X [INTERNATIONAL ATOMIC ENERGY AGENCY '
1 @ ; UNITED NATIONS EDUCATIONAL, SCIENTIFIC AND CULTURAL ORGANIZATION m
INTERNATIONAL CENTRE FOR THEORETICAL PHYSICS
L.CT.P, P.O. BOX 586, 34100 TRIESTE, ITALY, CasLE: CENTRATOM TRIESTE

@ UNITED NATIONS INDUSTRIAL DEVELOPMENT ORGANIZATION @

INTERNATIONAL CENTRE FOR SCIENCE AND HIGH TECHNOLOGY

0 INTERAATIONAL CENTRE FOR THECRETICAL PHYSICS 34100 TRIESTE (ITALY1 Via GRIGNANO, 9 (ADRIATICD PALACE) PO BOX 16 TELEPHONE M2 TELEFAY 0458 TELEX #0K8 APH |

H4.SMR/540-27

Second Training College on Physics and Technology
of Lasers and Opticat Fibres

21 January - 15 February 1991

Switching and Modulation

A. Neyer
Universitit Dortmund
Lehrstuhl fiir Hochfrequenztechnik
Dortmund, Germany



SWITCHING AND MODULATION
ANDREAS NEYER X

UNIVERSITAT DORTMUND, LEHRSTUHL FOR
HOCHFREQUENZTECHNIK
4600 DORTMUND 50

1 INTRODUCTION
L. INTERACTION OF LIGHT WITH MATTER

I1IL PHYSICAL EFFECTS AND BASIC DEVICES FOR THE
MODULATION AND SWITCHING OF LIGHT

A. Electrooptics
1. The electrooptic effect
2. Basic electrooptic devices

3. Basic operating characteristics
of switches and modulators

4. Some design considerations
B. Acoustoopiics
1. The photoelastic effect
2, Basic concepts of acoustooptic interactions

3. Acoustooptic devices

15

26

C. Electroabsorption
D. Electrorefraction
E. Carrier Injection

F. Quantum Confined Stark Effect

IV. GUIDED-WAVE DEVICES FOR MODULATION AND SWITCHING
A. Electrooptic Switches and Modulators
1. Switch/Modulator
2. ON / OFF Modulator
B. Guided-Wave Acoustooptic Devices

C. Semiconductor Devices

REFERENCES

“ ¢ 8 8

&

&

¥

47

ry

s

-



._.-3._.

(dipole moment per unit volume) is called polarisation P which is related to the
driving electrical field E inside the material by

P=¢ xE (1

where ¢y=8.842 pF/m is the permittivity of vacuum and x the dielectric
susceptibility which is a scalar quantity in isotropic media. P has the dimension of
a surface charge density, The result of the superposition of the internal electrical
field of the optical radiation and that of the induced polarization is described by
the dielectric displacement D. Like P, D has the dimension of a surface charge
density. :

D=e¢yE + P =y ¢E 2)

¢ is the relative dielectric constant which is related to the susceptibility by

€= x+1 (3)

In an anisotropic medium the dielectric constant and the susceptibility are
second-rank tensors with components ¢; and X The components of D and P
along the coordinates x,, x,, and x, are given by

Di = € (ij E] 4)
P; = € (¢55- DE; = €9 X B )

Tt will always be understood in what follows that each term is to be summed over
all repeated indices j = 1,2,3 (Einstein sum convention). Thus, (4) and (5) consist
of three equations, the first of which is, e.g.

Dy = €g (¢11By + €127 + €13E3) ©

As already mentioned, the interaction of the light with the bond charges of the
medium will lead to a retardation of the light propagation. The resulting decrease
in phase velocity v, compared to the velocity of light in vacuum ¢, is generally
cxpressed by the refrlctive indexn

volep = 1/n 9]

-4 -

Since the energy and therefore the frequency of the light must not depend on the
actual medium (energy conservation), the wavelength of the lightwave in the
medizm is decreased as well by the factor 1/n: X, = dg/n (sec Fig.1). In isotropic
and nonmagnetic media the refractive index is related to the relative dielectric
constant € by

n= /& ®

Thus it is the refractive index which links the is the macroscopic observable phase
retardation of an optical wave with the microscopic world of induced dipol
moments due to the interaction of light with the medium. The refractive index is
the fundamental quantity for characterizing the optical properties of a material.

