3/048845 A2

=

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Organization
International Bureau

(43) International Publication Date

(10) International Publication Number

12 June 2003 (12.06.2003) PCT WO 03/048845 A2
(51) International Patent Classification”: GO2F 1/01 (CH). DAINESI, Paolo [IT/FR]; 130, rue du Pont-St-Ger-
vais, F-38660 La Terrasse (FR).
(21) International Application Number:  PCT/IB02/05162

(22) International Filing Date: 5 December 2002 (05.12.2002)

(25) Filing Language: English

(26) Publication Language: English
(30) Priority Data:

0129248.1 6 December 2001 (06.12.2001) GB

(71) Applicant (for all designated States except US): ECOLE
POLYTECHNIQUE FEDERALE DE LAUSANNE
(EPFL) [CH/CH]; CM-Ecublens, CH-1015 Lausanne
(CH).

(72) Inventors; and
(75) Inventors/Applicants (for US only): THEVENAZ, Luc
[CH/CH]; Chemin de la Colline 18, CH-1400 Yverdon

(74) Agent: CRONIN, Brian; Cronin Intellectual Property,
Route de Clémenty 62, CH-1260 Nyon (CH).

(81) Designated States (national): AE, AG, AL, AM, AT, AU,
AZ,BA, BB, BG, BR, BY, BZ, CA, CH, CN, CO, CR, CU,
CZ, DE, DK, DM, DZ, EC, EE, ES, FI, GB, GD, GE, GH,
GM, HR, HU, ID, IL,, IN, IS, JP, KE, KG, KP, KR, KZ, LC,
LK, LR, LS, LT, LU, LV, MA, MD, MG, MK, MN, MW,
MX, MZ, NO, NZ, OM, PH, PL, PT, RO, RU, SC, SD, SE,
SG, SK, SL, TJ, TM, TN, TR, TT, TZ, UA, UG, US, UZ,
VC, VN, YU, ZA, 7ZM, ZW.

(84) Designated States (regional): ARIPO patent (GH, GM,
KE, LS, MW, MZ, SD, SL, SZ, TZ, UG, ZM, ZW),
Eurasian patent (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM),
European patent (AT, BE, BG, CH, CY, CZ, DE, DK, EE,
ES, FI, FR, GB, GR, IE, IT, LU, MC, NL, PT, SE, SI, SK,
TR), OAPI patent (BF, BJ, CF, CG, CI, CM, GA, GN, GQ,
GW, ML, MR, NE, SN, TD, TG).

[Continued on next page]

(54) Title: AN OPTICAL MODULATOR

10
&

8

<

1

U

(57) Abstract: An optical modulator is arranged to compensate for the thermo-optical modulating effects induced by charge-injec-
tion based phase modulators. It comprises first modulator means (3), that receive optical radiation (11, 21), direct it along an optical
path, apply a first predetermined optical phase modulation by the injection of free charges into the optical path, and output optical
radiation (13, 22) so modulated. Compensator means (4) apply, to optical radiation output from (13, 22), or to be received by, the
first modulator means (3), a second predetermined optical modulation chosen to substantially compensate for stray thermo-optical
phase modulations imposed upon received optical radiation by the first modulator means (3) as a result of thermal dissipation within

the first modulator means.



wO 03/048845 A2 | INHIA UM AR 010 A0 O AL AT

Published: For two-letter codes and other abbreviations, refer to the "Guid-
—  without international search report and to be republished  ance Notes on Codes and Abbreviations" appearing at the begin-
upon receipt of that report ning of each regular issue of the PCT Gazette.



10

15

20

25

30

35

WO 03/048845 PCT/IB02/05162

An Optical Modulator

Field of the Invention

The present invention relates to a method and
apparatus for the modulation of optical signals, and in
particular for the compensation of stray thermo-optical
modulation effects imposed on opto-electronic devices
employing phase modulation via a plasma-dispersion/free-
charge-injection effect.

Known optical phase modulators typically employ
optical waveguides fabricated from materials transparent
to the radiation used in optical telecommunications. By
electro-optical techniques or thermo-optical techniques,
the refractive index of such materials may be controlled
and manipulated to correspondingly control and manipulate
the phase of optical radiation propagating along the
waveguide.

Waveguides fabricated from Silicon are typically
transparent to optical radiation with a wavelength of
above 1.1 micron. Two effective and efficient methods of
varying the refractive index and/or optical absorption of
Silicon waveguldes are: thermo-optically, wherein
controlled thermal ~variations are applied to the
waveguide so as to vary the optical properties of the
Silicon; and, via the injection of free charge carriers
into the waveguide (also known as the “plasma dispersion
effect”) .

Such thermo-optical techniques in Silicon
waveguides, being thermal in nature, operate slowly
relative to charge-injection techniques and can be used
for modulation frequencies of up to approximately 100
KHz. By contrast, charge-injection techniques in Silicon
waveguides permit modulation frequencies of up to around
10 MHz. Other modulation techniques in Silicon are
relatively inefficient.

However, the application of the charge-injection

technique, whether in Silicon or in other waveguide
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materials, typically  incurs a degree of thermal
dissipation within the waveguide material. A common

result of such thermal dissipation is the thermo-optical
variation of the optical properties of the waveguide
material and the resultant production of unwanted stray
phase modulations in addition to the deliberate/intended
phase modulations produced by charge-injection.

