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(57) ABSTRACT

In the band edge region, transmission and reflection of an
optical wave can be made very sensitive to the change in
radiation wavelength, a change in the modulator material
refractive index, and/or a change in the material absorption.
Controlling these parameters with the increased level of sen-
sitivity is provided by modulation using the band edge
region. A preferred embodiment method of the invention
uses a periodic optical structure (i.e., a grating) on top of an
optical waveguide structure. The combination of the peri-
odic structure and the optical waveguide is designed so that
the reflection and/or transmission of the guided wave have
broad pass bands with narrow transition bands. The optical
structure is exposed to an incident laser radiation with wave-
length in one of the transition bands. Modulation of the inci-
dent laser radiation is controlled by the change in refractive
index or absorption in the optical guided wave structure pro-
duced by the modulation voltage. The incident radiation is in
transition band, instead of the center portion of the pass
band. A preferred method for designing a suitable periodic
optical structure having broad pass bands with narrow tran-
sition bands uses a high coupling coefficient between the
periodic structure and the optical waveguide mode. Increas-
ing the product of the coupling coefficient and the length of
the grating narrows the transition region band and increases

12

(56) References Cited
U.S. PATENT DOCUMENTS
4,007,978 A * 2/1977 HOlON wovveererreeereenne. 38514 Sensitivity of the modulation.
4,904,045 A * 2/1990 Alferness etal. .... ... 385/37
5,131,000 A * 7/1992 Sugimoto et al. ............. 372/41 30 Claims, 9 Drawing Sheets
15

/

N D oo nNnnnnn Dﬁﬂﬁﬂjf

1




U.S. Patent Sep. 7, 2010 Sheet 1 of 9 US RE41,644 E

o ﬂ\—‘;F
Y . :
- =
A :
(o] e O
v 1-4 c
O O :
=~ = C
L\ ;
- O
~ G
x ﬁ -
0

FIG. ]



U.S. Patent Sep. 7, 2010 Sheet 2 of 9 US RE41,644 E

O
o

FATA TS <
Y ";"x’i&"?ﬁ
Rt R

N A . r
. . By
N, %'
NEPORY AX Y 'y
% — s YV Pl ™
- :).: )1&‘,

R
< R 7o

By & ..
il o SN
AT AL ) . Y2

v P

t .
HAPY

e . .
: 4» - -tn}':?‘{gﬁ

ol 3'\- v
o AR
' .Jv““ .
S R
<D ’ A
1 a =
Q. N v

20

FIG. 2



U.S. Patent Sep. 7, 2010 Sheet 3 of 9 US RE41,644 E

29
26

Grating length L

FIG. 3a
FIG. 3b

28

I_—'l\l
—
I4___

FIG. 3



U.S. Patent Sep. 7, 2010 Sheet 4 of 9 US RE41,644 E

FIG. 4

1.0

AN IS DY TR T 7
T \\ /{l AN N A §
0.8 L ‘ \ ]
3 ‘ 1
0.7} ‘ 1
0.6 b ~---CL=2 | ]
- - | 1
05L oy ]
o "7 Col =4 4
0.4 | L=t ]
0.3 [
3
0.2
[ /
0.1 F A
[ /

- -~
0.0 P e B & R e |



U.S. Patent Sep. 7, 2010 Sheet 5 of 9 US RE41,644 E

FIG. 5




U.S. Patent Sep. 7, 2010 Sheet 6 of 9 US RE41,644 E
4x107 T . , . ,
Ang=-n31,, VI/(24d)
3 - -9
4 Dc t33 = 328X10 mID/v i
O'F 46 pum
-~
L =10 -7
g 21074 F \ - - -
= 05 7 -
-~
P ~
1107 e .
//
| e
-
-~
~
0 R 1 ] 1 . 1
0 2 4 6 8 10

Applied Bias (V)



U.S. Patent Sep. 7, 2010 Sheet 7 of 9 US RE41,644 E

FIG.7

Ag = 1.5% (photoresist) - 1.0 (air); polarization = TE
— . : .

T v ¥ v T

b
o0
T

1

——"

A

Coupling Coefficient (mm™)
W L e bk
o W\ + A
| IR SRS G eS v Al !
L U |

>
oo

L | .