In lossy media the refractive index is expressed by a complex number
n=n+is )

where the real part (n} is responsible for the phase constant (phase retardation
per unit length) and the imaginary part (x) for the absorption. Both, the real and
imaginary parts are not independent, but related by the Kramer’s Kronig relation.

Since the refractive index of a medium contains all essential information about its
interaction with light, the manipulation of light for modulation and switching
implies a change of the refractive index. It will be shown that this is possible ¢.g.
by strong electrical fields (electrooptic effect) or by mechanical strain fields which
may be caused by acoustic waves (acoustooptic effect),

Frequently, the change of the refractive index of a medium as a function of

electrical or strain fields is expressed by the change of the optical dielectric
impermeability tensor i

ﬂij = 1/(ij (10)

The components of the impermeability tensor along the principal axes of a crystal
are 1/n,2, 1/n.2, 1/n,2 In order to evaluate the consequences of electrooptic or
acoustooptic changes of the impermeability tensor for the light propagation in
anisotropic media, commonly the so called "index ellipsoid” (Fig.2) is used. It
describes the energy density of the electrical field in the medium and is defined in
the principal axes system by

/2 + /02 + 202 =1 (11)

where the main axes of the ellipsoid of lenghts 2n,, qu Zn, are parallel to the



Fig.2) Index ellipsoid

crystal axes. The index ellipsoid is & graphical construction which helps to find the
indices of refraction for the two othogonally polarized light waves (D4 and D,)
propagating through the crystal in the direction of the wavevector s which is
normal to D = Dy + D,. The corresponding refractive indices nq and nj along the
axes D; and D, are found from the length B; of the semiprincipal axes of the
elliptical intersection with the surface of the index ellipsoid by n; = 1//B;. In
certain types of crystals, the application of an electrical field results in a change in
both the dimensions and the orientation of the index ellipsoid.

In addition to the already mentioned electrooptic and acoustooptic effects for
changing the refractive index of a material, lossy media, especially
semiconductors, offer the potential of an electrical control of the absorption
coefficient. This may be utilized for the direct modulation of light
{electroabsorption) or, indirectly, by changing the real part of n via the Kramers-
Kronig relationship (electrorefraction).

III. PHYSICAL EFFECTS AND BASIC DEVICES
FOR THE MODULATION AND SWITCHING OF LIGHT

A. ELECTROOPTICS

In this chapter we coasider the modulation of light by the interaction with
electrooptic crystals. Electrooptic crystals are characterized by the fact that they
exhibit changes of their refractive indices in the presence of electrical fields. After
a description of the electrooptic effect, basic electrooptic modulation schemes are
reported.

._.é'_.

1. The electrooptic effect

The propagation of optical radiation in a crystal can be described completely in
terms of the impermeability tensor n;; (10). According to the quantum theory of
solids, this tensor depends on the (iistn'bution of charges in the crystal. The
application of an electrical field will result in a redistribution of the bond charges
and possibly in a slight deformation of the ion lattice. The net result is a change in
the optical impermeability tensor. This is known as the electro-optic effect. The
clectro-optic coefficients are defined traditionally as

’lij (Eei) - ﬂij (0) = Aﬂij - rijk Eke] + ‘Ijki Ekelﬂlel (12)

where E®! is the applied electrical field. The constants ryjy and sij) are the linear
{or Pockels) and quadratic (or Kerr) electrooptic coefficients.

Thus the index ellipsoid of a crystal (11) in the presence of an applied electrical
field may be written as

i (E) % = 1 v (13)

It can be shown from the requirement of energy conservation that the dielectric
tensor ¢;; and, in comsequence, as well the impermeability tensor "ij' are
symmetric and that, therefore, the indices i and j can be permuted. Because of this
permutation symmetry, it is convenient to introduce contracted indices to
abreviate the notation. The contracted indices are defined as

1= (112 = (22);3 = (33);
4= (23) = (32);5 = (13) = (316 = (12) = (21) (14)

withl =x,2 =y, and3 = z,

The permutation symmetry reduces the number of independent elements of Tijk
from 27 to 18 and °f~"ijk1 from 81 to 36.

