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TRAVELING WAVE LIGHT MODULATOR
) Ivan P. Kaminow, New Shrewsbury, Rudolf Kompfner,
l\/hddletown, and William H. Louisell, Summit, N.J.,
assignors to Bell Telephone Laboratorles, Incorporated,
- New Yeork, N.Y., a corporation of New York
Frled Jan. 12, 1962, Ser. No. 165,964 .
o 1 Clalms (Cl. 250-—199)

" This invention relates to light modulators, and, more

particularly, to traveling wave light modulators utilizing
) electro-opt1c effects. :
- It is well known that the amount of information which
can be transmitted by coherent electromagnetic radiation
Yaries -directly -as the available frequency bandwidth of
the radiation employed -and for a given percentage band-
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width the higher the frequency of the radiation, the great- -

er the total bandwidth is. Heretofore the use of eléctro-
‘magnetic radiation at light frequencies, where, theoret-
ically, the available bandwith is extremely large, has not
been feasible because of the incoherent nature of the light
produced by the existing light generators. The recent
4invention-of the optical maser, which produces coherent
electromagnetic waves at the frequencies of visible light
-has.smade  feasible the use  of light frequencies as
information bearing radiation. - ‘It can readily be appreci-
-ated that coberent: light is capable of carrying extremely
large quantities of information, much more than the
amount of information heretofore transmittable by elec-
tromagnetic radiation. - In order to realize the maximum
potential of the electromagnetic radiation at light fre-
‘quencies, however, it is necessary that efficient-appara-

. tus for modulating the coherent-light waves be provided.

" ~'Modulation of light by means of electro-optical effects
‘offers one possible solution to the problem of -efficient
modulation of a light beam. The electro-optic effect re-
fers'to changes in magnitude and symmetry of the el-
lipsoid- of wave normals as a result of the application
of eléctric fields of frequencies less-than optical frequen-
cies.: . In order to achieve wideband modulation by this
éffect it is- necessary to use traveling wave interaction
wheré the modulating radio frequency field travels with
the same phase velocity asthe light in some suitably pro-
.portioned  structure for a substantial distance. Unfor-
-tunately, ~most electro-optically active substances have
- considerable’ loss at-the modulating frequencies and when
traveling wave. intéraction is employed the modulating
wave is rapidly attenuated and a limit to the useful length
- -of:'the -interaction . 'region is thereby set. - As a comse-
- .quence; the modulation is nelther as eﬂielent nor as broad-
-band as desirable.
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coeﬁ‘ic1ent between the two guides is increased in an ex-
ponential-like manner in the direction of wave propaga-
tion so that more and more modulation power from the
first gu1de is fed into the second guide.

It is another feature of the present invention that the
propagation constants of both wavegmdes decrease along
the length of the couphng region ‘in a manner exactly
the inverse of the increasing coupling coefficient. .

With such an arrangement the modulating power in-
troduced into the second waveguide and which under cir-
cumstances would be rapldly atteniuated by the lossy elec-
tro-optical material, is constantly being replenished by
‘modulating power from the first waveguide and in greater
and greater amounts so ‘that along the length of the cou-
pling reglon the modulating power in the second wave-
.guide. remains substantially’ constant. In addition, the
wvariation of propagation constants in the two guides main-
tains the modulating power in proper synchronism with
the light beam throughout the length of the coupling re-
gion, thereby compensating for changes in the velocity
of the modulating power produced by variations in the
coupling coefficient.

In the first illustrative' embodiment of the invention,
the variation - in propagatlon constants- is achieved by
dielectric loading in each of the waveguides, the loadlng
being decreased along the length of the coupling reglon
In the second illustrative embodiment, this variation is
achieved through changes in the dimensions of the wave-
guides themselves. .

In another illustrative embodlment of the mventlon,‘
a -plurality- of -modulating "cavities are arranged in se-
quence - and the electro-optic material passes serially

' through them. A waveguide carrying the modulating
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sIt:is an ob}ect of this invention to modulate coherent ’

»hght waves at very high- frequencies. '

~ It 'is another object of this invention to increase the
‘efficiency of modulation in a travelmg wave type electro-
optrcal modulator."

