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Improvements in Light Modulators of the
Traveling-Wave Type’
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Summary—Wide-band modulation of light by means of the elec-
tro-optic effect requires a traveling-wave type of interaction, with the
modulation field traveling with the same phase velocity as the light
in some suitably proportioned structure. If electro-optic material is
lossy at the modulation frequencies, the modulating field is strongly
attenuated with a resultant low-modulation efficiency.

A scheme is analyzed here in which power is continuously fed into
the light-carrying guide to make up for the attenuation as the wave
progresses down the guide. By suitably tapering the coupling and the
uncoupled propagation constant, the electric field can be maintained
constant in the light-carrying guide and the “coupled” propagation
constant in this guide can be maintained in synchronism with the
light wave, thereby increasing the modulation efficiency.

INTRODUCTION
WIDE—BAND MODULATION of light by means

of the electro-optical effect!'? requires a travel-

ing-wave kind of interaction, with the modula-
tion field traveling with the same phase velocity as the
light in some suitably proportioned structure. In
Kaminow? an electro-optic material in the shape of a
rod was centered axially in a cavity excited in an ap-
proximate TMg; mode. The cavity was filled with a
dielectric and the dimensions were adjusted so that the
microwave phase velocity approximated the light veloc-
ity in the rod.

It appears that the electro-optic material may have
considerable loss at the modulation frequencies and this
loss sets a limit on the useful length of action of the
modulating field upon the light. In this paper, we shall
analyze a scheme which should increase this useful
length of interaction, resulting in a higher modulation
efficiency.

Instead of using only the one waveguide containing
the active material which is fed only at its input, it is
proposed that one use two waveguides which are con-
tinuously coupled so that power will be fed throughout
its entire length from a low-loss waveguide into the
high-loss guide containing the electro-optic material.
(See Fig. 1.) The phase velocity in the high-loss guide
must be kept in svnchronism with the light beam and
this requires that the uncoupled high-loss guide propa-
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Fig. 1—Schematic of continuously coupled light-modulating (2) and
feeding (1) guides. The coupling and propagation “constants”
vary so that the power in guide (2) remains constant and equal
to P, and has constant propagation constant equal to 8.

gation constant must vary with Z, the distance from the
input end. To increase the efficiency, more power must
be fed into the high-loss guide as Z increases so thata
constant electric field will be maintained throughout the
entire interaction length. To do this the coupling must
also increase with Z.

It is our purpose to show how the coupling and propa-
gation “constants” must vary in order to accomplish the
above results and to compare the efficiency of this
scheme with the single guide scheme in which the ampli-
tude of the electric field continuously decreases due to
the loss.

TaPERED CouPLED TRANSMISSION LINES wiTH Loss

Consider two coupled transmission lines with loss.
Let the input power be divided between the two guides
such that

pP=r+r (1)

where Py is the input power to guide 1, having a loss
constant «a; and propagation constant §; and subscript
2 refers to guide 2 which is the light-carrying guide. Due
to the large loss in the optical material

@y > ai. (2)

In order to insure a constant electric field, £, in guide 2,
we require that the power in guide 2 be independent of
Z, the distance from the input, z.¢.,

This will require that the coupling vary with Z in a
manner to be determined now.
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The coupled mode equations for two coupled wave-
guides with loss are®4

day [ . ] .
~ 4 la1 4 7(81 + ¢)]a1 = jeas

das
fﬁ+hu+ﬂ&+dhfvwl 4

where ¢ is the coupling coefficient and |a1,2| 2 represent
the average power in each guide.

We shall now state how 8, ,2(Z) and ¢(Z) may vary in
order to 1) keep ]ag(Z) I 2= P, (constant) and 2) main-
tain a constant phase velocity in line 2 so that the modu-
lating field will stay in synchronism with the light wave.
We shall then verify its self-consistency.

As will become evident immediately below, the
coupling must satisly the following equation:
dc c? .
S (5)
az oy

This nonlinear differential eqﬁuation is a Bernoulli
equation® which is reducible to linear form by the trans-
formation ¥ =¢~2 The solution is then easily found to be

606a1Z
,\/1 + K‘Z _ (Kealz)Q

where ¢y is the value of the coupling coefficient at Z=0
and

oZ) =

(6)

2
2 ¢o

K- =

(7
(45102
This is plotted in Fig. 2 vs ayZ=¢ for xk2=10.255.
Simultaneously, we require that the §’s vary like

B1(Z) = BZ) = B — ¢(Z) (8)

where 3 is a constant equal to the propagation constant
of the light wave in the electro-optic material. Under this
variation the maximum length of the coupler is deter-
mined by ¢({) =f. This length will be somewhat shorter
than the optimum length found below.