0.10 015 020 025 030 035
Corrugation Depth (u m)

e




U.S. Patent Sep. 7, 2010 Sheet 8 of 9 US RE41,644 E

I'=0.5

T v _1

§ 5 :
— Capacitarice = 1.15 pF: 3-dB bandwidth = 2.76 GHz

10) SR N RS i
5 '«—— Capacitance = 2.3 pF: ]

3-dB bandwidth = 1.38 GHz

)
1
1

C=5 mmé’; loss = 0.3 dB/cm

-
e
\.:-_- 1 oyt Yhalidiin \ Wl ol ey Sl it ":1
s §C=Smm":loss=0.l dB‘cm 5
— s
C =10 mnr!; loss = 0.1 dB/cm
V) Lo S —————a ...
o " " L i } N " J} —t 1
0 ) 10 15 20

Waveguide Length (mm)

C=C,



U.S. Patent Sep. 7, 2010 Sheet 9 of 9 US RE41,644 E

FIG. 9

I v | I v H
.
!
N Cu=101mi" ]
10 s / c loss = Q1 dBom 3
l/\LNOMZM . a 1
/ LNO (Burs, 1900) FayTer (Loa, 2000 :
S
p—_ ’ o]
.>'* 1 ! LNO(Ncgiehi, 1959) )
%— G5 \ ]
b 9 loss=03cBom Polyer (Sh, ZI0) ]
Lo® N Cu=5mrf1
loss =01 dBcm i
o
01 @A N " 3 1 N P 1 FUU A Y 1 .. P T i
0 10 20 30 40

3-dB Bandwidth (GHz)



US RE41,644 E

1

METHOD FOR OPTICAL MODULATION AT
PERIODIC OPTICAL STRUCTURE BAND
EDGES

Matter enclosed in heavy brackets [ ] appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions
made by reissue.

RELATED APPLICATIONS AND PRIORITY
CLAIM

This application is related to prior provisional application
Serial No. 60/235,584 filed Sep. 27, 2000. This application
claims priority from that prior application under 35 U.S.C.
§119.

FIELD OF THE INVENTION

The invention is in the optoelectronic field. The invention
is applicable to optical modulation systems, including, for
example, optical switching for digital signaling and small
signal modulation for analog applications.

BACKGROUND OF THE INVENTION

Optical modulators are used in a variety of systems. Con-
trolled modulation of laser light is useful in analog systems
to produce an output proportional to the input signal. Digital
optical systems, such as fiber optic communication systems,
use optical modulators to signal digital signals. In such case,
a modulator is controlled to turn on and off. Digital optical
modulators as signaling devices may also form the basis for
optical memories and general computer devices. Possibili-
ties for optical modulators in both digital and analog systems
are increased with increased efficiency as measured with
respect to the drive voltage required to produce the desired
optical modulation.

Conventional modulators follow similar radio frequency
transmission theory of attaining the desired transmission or
reflection over the width of the pass band, typically attempt-
ing to use the center portion of the pass band or bands of the
modulator. Conventional modulation of optical waves uti-
lizes the change of the refractive index and/or the change of
the absorption coefficient as a function of applied voltage to
modulate the intensity or phase of an optical wave. Example
conventional devices operating in this manner over their pass
bands are the Mach-Zehnder modulator, the electro-optical
phase modulator, the semiconductor electro-refraction
modulator, and the electro-absorption modulator. Any of
these modulators would be rendered more useful by an
increased efficiency as a function of drive voltage.

SUMMARY OF THE INVENTION

The method of the invention uses the band edge of peri-
odic structures for an efficient modulation method. In the
band edge region, transmission and reflection of an optical
wave can be made very sensitive to the change in radiation
wavelength, a change in the modulator material refractive
index, and/or a change in the material absorption. Control-
ling these parameters with the increased level of sensitivity
is provided by modulation using the band edge region.

A preferred embodiment method of the invention uses a
periodic optical structure (i.e., a grating) on top of an optical
waveguide structure. The combination of the periodic struc-
ture and the optical waveguide is designed so that the reflec-
tion and/or transmission of the guided wave have broad pass
bands with narrow transition bands. The optical structure is
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exposed to an incident laser radiation with a wavelength in
one of the transition bands. Modulation of the incident laser
radiation is controlled by the change in refractive index or
absorption in the optical guided wave structure produced by
the modulation voltage. The incident radiation is in the tran-
sition band, instead of the center portion of the pass band.

A preferred method for designing a suitable periodic opti-
cal structure having broad pass bands with narrow transition
bands uses a high coupling coefficient between the periodic
structure and the optical waveguide mode. The larger the
product of the coupling coefficient and the length of the
grating, the narrower the transition region band, and the
more sensitive the modulation. The periodicity is chosen (by
fabrication and by applying a bias voltage) so that the wave-
length for Bragg reflection of the periodic structure is offset
from (i.e., mismatched to) the incident laser wavelength so
that the laser wavelength is at the center of one of the transi-
tion bands. A suitable method for designing the combined
structure is to vary various dimensions and materials, includ-
ing grating, waveguide, and electrode, so that there is a large
electro-optic change of index or absorption, a strong cou-
pling coefficient and length product, a low insertion loss, and
sufficiently fast speed of operation for the intended applica-
tion.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1a (cross sectional view) and 1b (side view) illus-
trate a device structure, including a waveguide and grating,
to which the present invention is applied;