At is -still -another ‘object” of - this mventlon to modulate'

‘coherent light waves over a. w1de band of modulatmg
frequenc1es ‘

“These:and “other ob]ects of the present mventlon aré
‘achieved in first and second illustrative embodiments there-
-of - which  comprise first and second wavegtides which
arecoupled together: over an extended region. The sec~
‘ond ‘waveguide has mounted .therein an elongated mem-
‘ber: of: electro-optical material which extends along’ the
"+ coupling region between the two guides.” A light beam to
“be-modulated is introduced into-the electro-optical mem-
ber.at one end thereof and travels axially down the length
of the second guide,:and modulating power is fed into
both: ‘'of the guides and travels -along the guldes in the
same. direction as the light beam.

It 1s one feature ‘of the invention that the couphng
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power is coupled to each of ‘the cavities in sequence.- In
accordance with: the principles of the invention, the cou-
pling between waveguide and cavities increases in the di-
rection of wave propagation, while the propagation con-
stant of the waveguide decreases along the’ direction: of
propagatlon

~ These and other features and ob]ects ‘of the invention
will be apparent from the following detailed descrlptlon,
taken in conjuncnon with the accornpanylng drawmgs, in
which:.

- FIG. lis-a partlally schematic, partially. sectional view
of one illustrative embodiment of the .invention;

FIG: TA is a plan view. of a- portlon of the dev1ce of
FIG. 1;

FIG. 2 is a graph of couplmg coefﬁc1ent varlatlon,

FIG. 3 is a sectional“view of another illustrative em-
bodiment of the invention; and

FIG. 4 is a sectional view of still another illustrative
embodiment of the invention’

: Turning now to FIG. 1 there is depicted a modulating -
arrangement 11 embodying the principles of the present
invention. Arrangement 11 comprises first and second
waveguides 12 and 13 coupled together through a com-
mon wall-14 by a coupling slot 15. Waveguide 13 has

" mounted therein -an elongated member 16 ‘of electro-
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optical material which extends ax1a11y along the guide.
A suifable material for member 16 is potassium dihydro-
gen phosphate (KDP), although any one of a number of
other. suitable materials mxght be ‘used. : For simplicity;
the mounting means for member 16 has not been shown.
Light to be modulated is directed from a light source
17 through a polarizer 18 into member 16 .for travel
therethrough. Preferably polarizer 18 polarizes.the light
along one :of the principal axes-of member 16, although *
this is not strictly necessary. - If the light is thus polarized,
the modulation action will-produce a phase modulation
of the light. If the light is polarized at an:angle to the
principal axes, there will result a quasi-amplitude modu-
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lation of the light.  An alternative way of achieving the
desired light polarization is to taper the input end of
member 16 at an angle equal to the well-known Brewoter S
angle.

Modulating energy, preferably in the microwave regron
is applied from a source 19 through a power divider 21,

the purpose of which will be explained more fully herein- .
The energy thus introduced - -

after, into guides 12 and 13. :
into the two guides travels 'in the Z direction and modu-
lates the light traveling in member 16. In view of the
high loss characteristic at. microwave frequencies of the
‘member 16, it is necessary, . for optimum modulating
‘efficiency, to repxemsh the modulating power in guide 13
throughout the region of interaction. In FIG. 1A it can
be seen that the slot 15 has a coupling coefficient that
is varied with Z in a manner to be explained more fully
hereinafter.

" Consider two coupled transmission lines or guides 1

and 2 with loss constants «, and «; and propagation con=
'stants B;.and B, respectively. Let the:input modulation”

power be divided between the two guides such that i
: P=P,+P, (1)

where Pl is the input power to guide 1 and P, is the
input’ power to guide 2, where guide 2 is the guide con-
taining -the electro-optic material.  Because of the large
loss of the electro- optrc ‘material at the modulatrng fre-
quencies : .
> (2)
For maximum efficiency, a constant’ modulating-electric
field 'E, must be maintained-in guide 2 throughout the
interaction region. It is therefore necessary that the
power in guide 2 be independent of Z, the dlstance from
the input, thus .
Pz(Z) Py (3)

