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Seventeen-GHz Directional Coupler
Optical Modulator

Mark Yu and Anand Gopinath

Abstract—The design of our high-speed directional coupler
modulators at 0.83 ym used a semi-vectorial finite difference
solver to obtain the odd and even mode optical propagation
constants in the AlGaAs waveguide structure and a quasistatic
finite difference code to obtain the RF characteristics of the elec-
trode structure, which was an asymmetric coplanar waveguide
modified capacitance loading. The measured drive voltage of the
modulators, for 10-90% response, varied between 22 and 27 V,
compared with the theoretical value of 25 V., The 3 dB bandwidth
of 17 GHz was obtained for this capacitive-loaded design, with
2500 mm interaction length, and is in good agreement with the
predicted result.

I. INTRODUCTION

N THIS paper we discuss the design and realization of

a 17 GHz directional coupler modulator/switch at 830 nm
wavelength. High bit rate systems require that the signals mod-
ulate the optical carrier, and the most efficient form is direct
laser modulaton, but this suffers from spectral broadening.
A monochromatic carrier is generally used for long distance
transmission in optical fibers, necessitating the development
of external modulators. Two types of electrooptic modulators
are commonly used, and these are the linear electrooptic
modulators employing the linear electrooptic effect (Pockels
effect) and the electroabsorption modulators based on the
Franz-Keldysh or the Quantum Confined Stark effect. In this
study we have confined our design to the linear electrooptic
devices. '

Electrooptic modulators are cither the interferometric type
or the directional coupler type. The directional coupler
switch/modulator is the focus of this study because it may
be used as a 2 x 2 switch as well as a modulator. The
bandwidth of the traveling-wave electrooptic modulator is
usually determined by the difference in velocity of the
optical and electrical signals. In our design, we have used
a capacitively loaded coplanar guide structure to equalize the
optical and rf indices. A large value of the overlap integral and
good velocity matching are required for low power drive and
high speed. Good dc response and low power requirements
may be obtained with asymmetric excitation of electrodes, but
the RF loss becomes high [1]. To lower the RF loss, we must
use wide RF electrodes with asymmetric excitation. Since the
bandwidth also depends on the RF impedance matching and
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Fig. 1. Cross-section of the double heterostructure AlGaAs/GaAs directional
coupler modulator used in this project.

loss, as well as the optical-electrical phase velocity mismatch,
some of the tradeoff relations are discussed in the design of our
modulator. In the following sections, we discuss the simulation
issues, the design options, and, finally, our measured results.

II. SIMULATION OF DIRECTIONAL COUPLER MODULATOR

A. Optical Waveguide Calculations

To calculate the modal behavior of the optical guides, a
computer program developed by Klein Johnson, University
of Minnesota [2], was used that utilizes the nonuniform
mesh implementation of the semi-vectorial finite difference
method [3] for determining polarized E field solution of the
Helmholtz equation in rib waveguides with arbitrary refractive
index profiles. The cross-section of the AlGaAs/GaAs structure
used in our directional coupler is shown in Fig. 1, and we
used above method for determining the TE mode structure
at 0.83 um wavelength. The field distributions in this layer
structure are obtained for various waveguide ridge widths W,
ridge heights Hy, and differential depth H; — H> to determine
the guide dimensions, so that only one odd and one even mode
propagate. In order to establish large optical coupling between
waveguides, the gap G between the guides, shown in Fig. 1,
was chosen to be 2 pm, and the ridge width of the waveguides
was chosen to be 3 pm. Hy was set at 0.95 pm, and this
ensures that the propagation of only one odd and one even
mode occurs.