This thermo-optical stray modulation, which has an
opposite phase-modulating action relative to that of the
charge-injection process that induces it, will typically
cause a slow cancelling effect or a distorting effect
upon the modulation produced by the charge-injection
process. This effect cannot be suppressed and can impose
a severe limitation upon the ability of charge-injection
based optical modulation devicesg, particularly at low
modulation frequencies.

US Patent No 5,383,048 describes an optical phase
modulator using a technique based on mechanical stress.

Us Patent No 5,425,042 describes an optical
modulator implemented in a semiconductor material and
which is aimed at obtaining a large refractive index
change with a small current. However, this device 1is
still subject to thermo-optical modulating effects.

US Patent No 6,233,070 patent describes an optical
system comprising two optical paths and an optical path
changer for changing the optical length of the two
optical paths. The optical path changer includes two
phase modulators one coupled to each of the paths. A
driving system applies power to the phase modulators to
drive them in the same direction and to change the power
applied to the phase modulators in opposite directions so
as to change the 1length of each optical path in a
different direction. This modulation technigue uses and

enhances the thermo-optic effect with power inbalance.

Summary of the Invention

The present invention aims to overcome at least
some of the above deficiencies and limitations imposed on

charge-injection based optical modulating devices,
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particularly those incorporating Silicon waveguides, and
is particularly concerned with cancelling the thermo-
optic effect, rather than enhancing it as in the
aforementioned US Patent 6,233,070.

The present invention proposes applying a
compensating modulation to optical radiation which has
been (or is to be) phase modulated via a charge-injection
process, the compensating modulation being intended to
have an opposite action/effect relative to that of the
stray thermo-optical process that produced (or are to
produce) stray modulations during the phase modulation
via charge-injection. In this way, the invention aims to
compensate (at least partly) for the thermo-optical
modulating effects induced Dby charge-injection based
phase modulators.

In a first aspect the present invention provides an
optical modulator having:

first modulator means arranged to receive optical
radiation, to direct received optical radiation along an
optical path, to apply a first predetermined optical
phase modulation to optical radiation directed along the
optical path by the injection of free charges into the
optical path, and to output optical radiation eo
modulated; and,

compensator means arranged to apply to optical
radiation output from, or to be received by, the first
modulator means a second predetermined optical modulation
chosen to substantially compensate for stray thermo-
optical phase modulations imposed upon received optical
radiation by the first modulator means as a result of
thermal dissipation within the first modulator means.

Thus, the compensator means serves to substantially
compensate for the effects of stray thermo-optical
modulations induced (or to be induced) by the charge-
injection process employed by the first modulator means.
It is to be understood that ‘compensating for’ preferably
involves substantially cancelling, or correcting for, or

reversing, or removing stray phase modulations Dby
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providing e.g. a phase-modulating action which has an
opposite effect relative to that of the stray thermo-
optical process that produced the stray modulations being
compensated for. Such compensation is preferably a
substantially entire compensation, but may be such that
stray modulations are compensated for merely to within
acceptable working tolerances. For example, in general,
where complete compensation cannot be achieved in
practice, a residual uncompensated stray signal of about
1% of the intentionally imposed modulation signal is a
commonly acceptable working tolerance for
telecommunications purposes.

The compensator means may apply a compensating
modulation by direct modulation (e.g. phase modulation)
of radiation received from (or to be received by) the
first modulator means for example, or may apply the
compensating modulation indirectly wvia an interferometric
technique (e.g. imposing amplitude modulation).

When applying the compensating modulation
indirectly, it 1is preferable that the compensator means
of the optical modulator includes:

second modulator means arranged to receive optical
radiation, to direct received optical radiation along an
optical path, to apply the second predetermined optical
modulation as a phase modulation to optical radiation
directed along the optical path, and to output the
optical radiation so modulated;

optical splitter means arranged to receive optical
radiation, to direct a first predetermined portion of the
received optical radiation through the first modulator
means, and to simultaneously direct a second
predetermined portion of the received radiation through
the second modulator means; and,

optical combiner means arranged to combine optical
radiation output from the first modulator means with
optical radiation output from the second modulator means
so as to enable interference between optical radiations

so combined and thereby to apply the second predetermined
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optical modulation to optical radiation output £from the
first modulator means.

The combination of optical splitter means, first

modulator means, second modulator means and optical
combiner means thus provides an interferometer
arrangement. The combination is so arranged to apply the

compensating modulation to radiation from a charge-
injection phase modulator located on a first
interferometer ©branch, by causing that radiation to
appropriately interfere with suitably modulated radiation
from a second phase modulator located on the second
interferometer branch. The interferometer may Dbe
arranged such that where the first modulator means
applies a phase shift of Al-d6 radians to optical
radiation passing therethrough (where component Al arises
purely via charge-injection processes and component &
arises purely via  associated stray  thermo-optical
processes) the second phase modulator of the compensator
means applies a phase shift of A2-6 radians to optical
radiation passing therethrough. The phase-shift
difference arising from the interference during
subsequent combination of radiations by the optical
combiner means of the interferometer is Al-A2 and
conseguently the o) phase-shift dependency is
substantially removed. Preferably A2 is small relative
to Al, or is zero.