This requires that the coupling between gurdes 1 and 2
be varied. In order to achieve traveling wave interaction,
it is also necessary that the light beam and the modulat-
ing wave remain in synchronism. As a consequence, -if
the coupling is made to vary with Z, the propagation con-
stants B;-and By must be made to vary in some manner
with Z. - Thus

Pu(2) =Ba(Z) =F—C(2) @

~ where B is the propagation constant of the light wave in.

the electro-optic material and C(Z) is the couplmg co-
efficient as a function of Z.
The coupled mode. equations for two coupled wave-
guides with loss are :

2 i CYar=iCar

d“’+:<ﬂz+ o>az-10a1 (5)

where |a1 22 represent the average power in each guxde
az(Z) may be expressed by .

ag(Z)=/Pre—1¢% (6)

‘By substituting Equations 4. and 6 into Equatron 5 we
arrive at :

Coeaxz
SViFR— (hewt)t

where Co is the couphng coefficient at the mput and ,

ik e (8)
Equatron 7 shows how C must vary with Z in “order to
“*maintain  the ‘modulating electric: field in guide 2.con-
stant throughout the interaction. region. -This equation
is'plotted in FIG. 2 for h?==.255. :
From FIG. 2, it can be seen that the: couphng coeffi-
cient ‘increases with Z in an exponent1a1 manner, and,
hence, from Equation 4, the decrease in g; and B, with Z

C’(VZ)
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s exactly the inverse of the mcrease in C(Z) inasmuch
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“tgin synchronism.

-a number of ways known in“the art.

as (B is a constant.

A quantity that measures the modulation eﬂ‘imency of
the arrangement, i.e., rotation.of the plane of polariza-
tion, or-phase retardation or advancement of the light

wave, is proportional to the product of the constant

electric field strength times the length over which the inter-
action takes place,. thus

E l=k/P;l )

From Equation 9 and the foregoing equations; it can be
shown that for maximum efficiency,

a1 Py
asz

which shows how the input power must be divided between
the two guides.

From. the foregoing development the criteria for maxi-
mum efficiency of meodulation and maximum bandwidth
have been established. Returning now to FIGS. 1 and
1A, it can be seen that slot 15 has a coupling coefficient

H-1aig 99 (10)

‘which varies in. an exponential manner like the curve of
- FIG. 2.

In order that the proper synchronism between
light beam and modulating wave be maintained guides. 12
and 13 are provided with dielectric loading members 22
and 23. Members.22 and 23 function to vary the propa-
gation constants of the two guides to' compensate for the
variations in the coupling coefficient:and thereby main-
It can be seen that the propagation
constants of the two guides are. varied inversely, as the
couphng coefficient, as discussed heretofore. - )
While a single coupling slot and dielectric loading have
been shown,.obviously other types-of coupling schemes, -

'such as .a plurality of slots, might be used. :'The propa-

gation constants of the guides may be varied in any of :
In FIG. 3, for

" example, there are shown two. guides 31 and 32 coupled.

40

-constants,

together -through a common wall 33 by a coupling slot-
34, ' The actual dimensions of the guldes are “varied in
an exponential manner to. produce varying propagation
For simplicity, the remaining’ elements of the

modulating system have not been shown in FIG. 3.

In both the embodiments of FIGS. 1 and 3, there will
be power remaining in :the guides at the end of the
interaction region. .- The guides may be terminated in any
suitable-manner, or the power in the guides may be ab-
stracted for use elsewhere. For most efficient modulation,

' power divider 21 is adjusted to produce the power ratio
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* been cut’at Brewster’s. angle.

“array of cavities.

set. forth in Equation 10. While this ratio is preferable,

it is not -absolutely essentlal and -other ratios might be
used.