FIG. 2 shows a preferred embodiment structure including
two electro-absorption modulators connected in tandem;

FIGS. 3a (cross sectional view) and 3b (side view) show a
preferred embodiment device including a one-dimensional
grating coupled to an optical channel waveguide;

FIG. 4 is a simulation result of structure shown in FIG. 3;

FIG. 5 shows a periodic grating on top of typical x-cut
LiNbO; channel waveguide with electrode configuration
and Ti diffused channel;

FIG. 6 is a plot of effective index change as a function of
the electrical bias voltage for two different overlap integral
values, I', for the modulator shown in FIG. 5;

FIG. 7 is a plot of coupling coefficient C, for the grating
of FIG. 5 that has photo resist spun or SiO, deposited on top
of'the LiNbO; channel waveguide;

FIG. 8 is a plot of the simulated equivalent V_ for various
LiNbO; Band Edge modulators as a function of the grating
and electrode length for several coupling coefficients C=C,
and waveguide propagation loss;

FIG. 9 is a plot of the comparison of equivalent V_ at
various 3-dB RC bandwidth for various types of LiNbO; and
polymer modulators.

DETAILED DESCRIPTION OF THE INVENTION

A region of the band edge (the region between the pass
and stop band) including a preferably sharp transition region
near the stop band edge is used for modulation of an optical
wave. In this band edge region, transmission and reflection
of an optical wave can be made very sensitive to the change
in incident radiation wavelength, a change in the modulators
material refractive index, and/or a change in the material
absorption. Controlling these parameters with increased lev-
els of sensitivity is provided in the band edge region. A small
applied voltage change; for example, can lead, to a low volt-
age change digital switch, or a significant modulation effect
in an analog device.
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The high dispersion of periodic structures in the edge
region of their pass and stop band is used in the invention to
greatly enhance the modulation of the optical wave. In many
applications, modulation is created by electro-optical
changes in the material medium that include changes in
either the refractive index or the absorption coefficient, or
both, as a function of an applied voltage or electric field. In
other applications, wavelength variation of the optical radia-
tion is converted to amplitude variation of the optical wave,
and the conversion rate can be controlled by the bias. The
method of the invention may be applied to existing designs
of modulators made from LiNbO;, semiconductor, polymer
and other materials by adding a grating in accordance with
the band edge principles of the invention.

According to a preferred embodiment of invention shown
in FIGS. 1a and 1b, an optical modulator 10 with a periodic
grating 12 on a conductive substrate 13 is used that has its
band edge region matched to an optical wavelength or wave-
lengths of interest. Either the transmission or reflection of an
optical wave is controlled in the band edge region. The con-
trol is highly sensitive and responsive to small changes, i.e.,
small changes in the incident radiation wavelength, any
electro-optical change of material refractive index, or any
electro-optical change of the material absorption. For
example, in the case of a one-dimensional grating coupled to
an electro-optical channel waveguide, the sensitivity is con-
trolled by the properties of the waveguide 14 (including
residual propagation loss, the electro-optical change of the
index or absorption produced by the voltage applied to elec-
trodes 15, and the field pattern of the optical mode) and the
design of the grating (including the grafting length, the grat-
ing periodicity, the dielectric constant of the grooves and
cladding 16, the height of the grooves, and the shape of the
grooves, and the overlap of the grating with the optical mode
of propagation).

The insertion loss of the modulator is important to the
overall transmission efficiency of the signals. As the tem-
perature changes, the grating periodicity changes. The laser
wavelength may also shift in time within its stability limit.
The DC bias voltage may need to be adjusted continuously
to assure that the laser wavelength is located at the appropri-
ate position of the band edge. For analog modulation
applications, the incident laser wavelength should be biased
at the center of the transition band. For digital modulation
applications, the laser wavelength should be located at the
beginning edge of the transition band for the zero signal. The
switching voltage of the digital system must be controlled
accurately so that the modulator will be at the end of the
transition band for the one signal. The accuracy of the
switching voltage control may be reduced when the grating
is apodized to reduce the secondary loops in the transition
region. Environmental factors should also be considered as
such factors may affect the eftectiveness of a modulator with
an enhanced ultra-sharp band edge reflection or transmission
region. In designing a particular physical embodiment
modulator to implement the method of the invention, such
factors should be considered.