The compensator means may apply the compensating

modulation purely by thermo-optical processes (e.g. using

resistors as thermal dissipaters, with no charge
injection) and/or by other processes which involve
plasma-dispersion techniques (e.g. diodes in reverse
bias) . In the former case, the compensator means would

preferably apply phase shift -6 only (i.e. A2=0), while
in the latter it would typically apply phase shift A2-0.
The optical splitter means (the optical combiner
means) may have a single optical input port (output port)
for receiving (directing) radiation to Dbe split

(combined), or may have a plurality of such input ports
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(output ports). The gplitter (combiner) may be arranged
to split (combine) input radiation into equal portions or
into unequal portions in a predetermined ratio.

Alternatively, or additionally, the compensator
means of the optical modulator may include:

second modulator means arranged to receive optical
radiation output from or for input to the first modulator
means, to direct received optical radiation along an
optical path, to apply the second predetermined optical
modulation as a phase modulation to optical radiation
directed along the optical path, and to output the
optical radiation so modulated thereby to apply the
second predetermined optical modulation to optical
radiation output from or for input to the first modulator
means.

Thus, rather than applying a compensating
modulation interferometrically, the compensator means may
directly apply that modulation to radiation output from
(or for input to) the charge-injecting phase modulator.
For example, where the first modulator means applies a
phase shift of Al-0 radians to optical radiation passing
therethrough (where component Al arises purely via
charge-injection processes and component -0 arises purely
via associated stray thermo-optical processes) the
compensator means directly applies a phase shift of §-
(A2-6) radians to optical radiation passing therethrough.
The term ¢ i1s a static (DC) offset phase shift (not time-
dependent) preferably applied to ensure that the term §-
(A2-3) is not negative. The Tterm (A2-8) 1s then
subtracted from this offset phase shift with A2 arising
through charge-injection processes (if any, e.g. where
diodes are used 1in the compensator) and is preferably
small or zero (e.g. if the compensator employs purely
thermo-optical methodg), and with 6 arising thermo-
optically.

The oppositely acting phase-shifts +6 and -9
substantially cancel directly during subsequent optical

modulation by the compensator means. It is to be noted
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that the compensation modulation could be applied to
optical radiation either before or after that radiation
has been modulated by the first modulator means.

Preferably, the second modulator means is arranged
to apply the second predetermined optical modulation
thermo-optically by applying predetermined thermal
variations to the path along which optical radiation
received by the second modulator means is directed. This
may be so whatever the relative arrangement of the first
and second modulator means, and preferably the second
modulator means includes:

a thermal dissipater means arranged upon the path
along which optical radiation received by the second
modulator means i1s directed for dissipating thermal power
therein; and,

a driver means operatively connected to the thermal
dissipater means and arranged to control the thermal
power dissipated by the thermal dissipater means.

For example, where the second modulator means is
arranged to receive optical radiation output from (or for
input to) the first modulator means, it is preferable
that the driver means is operable to:

maintain the thermal dissipater means at a static
level of thermal dissipation (e.g. at a static
temperature of T1 Kelvin(K)) while the first modulator
means is not in operation; and to,

drive the thermal dissipater means at a level(s) of
thermal dissipation below said static level of thermal
dissipation (e.g. at a temperature T2<Tl K) while the
first modulator means i1s in operation such that the
combined 1level of thermal dissipation produced by the
first modulator means and by the thermal dissipater means
is substantially the same as said static level of thermal
dissipation. It 1g to be noted that the static offset
thermo-optical phase shift ¢ is in this case a direct
consequence of the static temperature level TI1.

Thus, for example, in use the thermal dissipater

may be kept in a permanent static offset condition (at
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temperature T=T1 Kelvin(K)) by the driver while the first
phase modulator means 1s not operating (i.e. not
modulating by charge-injection and therefore not inducing
stray thermo-optical modulations in radiation passing
through it). At this stage the total phase shift
produced by it would be £. This means that the second
modulating means will have a constant and known thermo-
optical effect upon optical radiation passing through it.
When the first modulator means is used (i.e. begins
modulating by charge-injection) the driver of the thermal
dissipater reduces the temperature of the latter to a new
temperature T=T2 K (where T2<T1l) where T2 is chosen such
that the total combined amount of thermal dissipation
caused by the first and second modulator means is
substantially unchanged with the result that thermo-
optical modulation of optical radiation passing through
the combination of modulator means will likewise be
unchanged.

Consequently, the total phase shift is:
(A1-0)+&-(A2-3)= ALl-N2+E

where A2 1is preferably small relative to Al, and more
preferably is zero as explained above. Since ¢ has no
time-dependence it performs no modulation and is merely
an idle phase.

Thus, the thermo-optic effect produced by the
second modulator means (at T=T2) gsubstantially
compensates for the thermo-optical effect produced by (or
to be produced by) the operation of the first modulator
means (i.e. the stray thermo-optical modulations) .

