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GaAs TRAVELING-WAVE OPTICAL MODULATORS USING
MODULATED COPLANAR ELECTRODES WITH
PERIODIC CROSS-TIE OVERLAYS

— This technical report describes traveling-wave optical modulators using cross-tie
slow-wave electrodes on GaAs substrates as well as wideband feeding of a coplanar
strip electrode. Periodic cross-tie conductors are overlaid on a modulated coplanar strip

and a modulated coplanar wavegmde electrode to make slow-wave electrodes.

" In these structures, phase velocity matching between modulation and optical
waves is satisfied over a very wide bandwidth by reducing the phase velocity of the
modulation wave using the slow-wave electrodes. Therefore, the modulation .
bandwidths are greatly increased while the dominant conductor losses are relatively
high and limit the bandwidths. The coplanar strip slow-wave structure has been build
on a semi-insulating GaAs substrate and measured using a microwave network

analyzer. The measured phase velocity. is much lower than those of conventional

coplanar ;lf.r.trodes and agrees very w/eu with the calcuLatcd one. /)>( PRRIAA" 1o
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In order to maintain the wide bandwidth 1%1 prac:ita’ 1sa§c, a new ‘\feeding -
method for the coplanar strip electrode has been developed by inserting an intermediate |
microstrip line between the coplanar strip and a feeding coaxial line. The intermediate
microstrip line greatly reduces reflections from the transitions and increases the feeding
bandwidth. This feeding structure can be integrated monolithically with the optical

modulators on a GaAs substrate.
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Chapter 1

Introduction

Very high-speed light modulations up to millimeter wave frequencies are
required for high-bit rate optical communication and high-speed optical signal
processing. Direct modulation of semiconductor lasers, however, is not effective in the
high frequency regime due to spectral-line broadening of the laser diodes, and needs a
short cavity to maintain a single longitudinal mode[1],[2]. On the other hand, external
modulation of the laser diode using an optical modulator outside the cavity can be used
effectively at such high frequencies while maintaining the single cavity mode and high
purity spectral characteristics by isolating the laser cavity from the disturbance of the

high-speed modulation.

Optical modulators using traveling-wave electrodes are especially useful for the
high-speed external modulation. This is because the traveling-wave electrodes have
inherently very wide bandwidth while the speed of lumped electrodes is limited by the
charging time of the capacitance between the electrodes. The traveling-wave electrodes
have high modulation depth as well, which increases with the active length of the
device in the case of perfect velocity-matching between modulation wave and light
wave. In the optimum design of a traveling-wave electro-optic modulator, the phase
velocity matching between modulation and light waves is an essential task because the

upper frequency limit is limited by the inverse of transit time difference between the two
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waves[3]. Therefore, if the velocities of both the optical and modulation waves are
equal to each other, the traveling-wave modulator would offer the potential of very

wide modulation bandwidth and high modulation depth.

Conventional coplanar traveling-wave electrodes on typical electro-optic
substrates, such as GaAs and LiNbQO3, cannot be designed for the velocity match[4].
In bulk LiNbOj crystal, phase velocity of the modulation wave is much slower than
that of the light wave since the dielectric constant is much higher in microwave
frequency region than in lightwave frequency region. Therefore, the phase velocity of
the modulation wave must be increased using a fast-wave electrode which is not
realizable currently over wide frequency range. On the other hand, although the
di;:lectric constant of GaAs is almost the same in microwave and lightwave frequency
regions, conventional coplanar electrodes on GaAs cannot be designed to achieve this
phase velocity matching because the phase velocity of the modulation wave is higher
than that of the light wave in any geometrical dimension due to the field traveling in the
air side of the coplanar electrodes. Microstrip-type electrodes, which have a thin GaAs
substrate between the two electrodes, satisfy the phase velocity matching since most of
the modulation field is confined in the GaAs region. Unfortunately, the microstrip-type
structures cannot be fabricated using current technologies since the very thin GaAs
region cannot be grown on the electrode surface. A p-i-n structure[5] using a highly-
doped region on a GaAs substrate for an electrode is limited by high losses of the
modulation and optical waves. Deposition of a thick dielectric layer on the coplanar
electrodes reduces not only the phase velocity of the modulation wave but also the
characteristic impedance. Therefore, the thick dielectric layer results in wider electrode

gap to maintain a given characteristic impedance such as 50 ohms of the outside




circuitry and then, the wider electrode gap requires higher modulation voltage. It is

also difficult to build the thick dielectric layer of high quality.

Recently, a two-layer structure consisted of a thin LiNbO3 layer on a thick
dielectric substrate having a low die.lectric constant has been proposed to satisfy the
velocity matching condition[6]. Since the modulation wave in LiNbO3 crystal is much
slower than the light wave , the velocity of the modulation wave was increased using a
thick substrate layer which has a low dielectric constant and supports the thin LiNbO3
layer. However, such a two-layer structure is intrinsically dispersive because the
modulation fields gradually concentrate into the upper LINbO3 layer of high dielectric
constant with increasing frequency. In addition, the two-layer structure is not practical
because the thin layer of single crystal LiNbO3 cannot be grown on the dielectric

substrate.

Aperiodic switched-electrode patterns have recently been used to compensate
for the phase velocity mismatch in LiNbO3 by aperiodically reversing the phase of the
modulation wave{7]. Although the phase reversal method improvés the bandwidth and
the figure-of-merit of Mach-Zehnder traveling-wave optical modulators, it has
intrinsically nonlinear phase response to the modulation frequency and high ripple in
the modulation passband. Therefore, the phase reversal method is suitable only for
frequency-domain applications that tolerate the phase nonlinearity and the high ripple,

where the phase information and the ripple can be calibrated out.

Until several years ago, LiNbO3 modulators have been exclusively developed
and commercially used for wideband light modulation. For last several years, the

LiNbO3 modulators have been rapidly progressed to Mach-Zehnder interferometers and




directional couplers with bandwidths in excess of 40 GHz. In that period, a big
obstacle of successful development of GaAs modulators was the poor quality of GaAs
material resulting in high optical losses. Now, with many recent improvements and
developments in III-V technologies such as Molecular Beam Epitaxy (MBE), the high
optical losses and many fabrication difficulties have been greatly reduced. The GaAs
traveling-wave modulator has very good potential of high-speed modulation for next-
generation light communication while electro-optic coefficient of GaAs is relatively
small compared to LiNbO3. The low dielectric constant as well as the relatively small
velocity mismatch of GaAs material are very attractive because they allow the narrow
electrode gap to reduce the modulation voltage at a given characteristic impedance and
make the phase velocity matching possible. Furthermore, waveguide modulators on
III-V substrate offer obvious potential of monolithic integration with signal sources and
electrical driver circuitry. Therefore, optical modulators based on III-V substrate are
expected to take a superior position on high-speed and highly integrated opto-electronic

circuits.

There are several GaAs traveling-wave optical modulators(5],[8],[9] published
but none of them are made to satisfy the essential phase velocity matching. Therefore,
they are eventually limited by walk-off between the modulation and light waves. The
highest bandwidth(20 GHz) has been obtained using a coplanar strip electrode on GaAs
ridge optical waveguide and the walk-off was still the eventual limit of the
bandwidth{9]. Consequently, the walk-off problem must be solved also for the GaAs
traveling-wave modulators in order to achieve the highest bandwidth and use the above-

mentioned advantages effectively.




This technical report describes GaAs traveling-wave optical modulators using
coplanar slow-wave electrodes as well as the wideband feeding of a coplanar strip
electrode. A periodic array of metal conductors is overlaid on a modulated coplanar
strip electrode and a modulated coplanar waveguide electrode to make the slow-wave
electrodes. In these structures, the phase velocity matching has been satisfied over a
very wide bandwidth by reducing the phase velocity of the modulation wave using the
slow-wave electrode. Therefore, the modulation bandwidths are greatly increased
while the dominant conductor losses are relatively high and limit the bandwidths. The
high conductor losses are reduced by periodically modulating the electrode geometries.
The figures-of-merit, the bandwidth divided by the modulation voltage, are much
higher than those of conventional structures because of the successful matching of the
phase velocity. For the experimental conformation, a coplanar strip slow-wave
electrode has been build on a GaAs substrate. The phase velocity measured using
microwave network analyzer is very slower than those of conventional coplanar

electrodes and agrees very well with the calculated one.

Wideband feedings of the traveling-wave modulators are required to maintain
the modulator bandwidths in practical usage. The wideband feeding of the coplanar
waveguide electrode can be done easily by directly connecting a coaxial line to the
electrode since both coplanar waveguide and coaxial line are unbalanced lines. On the
other hand, the coplanar strip is a balanced line which cannot be directly fed by the
coaxial line because of unbalancing effect. Therefore, a new feeding method for

coplanar strip electrode has been developed by inserting an intermediate microstrip line




between the coplanar strip and the coaxial line. The intermediate microstrip line greatly

reduced the unbalancing effect and the reflections at the feeding transitions.




Chapter 2

Concept and Analysis of the Periodic Slow-wave Structure

2.1 Introduction

Coplanar traveling-wave electrodes on a GaAs substrate have the modulation
wave faster than the light wave in GaAs waveguide due to the field in the air side of the
electrode. Therefore, the modulation wave must be slowed down to match the phase
velocity to that of the light wave since the light wave in the GaAs waveguide has the

phase velocity approximately given by the refractive index of the GaAs waveguide.

There are several schemes to make a slow-wave transmission structure in which
electromagnetic waves travel in a phase velocity slower than the bulk phase velocity.
Physical principle of the slow-wave structures is based on a separation of electric and
magnetic energies. If the electric and magnetic energies are separated in a certain way,
we can change the distributed line inductance (L) and capacitance (C) individually.
Therefore, the phase velocity, which is inversely proportional to YL.C, can be reduced
by increasing the line inductance and capacitance. This however, is not the case of
normal-line structures since both electric and magnetic energies exist simultaneously in
the same region and coupled to each other. Therefore, we cannot increase both electric
and magnetic energies simultaneously by simply changing the geometries of normal-
line structures. For instance, a coaxial line filled with a given dielectric material has an

almost constant phase velocity. That is because the distributed inductance and
7




capacitance have inverse relations to the cross-sectional geometry and then, the LC

product is constant.

In microwave monolithic integrated circuits (MMIC), two typical slow-wave
structures have been introduced to reduce guided wavelength as well as the circuit size
for the high density of integration. Metal-Insulator-Semiconductor (MIS) slow-wave
structure[ 10],[11] consists of metal strip lines on a doped semiconductor substrate
spaced by a thin insulating layer. The separation of electric and magnetic energies is
accomplished in the cross-sectional direction. The electric field concentrates mostly in
the insulator region since the doped semiconductor does not allow the electric field lines
pass through. The magnetic field passes through the semiconductor and most of the
magnetic energy is stored in wide semiconductor region. Schottky contact slow-wave
structure{12] uses a dcplctfon region formed underneath metal strip lines on a
semiconductor substrate. Electric field is mostly confined in the capacitive depletion
region but the magnetic field reaches the whole region near the metal lines. Both
structures can be designed to have high slow-wave factors of more than 20, where the
slow-wave factor is defined by the free-space wavelength (Ag) divided by the guide

wavelength (Ag).