B. Electrode Calculations

For the directional coupler devices discussed here, the
asymmetric coplanar strip was used. Losses in these transmis-
sion lines have been investigated by several authors [4]-[9].
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We have written a simulation program using the quasistatic
approach with a finite difference nonuniform mesh method
to calculate the conductor loss and the strip impedance on
AlGaAs/GaAs substrates. With this program, we are able to
determine the electric field distributions, electrode impedance,
and losses for any RF strip waveguide geometry. The structure

analyzed for this project is the nonplanar asymmetric copla-

nar waveguide with thick electrodes. The program obtains
the potential and electric field distribution using the same
nonuniform mesh implementation as that used in the semi-
vectorial finite difference program for the optical modes, so

that the overlap integral between the optical and electric fields.

may be obtained directly. From the potential distribution, the
capacitance between the,1f electrode and the ground plane or
planes may be obtained, with and without dielectric present,

given as Cy; and Cj, respectively. The microwave phase -

velocity factor is then given by vs/co = /Co/Cy = 1/n¢
where ¢y is the velocity of light in air. The characteristic
impedance is given by Zy = 1/¢g/CoCy. The charge pattern
without the dielectric substrate corresponds to the longitudinal
current distribution pattern, and from this the conductor loss
factor ¢ is evaluated from [8] ‘

- [/del%—/ngpdl} ’ (1)

t-1
(o'
AVE
where J; is the strip longitudinal current linear density, J,y,
is the ground-plane current linear density, I is the current
carried by strip or ground-plane, and R is the metal surface
resistivity in ohms. It is assumed that the current is confined

to the surface of the electrode which is valid at frequencies at-

which the skin depth is less than half the electrode thickness
t. At low frequencies, when the skin depth is large compared
to the electrode thickness ¢, the sheet resistance and loss
are expected to become independent of frequency, and a
reasonable approximation for R, at low frequency is Ry =
2/ot, where o is the conductivity of the electrode metal.
As indicated earlier, comparisons with other published work
for planar electrode structures on LiNBOjz; and GaAs show
excellent agreement [8], [10].

C. Response of Directional Coupler Modulator

The frequency response of a directional coupler traveling
wave optical modulator depends on the detailed phase velocity
difference (Af) between the two optical guides along the
device length, rather than the integrated value of AS of the
coupler [11]. The response of a directional coupler modu-
lator to a step voltage is therefore determined by dividing
the coupler into small segments and using the Fast Fourier
Transform to calculate the Fourier coefficients of the voltage
in each section. Since the electrical loss on the transmission
line is frequency dependent, the transfer matrix function of
each section is then obtained by using Fourier series analysis
together with the conductor loss factor, and the ovcrall transfer
function is obtained by matrix multiplication [10]. In the
present case, we are only interested in the frequency response
of the coupler, and therefore the calculation is performed by
segmenting the coupler, with single frequency of excitation. A
sketch of the directional coupler modulator is shown in Fig. 2
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Fig. 2. 'The optical modulator schematic with capacitive-loaded eléctrode
structure. '

and the analysis on the segmented coupler is performed by the
usual coupled mode matrix calculation for each segment. The
coherent optical signals in the. two waveguides are represented
by the complex amplitudes r(z) and s(z), which vary slowly
in the propagation direction of z-axis. Application of a voltage
v(t) to the electrode induces a mismatch AG(V) = By — 51
between two propagation constants of guides 1 and 2. The
energy exchange between two. guides is governed by the
coupled-mode equations [13], given by s

dr

— = jbr — jks ‘ )
dz :
Elf = —jbs — jrr 3)
dz

where 6 = AfB/2, and & is the coupling coefficient. For any
input amplitudes r( and sy, the coupled mode equations may
be written in matrix form

T _ To '
() =) @
(A -jB
h— (_J. L, ) )

Note that the asterisk indicates the complex conjugate. The
matrix elements are given as

where

bz
¥

b= % sin %)

where 1 = /(x2)% + (62)2. The required drive voltage is
independent of the electrode type, but the.expected modulation
bandwidth for the traveling-wave electrode is quite different
from the lumped electrode case. To examine the bandwidth
limitation of the directional coupler modulator taking into
account of microwave loss, we assume that the driving signal
over the length Al for the time interval At is given by