There is a trade-off between modulation efficiency and the
electrical bandwidth (or switching speed) of the modulation.
The electrical bandwidth (or the switching speed) will be
limited by the capacitance of the device seen by the driving
circuit. The capacitance is proportional to the device length.
At high frequencies, there may be an additional limitation
due to the transit time of the optical waves in the device. The
transit time is also longer for longer L.. On the other hand, the
larger the L, the larger the C,L and the higher the modula-
tion efficiency. In the design of a particular modulation
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device to implement the present method, it is desirable to
optimize the modulation efficiency based on the electrical
bandwidth required for a specific application.

A particular beneficial use of the present method is for RF
photonic link applications. In analog RF photo links, there
are two important measures of performance. The first mea-
sure is the RF efficiency which is the ratio of the output
signal power to the input signal power. The second measure
is the Spurious Free Dynamic Range of the link. A large
Spurious Free Dynamic Range (SFDR) is a primary system
requirement. It is the range of the minimum input signal
power when the signal is equal to the noise in the system to
the maximum input signal power when the nonlinear distor-
tion of the input signal becomes equal to the noise. When
there are two or more signals at slightly different
frequencies, the 3’7 order interference nonlinear distortion of
the signals becomes the primary nonlinear distortion. SFDR
will depend on the nonlinear distortion of the modulator.
Thus, it is beneficial to linearize the modulator. Preferred
techniques to linearize the modulation include a two-
wavelength design and a split electrode design for the can-
cellation of the nth order nonlinearity. FIG. 2 shows a sche-
matic diagram of the latter split electrode design, in which
two modulators 20 are connected in tandem. The particular
modulators 20 shown are electro-absorption modulators
where an applied voltage to electrodes 22, 24 is used to shift
the absorption edge in the intrinsic (i) region. Different volt-
ages are applied on the two electrodes 22, 24. By properly
choosing the voltage and the electrode lengths, certain
orders of non-linearity can cancel each other. Thus the
SFDR of the RF optical fiber link can be increased.

A preferred example that illustrates the principles of the
present method will now be discussed. This example, shown
in FIGS. 3a and 3b, is a one-dimensional grating 26 coupled
to an optical channel waveguide 27 that has an efficient
electro-optical change of index. In this example, the
waveguide has no residual propagation loss. As before,
material properties, including substrate 29, and voltage
applied to electrodes 29 affect performance. There can be
various choice of materials for the channel waveguide, dif-
ferent configurations for the grating grooves and material
and different configurations for the electrode.

The pass and stop bands of such a grating depend on the
coupling coefficient C, of the grating with respect to the
optical guided wave mode. For grating corrugation with rect-
angular grooves, C, is given approximately by

Con Cach [ aslef &
0~5 Eﬁw ye(z,y]

where m represents the optical angular frequency; Ae is the
change in the dielectric constant in the grating corrugation;
and h, W are the grating corrugation height and width,
respectively. h[ " dyle(d/2, y)|* represents the portion of the
light intensity over the grating area. The larger the h, Ae and
le|*, the larger the C,,. When a voltage is applied to the optical
waveguide via the two electrodes 29, it creates an electric
field. There will be a change of the effective index of the
optical waveguide mode produced by the electric field.

FIG. 4 is a simulation result of the FIG. 3 structure. It
shows the variation of the reflectivity (and transmission) of
the device at various d,L values for several coupling strength
C,L. §,L is 2m times the off-set of the number of half-wave
number in the optical waveguide to the number of the
grooves in the grating, as discussed in the text. The 9§, is
controlled by the grating periodicity A, the effective index of
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the waveguide mode and the free space wavelength of the
optical guided wave. The stop band is the broad high reflec-
tivity (or low transmission) main lobe around §,1.=0, and the
pass band is the low reflectivity (or high transmission)
region at §,1.>20. The band edge is between the pass and the
stop bands. There are two secondary lobes shown in the
transition region in this figure.

FIG. 4 shows the reflection and the transmission of the
waveguide with a grating overlay of length L as a function of
d,, the mismatch from the Bragg condition. §, has two parts.
There is a bias J,,, (created by the effective index of the
optical guided wave at free space wavelength A under the
applied bias voltage in the absence of the signal voltage) and
a signal §,, (created by the modulation voltage).

Ok = Oko + Oks
Mefrpias |
S = 2 ebbine _
K0 ( 3 /\]’
AnAn g
s = —

where A is the grating periodicity, n,,,, is the effective
index of the guided wave with the bias voltage applied, and
An,,is the change of effective index created by the modula-
tion voltage. The effective index of the guided wave, n,, is
the sum of n_,,, and An, ;. In other words, 8,1 is 27 times
the off-set of the number of half-wave number in the optical
waveguide, under the grating at the applied voltage, to the
number of the grooves in the grating. The Bragg reflection
occurs at A=A/2n, 4 i.e. §;=0. As &, is shifted from the bias
value by the change of effective index of the guided wave
mode due to the electro-optical effect of the modulation
voltage, the reflection or the transmission of the optical
intensity coupled from the waveguide to the fibers is
changed.