The direct application of these structures t:or traveling-wave electrodes has a big
obstacle of high losses of the modulation and light waves. The high losses come from
the doped-semiconductor substrate which is inherently lossy due to high impurity
concentration. The high impurity concentration not only results in high dielectric loss
of the modulation wave but also free carrier absorption of the light wave. Therefore, it

is fundamental to use a slow-wave ¢ lectrode based on a semi-insulating GaAs substrate




for the traveling-wave optical modulator. The slow-wave structure used in this
research[13],[14] is a certain construction of metal and insulator based on a semi-
insulating GaAs substrate. Therefore, the dielectric loss as well as the free carrier loss
can be avorded but the conductor loss is predominant and even higher than in normal

structures.
2.2. Physics of the periodic slow-wave structure

The essential task of energy separation for a slow-wave structure has been
performed in the cross-sectional direction for the MIS and Schottky slow-wave
structures. In this cross-tie slow-wave structure, the electric and magnetic energies are
periodically separated in the longitudinal direction of propagation. Fig.2.1(a) shows
the schematic diagram of the longitudinal separation of the energies which is an
infinitely periodic array of two quite different line sections A and B. If we can store the
electric and magnetic energies into sections A and B, respectively, this periodic energy
separation can result in a slow-wave phenomenon and then, electromagnetic waves can
travel slowly in this structure. Here, the two section lengths (15 and 1g) must be much
shorter than the guide wavelength in order to keep the fields of adjacent sections in
phase. Otherwise, the electric and magnetic energies cannot be separated effectively.
Actually, if one period length of the array is much shorter than the guide wavelength,
this structure behaves as a uniform transmission line macroscopically and has
inherently wideband characteristics. On the other hand, if the period is comparable to
the guide wavelength, this structure behaves as a Bragg reflector and the wideband

characteristic will be lost.
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Fig. 2. 1. (a) Periodic seperation of electrical and magnetic energies into
two different transmission line sections and (b) Equivalent

circuit of an ideal transmission line
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It is obvious that the electric and magnetic energies can be stored effectively in a
capacitor and an inductor, respectively. Therefore, section A and section B must be
capacitive and inductive, respectively, or vice versa, in order to separate the energies.
In an extreme case, section A and section B become pure capacitor and inductor,
respectively. That is the case of an ideal transmission line shown in Fig.2.1(b) where
the electric and magnetic energies are completely separated into a capacitor and an
inductor. Here, a fundamental difference between the slow-wave structure and normal
transmission lines is that the capacitance and the inductance can be changed individually
in the slow-wave structure using the periodic sections but not in normal transmission

lines due to the energy coupling.

2.3. Realizations of the periodic slow-wave structure and the periodic

cross-tie overlays

In order to realize the slow-wave structure, a normal transmission line can be
periodically loaded with lumped capacitors of high capacitance as shown in Fig.2.2(a).
However, the method is not appropriate for small device as well as monolithic
integration. Instead of using the lumped capacitor, geometrical dimensions of normal
transmission lines can be regularly modulated in order to change the line capacitances
periodically as shown in Fig.2.2.(b)-(d) where the strip conductors of microstrip,

coplanar waveguide, and coplanar strip are periodically modulated.

The method of changing geometrical dimensions is not adequate to get high
slow-wave factors because the effect sometimes will saturate due to the excess

modulation of geometrical dimension. More general and effective way to make a slow-

11




Fig. 2. 2. Periodic slow-wave structures using (a) Periodic capacitor
loading, Geometry modulations of (b) Microstrip, (¢) Coplanar

waveguide, and (d) Coplanar strip
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(a)

(b)

Fig. 2. 3. Slow-wave structures using periodic cross-tie metal

overlays on (a) Coplanar waveguide and (b) Coplanar strip
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wave structure is to add another layer of periodic metal overlays on top of the normal
strip lines as shown Fig.2.3. This method is especially suitable for coplanar lines
because high periodic capacitance can be easily obtained using the metal overlays. The
metal overlays are not necessary to be electrically connected to the metal strips since the

high periodic capacitance is obtained between the metal strips and the metal overlays.

2.4. Analysis of the periodic slow-wave structure using Floguet's

theorem

Periodic slow-wave structures shown in the previous section are a periodic
array of one unit cell consisted of a capacitive section A and an inductive section B.
The unit cell can be represented by the transfer matrix of two-port network. If we
know the transfer matrix, we can directly apply Floquet's theorem to the periodic array

and obtain the overall transmission characteristics of the slow-wave structure.

The unit cell with finite length (1=lp+lg) can be analyzed using a full-wave
analysis to obtain the accurate transfer matrix. However, because of complexity of the
full-wave analysis, we use a transmission line approach to obtain the transfer matrix.
This approach represents each section as a transmission line with a complex
propagation constant (y) and a characteristic impedance (Z). Therefore, for a given
finite section (1 = 14 or Ig) of the transmission line, the transfer matrix can be obtained

simply as follows.

coshyl Zsinhyl
} 2.0

1
Z

Ow

sinhyl coshyl
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Since voltage and current must be continuous at each junction between section A and
section B, transfer matrix of the unit cell can be obtained by multiplying the transfer
matrices of the two sections. Therefore,

AB ]
CD Section A

[ AB ] _ AB ]
CD Unitcell CD SectionB

cosh'¥, Z, sinh'¥, cosh'¥p Zgsinh¥g

zl;‘sinh‘{’A cosh ¥, ZlBsinh‘PB cosh ¥

z
cosh'¥ 5 cosh\¥ g + Z—A sinh'¥ 4 sinh¥g  Zpg cosh'¥ 5 sinh¥ g + Z 4 sinh¥ 4 cosh¥ g
B

Z
L sinh'¥ 4 cosh'¥g + 1 cosh¥ p sinh¥ g _B sinh'¥ 5 sinh'¥ g + cosh'¥ s cosh'¥ g
i Za Zg Za

(2.2)

where W4 and Wp are respectively defined by yala and yglp for simplicity. This
approach is reasonable since each section is just a transmission line with finite
propagation length and shows good agreement with full-wave analysis{15]. Some
deviation is expected due to discontinuity effects at each junction. The main
discontinuity effect is the stray capacitance at each junction and this additional

capacitance enhances the slow-wave factor.

Floquet's theorem([16] states: For a given mode of propagation at a given
frequency in a periodic array, fields at one cross-section differ from those a period
away only by a complex constant. The theorem is true for any periodic structure with
or without loss. It is obvious that one-period displacement of an infinite array in the

axial direction does not make any difference to the original structure. Therefore, if a




propagating mode is supported by a periodic array, the field in (n+1)th period can be
mathematically expressed as that in nth period delayed by a complex propagation
constant (y) of the mode. The complex constant (Y= c + jB) consists of the attenuation

constant (¢t) and the phase constant (B). This relation is written for the voltages and

currents on the two concatenated nodes of the periodic array as follows.

V1'1+l RS 4 Vn
[InH] - © [ In ] (2‘3)

where | (= 1 + 1g) is total length of one unit cell. Using (2.2) and (2.3), we can get an

eigenvalue equation for the complex propagation constant (y) of the guided mode.

AB Y Ua+la) | | Vn
- =0 2.4
( [CD}Unitcell © ) [ I ] 2.4)

Non-trivial solution of the eigenvalue equation (2.4) gives us the complex
propagation constant (y) of the periodic array as a function of the complex propagation
constants (YA, YB), the characteristic impedances (Za, ZB), and section lengths (14, 1)

of the two sections. The dispersion equation obtained is

1(Za  Zg) . .
cosh Y1 = cosh Y5l coshyglg + = {5~ + 7 sinh ypl, sinh gl (2.5)
A

2\Zg

Characteristic impedance (Zg) of the array can be obtained from the voltage and the

current at a node which are determined from the eigenvector of (2.4).

Z Zg coshypl 5 sinhyglp + Z 4 sinhyl o coshyglp
0 =

2.6
1 sinh y 5l o coshyplg + 1 coshypl o sinhyglg (2.6)
Zy Zg

Here, the section lengths (15, Ig) are short enough to keep the adjacent sections in phase
and both phase constants (B, Bg) are very close to each other in many cases. And

characteristic impedance of capacitive section A is much smaller than that of inductive
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section B to obtain the high slow-wave factor. Therefore, the parameters in (2.5) and
(2.6) are in general within some ranges, in which lyalal, lyglgl « 1, Ba = Bg, and 1Z «
|Zgl. In these typical ranges of parameters, the equations (2.5) and (2.6) can be

reduced to the following simple expressions which can visualize the slow-wave

2
B=BA/J£_T_I£%—T‘ 2.7)
(1+T)

phenomenon.

2 T

. (Eﬁ) a,+T aB+—2—(’aA+aB) .
B (1+'I‘)2

7o - o/ 2 %]

where K =Zg/Zsl and T = Ig/lA.