In the following, only the lincar electrooptic effect will be considered, since the
quadratic effect may be neglected if the linear effect is present. However, the
linear electrooptic effect will be nonzero oaly in crystals with no inversion centre.
This statement becomes clear, if we realize that the ‘linear electrooptic effect’ is in
fact a *nonlinear optical effect’, that is, a consequence of the nonlinesr response of
the induced polarization P as a function of the driving elecrical field E, Treating P
and E for this explanation as scalar quantities, we may express P as a Taylor
expansion in terms of powers of E:

P = z € x(“) ER (15)
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where (%) is the coefficient associated with the n-th power of E. Here, (1) is the
linear susceptibility and x(z) gives the first nonlinear term which is related to the
linear electrooptic coefficient (in tensor notation) by
2

xi® = ri € € (16)
Now, inversion symmetry (about the origin of the coordinates of the atoms making
up the medium) requires that P will reverse its sign, if E is reversed: P (-E) = - P
(E). This is the definition of an odd function which implies that P(E) must have no
even terms and that, therefore, all x&m) coefficients with m integer must vanish.

Assuming a crystal structure with no inversion symmetry and using the contracied
indices (14), the equation of the index ellipsoid in the presence of an electrical
field can be written

(/n2 + 1 B2 + (102 + 1y By ¥ + (1/0,2 + 13y By 2
2yzrgp B +2zxrgp Ep + 2xyrg By = 0 an

where Ey is the component of the applied electrical field and summation over
repeated indices k is assumed. Here 1, 2, and 3 correqu\d to the principal
dielectric axes x, y, z, and n,, ny, 0 are the principal refractive indices. In general,
the principal axes of the ellipsoid (17) do not coincide with the unperturbed axes
{x, v, z). A new set of principal axes (X, ¥, z’) can always be found by a coordinate
rotation, which is known as principal-axis transformation. The dimensions and
orientation of the ellipsoid are, of course, dependent on the direction of the
applied field as well as on the 18 matrix elements ryy.

2. Basic electrooptic devices

Example 1: Electrooptic phase modulator in LiNbO,

LiNbO4 is a birefringent crystal with the two refractive indices n,, (ordinary index)
and n, (extraordinary index) for light polarized perpendicular or parallel to the
optical axis, respectively. The crystal belongs to the symmetry group 3m and has
cight nonvanishing electrooptic coefficients (rgy, Tgq, F12s T2 T T13 T23s r33)
four of which are independentirgy = 149; 123 = - Tgy = - T12; 113 = I3 and ry3.
We now consider the case when the electrical field is applied along the optical axis
(z) of the crystal (Fig.3). Then the equation of the index ellipsoid can be written,
according to (17}, as

(1/1:,;,2 +r3E) 2+ (1/“02 +13E;) y2 + (llnc2 +ry3 Ez)z2 =(?3)

_ g -
z
Electrodes
Light /
EQ crystal j
L & LA J
Fig. 3) Geometry of a transverse electro-optic modulator.

Since no mixed terms appear in (18), the principal axes of the new ellipsoid
remain unchanged. The lengths of the new semiaxes are

my = ng-1/2n53 113 B, -9
ny = ng-1/2n5° 113 E; 0
n, = ne-1/20¢7 i3 By 1)
where the approximation
(1+xy/221.1/2x (2)

has been utilized for x « 1. From (21) we see, for example, that a light wave
polarized along the optical axis (z) will experience an electrooptical induced index
change of

in, =-1/28.3 1,3 E, (23)
which will lead after the propagation along a distance L to a phase retardation of
by =king L = s/xn 3B, L (24)

where k and ) are the wavenumber and wavelength of the light in vacuum,
respectively. Since ry3 is the strongest electrooptic coefficient in LINDO,, (24)
may be utilized 1o built up efficient electrooptic phase modulators.