At large CyLL where L is the length of the grating, the
width of the pass band is broadened while the center of the
stop band does not change. The result is a very rapid varia-
tion from pass to stop band (i.e., the transition) as a function
of both the wavelength and the effective index of the
waveguide. The larger the C,L, the sharper is the transition.
With the method of the invention using a large C,L and a
wavelength A and n,,,,, such that 8, is within the band
edge region at the sharp transition between pass and stop
bands, a small change of the effective index will now lead to
avery large change of transmission or reflection from pass to
stop band. In implementing the invention for analog
modulation, d,, is preferably biased to the value that yields
the largest slope, i.e. dR/dd, or dT/dd,. For digital
modulation, §,, is preferably biased to yield the highest
on/off ratio with a smallest change of §, Because of the
existence of the secondary lobes, the switching voltage
needs to be controlled to yield a high on/off ratio. Secondary
lobes of R or T can be suppressed by apodization of grating
periodicity.

In addition to the grating, the most effective design of the
waveguide and the electrodes will cause a most effective
change of the effective index of the optical waveguide mode
by the applied signal voltage, in conformity with obtaining a
large C, and within the bandwidth allowed by the capaci-
tance and the transit time. The larger the An,, for a given
modulation voltage, the larger the modulation efficiency.
There are number of known optical waveguide materials and
structures such as the LiNbO; and polymer waveguides in
addition to new waveguide materials that will be a good
candidate for the channel waveguide. The electrode design
should be configured and optimized separately for each case.
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Though the one-dimensional grating and LiNbO,
waveguide provides below an important example of the use
of the method of the invention, the invention may be applied
to any material, waveguide structure and electrode design
that has an electro-optical change of index. It can also be
applied to materials that have electro-absorption effects.
Though the reflector modulator is used as an example to
illustrate the band edge region modulation, transmission
modulators may also be used in accordance with the method
of the invention. The performance of transmission modula-
tors will be similar to the reflection modulators. For reflec-
tion modulation, a circulator is required between the laser
and the modulator. For transmission modulation, an isolator
is required between the laser and the modulator.

For most optical waveguides, the electrical properties of
the two electrodes can be represented as a capacitor associ-
ated with resistors. The actual voltage from the RF modula-
tion source required to achieve a given electric field depends
on the circuit properties of the device and the driving circuit.
There will be a drop of the electric field at high frequencies
due to the RC effect in circuits. This is the primary cause of
the bandwidth restriction. The other cause is the transit time
required for the optical energy to decay to a low level. The
transit time and the capacitance can be reduced by decreas-
ing L. On the other hand, there is a limit of how large a
coupling coefficient C, between the grating and the optical
mode can be obtained. The smaller the C,L, the less sensi-
tive the modulation. Therefore, there will be a trade-off
between V_ and the bandwidth.

The invention is generally practiced through matching the
bias effective index and the wavelength to the band edge
region, and may be enhanced through optimizing the shape
of the band edge region of the modulator. Five major design
considerations may be applied to perfect an optimization for
a given practical embodiment and set of wavelengths of
interest:

(1) The larger the C,L. product, the more sensitive the
modulation. On the other hand, the smaller the L, the
larger the bandwidth. Thus, one of the important design
considerations of such a modulator is to design the
waveguide and the grating to obtain as large a C, as
possible. For polymer and LiNbO, waveguides, various
known material parameters and fabrication techniques
can be used to obtain a large C,,.

(2) Obtaining as large a An,as possible for a given volt-
age. Again, for the LiINbO; and polymer waveguides,
the 9§, as a function of applied voltage can be obtained
based on the known electro-optical coefficients and the
electrode and waveguide designs.

(3) In a more detailed analysis of R or T, the sharpness of
the transition region is reduced significantly by higher
propagation loss. The slope, dR/dd, or d1/dd,, is
reduced as the propagation loss increases. Therefore,
the third major design consideration is to reduce the
propagation loss and to achieve the best performance
for a given propagation loss. The realization and the
assessment of the effect of propagation loss will guide
the development of material and fabrication technology
for manufacturing. We also discovered that for a given
effective absorption coefficient, o, there is an opti-
mum L,,, that yields the largest slope. However,
whether the optimum L, should be used for a given
application depends on other design considerations
such as the bandwidth to be discussed in (4)

(4) The voltage will be applied to the modulator electrode
across the grating via the RF and microwave circuit.
For the modulator designed as a lumped circuit
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element, it is basically a capacitance C in the electrical
circuit. There will be a drop of the voltage applied to
the modulator at higher frequencies due to the circuit
property, called the RC effect. The frequency range
from DC to the frequency at which the modulator volt-
age is dropped to 1/4/2 of its peak value at DC is called
the broadband bandwidth of the modulator. The larger
the C, the smaller the bandwidth. On the other hand, C
is proportional to the length of the electrode that equals
to the length of the grating L. Therefore, the larger the
bandwidth required for a specific application, the
shorter must be the L. L affects the modulation slope,
dR/dd, or dT1/dd,, or the “on/off §,” because it affects
the CoL, a Q. and §,L. values. For this reason, the
fourth major design consideration is to optimize the
design based on the required L.