The thermal dissipater may be any device capable of
generating a controlled high thermal power with a zero or
relatively modest injection of charge into the optical
path (e.g. waveguide) into which the dissipater thermally
dissipates. For example, the thermal dissipater means
may be an electrically resistive element or one or more
diodes operating in their breakdown region (thus
resulting in a high voltage drop across the diode(s) for

a relatively modest applied current). Several shunt
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diodes (connected in parallel) may be employed to this
end.
Thus, thermal dissipation into the optical path

(e.g. waveguide) of the modulator means to which the

resistor/diode(s) 1s attached may be controlled by
suitably controlling the voltage across the
resistor/diode(s) . Electronics (such as resistors or

diodes or the like) may be integrated on top of the
waveguide or on the substrate in the immediate vicinity
of the waveguide. When dealing with Silicon these
electronics can be integrated in the same way that
standard integrated circuits are produced using the same
integration process. Thus, after the electronics have
been integrated on a Silicon substrate, waveguides may
then be created in the substrate leaving untouched any
previously integrated electronics such that the
electronics sits on top of the waveguides. Electronics
may also be integrated in the vicinity of the waveguides
in a subsequent process.

This means that, where the electronics includes
diodes, the guided light experiences the charges flowing
through the diodes’ doped regions when diodes are forward
biased.

The first modulator means preferably includes:

a free-charge injector means arranged upon the path
along which optical radiation received by the £first
modulator means is directed for injecting free charges
therein; and,

a driver means operatively connected to the free-
charge injector means and arranged to control the
injection of free charge by said free-charge injector
means . The free-charge injector means may be any device
capable of injecting high current (i.e. charge) into the
optical path (e.g. waveguide) through the first modulator
means for a relatively modest applied wvoltage and
preferably comprises one or more diodes arranged to

operate in forward bias, but may comprise one or more
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transistors. Where diodes are employed, a plurality of
shunt diodes (connected in parallel) may be used.

As an example of how diodes and transistors may be
arranged in a modulator: doped regions (n+ and p+) may be
alternatively implanted longitudinally (in the direction
of 1light propagation) on top of a waveguide, the doped
regions being connected together wvia metal stripes to
form shunt of diodes. For transistors the design reguires
a third contact. This may be achieved with a standard
electronic integration on silicon. It is to be noted that
the diodes are not discrete devices in this case, but
result from a processing of the waveguide surface. These
diodes are integrated on top of the waveguides.

Preferably, the first modulator means is a shunt of
diodes working in forward bias and the compensator is a
resistor. The optical path through the first or second
(or both) modulator means 1s preferably formed from
Silicon.

The invention in a second aspect provides a method
of optical modulation corresponding to the operation of
the aforementioned optical modulator according to the
first aspect of the invention. Thus for example, in its
second aspect, the present invention provides a method of
optical modulation by:

(a) applying to  optical radiation a first
predetermined optical phase modulation by the injection
of free charges into the optical path of the radiation so
as to produce a first modulated optical radiation; and,

(b) applying to optical radiation modulated, or to
be modulated, according to step (a) a second
predetermined optical modulation chosen to substantially
compensate for stray thermo-optical phase modulations
imposed upon said first wmodulated optical radiation
during step (a).

The method may include the steps of:

receiving optical radiation to be modulated;
splitting the received optical radiation into a first

predetermined portion and a second predetermined portion;
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applying said first predetermined optical phase
modulation to said first predetermined portion of the
received optical radiation thereby providing said first
modulated optical radiation;

gimultaneously applying said second predetermined
optical modulation as a phase modulation to the second
predetermined portion of said received optical thereby
providing a second modulated optical radiation; and,

optically combining the first wmodulated optical
radiation with the second modulated optical radiation so
as to enable interference therebeween and thereby
applying said second predetermined optical modulation to
optical radiation to said first modulated optical
radiation. Preferably, this results in the subtraction
of said second predetermined phase modulation from
optical radiation from said first modulated optical
radiation.

Alternatively, or additionally, the method may
include the steps of:

subsequent to, or prior to, producing the first
modulated optical radiation, applying the second
predetermined optical modulation as a phase modulation to
the first modulated optical radiation. The second
predetermined optical phase modulation may be applied
thermo-optically, while the first predetermined optical
phase modulation is preferably applied electro-optically
via means of free-charge injection methods or plasma
dispersion methods.

A signal control means may be provided for
controlling the drive signal input to the compensator
driver in dependence upon the drive signal input to the
driver of the £first modulator means. Thus, the
invention, in any of its aspects, mway comprise a
compensator means (or compensation step) employing a
compensator which is calibrated (e.g. once at the
beginning of its operation, and being thus calibrated
forever thereafter) with reference to the first (i.e.

plasma-dispersion) modulator means. For example, the
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drive signal input to a compensator such as this may be
exactly the same in shape and timing, but with different
amplitude than that of the signal given to the plasma-
dispersion phase modulator. The different amplitude 1is
preferably proportional to (and linear with) the
amplitude of the plasma-dispersion phase modulation. For
example, 1if the time(t)-dependent driving signal of the
plasma dispersion modulator ig £(t), the signal provided
by the signal control means for the compensator may be
A*f(t) where A is a constant. The signal control means
may be arranged to control voltage signals input to
compensator means, and may be a simple potential divider
with a variable resistor employed to generate the signal
A*f (t) from the signal f(t).

Once the signal control means is correctly
adjusted/set-up (“trimmed”) in a calibration process in
which the constant A is determined, the compensator may
function without further need of “trimming”. An
advantage of the present invention lies in the facility
to achieve a simple compensation of the thermo-optic
effect, without the need for sophisticated signal
processing.

