). Variation of the rotation function #with
normalised distance for each of the four expressions in
Equation (12).

III. NUMERICAL RESULTS

Equation (7) can then be used to calculate the
corresponding variation of K and Apf Figure 3
shows the variation of the normalised coupling
coefficient K/K and the normalised dephasing term
AFK, with distance, for each of the four window
functions.
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Figure 3. Variation of the normalised coupling
coefficient and dephasing term with normalised distance,
for rectangle, raised cosine, Hamming and Blackman
window functions.

In each case, the wvariation of the coupling
coefficient is approximately Gaussian, with a peak
at the midpoint of the device where the gap is
smallest. The dephasing function is antisymmetric,
passing through zero at the device centre. It is also
quasi linear near the device centre; however there
are significant departures from linearity at the ends,
where the variations become roughly constant.
These characteristics are similar to the previous
design which had used a parabolic variation in gap
and a linear taper in width with distance [7];
however, it is now clear thffhere is a simple
relationship between the peak value of the coupling
coefficient and the slope of the dephasing variation
near the device centre.

IV. POWER TRANSFER

Because no analytic solutions have yet been found
to Equation (10), to simulate the effect of the
different window functions on the power transfer
characteristics of the device we have solved
equations (10) by using a fourth order Runge-Kutta
method to integrate each separate first-order
equation along the propagation length L, subject
to the boundary conditions C; =1, C;=0atz = 0,
for different values of the normalised coupling
length K,L. We then converted the amplitudes C, »
of the eigenmode into the corresponding isolated
modal amplitudes A,,, and then converted t

into modal powers as P, = 4,54, On
integration of the differential equations, it was
found that power was conserved to an accuracy of

= 0.0122%, with a moderate step size along the
device length.

It is ‘mportant to notice that the result obtained is
dependent on the product of K,L, and that the
amount of power coupled between the guides may
vary from close to zero to 100 %, depending on the
choice of this parameter. Importantly, 100 % power
transfer is obtained merely when K,L is sufficiently
large, and not for a particular value of K,L (asina
conventional coupler). This improves the device's
tolerance to fabrication variations, since K, need no
longer be fixed at a precise value.

Figure 4 shows the variation of normalised power
with normalised distance z/L for the four window
functions, assuming a fixed wvalue of K,L = 10
(large enough for full power transfer). In each case,
the straight-through power P, gradually falls, while
the cross-coupled power P; rises. A large ripple
appears for the rectangle function, which disturbs
the shape of the power transfer characteristics, and
causes a finite degree of crosstalk. However, this
ripple decreases in amplitude and increases in
frequency as K, L becomes large.

= = = =rectangle

rased cosme

Hamming

—-—-—Blackman

Normalised power

Normalised distance z/L

Figure 4. Power variation in the two guides with
normalised distance z/L, for the different window
functions given in Equation (12).

The oscillation suggest that some beating must
occur between the two normal modes. However, by
using the raised cosine, Hamming or Blackman
window functions, the ripples can be largely
eliminated and much smoother power transfer
characteristics are achieved. It was verified that
very similar results are obtair if the integration is
carried out over the reduced range of 0.05 < z/L <
0.95, showing that the desired mode evolution
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behaviour can indeed be achieved using a practical
device with a finite guide separation.

Figure 5 now shows the variation of the straight-
through output power P (L) with normalised
coupling length K, L. As the coupling length rises,
the straight through power gradually falls,
indicating a rise in the cross-coupled power.
However, for the rectangle window function,
significant sidelobes appear, which can result in
large crosstalk for a poor choice of K,L. This is
unfortunate, since our aim is to relax fabrication
tolerances. However, when the raised cosine,
Hamming, and Blackman functions are used, the
sidelobe levels are considerably lower throughout,
suggesting that lower values of K,L will be needed
to obtain low crosstalk with these design.

]

Co-lb T
= | RN el
=2
— 220+
2
e[V o

T

a2

g‘ =50 1
':_32?. = = = = rectangle
= -60 7 raked cosine
E’ 70 Hamming \w;
w — - =Blackman = =

-80 i i ‘ ‘
0 5 4 6 8 10

Coupling length KL

Figure 5.. Variation of the straight through output power
Py(L) with normalised coupling length K,L

These functions also show a smooth power transfer.
The worst sidelobe level obtained using the
rectangle function was -9.35 dB for a full length
device, and -8.81 dB for a reduced length structure.
However, it is clear that by using the more
sophisticated raised cosine, Hamming, and
Blackman functions, the worst-case sidelobe level
can be reduced but at the expense of increased
device length. Among these window functions, the
Hamming function gives a good compromise
between the sidelobe level and device length. Its
maximum sidelobe level is -29.16 dB, which is
more than a 19 dB reduction over the rectangle
function and over 5 dB compared to the raised
cosine function. This benign characteristic of the
Hamming function was also found previously for a
slightly different problem involving non-uniform
holographic gratings [14]. However the best
sidelobe level overall is obtained using the

Blackman function. This give more than 24 dB
reduction over the rectangle window function, but
with a longer normalised coupling length

V.CONCLUSION

An analysis of mode evolution couplers has been
performed using weak coupled mode theory. It has
been shown that overall performance may be
improved by appropriate choices of the coupling
and dephasing variations, which follow from
particular window functions that induce gradual
rotation of the eigenmode shape in phase space.
Excellent performance can be obtained using a
Blackman window function, but only at a price of
greatly increase length. The alternative Hamming
shape function appears to give the best compromise
between performance and length.
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