(5) For external modulators inserted into optical fiber
links, the insertion loss of the modulator is the fifth
major design consideration. For analog links, the RF
link efficiency is proportional to the product of modula-
tion slope efficiency and the insertion efficiency at the
bias voltage. For digital links, the insertion efficiency at
the “on” state of the modulator determines the optical
power that can be distributed and transmitted. The
on/off ratio determines the signal to noise ratio at the
receiver. The insertion efficiency t,, will depend on the
modulator (including the grating) design as well as
external factors such as the insertion loss of the circula-
tor used for reflection modulators, the coupling loss to
the fibers, etc.

For illustration purposes, the invention has been illus-
trated primarily in terms of the electrode designed as a
lumped electrical circuit element. There are other electrical
designs that will avoid the RC bandwidth limit. For example,
an impedance matching circuit may be employed to give
high modulation efficiency over a narrow band of frequency
around a high center frequency using a modulator with a
larger L. The traveling wave electrode design is the tradi-
tional way to increase the bandwidth without requiring a
shorter L. at high frequencies. However, the traveling wave
electrode will not work well for a resonant modulator based
on the interaction of forward and backward propagating
waves. In addition to the RC limitation in bandwidth, there is
a transit time limitation to the bandwidth of a modulator. For
a grating modulator, it takes a finite amount of time (i.e. the
transit time) for the interaction between forward and back-
ward propagating wave to reach equilibrium or to decay.

Modulation of R or T is also obtained when the absorption
coefficient o is changed by the applied voltage. In
semiconductors, a large change of absorption coefficient,
called the electro-absorption effect, can be obtained in mate-
rial structures such as the multiple quantum well structures.
Simultaneously, there will be change of index of refractive
index called the electro-refraction. Electro-absorption and
electro-refraction effects occur simultaneously. However,
materials structures can be designed to optimize electro-
absorption or to optimize electro-refraction. The optimiza-
tion of the modulation efficiency using a grating in the tran-
sition band with a semiconductor waveguide that has strong
electro-absorption and/or electro-refraction is another poten-
tial application of this invention. In analog applications, lin-
earization of the R or T curve near the bias point will be an
important design consideration to increase the Spurious Free
Dynamic range. In digital applications, apodization of the
grating will be considered to reduce the sensitivity of the
on/off ratio to the switching and bias voltages.

An Example of Optical Modulation at the Band Edge
of Periodic Structures on LiNbO, Waveguides

The Mach-Zehnder LiNbO; modulator has been used for
external modulation in many fiber optical applications.
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There is keen interest in any technique that will increase its
modulation efficiency so that the fiber optical communica-
tion systems can be operated with much lower driving volt-
age. The technique of optical modulation at the grating band
edge may offer such important improvements. It is demon-
strated by simulation here.

A typical x-cut LiNbO; channel waveguide phase modu-
lator with electrode configuration and Ti diffused channel is
shown in FIG. 5. The change of the effective index of the
TE,, mode as a function of the voltage applied to the elec-
trodes is shown in FIG. 6. Although different designs of the
electrode and the channel may give a different effective
index curve, the performance of the electro-optical change
of effective index can be illustrated in terms of the curves in
FIG. 6 without any loss of generality. The simulation is done
for the 1.3 um wavelength. For such a waveguide with a
grating fabricated in polymers or in SiO, (index=1.5) on top,
the C, as a function of the grating corrugation depth is
shown in FIG. 7. Since the grating periodicity for Bragg
reflection at the 1.5 pm wavelength is approximately 3.5 um,
the corrugation depth that can be etched effectively by con-
ventional methods without special etching technique is less
than 3.5 pm. Since the guided wave mode decays exponen-
tially in the low index cladding, the C, value saturates at
large corrugation depth. If a high index material such as
titanium oxide is used as the grating material, larger C, can
be obtained without saturation. An alternative is to use reac-
tive ion etch techniques to etch a grating directly into the
LiNbO; waveguide.