Brief Description of the Drawings

There now follows a number of exemplary, but non-
limiting, embodiments of the invention with reference to
the following drawings in which:

Figure 1 illustrates a schematic diagram of an
optical modulator in which compensating optical
modulation is applied to optical radiation
interferometrically;

Figure 2 illustrates a schematic diagram of an
optical modulator in which a compensating optical phase
modulation is applied to optical radiation directly.

Figure 3 illustrates a schematic diagram of a signal
control means for controlling the signals applied to the

optical modulator of the compensator means.
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Detailed Description

In the drawings, like elements are assigned 1like
reference numerals.

Referring to Figure 1 there 1is i1llustrated an
optical modulator generally denoted by the reference
numeral 1. The optical modulator 1 comprises an optical
waveguide splitter 6 having an optical input port which
bifurcates into two optical output ports. The optical
input port of the waveguide splitter 6 is in optical
connection with an optical waveguide 8 for receiving
optical radiation wvia the connected optical waveguide 8,
while each of the two optical output ports of the
waveguide gplitter are optically connected to a
respective one of two  subsequent Silicon optical
waveguides, la and 1b respectively. In wuse, the
waveguide splitter splits in a predetermined ratio
between its two output ports any optical radiation
received at its input port.

The two optical waveguides la and 1lb together form
the two branches of an optical interferometer each of
which branches terminates at a respective one of the two
optical input ports of an optical combiner 7. The two
optical input ports of the optical combiner 7 merge into
a single optical output port to which is connected an
optical waveguide 9 for receiving radiation modulated by
the modulator 1. Thus, the modulator 1 serves the
function of an optical amplitude modulator.

In this example (and that of Figure 2) all
components are made from Silicon and are arranged on a
Silicon substrate. The waveguides are of the rib (or
ridge) type. In the figures a top view of the waveguide
is shown where only the top of the arrangement can be
distinguished on the substrate (not shown). What creates
the waveguiding effect is the geometry etched in Silicon.
A Silicon Dioxide (Si02) layer may be buried in the
device of Figure 1 (and Figure 2) not visible in the
figures. The substrate is thus termed an SOI (silicon

on insulator). However, the invention may be applied to
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any other silicon-based technology. The invention may
also be applied to a geometry other than rib-like - for
example a buried waveguide.

The first interferometer branch la of the optical
modulator 1 incorporates charge-injecting elements
collectively denoted 3 and consisting of an array of
shunt diodes 3a connected across the Silicon waveguide 1la
and arranged to operate in forward bias such that
application of a voltage across each diode in operation
causes charge to be injected into the waveguide 1la
consequently altering its refractive index.

A charge-injection controller 2 1s operatively
connected to the array 3 of shunt diodes 3a to
appropriately control the voltages (and therefore the
injected current) applied thereto so as to control and
manipulate the refractive index of the Silicon waveguide
material into which the operating shunt diodes are caused
to inject free charge. In this way, the first optical
modulator, 2 and 3, modulates the phase of optical
radiation propagating therethrough along gilicon
waveguide la.

The second interferometer branch 1b of the optical
modulator 1 incorporates a second modulator comprising a
thermal dissipater 4 arranged upon the waveguide along
which optical radiation received by the second branch 1b
ig directed. The thermal dissipater 4 comprises an
electrically regsistive element the thermal power
dissipation of which is determined by the voltage applied
thereacross. A driver 5 is operatively connected to the
thermal dissipater and arranged to control the voltage
applied to, and thereby the thermal power dissipated by,
the thermal dissipater 4. By controlling the wvoltage
applied to the thermal dissipater 4, the driver 5 is able
to control and manipulate the degree of thermal
dissipation from the dissipater into the portion of
Silicon waveguide 1b connected to the dissipater, and
consequently thermo-optically manipulate the refractive

index thereof. In this way, the second optical
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modulator, 4 and 5, modulates the phase of optical
radiation propagating therethrough along silicon
waveguide 1b.

In use, consider optical radiation 10 input to the
modulator 1 wvia the input optical port of the waveguide
splitter 6. Consider that the input optical radiation
field 10 takes the form:

¥, =¥, expli6)
where ¥, 1is a constant field amplitude, and 0= (wt-kx)
contains the spatial wave vector (i.e. k), the spatial
coordinate (i.e. x), the angular frequency (i.e. ), and
the temporal coordinate (i.e. t) defining the propagation
of the wave. Assuming ideal lossless propagation, the
waveguide splitter 6 subsequently splits the input
radiation field into a first predetermined portion and
directs that portion along the first branch la of the
modulator 1 in the form of radiation field portion 11,
which thereby takes the form:

W, =", exp(l'@)
and simultaneously directs a second predetermined portion
of the input radiation field 10 along the second branch
1b of the modulator 1 in the form of radiation field

portion 12, which thereby takes the form:
VY, =¥, exp(i 0)

For the special case where the splitter is a 50/50
splitter, such that the first and second predetermined
portions are each 50%, the result would be V=V,=V,/v2.