In both the embodiments of FIGS. 1 and 3, traveling
wave interaction was utilized in which velocities of propa-
gation were matched in both waveguides. In FIG. 4
there is depicted an arrangement 41 which comprises an
elongated waveguide 42 which is coupled in sequence
through coupling slots .44, 46, 47, 48, 49 and 51 fo-an
array of modulating cavities 43. . An-elongated member
52 of electro-optic :material passes. serially through ‘the
Light to be modulated is introduced
from a source, not shown, into one end of member 52,
which -in order.to achieve- the desired polarization, has
Modulating ‘energy from
a source 53 is introduced into guide 42." In order that
the ‘ener 2y’ in guide:42 may travel in proper phase with
the light in-member 52, guide 42 is loaded with loading

~.member which, as was -the case in the embodimerts of

. with-it,

FIGS. 1 and-3, is-formed to produce a propagation con-
stant in guide 42 that decreases in an exponential manner.

In -accordance with:the present invention, each suc-
cessive coupling slot of the array of slots 44 through 51
is larger than the preceding slot so that each successive -
cavity. of the array has more modulatmg energy coupled
The variation in slot size, and hence the amount

" of ‘energy - coupled, is the exponentral Variation deplcted

75

in FIG. 2, and the varlatlon in- propagatron constant in




guide 42is the inverse.
... standing waves of modulating energy set up therein act
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in each cavity of the array, the

to modulate the light beam through the electro-optical

‘process, . after which the light is extracted for utilization.

Guide 42 may be terminated in any suitable manner, or

“ the energy.remaining therein at the end of the coupling
Tegion may be extracted for utilization. -With the arrange-:
ment-of FIG. 4, it can readily -be shown that with n = '

modulators, the modulation eﬁicrency is mcreased by a

- kfactor of \/n.

~In'the arrangement of FIG. 4, as an alternative to guide

o ,42 and- varying ‘coupling slots, the' modulating power
“i.. can be fed into the modulating: cavitives 43 through a
“branching’ network -of . waveguides_suitably’ proportioned

and loaded to maintain the proper power and phase’ re—

- lationships-in each of the modulators.

Wthe, the principles of the invention have been illus-

. trated in -sevéral embodiments utilizing the rectangular
* waveguides, it will be readily apparent to workers in‘the -
290
.. 'the“principles of the invention are capable of utilization -
" -in ‘other types of apparatus such-as, for example, linear
-particle- accelerators, without’ departure from the sp1r1t
and scope thereof.”

art that, other configurations are possible. Additionally

. ‘What is claimed is:’
' A light modulator: comprising a wavegulde and an

interaction structure, said waveguide and - said -structure

being electromagnetically coupled together over an ex-
tended region, an elongated member of electro-optic mate-

“rial in “said structure, means for directing light to be
- modulated into said member for travel axially therealong

through- said ‘interaction structure, means for applying

"~ modulating- energy to said -waveguide for travel there-

through along the region of coupling, the reglon of cou-

) k plmg havmg a couplmg coeﬁic1ent which increases in ‘an

5

G e
exponential ‘manner in the direction of travel of. said
energy and said beam and said Wavegurde having a propa-
gatron constant that decreases in an exponential manner

- that is‘the inverse of the increasing couphng coefficient.

2. A light modulator as- clalmed in claim -1 wherein

. sald “interaction structure. comprises a second Wavegulde
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having a ‘propagation constant that decreases in the ex- -
pornential manner .of the ‘first mentioned waveguide,

3. A light modulator as claimed in claim ‘1 wherein
said interaction structure comprises an array 'of modulat-
ing cavities through wlnch said " electro-optic material -
passes. :

4, Alight modulator. as claimed in clalm 1 wherem“
the couplmg coefficient between the wavegmde and the'
structure varies as

1% B
(Z)_C“e‘:__— v

VIt ha—(hewt)2 -
where C is the couplmg coefficient at the mput oc1 is the, :

loss' constant of said gu1de Zi is dlstance from ‘the input,...

and his glven by

c

[+3T2 2 2

where «y is the loss constant in:said structure

=

5. A light modulator as claimed in‘claim 4 and further o

comprrsmg means for dividing the modulating energy at

- the input between the guide and said ‘structure in accord-

30
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ance ‘with the ratio

;PIN
B 23, 92

‘where’ P1 is the mput power . to the gulde and Pz is; the '

mput power to. the: structure

+. No.references cited.