V (81, At)

A =costp+ j— sin 6)

= Vie + Vo sin [erAt — 27 frs (rop — nrf)Al:| co(fre)z )

Co
where V. is the dc voltage, n. is the RF index, ngp is
the effective optical mode index, and f,¢ is the RF discrete
frequency. (nop — nyt) is a measure of the velocity mismatch
between the optical and microwave signals, and for nep = 7.t
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the optical wave travels down the waveguide at the same speed
as the microwave drive signal. The effective electrooptical
induced index change within a cross-section of the optical

mode may be written as

3
n'rV

(V)= —— =T 9
An(V) e )
where G is the interelectrode gap and, n°r is 49 x 1076 um/V
for GaAs/AlGaAs [12], and I is the overlap integral between
the applied DC field E and the optical field distribution E.

Thus
G 9
= — S.
r % //SE\EOPE d

The efficiency of dc response of an optical modulator is
determined by the overlap integral. The total phase shift
induced by the electrooptical index change over a small
interaction length Al is then given by [12] is given by
3
—mnsr V(AL At) Al
APALl = Tr _
p 2 G A
Substituting for § = AfB/2, and the other terms from above
into (7), we obtain the transfer function A as a function of
time and distance in the propagation direction for a discrete
frequency.

(10)

(D

III. MODULATOR DESIGN

The waveguide layers for the design of our waveguide
device are shown in Fig. 1, consists of a 1.2-um-thick
Al 25Gag 75As guiding layer sandwiched by Alg 3Gag rAs
upper and lower cladding layers for 0.8 and 3 pm, respectively.
The Al mole fractions in these layers were selected for low
bandedge absorption in the guiding layer and low defects
in cladding layers. The relationship between the switching
voltage-coupling length product V.L. and the differential
etching depth (Hs — Hj) is complex. The total phase shift
ApL,. over the interaction length is a function of overlap
integral I" and V.. L. Since the goal in modulator design is high
modulation bandwidth with low drive voltage, for the given
material GaAs/AlGaAs and wavelength 830 nm we minimize
V.L. by optimizing the I' for a constant electrode gap. Using
the design algorithms for optical and electric fields, calculated
results for V. with 97% power transfer between guides, [, L.,
and coupling coefficient x with respect to several differential
depths are summarized in Table 1. In order to obtain efficient
overlap integral, the electrodes were placed on top of and by
the side of the ridge waveguides. It is obvious from Table I that
the center etching depth has little effect on the voltage-length
product when the gap between guides is kept constant. It also
indicates that for the design of modulators, a large value of
coupling coefficient is simply not sufficient for a good overlap
integral. A differential-etch design of the coupler was chosen,
where the etch depth of the center gap is 0.2 pm shallower than
the outer edge due to the small V_L.. This feature provides
stronger coupling between guides, which results in a short
coupling length, but the voltage requirement will be higher.
As shown in Table I, the voltage increases from 8 to 25 V
as the coupling length reduces from 9308 to 2504 pm. To
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TABLE 1
SIMULATION RESULTS OF VOLTAGE-LENGTH PRODUCT FOR
SEVERAL DIFFERENTIAL DEPTHS. WITH 2 pem GAP BETWEEN
OpticAL GUIDES, 3 tm RIDGE WIDTH, AND Ho = 0.95 um

Hp-Hy (um) | Ve (V)  Le(pm) k(/cm) r Velc (V-cm)
00 8 9308 17 0586 7.45
*0.2 25 2515 5.7 0.591 6.76
0.3 67 1017 154  0.605 6.81
0.5 124 551 285 0598 6.83

* The differential depth used in this work.

keep the device length small, we have chosen this value of
differential etch depth, despite this large switching voltage,
for the results in this paper.