If we look at the equation (2.7), we can find B higher than B4 since 1 « K for
any T. This means a periodic array of high and low characteristic impedances,
associated with capacitive and inductive sections respectively, has inherently slow-
wave property, i.e. lower phase velocity than the individual section. On the other
hand, total attenuation of the slow-wave structure in (2.8) is increased from average
attenuation of two sections approximately by a factor of B/Ba in the case of T=1. This
is because a slow-wave takes more time and travels longer distance to pass through a

finite length of a slow-wave structure due to the slower phase velocity.
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In the event of 1 « K and I5=1g, B and Zg in (2.7) and (2.9) are approximately
proportional to (Zp/Z 4)!/2 and (ZZg)!/2, respectively and hence, we can easily reduce
the phase velocity of the slow-wave structure while maintaining a given characteristic
impedance. Therefore, this property can be applied very effectively to achieve
simultaneous matching of the phase velocities and the characteristic impedance of
traveling-wave optical modulators. Furthermore, since this slow-wave structure is
almost dispersionless due to the uniform transmission line behavior, it is especially
suitable for wideband traveling-wave optical modulators. Next two chapters describe
two wideband GaAs traveling-wave optical modulators using the cross-tie slow-wave

structures based on coplanar strip and coplanar waveguide electrodes.
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Chapter 3

GaAs Traveling-wave Optical Modulator using a Modulated Coplanar

Strip Electrode with Periodic Cross-tie Overlays

3.1. Introduction

The previous chapter described a cross-tie slow-wave structure which has good
potential of wideband velocity matching of modulation and optical waves in traveling-
wave optical modulators. The slow-wave structure reduces the phase velocity of the
modulation wave and can be designed to match the phase velocities and the
characteristic impedance simultaneously. In this chapter, described is a GaAs traveling-
wave optical modulator using a modulated coplanar strip electrode with periodic cross-
tie overlay[17],[18]. All GaAs traveling-wave optical modulators using conventional
coplanar electrodes have an eventual limitation of bandwidth due to the phase velocity
mismatch. In this novel structure, the cross-tie slow-wave structure is applied to a
GaAs traveling-wave optical modulator based on a médulated coplanar strip electrode
and then, the phase velocities and the characteristic impedance are matched successfully
in order to maximize the bandwidth. The width of the coplanar strip electrode is
periodically modulated to reduce the dominant conductor loss while keeping both
matching conditions of the phase velocities and the characteristic impedance at high
frequencies. The calculated 3-dB bandwidth and modulation voltage are 100 GHz and

23 V, respectively, for 4-mm-long modulator at 1.3-um light wavelength. And the
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modulation characteristic varies slowly over the bandwidth because the phase velocity
matching is satisfied. The slow-wave structure has been build on a semi-insulating
GaAs substrate and measured using a microwave network analyzer. The measured
phase velocity is much lower than that of conventional coplanar.electrodes and agrees

very well with the calculated one.
3.2. Structure description

The GaAs traveling-wave optical modulator shown in Fig.3.1 is constructed
with a coplanar strip slow-wave electrode and a GaAs ridge optical waveguide on a
semi-insulating GaAs substrate (¢, = 12.9). The slow-wave electrode consists of an
infinite array of a more capacitive section A (with overlay) and a more inductive section
B (without overlay) based on a modulated coplanar strip. Since the period chosen is
much smaller than the propagation wavelength, this structure behaves as a uniform
transmission line. In this structure, we can increase the effective capacitance (C) and
inductance (L) of this transmission line independently by a spatial separation of electric
and magnetic energies into the two different sections. Therefore, the phase velocity,
which is inversely proportional to (LC)!/2, can be decreased below that of common

coplanar strip.

In order to reduce the dominant conductor loss, the strip width is periodically
modulated because the wider strip of section A results in lower conductor loss to obtain
a high capacitance for a given strip gap. The electrode thickness is fixed to the height
(=0.7 um) of the ridge optical waveguide to make the surface flat and the fabrication
easy while thicker electrode is better to reduce the high conductor loss at low

frequencies. A 1-um silicon nitride layer (€, = 6.8) is deposited onto the strip in order
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to insulate the cross-tie overlays from the strip electrode. The both ends of the slow-
wave electrode are extended and connected to coaxial lines through intermediate
microstrip lines for wideband feeding and termination which will be described in next

chapter.

Since this electrode has high DC-resistance (60 ) due to the small cross-
section, the characteristic impedance is very high at low frequencies as shown in
Fig.3.9. Therefore, the electrode is terminated using a 50-Q resistor in series with a
capacitor (6.4 pF) for the matched termination. The termination has high termination
impedance at low frequencies which prevents voltage drop in the electrode and improve

the DC modulation voltage.

The GaAs ridge optical waveguide can be readily formed on 0.5mm thick (100)
semi-insulating GaAs substrate (n = 3.41 at 1.3 um) using epitaxial growing and mesa
etching techniques[19]. Optical and modulation waves propagate along <011>
direction and the modulation electric field is in <011> direction to use the highest

electro-optic effect (n3r41 = 5.6x10-11 myV at 1.3 pm).
3.3. Analysis and optimum design

Numerical analysis of the slow-wave electrode has been carried out by quasi-
static analysis[20] and conductor loss calculation for each section, and then by an
application of the Floquet's theorem to the periodic array. Since the electrode
dimensions are much smaller than the propagation wavelength, the quasi-static analysis
for the calculations of the distributed capacitance (C) and inductance (L) is valid and the

overall dispersion mainly comes from the high conductor loss and the dispersion of the
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periodic array. In the quasi-static analysis, the GaAs regions are assumed to have a
uniform dielectric constant (8,=13.0) because a slight refractive index difference
(~0.02) between the epitaxial layers is high enough to form a single mode propagation
of the ridge optical waveguide. The depletion regions to be formed at the electrode-
GaAs Schottky junctions as well as the dielectric loss are also neglected in the
calculation since the background carrier concentrations of MBE or OMVPE-grown

GaA:s epitaxial layers are much less than 1014 /cm3[19].

The dominant conductor losses of the two sections are calculated in wide ranges
of frequency and field penetration into the conductor using the phenomenological loss
equivalence method[44]-[46]. In this method, a quasi-TEM transmission line, having a
finite conductor thickness comparable to the skin depth, is approximated with an
equivalent single strip which has the same geometrical factor and DC resistance as the
original transmission line. Therefore, the distributed internal impedance has been
calculated from the equivalent single strip in the wide range of field penetration and

then, all the transmission characteristics are obtained from the equivalent circuit.

The GaAs ridge optical waveguide is designed for a single TEg-like mode

_ propagation at 1.3-um wavelength using the effective index -method[21]. In the

calculation, the GaAs region is horizontally divided into three planar waveguides of a
center ridge and two side clads. The electrode is neglected in the calculation because
the optical mode decays very fast in the electrode regions. The calculated horizontal
and vertical mode sizes are 4.6 and 2.1 um, respectively, at 1.3-um wavelength that are

suitable for good coupling to single mode fibers. Since the mode is not intrinsically
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leaky, the optical propagation loss, which is mostly imperfection loss, will be very

small compared to the high insertion loss predominated by the coupling loss.
3.3.1. Optimum orientation of the GaAs substrate

In order to maximize the electro-optic modulation of GaAs crystal, the GaAs
substrate must be properly oriented to the electric field of the modulation wave. The
electric field direction of the modulation wave lies almost in horizontal direction within
the GaAs ridge waveguide region and in vertical direction just beneath the strip
conductors. Since most of the optical mode is confined in the GaAs ridge waveguide,
we use the horizontal electric field to modulate the refractive index of the GaAs ridge
waveguide. Therefore, the best alignment can be achieved by properly aligning the
crystal orientation to the horizontal electric field using the Jones calculus{22]. Here, the
best crystal orientation must be chosen in conjunction with the application in order to
optimize the device performance in practical situation. This device can be used for
amplitude, polarization, and phase modulations of light wave in wide range of
frequency. One of the main applications is the phase modulation of light wave for very

wideband heterodyne optical communication.

In the application of the phase modulation, there are several conditions for

optimum orientation listed below.

(a) the largest electro-optic coefficient to reduce modulation voltage

(b) lightwave propagation perpendicular to the electric field direction for long modulator

length

(c) lightwave propagation along a principal axis for temperature and strain stabilities
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(d) lightwave polarization along a principal axis for small polarization modulation

All the conditions above cannot be satisfied simultaneously in the case of GaAs
substrate. The first two conditions (a) and (b) are more important for low modulation
voltage and wide bandwidth while the conditions (c) and (d) should be considered for
practical situations.

In order to choose the optimum orientation of the GaAs substrate, we start from
the electro-optic tensor (rjj) of GaAs cubic crystal which has 43m crystal symmetry in
standard crystallographic system as follow[23].

0 00
0 00
0 00
o= 1
rl“ T4y 0 0 (3 )
0 Ta1 0
00 r4l

For an applied electric field with Ex, Ey, and E; components shown in Fig.3.2, the

perturbation tensor of impermeability (Ab) in standard crystallographic system then

becomes

000
0 0O

_ 00 0 E, 0 r1yE; ryEy

Ab = ra) 0 0 Ey => r4lEz 0 r41Ex (32)

E E, O

0ry O E, Ta1By Ta1bx
0 0 r41
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Fig. 3. 2. Standard crystallographic coordinate system (x,y,z)

and the transformed coordinate systems (1,2,3)

Since GaAs is a cubic crystal, the unperturbed impermeability tensor (b ©) is diagonal

and hence, the total perturbed impermeability tensor (b) may be written as

- =0 - by 0 0 0 ryE; ryE, by 1yE; 14E,
b=>b +Ab=| 0 bo 0+ r41Ez 0 r“Ex = I'41Ez bo r41Ex (33)
0 0bg) \raEy r44Ex O rmEy t4Ex  bo

Now, we choose a propagation direction of optical wave (k) in parallel to
(; + ;) direction which will be shown later to be optimum direction of propagation.
Instead of working in the principal axis system used previously, we choose a
transformed coordinate system (1,2,3) with one axis (1-axis) in the propagation
direction of optical wave (k) as shown in Fig.3.2. The others (2-axis and 3-axis) are in

(- x +y) and (z) directions, respectively. Therefore, the new coordinate system can be
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obtained by rotating z-axis of the principal axis system 450 counterclockwise. The

rotation matrix (T) for the coordinate transform and the perturbed impermeability tensor

(5 ) obtained in the new coordinate system become then

1,
2 V2
1 1
T=|-— — 0 (3.4)
2 12
0 0 1
T4
b0+l'41Ez 0 W(EX-‘-E)’)
=" = I,
b =TbT! = 0 bg - r41E, V_%I_(EX-EY) 3.5)
T4 T41
— (E,+E —(E, - b
= (Ex+Ey) = (Ey-Ey) 0

In the new coordinate system, the dielectric displacement vector (D) of the optical wave
is orthogonal to the wave vector (k). Therefore, we can neglect the row and column

corresponding to the direction of wave vector (T) and then, get a 2x2 subtensor (’E 1) of

the perturbed impermeability tensor as follows.

r
bg - r4,E, —;—_I(EX-EY)
?

B -E,) b
v-z— X y 0

b, = (3.6)

If we apply E,-component only, light polarized at -450 in the x-y plane will
have the refractive index perturbed by the electric field. For an applied electric field (E)
in the direction of (x - ;), both orthogonal polarizations perpendicular to the wave
vector (E =x +;) will be perturbed. If a refractive index for one polarization is
increased by the perturbation, the other refractive index for the orthogonal polarization

will be reduced. Therefore, the latter case is preferable for higher induced birefringence
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between the two waves. In the case of an applied electric field (E) which is in the
direction of (; - §), we can solve the eigenvector problem

(5, -2)B, =0
yielding eigenvalues and eigenvectors in the new coordinate system (§-§ plane) of

- 1
and dir(Dy) = [ 1]M=b,,-ruﬁ

air(D) = |}

Xl = b°+r‘lE

N)

Fig. 3. 3. Two orthogonal polarizations (D1 and D2) induced

by the applied electric field (E)

In the standard coordinate system shown in Fig.3.3, D1 and D2 are in
(-;+;+2) and (;-§+2) directions, respectively, with the propagation direction of
(k=x+ ;7). From the eigenvalues of the impermeability tensor, we can obtain the

perturbed refractive indices for the two orthogonal polarizations as follow.