The radiation field portion 11 directed along the
first branch 1la of the modulator 1 passes through the
diode array 3 of the first phase modulator and, the
latter being driven by modulation signals from driver 2,
is phase modulated to result in a modulated radiation

field portion 13 having the form:
W, =¥, exp(i[0 + Al 5])
where Al is the phase shift produced by charge-injection

processes by the array of diodes 3 of the first

modulator, and & 4is a stray thermo-optical the phase
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shift produced by thermal dissipation by the diode array
3.

The radiation field portion 12 directed along the
second branch 1b of the modulator 1 passes through the
thermal dissipater 4 of the second phase modulator and,
the latter being driven by driver 5, is phase modulated
to result 1n a modulated radiation field portion 14
having the form:

¥, =W, exp(i[0 + A2 - 5])
where A2 is a phase shift produced by a charge-injection
process 1f the thermal dissipater is implemented using
e.g. diodes, and is relatively small, but in this example
A2 1s zero since the thermal dissipater is implemented
with a resistor involving no charge-injection process.
The term & is produced thermo-optically, and is equal in
size to the stray thermo-optical the phase shift produced
by thermal dissipation by the diode array 3.

The modulated radiation field portions 13 and 14
are subsequently combined by the waveguide combiner 7
which merges the two branches la and 1b of the modulator
1 such that the combined modulated radiation field
portions combine interferometrically and the resulting
output (combined) radiation field 15 has an intensity Iis

given by the relation:
Iis= |\P15|2 = l"Pm +LP14|2 = |LP13|2 "‘ILPml2 +LP’1‘3LP14 +\P13IP)1¥4

where the symbol * denotes complex conjugation, and thus;
Ly =¥ +[ 2] +2|% ¥, cos[ A1-5-(42-5) ]

Thus, the phase of the combined radiation output 15

is substantially free of stray thermo-optical modulations

(0) . For the special case that the splitter and combiner
are exactly 50/50, it will result that:
Al-8—-(A2-6
Iy = 4%, cosz[ 2( ):I

Referring to Figure 2 there 1s illustrated an
alternative embodiment employing a serial arrangement of

phase modulators as opposed to the parallel arrangement
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of modulators illustrated in Figure 1. In Figure 2 the
modulator generally denoted 100 comprises a Silicon
waveguide 20 which incorporates charge-injecting elements
collectively denoted 3 and consisting of an array of
shunt diodes 3a connected across the Silicon waveguide 20
and arranged to operate in forward bias such that
application of a voltage across each diode in operation
causes charge to be injected into the waveguide 20
consequently altering its refractive index.

A  charge-injection controller 2 1is operatively
connected to the array 3 of shunt diodes 3a to
appropriately control the voltages applied to the diodes
and therefore the current injected into the waveguide so
as to control and manipulate the refractive index of the
Silicon waveguide material into which the operating shunt
diodes are caused to inject free charge. In this way,
the first optical modulator, 2 and 3, modulates the phase
of optical radiation propagating therethrough along
silicon waveguide 20.

In serial arrangement, the Silicon waveguide 20 of
the optical modulator 1 incorporates a second modulator
comprising a thermal dissipater 4 arranged upon the
waveguide along which modulated optical radiation output
by the first modulator (2 and 3) is directed. The
thermal dissipater 4 comprises an electrically resistive
element the thermal power dissipation of which 1is
determined by the voltage applied thereacross. A driver
5 is operatively connected to the thermal dissipater and
arranged to control the voltage applied to, and thereby
the thermal power dissipated by, the thermal dissipater
4. By controlling the voltage applied to the thermal
dissipater 4, the driver 5 is able to control and
manipulate the degree of thermal dissipation from the
dissipater into the portion of Silicon waveguide 20
connected to the dissipater, and consequently thermo-
optically manipulate the refractive index thereof. In

this way, the second optical modulator, 4 and 5,
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modulates the phase of optical radiation propagating
therethrough along silicon waveguide 20.

In particular, the driver 5 maintains the thermal
dissipater 4 at a static level of thermal dissipation
(e.g. at a static temperature of Tl K) while the first
modulator is not 1in operation, and then drives the
thermal dissipater 4 at a level(sg) of thermal dissipation
below the static level of thermal dissipation (e.g. at a
temperature T2<T1l K) while the first modulator is in
operation such that the combined 1level of thermal
digsipation produced by the diode array 3 of the first
modulator and by the thermal dissipater 4 is
substantially the same as the static level of thermal
dissipation.

Thus, in use the thermal dissipater 4 is kept in a
permanent static offset condition (at temperature T=T1
Kelvin(K)) by the driver &5 while the £first phase
modulator (2 and 3) is not operating (i.e. not modulating
by charge-injection and therefore not dinducing stray
thermo-optical modulations in radiation passing through
it). This means that the second modulator (4 and 5) will
have a constant and known thermo-optical effect upon
optical radiation passing through it. When the first
modulator is used (i.e. Dbegins modulating by charge-
injection) the driver 5 of the thermal dissipater reduces
the temperature of the latter to a new temperature T=T2 K
(where T2<Tl) where T2 1is chosen such that the total
combined amount of thermal dissipation caused by £first
and second modulators is substantially unchanged with the
result that thermo-optical modulation  of optical
radiation passing through the combination of modulators
will likewise be unchanged.