A. Electrode Design

1t is well known that efficiency and bandwidth of traveling-
wave waveguide optical modulators are limited by the mis-
match of the optical and the electrical phase velocities, which
results in an increase of the RF drive level requirement for
adequate imodulation. Most broad-band modulators reported
to date [14]-[17] still require high drive power. For the
coupler an additional constraint is the coupling length of
the device. To overcome the problem of velocity mismatch,
several velocity-matching techniques have been proposed for
the optical modulators [18]-[20]. Only the electrical phase
velocity may be adjusted for velocity-matching, and in III-
V semiconductor structures this is larger than the optical
phase velocity. The effective dielectric constant €5 of a
coplanar transmission line is approximately given as €..g =
(er + 1)/2 = 7, with ¢, = 13 for GaAs/AlGaAs, and the
effective microwave refractive index n.¢ becomes /€eg =
2.65, so that the electrical phase velocity is 3.59/2.65 times
higher in AlGaAs/GaAs waveguide. An electrode structure
based on periodic capacitive-loading was designed, as shown
in Fig. 2, where the RF signal line and ground plane are placed
on cither side of the optical waveguides and connected to
electrodes on top of the ridges through several air bridges.
As the RF signal is applied to one end of the electrode, it
travels through the side electrode that has the capacitance
Cy per unit length, and because of the air bridges to the
electrode on top of the ridge, additional lumped capacitance
G:i will be added to the structure, as shown in Fig. 3. Thus, the
effective microwave index for the capacitive-coupled electrode
becomes n., = +/(Cq+C})/Cp, and the corresponding
phase velocity becomes vt = ¢o/n,;. We have modeled this
electrode structure as a RF transmission line shunted by a
succession of parallel lumped capacitances. resulting in an
artificial transmission line, with a cutoff frequency. Several
electrode structures with capacitive-loading for a coupling
length of 2500 pm were analyzed, based on different values
of S and W for the gap G = 2 um. The value of nl varied
from 2.76-2.93, and the impedance varied from 33-39 ohms.
Thus, with the capacitve-loading design, we can improve the
velocity match substantially. but with a reduction of the cutoff
of the RF bandwidth due to the artificial transmission line
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Fig. 3. The optical modulator cross-section with capacitive-loaded electrode
structure showing the capacitances.

effect. We have simulated the small-signal relative response
of the case with W = 6 mm and S = 20 mm, biased in
the linear region of the transfer function for several different
frequency-dependent losses, neglecting the artificial line cutoff
effect. The results predict that for the RF line loss of 2 dB/cm,
the half power bandwidth, is about 23 GHz an, for 4 dB/cm,
the 3 dB bandwidth is about 20 GHz.

IV. EXPERIMENTAL RESULTS

Several coupler modulators were built in AlGaAs/GaAs
material system based on the above design considerations,
using reactive ion etching-to define the guides and Schottky
barrier metallization with air bridges for the electrodes. We
discuss the measurements and results in the following sections.

A, RF Electrode Measurements’

~ The HP8510A NetworkAnalyzer was used to measure the

RF characteristics of the electrodes using RF probes, and all
measurements were made at a nominal input power of 10
dBm. The insertion loss and the impedance match for different
separations of side electrode S, as well as its width W and
electrode gap G, were obtained through the measurements of
So1 and Sy;, respectively. In our case, the ridge width was
kept constant at 3 pm, G the gap between the electrodes on
the ridge was kept constant at 2 um, the spacing S between
the RF electrode and the ridge was kept constant at 20 pm, the
RF electrode width W was varied from 6 pym to 20 pm, and
all electrodes had the same coupling length of 2500 pm. The
results showed that the wider the RF electrode, the lower the
insertion loss and the better the impedance match when the
separation of side electrode from ridge is kept constant. For
W =20 ym, S = 6 pm, the 3 dB bandwidth is close to 16
GHz. From phase measurements of the S2;, we estimate the
RF phase velocity and the slowing factor, but only consider
the section of interaction, which is 2500 pm long. For the
case of W = 20 um, the measured phase delay leads to an
effective RF index of 3.11.