FIG. 8 shows the equivalent V_, of a reflection band edge
modulator as a function of grating length at C,=5 mm™" for
waveguide propagation loss at 0.1 and 0.3 dB/cm. FIG. 8 is
an illustration of the modulation efficiency, measured in
terms of the equivalent V_, that can be obtained for typical
cases. Here, the equivalent V_, is defined as 7/(|2dR/dV]) for
analog modulation. Larger C, and lower loss will yield bet-
ter performance. For digital modulation, theV,,, is the volt-
age swing from the “on” state to the “off” state. The digital
V. ,.0q 18 roughly three times the equivalent Vrt. Based on the
electrode configuration shown in FIG. 5, the capacitance per
unit length of a lumped element electrode can be calculated.
The calculated bandwidth of the RC effect at L=5 and 10
mm are also shown in this figure. Small propagation loss
does not reduce Vit much for L less than 5 mm. For L<5 mm,
an increase of C, would be effective in reducing V.. On the
other hand, for L= 10 mm, the effect of propagation loss is
pronounced. FIG. 9 shows the V_ as a function of the RC
limited bandwidth for the common-case grating band edge
modulators in comparison with other LiNbO; and polymer
modulators. (S.-H. Lee et al., IEEE J. Quantum Electron.,
vol. 36, no. 5, pp. 527-532, 2000; Y. Shi et al., Appl. Phys.
Lett., vol. 77, no. 1, pp. 1-3, 2000; W. K. Burns et al., J.
Lightwave Technol., vol. 17, no. 2, pp. 2551-2555, 1999; K.
Noguchi et al., in Technical digest of CLEO/Pacific Rim 99,
vol. 4, (IEEE, Piscataway, N.I.), pp.1267-1268, 1999.) Even
with C,=5 mm™ at 3 GHz bandwidth, the V,_ of the band
edge modulator is lower than other comparable modulators.
A large reduction in V_ is achievable at lower bandwidth. Ifa
large C, can be obtained (e.g., using the TiO, material or
etched grating), the V_ can be even lower, and to the modu-
lator can have a larger bandwidth. However, because of the
bandwidth limitations, it is unlikely that the V  of the grating
band edge modulator can be better than the traveling wave
modulators at 30 or 40 GHz bandwidth.

Optical Modulation at the Band Edge of Periodic
Structures in Other Flectro-optic Channel
waveguides

The band edge effect of periodic structures can also be
applied to semiconductor channel waveguides. In addition,
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besides the normal electro-optic change of index far away
from the absorption of the material, some semiconductor
waveguide materials have Frantz-Keldysh or Quantum Con-
fined Stark Effect near their absorption band edge or exciton
absorption. These materials may exhibit very strong changes
in absorption as a function of the applied electric field called
the electro-absorption effect and/or very large changes in
refractive index as a function of the applied electric field
called the electro-refraction effect. Using the band edge dis-
persion coupled with vary large electro-absorption and/or
electro-refraction may yield much more effective modula-
tion than either LiNbO; or polymer waveguides. The obvi-
ous long term advantage of semiconductor modulator is its
potential for integration with other optical components such
as laser and/or integration with electronic driver or detector
circuits on the same chip.

A polymeric waveguide modulator is potentially attractive
for many optical fiber applications. It has many potential
advantages. For example, polymer material can be coated
easily on other materials. It can be used to integrate elec-
tronic circuits with optical modulators. The difference
between microwave and optical index of polymers is much
smaller than LiNbO;. Therefore the bandwidth limitation in
traveling wave devices due to microwave and optical phase
mismatch is much smaller.

Polymeric waveguides differ from LiNbO, waveguides in
their material properties. They are made from low index
materials. Different material properties are obtained by dif-
ferent synthesis and pulling processes. It is necessary to con-
sider the effect of both the TE and the TM propagating
modes, variations in electro-optical coefficients and different
propagation losses. The primary disadvantages of current
polymeric waveguides are their large propagation loss and
moderate electro-optical coefficient. Typical propagation
loss and electro-optical coefficients are ~1.5 dB/cm loss and
28 pm/V EO coefficient for the TM mode, and ~0.75 dB/cm
loss and 9 pn/V EO coefficient for the TE mode. Since the
material properties are being improved continuously, simu-
lation and demonstration of modulation at the band edge of
periodic structures constitute an ongoing project.

Many applications of the invention are possible. The fore-
going examples are provided for illustrative purposes.
Potentially, many fiber optical links using external modula-
tion of the loser power may use this device instead of the
existing devices. Thus the potential number of uses is very
large, including telecommunication, CATV, wireless
communication, RF photonic links, phased array, antenna
remoting, sensor, etc.

While various embodiments of the present invention have
been shown and described, it should be understood that other
modifications, substitutions and alternatives are apparent to
one of ordinary skill in the art. Such modifications, substitu-
tions and alternatives can be made without departing from
the spirit and scope of the invention, which should be deter-
mined from the appended claims.

Various features of the invention are set forth in the
appended claims.