We shall now show that if ¢(Z) and $8;,2(Z) vary as in
(6) and (8), the power in guide 2 is independent of Z
and the wave propagates in guide 2 with constant propa-
gation constant S.

If we substitute (8) into (4) the coupled waveguide
equations become

— + (4B + an)er = je(Z)as

77 (9a)

das +( = je(Z ob
1z (48 + an)as = je(Z)as. (9b)

*W. H. Louisell, “Analysis of the single tapered mode coupler,”
Bell Sys Tech. J., vol 34, pp. 853-870; July, 1955.

Mlller, Coupled wave theory and waveguide applica-
tlons ' Bell Sys. Tech J., vol. 33, pp. 661— 720 May, 1954.
5D.A. Murray, “Differential Equations,” Longmans Green and

Company, New York, N. Y., p. 28; 1944.

IRE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES

September

C )4/
b B i‘

7
0.8 /

//

A
08 —
L

0.4

0 ol 02 03 04 05 06 07 08
$=oyz

Fig. 2—Variation of coupling with distance.

We claim that a2(Z) is given by

ax(Z) = /Py % (10)
where | ay(Z) | 2= P. is the constant power in guide 2 and
B is a constant propagation constant. Now substitute

(10) in (9b) and we see that

dl(Z>

6(2) = — j 2 Prer, (1)
c

c(Z)

Now substitute (11) in (9a) to see how ¢(Z) must vary
in order to satisfy the equation. Noting from (10) that

ddz

—— = — jBas,

iz (12

(9a) is seen to reduce to (5) and the proof is complete.
Thus, we conclude that if ¢(Z), B1,2(Z) vary like (6)
and (8), respectively, a3(Z) and a,(Z) vary as (10) and
(11) as required.
Next note that ¢y is determined by (11) as follows:

a:(0) = — jV/P(0) = 2:/P2
0
or
%WME (13)
Also by (7) and (13) we have
as P
K2 = P (14)

Since the power in line 1 is 2= Pi(Z), we see on
using (13) and (6) in (11) that the power in line 1 varies
as

Pi(Z) = Pie i1 + k2 — (ken2)?], (15)
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The useful length of this device is presumably reached
when

Pl(l) = Pz. (16)

Solving (15) for I when Z=1 and using (14) and (16),
we find that

C(sz C(IPI
207 = In 1+%~]+ln-*—.
0£1P1 (012 + Oll)P2

A quantity that measures the modulation efficiency
of the device is proportional to the product of the
(constant) electric field strength times the length over
which the interaction takes place, viz.,

(17)

Eol = kA/Pl, (18)

where the constant, &, relates the field and the power.
Using (17) we have

gy = YD 2l
24/ aas a Py
Va2P2
_ {m <a1P1> +1In <1 + azPZ)}
- EA/ Py as Py a1 Py
- 2\/;;1;2— /a1 Py
/\/ Py
. In l: alpl:‘
AL ealnd (19)
24/ ayoz ar Py
V' ap.
It is easy to see that E,l will be a maximum when
)
In [1 + O“Pl] . a (20)
as P, ) o Py
s Py

1S

(21)

which shows how the power must be divided at the in-
put to the guides. Since ws>>a, it follows that P>>Ps.
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Putting (21) into (19) we find
k+/P;
(Esl)may = —oe (0.4024). (22)
\/lelaz
Furthermore, we see from (17) and (21) that
Q1lmax =2 0.797. (23)

From Fig. 2, it is seen that ¢(/ma.x) = < so that this is
a somewhat optimistic upper limit on the interaction
length.

ComparisoN oF TareErRED CouPLED GUIDE
SCHEME WITH SINGLE GUIDE SCHEME

If only one waveguide is used to carry the modulating
field as well as the optically active material, the electric
field will vary as

Ex(Z) = kr/P eCib-a)z (24)

where P is the total available power. Then this inte-
grated action of the field over the length lnax is

lmax k ?
f Ex(Z)dZ = v [1 — ee2tms]
0 ag
/P
— \/ — [1 _ e»az/a10.797]_ (25)
@y
Since as>>ay, we have
: NP kP
f Bz YT LD (26)
1} (42 A

Since P = P;+ Py and P>>P,. Comparison of (22) and
(26) shows that the scheme of coupling the power from
a low-loss guide into a high-loss guide in the manner
described above increases the efficiency by a factor
approximately equal to

s
0.402 4/—
oy

over the single high-loss guide scheme which is a con-
siderable improvement when as>>a;.

The principle of the scheme should be capable of
being used to advantage also in situations other than
traveling-wave light modulators; for example, in appli-
cation to linear particle accelerators.

(27)