Thus, the thermo-optic effect produced Dby the
second modulator (at T=T2) substantially compensates for
the thermo-optical effect produced by the operation of
the first modulator (i.e. the stray thermo-optical

modulations) .
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In use, consider optical radiation 21 input to the
modulator 1 via the waveguide 20. Congider that the
input optical radiation field takes the form:

Yy =Y, eXP(ie)
where ¥, is a constant field amplitude, and 6=(wt-kx)
contains the spatial (i.e. kx) and temporal (i.e. wt)
terms defining the propagation of the wave as discussed
above.

The radiation 21 passes through the diode array 3
of the first phase modulator and, the latter being driven
by modulation signals from driver 2, is phase modulated
to result in a modulated radiation field portion 22
having the form:

¥,, =¥, exp(i[@ + Al — &)
where Al is the phase shift produced by charge-injection
processes by the array of diodes 3 of the first
modulator, and & is a stray thermo-optical phase shift
produced by thermal dissipation by the diode array 3.

The radiation portion 22 subsequently passes
through the serially arranged thermal dissipater 4 of the
second phase modulator and, the latter being driven by
driver 5, is phase modulated to result in a modulated

radiation field portion 23 having the form:

¥, =¥, exp(il6 + Al - 8]+ i[¢ — (a2 -5)))
where the static (time-independent) phase term ¢ is
induced as a result of holding the thermal dissipater at

a static offset temperature T=T1 Kelvins, and A2 1is

produced by any charge-injection processes occurring in

the dissipater 4. The final phase term +06 is produced
thermo-optically by the second phase modulator. And,
thus

¥,, =¥, exp(i[@ + Al — A2])exp(~iS +i8 +i&)
and thus,
¥,, = Bexp(i[ + Al - A2])
where B:JPO@mﬁf) is a time-independent amplitude and AZ

is zero in the present example =since the thermal
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dissipater is an electrically resistive element (A2 would
be non-zero but small were the dissipater to involve
charge injection, such as a shunt of reverse-biased
diodes). Thus, the phase of the radiation 23 output from
the second modulator (4 and 5) is substantially free of
stray thermo-optical modulations (6) .

In the device of Figure 1, both phase modulators (3
and 4) could be implemented with the whole device of
Figure 2, and in general each phase modulator (3 and 4)
could Dbe composed of many phase modulators and

compensators one after the other in any order and

quantity.

If the time(t)-dependent driving signal of the
first (plasma dispersion) modulator means 1in either
Figure 1 or Figure 2 is £(t), the driving signal of the

associated compensator is A*f(t) where A i1s a constant.
A simple potential divider with a variable resistor may
be employed (not shown in Figs 1 or 2) to generate the
signal A*f(t) from the signal £(t).

The invention, in any of its aspects, may include a
signal control means for controlling wvoltage signals
input to the compensator means for the driving thereof.
The signal control means may employ a simple potential
divider arrangement to this end as explained below, or
may employ other arrangements for controlling wvoltage
signals input to the compensator means, which for example
are dependent upon the voltage signals input to the
modulator means being compensated for.

Figure 3 illustrates an example of signal control
means for generating a modulation signal A*f (t) for input
to a compensating means having exactly the same shape and
timing, but with different amplitude than that of the
signal £ (t) given to the plasma-dispersion phase
modulator to be compensated for. The signal control
means comprises a potential divider forming a variable
resistive attenuator between two modulation signals V1
(the modulation signal f(t) intentionally given to the

plasma dispersion modulator to be compensated for) and V2
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(the modulation signal to be generated for the correct
use of the compensator). Both V1 and V2 are wvoltage
levels (Volts).

The potential divider includes a first resistive
element having resistance R1 (Ohms) connected to ‘ground’
voltage via a second resistive element having a wvariable
resistance R2 (Ohms). A voltage signal V1 at the first
resistive element generates a voltage signal V2 at the
variable resistive element.

For any modulation signal V1, the modulation signal
V2 1is automatically generated according to the action of
the potential divider as V2=R2/(R1+R2)*V1. This way the
constant A=R2/(R1+R2) 1is established by trimming the
variable zresistor so as to wvary the wvalue of R2 and
therefore of A.

A  suitable value for A may be determined
empirically by adjusting (trimming) the wvalue of A until
such time as maximal/suitable compensation of stray
thermal phases is achieved. The term A may then be kept
at the value that achieves this condition.

Furthermore, the signal control means may be such
as to produce a value of A which is greater than 1 (one).
The roles of V1 and V2 may be changed (V1 on the
compensator, V2 on the modulator to be compensated for).
Devices other then potential dividers may be used to
produce A.

It is to be understood that the arrangement of
Figure 2 could be used with radiation propagating from
right to left (in the figure) rather then from left to
right as illustrated.

It is intended that modifications and variations
may be made to the embodiments described herein, such as
would be apparent to the sgkilled person, without
departing from the scope of the present invention at its

most general or in any of its aspects.
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Claims

1. An optical modulator having:

first modulator means (3) arranged to receive
optical radiation, to direct received optical
radiation along an optical path, to apply a first
predetermined optical phase modulation to optical
radiation directed along said optical path by the
injection of free charges into said optical path, and
to output optical radiation so modulated; and,

compensator means (4) arranged to apply to
optical radiation output from, or to be received by,
said first modulator means (3) a second predetermined
optical modulation chosen to substantially compensate
for stray thermo-optical phase modulations imposed
upon received optical radiation by said first
modulator  means (3) as a result of thermal

dissipation within said first modulator means.