What is claimed is:

1. A method for optical modulation, the method compris-
ing steps of:

employing an optical modulator including a waveguide

and a grating upon the waveguide, said optical modula-
tor having its band edge region matched to an optical
wavelength of interest for modulation; and

controlling one of the transmission and reflection of an

optical wave from said optical modulator near the band
edge region.
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2. The method according to claim 1, wherein said step of
controlling comprises monitoring and controlling a wave-
length of incident radiation used to stimulate the transmis-
sion and reflection from said optical modulator.
3. The method according to claim 1, wherein said step of
controlling comprises changing a material refractive index
of the optical modulator.
4. The method according to claim 1, wherein said step of
controlling comprises changing a material absorption index
of the optical modulator.
5. A method for optical modulation using a periodic opti-
cal structure having a waveguide and a grating structure with
broad pass bands and narrow transition bands, the method
comprising steps of:
exposing the periodic optical structure to an incident laser
wavelength in the middle of one of the transition bands
or at the beginning of one of the transition bands;

controlling modulation of the incident laser at a given
wavelength by applying a modulation voltage to the
periodic optical structure.

6. The method for optical modulation according to claim
5, wherein the periodic optical structure comprises a one-
dimensional optical grating coupled to a parallel optical
waveguide.

7. The method according to claim 6, wherein the optical
grating has a coupling coefficient and length to create wide
pass bands with rapid transitions from pass to stop bands as a
function of effective index of the waveguide.

8. The method according to claim 5, wherein the
waveguide comprises a LiNbO; waveguide and the grating
is formed upon a SiO, or polymer buffer layer.

9. A method for designing a periodic optical structure
having broad pass bands with narrow transition bands, the
optical structure being suited for optical modulation at a
band edge of the narrow transition bands, the optical struc-
ture including a waveguide and an optical grating, the
method comprising steps of

choosing a high coupling coefficient for the waveguide

material;

choosing a bias voltage applied to the optical waveguide

and a grating periodicity so that its Bragg wavelength is
mismatched with the laser wavelength, and selecting a
grating length to enhance modulation efficiency.

10. The method according to claim 9, wherein said step of
selecting comprises optimizing the grating length to achieve
a high on/off modulation ratio with a smallest change of
effective index by the signal voltage.

11. A method, comprising:

providing light to an optical modulator having a first tran-

sition band between a pass band and a stop band;
controlling transmission of said light in or near the first
transition band.

12. The method of claim 11, wherein said modulator
includes a periodic optical structure coupled to an optical
waveguide.

13. The method of claim 11, wherein said controlling
includes controlling a wavelength of said light.

14. The method of claim 11, wherein said controlling
includes changing a refractive index of said modulator.

15. The method of claim 11, wherein said controlling
includes changing an absorption of said modulator.

16. A method, comprising:

providing light to an optical modulator having a first tran-

sition band between a pass band and a stop band;
controlling reflection of said light in or near the first tran-
sition band.
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17. The method of claim 16, wherein said modulator
includes a periodic optical structure coupled to an optical
waveguide.

18. The method of claim 16, wherein said controlling
includes controlling a wavelength of said light.

19. The method of claim 16, wherein said controlling
includes changing a refractive index of said modulator.

20. The method of claim 16, wherein said controlling
includes changing an absorption of said modulator.

21. A method, comprising:

providing light having a first wavelength to an apparatus

that includes a periodic optical structure and an optical
waveguide, wherein said apparatus has a first transi-
tion band between a pass band and a stop band, and
wherein said first wavelength is in the beginning or the
middle of said first transition band;

applying a voltage to the apparatus in ovder to modulate

said light within said first wavelength.

22. The method of claim 21, wherein said applied voltage
changes a refractive index of said apparatus.

23. The method of claim 21, wherein said applied voltage
changes an absorption of said apparatus.

24. The method of claim 21, wherein said periodic optical
structure is a grating, and wherein said light is incident laser
radiation.
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25. An optical modulation system comprising:
an optical waveguide;

a periodic optical structure coupled to said optical
waveguide to provide an optical modulator having a
first transition band for incident light, the first transi-
tion band being between a pass band and a stop band;

said optical modulator being responsive to voltage for
controlling transmission of the incident light for said
optical modulator in or near said first transition band.

26. The optical modulation system of claim 25, wherein
said voltage controls a wavelength of said incident light.

27. The optical modulation system of claim 25, wherein
said voltage changes a refractive index of said optical modu-
lator.

28. The optical modulation system of claim 25, wherein
said voltage changes an absorption of said optical modula-
tor.

29. The optical modulation system of claim 25, further
comprising:

a source for said voltage.

30. The optical modulation system of claim 25, wherein
said periodic optical structure comprises a grating.

#* #* #* #* #*
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