3
n
1 = Iy + —0—r41 E (37)

n‘z =
R 2




where ng is the unperturbed refractive index of GaAs crystal and the last perturbation

term is much smaller than ng.

The optimum orientation of GaAs substrate shown in Fig.3.1. has been realized
using (100) face GaAs substrate because (100) surface of GaAs substrate has better
quality of epitaxial growing. In the GaAs substrate, the ridge optical waveguide lies in
<01T> direction and the electric field of modulation wave is applied in <011> direction

using the coplanar strip electrode.
3.3.2. Quasi-static analysis of the coplanar strip slow-wave electrode

Each section of the slow-wave electrode has been analyzed using quasi-static
analysis and the phenomenological loss equivalence method \;vhich calculate the
distributed capacitance and inductance, and the internal impedance due to field
penetration, respectively. The calculated elements are then incorporated into the circuit
model of the transmission line to obtain the complex propagation constants and
characteristic impedances of the two sections. Finally, overall complex propagation
constant and characteristic impedance of the slow-wave electrode have been calculated
by inserting the complex propagation constants and characteristic impedances of the
two sections into the Floquet equations (2.5) and (2.6). The quasi-static analysis is
valid in this periodic array since most of dispersion comes from the periodic array and
is included in the Floquet equations (2.5) and (2.6). The GaAs substrate is assumed to
have a uniform dielectric constant because the difference of dielectric constants of
AlGaAs and GaAs epitaxial layers is negligible in modulation frequency range. And
the substrate is also assumed to be infinite because the coplanar strip is very small

compared to the thick substrate. Schottky depletion layers formed beneath the metal
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electrodes are also neglected because of very small background carrier concentration of
GaAs epitaxial layer grown in MBE. The slightly depleted layers are expected to

enhance the slow-wave phenomenon a little.

In the quasi-static analysis{20], the propagating mode of a quasi-TEM
transmission line is assumed to be pure TEM. This means that if we replace all the
dielectric materials by air, the phase velocity will be the free-space phase velocity (c)
and then, the effective distributed inductance (L=1/c2C?) can be calculated from the air
capacitance (C?). This inductance will be the actual inductance of the original line with
dielectric materials since the dielectric materials do not affect the magnetic flux and
hence, the inductance. Using transmission line analogy, the characteristic impedance
and the effective index of the lossless transmission line can be written in terms of the

actual capacitance C and the air capacitance C? as follow.

/L 1 /1 2 C
ZO: C. =E- Cac and Erc:t't'-_- ¢c'LC =E—a (3'8)

This is valid for any quasi-TEM transmission line supporting a quasi-TEM mode such

as microstrip, coplanar waveguide, and coplanar strip.
3.3.2.1. Section A -

The cross-sectional configuration of section A is shown in Fig.3.4 which
consists of two coplanar strip conductors with a metal overlay on a GaAs substrate.
Actually, this structure is an inverted coupled microstrip line in which the air region is
replaced by the silicon nitride layer. This structure can support two quasi-TEM modes
of even and odd symmetry. We, however, consider the odd mode only because the

even mode quite differs from the mode of section B and therefore, cannot propagate in
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the periodic array. Since this structure is symmetric in horizontal direction, we can put

an electric wall in the center and consider one half side for simplicity.

GaAs Substrate (eg=13, h)

Electric Wall

Fig. 3. 4. Cross-section of section A

For the quasi-static analysis, total odd mode capacitance of the half side (Co) is
decomposed into four components as shown in Fig.3.4. Cgs and Cgq are the
capacitances between the coplanar strip and the electric wall through the GaAs substrate
and through the dielectric layer of silicon nitride, respectively. G, is the parallel plate
capacitance between the strip and the metal overlay, and, finally, Cf is the fringe

capacitance of the coplanar strip. Therefore, the total capacitance (Co) can be written as

Co = G+ Cp+Cyy + G (3.9)
In the four capacitances, the parallel plate capacitance (Cp = £0€4W/d) is predominant

because the strip width (W ~ 12jum) as well as the strip gap (S ~ 4itm) are much larger

than the dielectric thickness (d < 1um). Therefore, the fringe capacitance of the strip




(C¢) can be approximately calculated from the fringe capacitance of a microstrip line as

follows.
C_(Cm'cp)_l 'erem w
(=77 ~2{%z,. - €ofag (3.10)

where Cn, Zom, and € are the capacitance, the characteristic impedance, and the
effective index of the microstrip line and can be readily calculated using empirical
formulas[47]. The capacitance (Cgq) shown below has been obtained from the
capacitance expression for a coupled microstrip line which consists of contributions
from the coupled stripline geometry and the fringe effect of microstrip line[20].

€ €4 xS 0.02d /= 1
ng = Tln[coth(H)J+0-65 Cf[ S 8d+(1-8_2)J (3'11)
d

Finally, the substrate capacitance (Cgs) can be expressed simply as follows using
conformal mapping[24].

K(k") S

C sk 2 kK=sTow

= gy €

e (3.12)

where K(k) and K(k') denote the elliptic function and its complement, respectively.

Now, we replace all the dielectric materials with air and calculate the total

capacitance (C;) in the same manner as for C,. Then, the distributed inductance (L)

can be obtained from the free-space phase velocity (c) as follows.

Lo = —— (3.13)

Since electromagnetic fields penetrate deep into the thin strip conductor due to

the finite conductivity, the internal impedance including distributed resistance (Ro) and
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internal inductance (L;) must be calculated and added into the equivalent circuit in wide
frequency range. The internal impedance of section A has been analyzed in a wide
range of field penetration using the new phenomenological loss equivalence method
(PEM)[44]-[46]. In the method, geometric factor and DC resistance of a quasi-TEM
line are used to obtain the geometry of an equivalent single strip which is assumed to
have the same internal impedance as the original line. The equivalent sﬁrip is then

analyzed using the surface impedance of the equivalent strip with a finite thickness.

The geometric factor (G) of section A can be calculated from the total inductance

increment (0L) due to the recessions (on) of the conducting walls as follows.

-1
G = &2(_8_11) Lo aled) (3.14)
m\0n, Hr'm| dn,
where |, is the relative permeability of the conductor used for the strips. As mentioned
previously, the capacitance (CZ) can be approximately calculated from the capacitance
of a microstrip line since the dielectric thickness is very thin compared to the strip width
as well as the gap and then, the parallel capacitance is much dominant. Therefore, the
geometric factor (G) can be calculated using the geometric factor of a microstrip line
rather than directly calculating the derivative of the Cz. The effective eross-section (A)
used in the PEM formulation is the cross-section (Wt) of one strip here. Therefore, by
inserting the G and A into the PEM formulation, we can calculate the distributed
resistance and internal inductance of the half side of section A. In addition, we can also
insert a conductance eicment (Gg) associated with the dielectric loss but it is negligible
in this structure compared to the dominant conductor loss associated with the

distributed resistance.
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Up to now, the calculations of the distributed elements has been described.
Now, the propagation characteristics such as the complex propagation constant (Y,) and
the characteristic impedance (Zo) can be calculated as follow by inserting the element

values into the equivalent circuit model.

Yo = ‘/[Ro+jm(L°+Li)J(G°+ij°) (3.15)

Ro+jw|{L,+L;
ZOo= v 0+Jm‘. ot 1) (3.16)
Go+joC, .

The final characteristic impedance (Z) and the complex propagation constant

(YA) of section A can be obtained from the above Yo and Zg, of one half side by noting
that section A is connected to section B through the two coplanar strip electrodes and
voltage and current are continuous at the junction. In section A, total odd mode voltage
between the coplanar strips is then twice the voltage between one strip and the metal
overlay for a given current flowing in the strips. Consequently, the actual Z will be

twice the Zgo while the complex propagation constants are the same.

Ya =Y, and ZA = 2200 (3.17)

3.3.2.2. Section B

Section B shown in Fig.3.5 is a coplanar strip with a thin dielectric overlay on
GaAs substrate. In this structure, total capacitance consists of a substrate capacitance
(Cgs) and a capacitance (Cqa) in dielectric and air regions. It is obvious that the

substrate capacitance is the same as that in section A. The C4a however, needs some




37

Silicon Nitride (g4 =6.8, d)
GaAs Substrate (€s=13,h) Cgs

Fig. 3. 5. Cross-section of section B

correction due to the finite dielectric layer. The effect of the thin dielectric layer can be
incorporated into the capacitance calculation using the closed form expression of the
effective index (gre) of a coplanar strip with finite substrate thickness{25]. If we define
C, as the capacitance of the coplanar strip filled with air, the capacitance Cg, then can be
expressed by subtracting one half of the air capacitance (C,/2) from the total capacitance
(ereCa) of the coplanar strip with dielectric layer. Therefore, the capacitance in the
dielectric and air region (Cg4a) as well as the total capacitance of section B (Cp) can be
expressed simply as follow.

C
Ca = €.Ca-5 (3.18)

(e~ 1)
2

Cp = C,+Cq = [em + ]C, (3.19)

The external inductance (L) of section B can be also expressed from the air
capacitance of section B as shown in (3.13). The distributed resistance has been
calculated by applying the phenomenological loss equivalence method to the coplanar

strip. The geometric factor of section B is derived from the empirucal formulas[20] and




the effective cross-section used is one half of the cross-section of one strip since the
two coplanar strips double the resistance of one strip to make the total resistance at
complete field penetration. The complex propagation constant (Yg) and the
characteristic impedance (Zg) of section B can be obtained by incorporating the

distributed elements into the circuit model of the transmission line.
3.3.3. Effective index method for the ridge optical waveguide

The GaAs ridge optical waveguide has been horizontally divided into three
constituent regions of a center ridge and two side slab waveguides to apply the effective
index method[21] in the horizontal direction as shown in Fig.3.6. Each part is then
treated as an asymmetric planar slab waveguide in which the substrate, film, and clad
are AlGaAs, GaAs, and dielectric insulator layers, respectively because the optical
mode decays very fast in the dielectric layer due to the high index difference between
the silicon nitride layer and the GaAs film. The coplanar strip electrodes are neglected
in this optical waveguide analysis since the optical field is very small in the electrode
regions and Schottky junction is also negligible because of semi-insulating substrate.
Some optical field in the electrode regions results in small optical loss due to the metal
absorption but it is negligible compared to tﬁc dominant coupling loss to optical fiber.
In most of semi-insulating GaAs waveguides shorter than lcm, the waveguide
propagation loss including electrode loss, absorption loss, and radiation loss due to the
waveguide imperfection is less than 1 dB which is negligible compared to the high

coupling loss of about 7-8 dB[19].