B. Optical DC and High-Frequency Response

The experimental results of switching voltage listed in
Table II are in good agreement with the theoretical values, with
less than 7% difference. The measured switching voltages are
slightly higher than the estimated value of 20 V mainly due to
the low overlap integral of optical mode and applied electric
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TABLE 11
COMPARISON OF EXPERIMENTAL RESULTS OF SWITCHING
VOLTAGE WITH SIMULATION PREDICTIONS FOR
CAPACITIVE-LOADED MODULATORS FOR TWO PARAMETERS
Interaction w S | Overlap  Extinction Switching Switching
Length (um) (um) (um) | Integral  Ratio (dB)  Voltage (V) | Voltage (V)
(measured) (theory)
2500 6 20 59.1% 124 27 25
(1 coupling) (94.5%) (94%)
2500 20 20 | 602% 12.2 22 24
(1 coupling) (94.3%) (94%)
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Fig. 4. High speed response of capacitively loaded modulator with
S =20 pm for W = 6 pum and 20 pgm at 10 dBm RF power.

field of about 60%, for an extinction ratio of approximately
94%. ‘

The high frequency optical characteristics of the optical
modulator was measured by detection by high speed photo
diode, through the use of lock-in amplifier synchronized to a
reference pulsed signal in the input beam. The light signal is
obtained from a 0.83 ym wavelength laser, which was pulsed
at a 50% duty cycle for 0.5 ms pulses at 1 kHz repetition. The

‘pulse signal was also sent to the reference port of the lock-

in amplifier for synchronization with the demodulated signal.
The laser light is coupled into the modulator, and a microwave
signal from the HP8340A sweeper at a nominal power level
of 10 dBm is applied to the modulator electrodes. DC voltage
is biased at the midpoint of linear region where the optical
output intensity is a linear function of the applied voltage.
The modulation depth at 10 dBm power was about 4%. The
modulated light was detected by a high speed photodiode,.
and the signal was fed into a microwave spectrum analyzer
HP8593A. The output of the analyzer at its lowest IF then
went to a detector diode and a RC circuit. The output signal
from the envelope detection scheme was then connected to
the signal port of the lock-in amplifier. Since the signal was
synchronized with the reference pulse signal, the detection may
be observed from the output dc level of the lock-in amplifier
detector. The resulting amplitude modulation versus frequency
are plotted for our modulators and given in Table IT and plotted
in Fig. 4. The measured bandwidth of the modulator with
2500 um. interaction length for RF electrode widths of W =
6 and 20 pm, by extrapolation, are approximately 15 and 17
GHz, respectively, as shown in Fig. 4. The frequency response
of the modulator is limited by the 3 dB bandwidth of the
electrode design as a result of the capacitance loading.
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V. SUMMARY

In this paper we have presented comprehensive simulation
models of optical and electrical properties and the design
of the high-speed directional coupler intensity electrooptic
modulators at 0.83 pm. In the design of electrodes, the RF
phase velocity is reduced by the capacitance loading, resulting
in the increase of the microwave effective index. The effective
index is more sensitive to the separation of RF source line from
the ridge than the width of the RF line. The loaded capacitance
is very efficient for the reduction of microwave phase velocity,
however with a decrease of the RF bandwidth. The calculated
small-signal response predicts that for a 40% improvement
of phase velocity match, 17 GHz at 3 dB bandwidth can
be achieved for RF loss factor less than 5 dB/cm. The dc
switching voltages have been measured, and they vary between
22 and 27 V, which is less than 8% difference from the
theoretical result of 25 V. The high speed response of the
devices have also been measured and a 3 dB bandwidth at 17
GHz has been achieved. This is in good agreement with the
22 GHz theoretical value for microwave effective index at 3.1.
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