—9.-

Example 2: Electrooptic Intensity modulation by elctrooptically controlled
birefringence

Gallium Arsenide and Indium Phosphite are examples for cubic crystals of the
symmetry group 4 3 m. Without applied electrical fields these materials are
optically isotropic and have the refractive index n along all three crystal axes, The
only non vanishing electrooptic coefficients are T41s T52, and gy which have
identical values. Assuming an applied electrical field in the [0,1,1] direction of the
crystal E€! = E//3(0, 1, 1), the resulting index ellipsoid gets the form

1/n2{x2+y2+zz) +ﬁEr4lxz+ﬂ‘Er41xy-l
(25)

We thus find that the application of an electrical field causes the appearance of
“mixed” terms {xz, xy). This means that the major axes of the ellipsoid, with a field
applied, are no longer paraliel to the x,y,and z crystal axes. However, it can be
shown, that a rotation of the index eliipsoid by 45° in the xz- and xy-plane
transforms (25) into a new index ellipsoid with the main axes parallel to the
transformed coordinate system x', y, 2’ {Fig.4). The semiaxes of the transformed
index ellipsoid are given by

ne=n+ndr, E/2 (26)
ty =n-or E/2 @n
ny=n (28)
yl
i} without
¢ with applied field
x"
\& R, E/2
L))
', E/2

Fig. 4)

Fig. 5)

If we now consider a light wave linearly polarized along the (-1,1) direction in the
new ('} coordinate system propagating in z’ - direction (Fig.5), the wave can be
decomposed in a component parallel to x* and one parallel 1o y'. These two
components will suffer different phase retardations after the propagation along a
distance L

dp = kan(E) L (29)
bey = -kin(E) L 7 (30)

where k is the vacuum wavenumber 2x/% and An(E) the electrooptic index
change given by (27) and (28). increasing the electrical field up to the point that
the phase difference between the two orthogonal optical components reaches x,

bo(Ey) = boy - dey = 26/A 03 £y  LE, = x (31)

the resulting optical field vector will be rotated by 90° beeing polarized now along
the (1,1) direction, This ectrooptically induced rotation of the optical field vector
may be transformed into an intensity modulation, if a linear polarizer is placed
behind the electrooptic crystal. The transmission through the polarizer may be
written as

T = Pgy; / Pip = cos?(n E, / 2 Ey) (32)

Substituting E, by U/d, where U is the applied voltage and d the separation
between the electrodes, and substituting E, by Uy/d, we get the usually found
expression for the sinusoidal transmission characteristic of electrooptic
modulators which involve the interference between two optical waves

-
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TU)=cos?(@U/2U,) = 1/2(1 +cos(xU/U,)  (33)

The voltage required to switch from full to zero transmission is the so called *half-
wave voltage’ U, which results from (31) for cubic crystals as

Uy = d/L 3/20%ry, (34)

The described modulator belongs to the class of transverse electrooptic
modulators which means that the applied electrical field is transverse to the
optical beam path. The main advaniage of this configuration is that the
modulation voltage may be reduced by increasing the length L. Besides further
cubic crystals like InP, CuCl, and CdTe, ferroelectric crystals of the symmetry
group 3m like LiNbO3 and LiTaO; are used as transverse electrooptic modulators
(see Fig.3). The haif-wave voltage for LiNbO4 and LiTaOy intensity modulators is
given by

Uy = d/L 3/(ng> 133 -0, 1y3) (35)

The second class of electrooptic modulators are of the longitudinal type, where
the electrical field is paraliel to the optical beam path of the light. Exampies are z-
cut (light propagation along the optical z axis) KDP and LiNbO3 and z-cut cubic
" crystals (GaAs, InAs, CdTe, ZnS). The LiNbO; longitudinal modulator is only
suited for phase modulation, since there is no electrooptic change of the
birefringence in this configuration. The U, voltage required for a phase
retardation of « is given by 2
Uy = A/n303 (36)

KDP as well as the cubic crystals show even in this longitudinal geometry an
electrooptic control of the birefringence. Therefore they may be used for
amplitude modulation. The half-wave voltages are for KDP

Uy = A/2n5% 15 (37)
and for the cubic crystals
Uyg = A/203ry (38)

These half-wave voltages are independent of the length of the erystal, proportional
10 the wavelength and inverse proportional to the electrooptic coefficients. These
voltages at visible wavelenghts are of the order of several kilovolts. The need to
use high voltages becomes very serious for infrared radiation because of the long
wavelenth of the light {e.g. 10.6 um). Longitudinal modulators are used only when
large acceptance area and wide field of view are required.