38




Side slab  Ridge Side slab
! ! Silicon Nitride

Al {553 s
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Fig. 3. 6. Cross-section of the ridge waveguide and the equivalent slab waveguide

In the planar slab waveguide, there are two types of mode, TE and TM,
traveling with the close dispersion characteristics. Since the ridge waveguide consists
of three slab waveguides having different film thickness, two geometrical
discontinuities exist at the junctions. Therefore, it is easy to expect that a TE or TM-
wave incident on a discontinuous ridge side at an angle, produces not only a reflected
and transmitted wave of its own polarization, but also excites a transmitted wave of the
other polarization. This TE-TM mode coupling[26] is essential in this kind of
discontinuous structure and gives rise to the leakage of the ridge optical waveguide
under some circumstances such as for narrow and high ridge. In the case of narrow
and high ridge waveguide, if we excite a TM mode inside the ridge, the TM mode can

be leaked out through the mode coupling to the TE mode in the side slab waveguides
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because the TE-mode can have even larger effective index than the TM mode inside the

ridge.

However, since this ridge waveguide has small index difference between GaAs
film and AlGaAs substrate, the TE modes is slightly more fundamental than the TM
modes and their dispersions are very close to each other. Therefore, in spite of the
mode coupling, both modes are inherently well-guided and not leaky for any mode
excitation if the ridge is not extremely narrow and high. In addition, the propagation
constants of a TE, and a TM; mode are almost the same for a wide range of ridge
geometry. Therefore, in order to design a leakless single mode ridge waveguide, a
fundamental TEg mode excitatiqn is assumed at reasonably low ridge height. Due to
the mode coupling, the actual mode will be hybrid mode in which predominant field
energy is in the TEg mode, and hence we characterize the mode as TEq-like mode.

The effective index of each slab waveguide for the ridge and the side
waveguides has been obtained using the mode analysis of planar waveguide[27]. In
the analysis, Maxwell's equations have been solved with the boundary conditions of
continuous electric and magnetic fields at the two dielectric interfaces. Field variation in
the horizontal direction is assumed to be zero as well because infinitely wide slab

waveguide is assumed. The dispersion equations for TE and TM modes obtained are

written as
22 2 2
u= u[w a4 +‘\/,V (1+aH) il for TE modes
u2-“/(v2-u2)[v2(l+an)-u2‘[
2 2./,2_ 2 2 2 2
tanu_nf u[znc ve-u® +ng 1/v (1+aH) u”| for TM modes

n.2 n, u2-nf2*/ﬁz-u2)[v2(1+aH)-u2]
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u=h kznfz-ﬁ2 and v = kh ¥ n?-n?
2_ 2
i M (3.20)

nf2 _ n32

ayg =

where k and h are the free space wavevector and the film thickness. The cutoff
frequencies (v¢p) can be obtained from the condition of u = v. Then,
Ven = tan” Wag+nm for TE, modes
(3.21)

-1 n
= tan -%Ja}ﬁnn for TM,, modes

ne

The effective indices of the two slab waveguides corresponding to the ridge and the
side slab waveguides are obtained. Now, we replace the ridge and the side slab
waveguides with the dielectric materials of corresponding effective indices to make the
equivalent single slab waveguide as shown in Fig.3.6. Then we apply the same
analysis for the equivalent vertical slab waveguide in which the thickness and the

refractive index of the equivalent film is the width and the effective index of the ridge.

There are many possible combinations of the waveguide geometry and the
refractive indices to make a single mode propagation. In order to reduce radiation loss
due to waveguide imperfection and the mode coupling, normalized frequency (v) must
be far above the cutoff frequency of the fundamental mode in the equivalent slab. On
the other hand, in order to suppress the higher modes, the normalized frequency must
be below the cutoff frequencies of the higher modes. Since optical modulators usually
use short waveguides, higher mode generation inside the waveguide is not importance
and hence we can put the normalized frequency at the cutoff frequency (v¢;) of second

mode. Here, wide and low ridge waveguide and reasonably small index difference are




preferable for small loss and easy fabrication for the cutoff frequency (vc1). The
geometry and the refractive index of the ridge waveguide shown in Fig.3.1 have been

calculated based on these design considerations.

3.3.4. Overlap integral between applied electric field and optical mode

Since the applied electric field and the optical field are not uniform in the GaAs
region, the index change induced by the applied voltage (V) must be integrated
throughout the GaAs region as follows.

3

_ 3
An (V) = “2—rf E[E'[dA = “T’ é r (3.22)
GaAs ogin
-G R
r=3 E[E'['dA

Ga/w rogin:
where G is the electrode gap and I" is the overlap integral between the applied electric
field distribution (E) and the normalized optical field distribution (E'). The overlap
integral is defined based on the total effective index change induced by the applied
electric field directly at the aperture (Eg=V/G). Therefore, if we calculated the overlap

integral, the index change can be simply obtained from the above equation (3.22).

The overlap integral has been calculated for Ti-diffused LiNbO3 waveguides
with coplanar strip electrode{4] in which the optical mode is assumed to be Gaussian in
width and Hermite Gaussian in depth. Since the overlap integral is not much dependent
on the exact mode shape, the optical mode of this GaAs ridge waveguide is transformed
to the Gaussian distribution based on the equivalent mode power (E 12) and then,
obtained the equivalent overlap integral from that of Gaussian distribution. For the

GaAs ridge waveguide, the optical mode behaves sinusoidally in the ridge region and
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exponentially decays outside the ridge which is very similar to the Gaussian or Hermite
Gaussian distribution. Therefore, the horizontal and vertical full width (wy, and wy) of
the ridge mode are obtained at the 1/e mode intensities of the single mode distribution.
The calculated horizontal and vertical full mode sizes are 4.6 and 2.1 pm, respectively,
at 1.3-um wavelength. The mode is about two-times wider in horizontal direction than
in vertical direction because the effective index difference (=0.0022) between the ridge
and the side slab waveguides is very small compared to that (=0.02) between the ridge
and the substrate. For 4 um electrode gap and 4.6 um horizontal mode width, the
overlap integral I" (=0.5) of the coplanar strip section B has been obtained from the

overlap integral for Gaussian mode distribution. In section A with the cross-tie

overlay, the field overlap is very small since the horizontal electric field in the GaAs

ridge is small due to the electric wall of the cross-tie overlay. Therefore, we neglected
the field overlap of section A in the optimization of the figure-of-merit discussed in the
next section. The mode sizes are also suitable for good mode-coupling to single mode

fibers of which mode sizes are about 4-7 um.
3.4.5. Optimum design

Optimum design of the structure has been carried out by maximizing the figure-
of-merit (F.O.M.), which is defined by the 3-dB optical bandwidth (f34g) divided by

the half-wave modulation voltage (Vg) as follows.

f148
FOM. = T’:

The 3-dB optical bandwidth is defined based on the half degradation of modulated

optical power in the linear modulation region. The 3-dB optical bandwidth corresponds
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to the 6-dB electrical bandwidth since the modulated optical power is linearly
proportional to the applied voltage in the linear region. In the design of conventional
optical modulators, there is a trade-off between the bandwidth and the DC modulation
voltage due to the phase velocity mismatch which limits the F.O.M.. In the proposed
phase-velocity-matched modulator, minimization of the conductor loss, however, is
more important because the bandwidth is mainly limited by frequency-dependent

conductor loss, not by phase velocity mismatch.

Although the modulation of the electrode width helps to reduce the conductor
loss, the excess modulation will make high discontinuity effect at the periodic junctions
and very thick silicon nitride layer which is not suitable for device fabrication.
Therefore, the thickness of the silicon nitride layer should be within 1 um. The
modulation voltage is proportional to the electrode gap (G) while the conductor loss
decreases by the electrode gap and width at a given characteristic impedance. The
effective field overlap, between the applied horizontal electric field and the optical
mode, increases by the length ratio (1p/14) between the two sections because the field
overlap in section A is very small due to the cross-tie overlay. Therefore, in the case of
the matched termination of the electrode, the refractive index change An(f,V) induced
by the applied voltage (V) and accumulated along the propagation direction[28] can be

expressed by

3
VL
an(EV) = 5= F[y, T, L, 1] - (3.23)
r 1 -el
F > - (3.24)
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where a, A, I'g, G, L, and f are the attenuation constant of the modulation wave, the
phase constant due to the effective index difference between the modulation and light
waves (1 - ni), the overlap integral in section B, the electrode gap, the total modulator
length, and the modulation frequency, respectively. F(y, I', L, 1o/lg) is defined as a
frequency-dependent modulation reduction factor due to attenuation, phase velocity

mismatch, and field misoveriap. Therefore, the modulation bandwidth can be obtained

from the frequency characteristic of this reduction factor F.

The half-wave modulation voltage is usually defined as a DC voltage required to
make a half-wave phase change of an optical wave with open termination of the
electrode. However, in this structure, two orthogonal waves, which have respectively
145° polarizations from the vertical direction, experience opposite phase modulations.
Therefore, the half-wave modulation voltage (V) of this structure can be calculated
from the equation (3.23) by equating the cumulative phase shift to the quarter

wavelength (A/4) of the optical wave.

_ AG(1+141p)
2n3r41LrB

(3.25)

r

3.5. Calculated bandwidth and modulation voltage

Optimum geometries of the cross-tie electrode and the GaAs ridge waveguide
shown in Fig.3.1 are obtained by optimizing the figure-of-merit. For the optimized

structure, in Fig.3.7 and Fig.3.8 are shown the effective indices, the attenuation
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constants and the characteristic impedances of the two sections, respectively. Section
A has higher conductor loss and much lower characteristic impedance than section B
while the effective indices are nearly the same. Those effective indices and
characteristic impedances are very high and show high slow-wave effect at lower
frequency region. That is because their distributed resistances are saturated at lower
frequency region due to the high field penetration into the electrodes while the
reactances of their shunt capacitances (Co) become negligible at the lower frequency as
shown in the equation (3.15). It is important to note that the saturation of the
distributed resistance due to the field penetration dominates the slow-wave effect of

lossy transmission lines at low frequencies.

The overall effective index as well as the attenuation constant of the slow-wave
electrode are plotted in Fig.3.9. The effective index (3.4) of the optical waveguide at
1.3 um is also shown as a horizontal dotted line in Fig.3.9. While the conductor loss
is high in the upper frequency region, successfully satisfied is the simultaneous
matching of the phase velocity and the characteristic impedance. The phase velocity
mismatch in lower frequency region does not limit the bandwidth but just sightly
degrades the modulation at lower frequencies. Therefore, the slow-wave structure is
limited not by the phase velocity mismatch but by the attenuation. Note that, since the
characteristic impedance is very high at low frequencies, especially at DC, the series
connection of a capacitor to the termination resistor is needed in practice to improve the
‘low-frequency characteristics.