2. An optical modulator according to Claim 1 in
which said compensator means includes:

second modulator means (4) arranged to receive
optical radiation, to direct received optical
radiation along an optical path, to apply said second
predetermined optical modulation as a phase
modulation to optical radiation directed along said
optical path, and to output said optical radiation so
modulated;

optical splitter means (6) arranged to receive
optical radiation (10), to direct a first
predetermined portion (11) of said received optical
radiation through said first modulator means (3), and
to simultaneously direct a second predetermined
portion (12) of said received radiation through said
gecond modulator means (4); and,

optical combiner means (7) arranged to combine
optical radiation output from said first modulator

means (3) with optical radiation output £from said
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second modulator  means (4) so  as to enable
interference between optical radiations so combined
and thereby to apply said second predetermined
optical phase modulation to optical radiation output

from said first modulator means (3).

3. An optical modulator according to Claim 1 in
which said compensator means includes:

second modulator means (4) arranged to receive
optical radiation (21,22) output from, or to be
received by, said first modulator means (3), to
direct received optical radiation along an optical
path, to apply said second predetermined optical
modulation as a phase modulation to optical radiation
directed along said optical path, and to output said
optical radiation (23) so modulated thereby to apply
said second predetermined optical phase modulation to
optical radiation output from, or to be received by,

gald first modulator means (3).

4., An optical modulator according to Claim 2 or
Claim 3 wherein said second modulator means (4) is
arranged to apply said second predetermined optical
phase modulation thermo-optically by applying
predetermined thermal wvariations to said path along
which optical radiation (12,22) received by said

second modulator means (a) 1s directed.

5. An optical modulator according to Claim 4
wherein said second modulator means includes:

a thermal dissipater means (4) arranged upon
said path along which optical radiation (12,22)
received by said second modulator means (4) is
directed for dissipating thermal power therein; and,

a driver means (5) operatively connected to
said thermal dissipater means (4) and arranged to
control the thermal power dissipated by said thermal

dissipater means.
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6. An optical modulator according to Claim 5
wherein said thermal dissipater (4) comprises an

electrically registive element.

7. An optical modulator according to Claim 5
wherein said thermal dissipater (4) comprises one or

more diodes reversed biased in their breakdown

region.

8. An optical modulator according to any preceding
claim wherein said first modulator means (3)
includes:

a free-charge injector means (3a) arranged upon
said path along which optical radiation (11,12)
received by said first wmodulator (3) means is
directed for injecting free charges therein; and,

a driver means (2) operatively connected to
said free-charge injector means (3a) and arranged to
control the injection of free charge by said free-

charge injector means.

9. An optical modulator according to Claim 8
wherein said free-charge injector means comprises one
or more shunt diodes (3a) arranged to operate in

forward bias.

10. An optical modulator according to any preceding
claim wherein said optical path through said first

modulator means (3) is formed from Silicon.

11. An optical modulator according to any preceding
claim wherein said optical path through said second

modulator means (4) is formed from Silicon.

12. A method of optical modulation by:
(a) applying to optical radiation (11,21) a

first predetermined optical phase modulation by the
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injection of free charges into the optical path of
said radiation so as to produce a first modulated
optical radiation (13,22); and,

(b) applying to optical radiation (22)
modulated, or to be modulated (12), according to step
(a) a second predetermined optical modulation chosen
to substantially compensate for stray thermo-optical
phase modulations imposed upon said first modulated

optical radiation during step (a).

13. A method of optical modulation according to
Claim 12 including the steps of:

receiving optical radiation (10) to be
modulated;

splitting said received optical radiation into
a first predetermined portion (11) and a second
predetermined portion (12);

applying said first predetermined optical phase
modulation to said first predetermined portion (11)
of said received optical radiation thereby providing
said first modulated optical radiation (13);

simultaneously applying said second
predetermined optical modulation as a phase
modulation to second predetermined portion (12) of
said received optical thereby providing a second
modulated optical radiation (14); and,

optically combining said first modulated
optical radiation (13) with said second modulated
optical radiation (14) so as to enable interference
therebetween and thereby  applying said second
predetermined optical phase modulation gaid first

modulated optical radiation (13).

14. A method of optical modulation according to
Claim 12 including the steps of:

subsequent to, or prior to, producing said
first modulated optical radiation (22), applying said

second predetermined optical modulation as a phase
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modulation to said first modulated optical radiation
(22) .

15. A method of optical modulation according to
Claim 13 or Claim 14 wherein said second
predetermined optical phase modulation is applied

thermo-optically.

16. A method of optical modulation according to any
of claims 12 to 15 wherein said first predetermined
optical phase modulation is applied electro-optically
via means of free-charge injection methods or plasma

dispersion methods.

17. A method of optical modulation according to any
of claims 12 to 16 wherein said predetermined first
optical phase modulation includes passing optical

radiation along an optical path formed from Silicon.

18. A method of optical modulation according to any
of claims 12 to 17 wherein said predetermined second
optical phase modulation includes passing optical

radiation along an optical path formed from Silicon.
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