._./rz_

Copy from R.G.Hunsperger, “Integrated Optics: Theory and technology”, Springer
Series in Optical Sciences, Vol. 33, Springer 1985, pp 120

8.1 Basic Operating Characteristics of Switches and Modulators
8.1.1 Modulation Depth

One important characteristic of modulators and switches is the modulation

depth, or modulation index, 5. In the case of an intensity modulator in
which the applied electrical signal acts to decrease the intensity of the trans-
mitted light, n is given by

n={{ly— D/, (8.1.1)
where [ is the transmitted intensity and /, is the vatue of [ with no electricat
signal applied. If the applied electrical signal acts to increase the trans-
mitted light intensity:nry is given by

n=0—-1Iy/ln, (8.1.2)

where [, is the transmitted intensity when maximum signal is applied. The
maximum modulation depth, or extinction ratio, is given by

Hman = (To— F)/dq for [y = 1y, (8.1.3)
or by
How=Um—I) Iy for Ioz= 1y, (8.1.4)

It is also possible to define the modulation depth for phase modulators,
as long as the phase change can be functionally related to an equivalent
intensity change. For the case of interference modulators. it can be shown
that the modulation depth is given by (8.1, 2]

n=sin*(Ap/2) (8.1.5)

where Ag is the phase change.

Modulation depth has been defined for intensity modulators (and
indirectly for phase modulators): however, an analogous figure of merit,
the maximum deviation of a frequency modulator, is given by

Dmn=Ur;n —fb‘/f‘)v (8'|'6)

where f is the optical carrier frequency, and Jw is the shified optical fre-
quency when the maximum electrical signal is applied.
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8.1.2 Bandwidth

Another important characteristic of modulators and swdtches is the band-
width, or range of modulation frequencies over which the device can be
operated. By convention, that bandwidth of a modulator is usually taken as
the difference between the upper and lower frequencies at which the
modulation depth falls to 50% of its maximum value. In the case of a
switch, frequency response is usually given in terms of the switching speed,
or switching time. The switching time T is related to the bandwidth Af by
the expression

T-Zn/Af.. (8.1.7)

Minimizing switching time is most important when large-scale arrays of
switches are used to route optical waves over desired paths. Similarly,
modulation bandwidth is a critical factor when many information channels
are to be multiplexed onto the same optical beam. Thus, the unusually fast
switching speed and wide bandwidth of waveguide switches and modula-
tors, which will be discussed later in this chapter, make them particularly
useful in large telecommunications systems.

8.1.3 Insertion Loss

Insertion loss is another important characteristic of optical switches and
modulators that must be known for system design. Insertion loss is generally
stated in decibels, and for the case in which the modulating signal acts to
decrease the intensity, it is given by

Zi=101og(l,/1y) , (8.1.8)

where /, is the optical intensity that would be transmitted by the waveguide
if the modulator were absent, and /, is the intensity transmitted with the
modulator in place, but with no applied signal. For a modulator in which
the applied signal acts to increase the transmitted intensity, the insertion
loss is given by

Zi=10log(I/1), ' (8.1.9)

where [, is the transmitted intensity when maximum signal is applied.
Insertion loss is, of course, an optical power loss. However, it ultimately
increases the amount of electrical power that must be supplied to the
system, since higher power optical sources must be used.

8.1.4 Power Consumption

Electrical power must also be supplied to drive the modulator or switch. In
the case of modulators, the required drive power increases with modulation
frequency. Hence, a useful figure of merit is the drive power per unit band-
width, P/Af, usually expressed in milliwatts per megahertz. As is discussed
in more detail in Sect. 8.7, a key advantage of channel-waveguide modula-
tors is that they have a significantly lower P/Af than that requ:rcd for bulk
modulators.