In order to see the wideband characteristic clearly, the modulation reduction
factor is shown in Fig.3.10 for the case of a 4-mm-long slow-wave electrode and 1.3

um optical wavelength. Also shown is the optimum reduction factor of a conventional
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structure[9] of the same electrode length and optical wavelength in which the
modulation loss is neglected and only the phase velocity mismatch limits the frequency
characteristics. The conventional structure has the 3-d!3 bandwidth of 30 GHz and the
modulation reduction factor steeply degrades beyond the 3-dB bandwidth because of its
sinc function behavior due to the phase-velocity mismatch. The slow-wave structure,
however, has much wider 3-dB bandwidth (100 GHz) and the modulation reduction
factor varies slowly over the 3-dB frequency. This slowly varying characteristic is

preferable and more significant at higher frequencies and for longer modulators.
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The calculated Vg (23 V) of the slow-wave structure is a little larger than that of
the conventional electrode structure (20 V) due to the lower field overlap in section A.
The figure-of-merit of 4 GHz/V is, however, much higher than that (1.5 GHz/V) of the
conventional structure because of the perfect velocity match in the upper frequency

region.
3.6. Fabrication and measurement

The 4 mm-long slow-wave structure has been build on a (100) face LEC-grown
semi-insulating GaAs substrate which has a 500 um thickness and a resistivity > 107
Qcm. The waveguide ridge has been formed using the mesa etching technique on the
pure GaAs substrate. The pure GaAs substrate is used to characterize the slow-wave
electrode only since -background carrier concentrations and imperfections of the
epitaxial layers can be avoided in the pure substrate. The GaAs ridge however, cannot
guide optical waves because the epitaxial layers for the vertical mode confinement have
not been formed on the substrate. In the optimum design of the slow-wave electrode
shown in Fig.3.1, the thickness of the silicon nitride layer (d) was 1um. However, in
this device fabrication, the thickness is limited to below 0.5 um due to the large
difference of the thermal expansion coefficients between GaAs and silicon nitride which
makes cracks in the silicon nitride iayer due to the temperature change during the device

processing.

The device pictures shown in Fig.3.11 are taken in the vertical direction under a
microscope. A narrow and long GaAs ridge can be seen between two large feeding

pads tapered to reduce the reflection of the modulaton wave. Periodic grids and a large
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rectangular area shown in the left side of Fig.3.11(a), are the slow-wave electrode and
the silicon nitride area, respectively. Fig.3.11(b) shows one period of the slow-wave
electrode. The GaAs ridge waveguide exists between two modulated coplanar strip
electrodes, and a cross:tie overlay spaced by the silicon nitride layer is just on top of the

wider strip section.

The actual thicknesses of the gold electrode and the silicon nitride measured
using Dektek are 0.9 um and 0.48 um, respectively and the measured ridge height is
0.75 um. The strip width (W=3.7 um) and gap (S=4.3 um) are measured using the
microscope. The conductivity of the gold electrode (6=35 S/um) is obtained from the
total DC resistance (R=64 Q) of the electrode. The resistance measured between two
feeding pads is almost infinite showing very high resistivity and negligible dielectric

loss of the pure GaAs substrate.

The RF characteristics have been measured using HP 8510 network analyzer by
terminating one end of the slow-wave electrode by short. The reflection (Sy1) at the
other end is measured using a tiny coplanar waveguide probe. Fig.3.12 shows the
impulse response in time domain. High refs:.ction comes from the probe point
corresponding to marker-1 in Fig.3.12 due to the mede mismatch between the coplanar
waveguide probe and the coplanar strip electrode. The slow-wave electrode is between
marker-2 and marker-3, and marker-3 corresponds to the short termination. Using the
measured dimensional parameters, the transmission characteristics of the slow-wave
electrode have been calculated and compared with the measured data in Fig.3.13. The
equivalent shunt capacitance (C=0.037 pF) associated with the mode mismatch at the

probe point has been obtained by matching the calculated data with the measured data.
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The measured effective index (n'e"ﬁ--4.61) obtained from the frequency interval of the
resonant frequencies is much larger than that (n:;,=2.65) of conventional coplanar
electrodes and agrees very well with the calculated one (n:‘ﬂ=4.25). The slight

deficiency mainly comes from the discontinuity capacitance between the cross-tie

section and the normal coplanar strip section which enhances the slow-wave effect.
3.7. Conclusion

A GaAs traveling-wave optical modulator using a modulated coplanar strip
electrode with periodic cross-tie overlays has been described in this chapter. Because
phase velocity matching is satisfied using the slow-wave electrode, the figure-of-merit
of this structure is mainly limited by the relatively high conductor loss. Therefore, in
order to reduce the conductor loss, the electrode width is periodically modulated. The
dominant conductor loss has been calculated in the wide ranges of frequency and field
penetration using the phenomenological loss equivalence method. Optimization of the
structure has been carried out by maximizing the figure-of-merit defined by the

modulation bandwidth divided by the modulation voltage. For the optimized 4mm-long

device at 1.3um light wavelength, the 3-dB bandwidth of 100 GHz has been obtained

which is much wider than the bandwidth limit (30 GHz) of conventional structures
limited by the phase velocity mismatch. Although the calculated modulation voltage of
23 V is a little higher than that (20 V) of a conventional structure due to the slightly
lower field overlap in section A, the overall figure-of-merit (4 GHz/V) is much larger
than that (1.5 GHz/V) of the conventional structure. The slow-wave structure has been
build on a semi-insulating GaAs substrate with the reduced thickness (0.48 pum) of the

silicon nitride layer due to the fabrication difficulty of the thick silicon nitride layer.
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The measured effective index (n;z=4.61) is much larger than that (njx=2.65) of

conventional coplanar electrodes and agrees very well with the calculated one

(n:;,--4.25). The slight deficiency mainly comes from the discontinuity capacitance

between the cross-tie section and the normal coplanar strip section which enhances the

slow-wave effect.

57




Chapter 4

Wideband and Low Return Loss Coplanar Strip Feed

using an Intermediate Microstrip Line

4.1. Introduction

A very wideband and low return loss feed for coplanar strip line (CPS) is
required for broadband electro-optic devices which use the CPS as the electrodes such
as the optical modulator using coplanar strip slow-wave electrode shown in the
previous chapter and the other CPS devices[9]. However, no theoretical as well as
experimental work has yet been published on the CPS feed because the CPS has not
been used frequently. Slotline feeds using coaxial and open microstrip lines{29] are not
directly applicable to the wideband CPS feed due to their frequency-dependent
transformation ratios and the bandpass characteristics of the open microstrip. The
direct connection of the coaxial line to the CPS is not practical for the monolithic

integration with the devices as well.

This chapter shows a new and practical CPS feed using a microstrip between
coaxial and CPS lines which can be monolithically integratcd‘with the devices[30]. The
intermediate microstrip line is used to minimize the discontinuity effect as well as the
frequency-dependent transformation ratio between the coaxial and CPS lines and then,
to make a wideband and low return loss possible. A 15mm-long CPF -lectrode fed and

terminated by two 11mm-long intermediate microstrip lines has been build and
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measured using HP 8510 network analyzer. The measured and calculated return losses
are below 13dB up to 18GHz and coincide with each other over a very wide
bandwidth. An extended calculation using TDR data shows the return loss below 10dB
up to 30GHz. If we make the structure monolithically small, the bandwidth can be
increased much more and this coplanar strip feed will be more practical for the feeding

of ~ideband electro-optic devices using the coplanar strip as the electrodes.
4.2. Configuration of the coplanar strip feed

Fig.4.1 shows the schematic of the CPS feed. Both open ends of a CPS line
are perpendicularly connected to coaxial connectors through two intermediate microstrip
lines. The intermediate microstrip lines are placed just on top of the CPS line. The
ground planes of the microstrip lines are tapered and electrically connected to one strip
of the CPS line with conducting epoxy; the microstrip conductors are welded to an
internal edge of the other strip using gold ribbons. The dielectric substrate for the
microstrip lines is very thin (127um) and has a low dielectric constant (2.0). The
dielectric substrate for the CPS line is very thick (3000pm) and has a dielectric constant
of 10.0. Both the microstrip and CPS lines are designed for 50Q characteristic
impedance using quasi-static analysis. The gap and width of the CPS line are 58um
and 490pum, respectively, and the microstrip width is 385um. The gold ribbons are

350um wide and 250pum long.

4.3. Equivalent circuit
The equivalent circuit of this structure shown in Fig.4.2 can be obtained

through a modification of the simplified model of coax-slot transition[31]. For the slot
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Fig. 4. 2. Equivalent circuit of the coplanar strip feed

line with very narrow aperture, the aperture field can be approximated by a line source
of magnetic current at the aperture. Therefore, the longitudinal component of magnetic
field (H,) can be expressed by the Hankel function of first kind on the air side of the

slot as follows[32].

H, = AHP &0 | @4.1)

where r and A' are the distance from the aperture and the slot-mode wavelength,
respectively. Using the identity of the Hankel function

(1)
d|H
| 0 (x)l - 1V 4.2)

dx




the circular component of electric field (Eg) can be expressed by

XI
- A H k)

5

If we define the transformation ratio (n) as the voltage V(r) along a semicircular path at

_jopdH, _

E
[ kcz 3t 4.3)

1-

a radius r divided by the voltage directly across the slot, the ratio can be obtained from

the electric field (Eg) as

Vo) =«

H?th

k.t (4.4)

For the geometry of the microstrip-coplanar strip transition shown in Fig.4.1,
the calculated transformation ratio is approximately unity over a very wide band. That
1s because the gold ribbon is very close to the CPS gap and the equivalent semiloop has
a very small radius. Therefore, the transformation at the microstrip-CPS transition can
be simplified by a small series inductance (L=37pH) of the gold ribbon calculated by

flat wire model.

Although open ends of the microstrip and the CPS can be accounted for by
fringe capacitances in the equivalent circuit, they cannot be precisely calculated at the
microstrip-CPS transition because of the gold ribbon. Therefore, lumped equivalent
capacitances (C2=0.059 and C3=0.050pF) at the two transitions are calculated from
time-domain reflectometry (TDR) measurement using HP 8510B automatic network
analyzer and these values are used in all further calculations. The coax-microstrip
transitions are simplified by the dominant shunt capacitance (C; and C4=0.0049pF) of

an open microstrip(33] because the fringe capacitance of the open coax and the series
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inductance at the transition are negligible in coax-microstrip model(34]. Conductor
losses of the microstrip and the CPS, calculated using incremental inductance

method[35], are 0.015 and 0.17 dB/cmGHz!/2, respectively.
4.4 Measurement of the return loss and discussion

Experimental measurement of this structure has been done using HP 8510B
network analyzer. Reference planes are set at the two coax-microstrip transitions.
After calibration, TDR data for a step input and S-parameters are measured. From TDR
data shown in Fig.4.3, all parameters in the equivalent circuit are calculated and
compared with the theoretical values. Except for the fringe capacitances at the
microstrip-CPS transitions, they are in reasonable agreement with the theoretical
values. In Fig.4.3, it can be seen that most of reflection comes from capacitive
discontinuities at the microstrip-CPS transitions corresponding to the marker points 2
and 3. The coax-microstrip discontinuities, corresponding to marker points 1 and 4,
have small reflections and they are mostly resistive because the coax and the microstrip
have slightly different actual characteristic impedances. Measured actual characteristic
impedance(48.5) of the CPS line is also sightly lower than 50(€2). Small inductances
of the gold ribbons contribute little to the reflections and, most of the conductor loss

exists in the CPS line.

In Fig.4.4, the measured return loss is compared with the theoretical one
calculated from the equivalent circuit. They exhibit close agreement over a very wide
bandwidth and show the return loss below 13dB up to 18GHz. Although the measured
data are within [8GHz bandwidth of the measurement set-up, the extended calculation

using the equivalent circuit and the parameters calculated from the TDR measurement in
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the bandwidth shows the return loss below 10dB up to 30 GHz. We can also see the
small reflection clearly in Fig.4.5. showing the S;} in polar coordinate. Throughout
the measurement of transmission characteristics(S21), it is observed that radiation and
substrate modes take place at the microstrip-CPS transitions and these modes create
some resonance and additional loss to the transmission characteristics. However, these
modes have minor effect on the reflection and they are neglected in the theoretical

calculations.

In order to minimize the return loss and to increase the bandwidth, close
proximity of the gold ribbons to the CPS gap and small capacitances in the
discontinuities are necessary. These can be accomplished simultaneously using very
thin microstrip substrate. However, since the thinner the substrate is, the narrower the
microstrip for the 50(€2) characteristic impedance, Qery thin substrate as well as narrow
microstrip result in large discontinuity capacitance at the microstrip-coax transition.
Therefore, the substrate thickness should be chosen carefully and a tiny coaxial
connector is also helpful for practical usage. Tapering of the microstrip ground plane
affects the reflection less than the microstrip-CPS transitions. However, it is needed to
minimize the transition area because the ground plane reduces the characteristic

impedance of the CPS line near the transition.
4.5. Conclusion

A new and practical CPS feed of wideband and low return loss has been
achieved using an intermediate microstrip line between coax and CPS lines. The
measured and calculated return losses are in good agreement and below 13 dB up to

18GHz. The extended calculation of the return loss based on the equivalent circuit and
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the parameters calculated from TDR measurement, shows the return loss below 10dB
up to 30GHz. This wideband CPS feeding can be directly applied to the wideband
feeding of electro-optic devices that use the CPS line as their electrodes such as the
traveling-wave optical modulator shown in the previous chapter. This structure can be

integrated monolithically with the optical devices on a GaAs substrate.
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Chapter §

GaAs Traveling-wave Optical Modulator using a Modulated Coplanar

Waveguide Electrode with Periodic Cross-tie Overlays

5.1. Introduction

In an effort to reduce the transit time difference of GaAs traveling-wave optical
modulators, the principles of a slow-wave structure using periodic cross-tie overlays
has been previously described and applied to a GaAs traveling-wave optical modulator
using a modulated coplanar strip electrode with the cross-tie overlays. In the new
structure, the phase velocity matching as well as the impedance matching to 50(2) have
been successfully satisfied over a very wide frequency range by reducing the phase
velocity of the modulation wave using the slow-wave electrode. For the practical use
of the device, also described is a proposed very wideband feeding of the coplanar strip

electrode using an intermediate microstrip line between the coplanar strip and a coax.

This chapter describes a GaAs traveling-wave optical modulator using a
modulated coplanar waveguide with the cross-tie overlays and presents the design
method including design considerations for the optimum structure[36],[37]. Since this
optical modulator is based on the coplanar waveguide electrode, we can put two optical
waveguides between a center conductor and two half ground planes. Therefore, this

structure will be suitable for amplitude modulators such as interferometer or coupled-
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waveguide modulator while the coplanar strip type is preferable for very high frequency

phase modulation such as for optical heterodyne communication.

This coplanar waveguide structure has been analyzed using the spectral domain
analysis[38], which is a fullwave analysis including dispersion characteristics, for each
section and by the same application of the Floquet's theorem to the periodic array as in
the coplanar strip case. The conductor loss has been calculated using the proposed
phenomenological loss equivalence method[44]-[46]. The fullwave analysis shows the
overall dispersion predominantly comes from the periodic array and the high conductor
loss and hence, the quasi-static analysis for the coplanar strip structure is valid. This
structure can also be designed to satisfy the phase velocity and impedance matching
conditions simultaneously over a broad spectral bandwidth. Therefore, the modulation
bandwidth is greatly increased for the case of zero conductor loss. However, since the
coplanar waveguide structure has higher conductor loss than the coplanar strip
structure, it has higher modulation voltage and lower bandwidth resulting in lower

figure-of-merit.

5.2. Structure description

The slow-wave structure shown in Fig.5.1. consists of an infinite array of more
capacitive section A with a cross-tie overlay and more inductive section B without the
overlay on the coplanar waveguide. The center strip of the coplanar waveguide is also
periodically modulated to reduce the conductor loss: sections A and B have wider and
narrower strips, respectively. The period chosen is much smaller than the propagation
wavelength for a uniform transmission line. The proposed slow-wave optical

modulator can be fabricated as follows as shown in Fig.5.1. Firstly, an AlGaAs layer
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is epitaxially grown on a semi-insulating GaAs substrate. Two GaAs optical channel
waveguides are then embedded in the AlGaAs epitaxial layer by epitaxial growing and
mesa etching technique[39]. Next, coplanar waveguide electrodes are fabricated on the
top surface of the AlGaAs layer and an insulating dielectric layer is deposited on the
electrode. Finally, periodic metal cross-tie overlays are fabricated on the dielectric

layer.

The dielectric loss of the modulation wave and the optical loss due to free carrier
absorption can be neglected in this semi-insulating GaAs layers if the background
concentrations of the epitaxial layers are less than 1014/cm3 [19]. The embedded GaAs
channel waveguides are used to minimize the cross-talk between the optical waveguides
because the horizontal mode size can be reduced using large index difference between
GaAs core and AlGaAs clad layers. The crystal orientation is the same as the coplanar
strip case shown in chapter 3 to use the highest electro-optic effect. Since the

modulation electric fields (E) in the two optical waveguides are in opposite directions

each other, two light waves in the optical waveguides experience opposite phase shifts -

over the interaction length (L) due to the index change (8n ~ n3r41E/2) induced by the
electro-optic effect. In order to accumulate the local phase shifts along the waveguide
completely, the phase velocity marching between the optical and modulation waves has

been accomplished by the slow-wave structure using periodic cross-tie overlays.
5.3. Spectral domain analysis of the slow-wave electrode

The numerical analysis of this structure has been carried out by a full-wave
analysis using the standard spectral domain method(38] for each section and by an

application of the Floquet's theorem to the periodic array. The dielectric constant is
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assumed to be uniform in the substrate region up to millimeter wave frequency range
because a small variation of the dielectric constant is enough to form a well-guiding
optical waveguide. The thin conductor thickness is incorporated into the effective strip
width and gap using the empirical formulas[20] to make the structure planar and
simplify the spectral domain analysis. Therefore, the cross-tie section A is a coplanar
waveguide with an electric wall spaced by a dielectric layer and section B is a thin
coplanar waveguide with a thin dielectric cover layer on GaAs substrate. The spectral
domain analysis is one of well-known standard full-wave analyses which is very
powerful for planar structures because of the high computation efficiency and the easy
formulation. Since the analysis method is well-known and straight forward, the simple
formulation procedure as well as the basis function used in this structure will be

described.

Fig. 5. 2. Coordinate and basis function used in the spectral domain analysis




Since this coplanar waveguide structure has the wide ground plane as shown in
Fig.5.2., it is better to expand the unknown transverse and longitudinal electric fields
(Ex and E,) in the slot regions and apply the Galerkin's procedure to the electric fields
in order to reduce the number of basis functions needed and increase the computation
efficiency. The electric fields in the slot regions have been expanded by a set of basis
functions and then, we dealt with the following algebraic equations in spectral domain
associated with the coupled integral equations in space domain.

Y. (o.B) Ejo) + Y (a,B) Efa) = T, (o)

g (5.1)
Y, (a,B) Ex(a)+ Yu(a B) Ez(a) Jz(a)

where Y, E, and T are the Green's admittance function, the slot electric fields, and the
currents on the conductors for a spectral component (a,B) corresponding to (x,y) in
space domain. Then, by applying the Galerkin's procedure in the spectral domain
which expands the electric fields by basis functions and takes inner products of the
resultant equations, the previous equations finally become homogeneous matrix

equations by virtue of Parseval' theorem.

S Kihen ZKmnd . m=0,1,— M

" (5.2)
N z

ZK"‘“ cn + szndn =Q , =1,2,---,N
n=1

where K::n = [ Em(a) ?ab(a,ﬁ) Ebn(a) da representing the inner product between

the mth basis function of a-component electric field (E ) and the nth current function

of b-component (?aﬁb,o. cn and dq are the unknown coefficients of the nth basis
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function for x and z-component of the aperture electric field. Therefore, the
propagation constant () can be obtained by solving the nontrivial solution of the

eigenvalue equation (5.2).

Any set of the basis functions can be chosen if the set is complete and
preferably orthogonal in the slot regions. There are several additional criteria[40] for
the convergence efficiency and accuracy since this spectral domain method has
variational nature. The electric field near conductor edge should behave properly to
ensure finite field energy and to achieve fast convergence (i.e. normal field (Ex)~p~1/2
and tangential field (E,)~pl/2 at the distance p from the conductor edge). In addition,
the basis functions should also be chosen to have close resemble to the actual field
distribution by any physical insight available. Finally, the closed form expressions of

‘the Fourier transform should be available to reduce the numerical computation. The

following set of basis functions are employed because they satisfy all the previous

criteria.

( x+v) ( X~V

cos{nx — cos{nr —
hud - had n=0,24,--

«/ L 2(x+v)]2 «/ L. [2(x-v)‘2
E,,(x) =

X+v X~V

sin (mt ——) sin (mt —_
n=1,35, ---

/ - 2(x+v) 2 / 2(x v)?

w
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= ( =)
COS n1t —_— cos|ng —
hud n=1,3,85, ---
/ 2(x+v 2 [2(x- v)]2
En(x) =
. X+v
sin (ﬂﬂ: —) sm (mt ——)
ud - hud n=2 4,6,
\/ 1- [&L") ,\/ 1- 2(""’)] (5.3)
w W

where v=(s+w)/2 and the functions are defined only over the slots ; the first and the

second terms are valid for x>0 and x<0, respectively.