The power requirements of optical switches operating at high clock

‘rates, for example to time-division multiplex a number of different signals,

can be evaluated in much the same way as is used for modulators. Hence,
P/Af would still be a useful figure of merit in that case. However, if
switching is done at relatively slow rates, &8 more important quantity is the
amount of power required to hold the switch in a given state. An ideal
switch would consume significant power only during the change of state;
holding power would be negligible. Since electro-optic switches require the
presence of an electric field to maintain at least one state, they could not be
called ideal in that respect. However, except for leakage current, little
power is needed to maintain a field in the small volume of a waveguide
switch.

8.1.5 Isolation

The degree of isolation between various inputs and outputs of a switch or
modulator is a major design consideration. In a modulator, the isolation
between input and output is merely the maximum modulation index, as
defined previously. However, it is usually expressed in decibels when used
to specify isolation. In the case of a switch, the isolation between two ports
(either input or output) is given by

isolation [dB] = 10 log % . (8.1.10)
!

where /, is the optical intensity in the driving port, and 1, is the intensity at
the driven port when the switch is in the off state with respect to port |
and 2. Thus, a switch with a signal leakage, or crosstalk, of 1% with respect
10 two ports would have — 20 dB isolation.
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83. SOME DESIGN CONSIDERATIONS *

83.1. High-Frequency Modulation Considerations

In this section we consider some of
thie basic factors limiting the highest usable modulation frequencies in a
number of typical experimental situations.
_ Consider first the situation described by Fig. 8.9. The electro-optic crystal
is placed between two electrodes with a modulation field containing fre-
quencies near wy/2w applied to them, R, is the internal resistance of the
modulation source, and C represents the parallel-plate capacitance due to
the clectro-optic crystal. If R, > (wC)"!, most of the modulation voltage
drop is across R, and is thus wasted, since it does not contribute to the
retardation. This can be remedied by resonating the crystal capacitance with
an inductance L, where wj = (LC)"", as shown in Fig. 8.9. In addition, a

1

Figme £9. Equivalent circuit of an electro-optic modulation crystal in a parallcl-plate
coafiguration.

shunting resistance R, is used so that at w = w, the impedance of the
parallel RLC circuit is R, which is chosen to be larger than R,, so most of
the modulation voltage appears across the crystal. The resonant circuit has a
finite bandwidth-—that is, its impedance is high only over a frequency
interval Aw/2w = 1/(2%wR;C) (centered on wy). Therefore, the maximum
modulation bandwidth (the frequency spectrum occupied by the modulation
signal) must be less than

Aw 1

2w © 2wR,C (8.3-1)

if the modulation ficld is to be a faithful replica of the modulation signal.

% Copv from A. Yariv. P.Yeh "Ontical Wavae in Mructale” Tahe Wilaw Alam Vool

83.2. Transit-Time Limitations in a Lumped Modulator

Another important high-frequency modulation consideration is the transit-
time limitations in a lumped modulator. In the event that the modulating

1
0.9
08
0.7
0e

i#| 0.8
04
03

0.2
01

| S N T | | W N U |
0 1 2 3 4 &5 6 7 8 # 10 1M

Wt

Figure 8.10. Magnitude of the transit-time reduction factor p versus w,f.

field is a very fast-varying function of time, the optical phase no longer
follows the time-varying refractive index adiabatically, especially when the
transit time 7 = nL/c is comparable to the period 2x/w,, of the modulating

field.

p = odu,r - (839)

o

where w,_ is the modulation frequency.

For p = 1 (i.e., no reduction), the condition w,r « 1 must be satisfied,
that is, the transit time must be small compared to the shortest modulation
period. The factor p is plotted in Fig, 8.10.

If, somewhat arbitrarily, we take the highest useful modulation
as that for which w_r = # (at this point, according to Fig. 8.10, p = 0.64),
and we use the relation r = La/c, we obtain



Cdua = 355+ (8.34)

which using a KDP crystal (n = 1.5) and a leagth L =2 cm, yields
(") ™ 5 X 10° Hz, § |

B33, Traveling-Wave Modulators

One method that can, in principle, overcome the trmsit-ti-:]:n limitation
involves applying the modulation signal in the form of a traveling wave as
ahownin%%l.ltbnbmsbmin&cﬁon?A thatinheogtical-md
modulation-feld phase velocities are equal, a portion of an optical wave-
fromt will experience the same instantaneous modulating electric field, which
eorreq:ondlwlhcﬂdditmounmauhcmumceface.uitpropapt?s
through the crystal, and the transit-time problem discussed above is
eliminated. This form of modulation is used mostly in the transverse
geometry as discussed in the preceding section, since the RF field in most
propagating structures is predominantly transverse. _