Since this structure is not a pure TEM line, the definition of the characteristic
impedance is not unique. The most reasonable definition is based on the time-averaged
power (P) flowing the propagation direction (z) and the voltage (V) across the slot as

follows[41].
\%
Z0=7p (5-4)

where V = fE (x)dx and P=Re ff H zdxdy

The E and H fields can be calculated from the eigenvectors of the eigenvalue equation
(5.2). In order to simplify the power calculation, we transform the equation in space

domain (x) to that in the spccu:al domain (&) using the Parseval's theorem. Therefore,

the following power equation can be readily integrated since we know the y-variation of

the a-component from the planewave solution in y-direction.

_ _* _ ~*
= Re ff -[Ex(a,y)Hy(a,y) - Ey(a,y)HX(a,y) da dy (5.5)
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5.4. Optimum design

The optimization of this structure can be done by maximizing the figure-of-merit
in the same way as in the coplanar strip case. Since the coplanar waveguide has higher
conductor loss than the coplanar strip at high characteristic impedance, this coplanar
waveguide structure has higher conductor loss than the coplanar strip structure due to
the high characteristic impedance of section B. The overlap integral can be
approximately obtained in the same manner as in the coplanar strip case because the
electric field distribution of the coplanar waveguide is similar to that of corresponding

coplanar strip in *he middle of the gap where the optical waveguides exist.
5.4.1. Design of the slow-wave electrode

This slow-wave structure has many design parameters for the coplanar
waveguide, the dielectric layer, and the cross-tie overlays which allow wide design
flexibility for the simultaneous matching of the phase velocity and th¢ impedance. The
two main design requirements are the phase velocity matching and the impedance
matching given by

m 1

"n, = n, and Zy = S0(Q) (5.6)
where n?, n; and Z are the effective indices of the modulation and light waves and the

characteristic impedance, respectively.

Additional design considerations{4] should be imposed for high modulation
efficiency, low conductor loss, and realizable dimensions. High field intensity can be

achieved by minimizing the realizable electrode gap while low current density for the
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small conductcr loss requires thick and wide electrodes. Since the applied electric
fields in sections A and B are mostly concentrated in the dielectric and the substrate
layers, respectively, it is necessary to increase the length ratio between the two sections
(Ig/1) in order to achieve the high effective field overlap (I') between the applied field
and the optical mode. The one period length (15 + Ip) for a fixed length ratio (1p/14)) is
limited by the minimum achievable feature size of the electrode. Silicon nitride is
chosen for a dielectric material because of its high dielectric constant and high field

strength which allow high slow-wave effect and high power operation, respectively.
5.4.2. Design of the optical channel waveguide

The optical waveguide must be designed interactively with the eiectrode design
to enhance the field efficiency of the modulation wave. The main factors for the
optumum design are the effective index, the mode size and the relative alignment to the
electrodes. Since the composition ratio (x) of the AlxGaj.xAs layer can be accurately
controlled over a wide range using epitaxial growing techniques, the difference between
the refractive indices of the GaAs channel (n;) and the AlGaAs clad (n2) (An=njy-
ny=0.62Ax, where Ax is the composition ratio difference)(42] can be made large
enough for the high field confinement of the optical mode. The mode penetration into

the dielectric layer is also quite small due to the high refractive index difference between

the dielectric and the GaAs layers. Therefore, the effective index (nly) and the
horizontal and the vertical mode sizes (wy,w,) can be approximately expressed as

follow for a well-guided fundamental mode{43].




wy = a+ 023 h (5.7)
VAH n2
yo = pa 0121

v An n,

where a and b are the horizontal and the vertical dimensions of the rectangular
waveguide and A is the free space wavelength. Although small mode size is
advantageous for high field overlap, the minimum mode size should be comparable to
that of typical single mode fiber (=7 pm) for low coupling loss. Therefore, in the
optimum design there is a tradeoff between the high field overlap and the low coupling

loss.
5.5. Calculated results and discussion

There are many possible combinations of multiple design parameters for the
simultaneous matching of the phase velocity and impedance. An optimum design
shown in Fig.5.1. is obtained by considering the design and fabrication feasibility as
well as maximizing the figure-of-merit. In order to reduce the conductor loss and make
-the fabrication easy, the minimum strip width (Sp) of secti;)n B is fixed to 2um and
then, the gap (Wp=8um) is obtained. The strip width of section A (Sa) is extended to
8um in order to reduce the conductor loss. The conductor thickness (t=0.7um) is
chosen for easy fabrication and accurate analysis. The total modulator length and the

light wavelength are 4mm and 1.3um, respectively as in the coplanar strip case.
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In Fig.5.3. and Fig.5.4. are shown the effective indices, tie attenuations, and
the characteristic impedances of sections A and B, respectively. Section A has much
higher conductor loss than that of the coplanar strip structure while section B is
designed to have comparable conductor loss using wider electrode gap (8um).
However, since the length of section B (40pm) is much longer than that of section A
(5um), the overall attenuation shown in Fig.5.5. is comparable to that of the coplanar
strip structure. The phase velocity of modulation wave and the characteristic impedance
are respectively matched to the phase velocity of the optical wave and 50(€2) in higher
frequencies. Fig.5.6. shows the normalized modulation reduction factor defined by the
modulation reduction factor divided by that at DC. This coplanar waveguide
structurehas the same wide bandwidth (100GHz) as the previous coplanar strip
structure, which is much wider than the limit (30GHz) of conventional structures using

normal coplanar electrodes as shown in Fig.5.6.

————  Slow-wave
o2F —— Conventional 402

Nonnalized Reduction Factor

00 Aeddngdedudebdd, Denddecbedndddd. Ao, ol 00
Frequency(GHz)

Fig. 5. 6. Normalized modulation reduction factor
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The modulation voltage (Vx=38V) has been calculated approximately from the
overlap integral (I'=0.55), the electrode gap (Wp=8um), and the ratio of section length
(18/1ao=8) for the total length (L=4mm). The higher modulation voltage comes from the
wider electrode gap which is designed to reduce the high conductor loss in section B.
The figure-of-merit is about 2.6 GHz/V which is still higher than those of conventional

structures.
5.6. Conclusion

In this chapter, a GaAs traveling-wave optical modulator using a modulated
coplanar waveguide electrode with cross-tie overlays has been described. This
structure has simultaneous matching of the phase velocity and the impedance and
behaves as a uniform transmission line over a wide bandwidth. Also presented is the
design method including design considerations for the optimum structure. This
coplanar waveguide structure has been analyzed using the spectral domain analysis for
each section and by an application of the Floquet's theorem to the periodic array. The
dominant conductor loss has been reduced using the modulation of the center strip and
calculated by the proposed phenomenological loss equivalence method[44]-[46]. Since
this coplanar waveguide structure has higher conductor loss in section B than the
coplanar strip structure, it has higher modulation voltage (38 V) for the design of 100
GHz-bandwidth resulting in lower figure-of-merit (2.6 GHz/V). Since this optical
modulator has two optical waveguides between the center conductor and two half
ground planes, this structure will be suitable for amplitude modulators such as

interferometer or coupled-waveguide modulator.
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Chapter 6

Conclusion

GaAs traveling-wave optical modulators using coplanar slow-wave electrodes
as well as wideband feeding of coplanar strip electrode are described in this technical
report. In these struc‘turcs, the phase velocity matching has been satisfied over a very
wide bandwidth by reducing the phase velocity of the modulation wave using the slow-
wave electrode. Therefore, the modulation bandwidths are greatly increased while the
dominant conductor losses are relatively high and limit the bandwidths. The high
conductor los<=s are reduced by periodically modulating the electrode geometries. The
figure-of-merits, the bandwidth divided by the modulation voltage, are much higher
than those of conventional structures because of the successful matching of the phase
velocity. Therefore, because of the wide bandwidths and high figure-of-merits, these
structures have high potential of ultra-high speed light modulation required for next-
generation light communication, especially for high-speed heterodyne light

communicadon.

The GaAs traveling-wave optical modulator using the coplanar strip slow-wave
electrode has been analyzed using the quasi-static analysis and the proposed
phenomenological loss equivalence method in the wide ranges of frequency and field
penetration. Optimization of the structure has been carried out by maximizing the

figure-of-merit for 4mm-long device at 1.3um light wavelength. The maximum 3-dB
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bandwidth of 100 GHz has been obtained which is much wider than the bandwidth
limit (30 GHz) of conventional structures limited by the phase velocity mismatch.
Although the calculated modulation voltage of 23 V is a little higher than that (20 V) of
a conventional structure due to the slightly lower field overlap in section A, the overall
figure-of-merit (4 GHz/V) is much larger than that (1.5GHz/V) of the conventional
structure. The slow-wave structure has been build on a semi-insulating GaAs substrate
and measured using a microwave network analyzer. The measured effective index
(n’e’t’.ﬁ4.61) is much larger thanthat ( n3f=2.65) of conventional coplanar electrodes and

agrees very well with the calculated one (n:}t=4.25). The slight deficiency mainly

comes from a discontinuity capacitance between the cross-tie section and the normal

coplanar strip section which enhances the slow-wave effect.

The coplanar waveguide slow-wave electrode has been analyzed using the
spectral domain analysis for each section and by an application of the Floquet's theorem
to the periodic array. The dominant conductor loss reduced using the modulation of the
center strip and calculated by the phenomenological loss equivalence method. Also
presented is the design method including design considerations for the optimum
structure. Since this coplanar waveguide structure has higher conductor loss than the
coplanar strip structure in section B, it has higher modulation voltage (38 V) for the
design of 100 GHz-bandwidth resulting in the lower figure-of-merit (2.6 GHz/V).
Since this optical modulator has two optical waveguides between the center conductor
and two half ground planes, this structure will be suitable for amplitude modulators

such as interferometer or coupled-waveguide modulator.
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Wideband feedings of the traveling-wave modulators are required to maintain
the modulator bandwidths in practical usage. A new and practical coplanar strip feed of
wideband and low return loss has been developed using an intermediate microstrip line
between the coplanar strip electrode and a feeding coax which reduces the unbalancing
effect and the reflection at the feeding transition. The measured and calculated return
losses are in good agreement and below 13 dB up to 18GHz. The extended calcuiation
of the return loss based on the equivalent circuit and the parameters calculated from
TDR measurement, shows the return loss below 10dB up to 30GHz. In addition, this

structure can be integrated monolithically with the optical devices on a GaAs substrate.
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