In.::‘il.ifthereisnphu&vdodtymismawhbctweenthemoqmg_nng
wave and the light wave, a reduction factor in the modulation .depth is given
by Eq. (7.4-23). The maximum useful modulation frequency is taken, as in
the treatment leading to Eq. (8.3-4), to be

[

n)ows = TR =) (8.3-5)

which, upon comparison with Eq. (8.3-4), showsanincruuinth'efreql.:mcy
limit or useful crystal length of (1 — n,_/n)" L. We recall that n is the index
of refraction of the medium at the frequency of the light beam and 7, is the
index of refraction at the modulating frequency.

Ewctrooptic Transmission

crysad line
Output
Modulation Marched
m termination Output
wucs . polarizer
Figwre 8.11. A traveling-wave clectro-optic modulator.

834. Geon ical Considerations

In the discussion of the transverse electro-optic modulator, we found that in
order to decrease the modulation voltage it is desirable to use a long crystal
rod with small transverse dimension (i.c., large L/d). On the other hand,
the transverse dimension 4 must be large enough to accommodate the light
beam to be modulated. A light beam with a finite cross section will, in
general, diverge as it propagates. Therefore, a crystal rod with a given
transverse dimension 4 has a maximum useful length for electro-optic
modulation,

Consider a Gaussian laser beam propagating in the lowest-order trans-

verse mode and passing through an electro-optic crystal rod of length L and -

diameter d. Given a rod with a fixed length L, it can be shown

that the diameter of the cylinder will be a minimum when the Gaussian
beam is focused in such a way that the confocal parameter z, equals
one-half the length L, and the beam waist is located at the center of the rod.
This is illustrated in Fig. 8.12. Under these conditions, the beam diameter is

24w at the waist and v8 w, at the input and output plane of the cylinder,
where

AL
Y L

and w, is called the beam spot size . In practice, the diameter 4
ischosentobela:gerthanfs-woforunofllimt.hﬁapt«ﬂw
wﬂldiscussaguided—wnveelectro—opﬁcmoduhtotinwhichtheﬂ;hth

25, Ty

B\

l L
Figwre 8.12 Abmd&ﬁmmmmwlmddeﬂ
length L.

1

qonﬂpeflmafegionwithverysman(- A) transverse dimensions. Since the
hghtumagmdedmode,thmisnodiﬂ‘racﬁonmdtheintﬂacﬁonpnhm
be made very long.
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B. ACOUSTOOPTICS »

Acoustooptics deals with the interaction of optical waves with the acoustic waves

* in material media The most interesting phenomenon associated with the
interaction of light with sound waves is the diffraction of light by the acoustically
perturbed medium. When an acoustic wave propagates in a medium, there is an
associated strain field, The strain results in a change in the index of refraction.
This is referred 10 as the photoelstic effect. The strain field is a periodic function
of position for a plane acoustic wave. Therefore, the index of refraction becomes
periodically perturbed, as well, and Bragg coupling may take place. The
manipulation of light by acousto-optic interaction is used in a number of
spplications, including light modulators, beam deflectors, signal processors,
tunable filters, and spectrum analyzers.

9.1. THE PHOTOELASTIC EFFECT

The photoelastic effect in a material couples the mechanical strain to the
optical index of refraction. This effect occurs in all states of matter and is
traditionally described by

1
Ay, =Al—] = Y 9.1-1
LY, (nz)u PijkOn ( )

where An,, for A(1 /n’), ;) is the change in the optical impermeability tensor

S, is the strain tensor. The coefficients p,,,, form the strain-optic
tensor. In the expression (9.1-1), higher-order terms involving powers of S,
are noglected, because these terms are usually small compared with the
linear term (S,, ~ 10~° typically). The index ellipsoid of a crystal in the
presence of an applied strain field is thus given by

("u + Puusu)-"c-*; =1 (9.1-:2)

A Copy from A, Yariv, P.Yeh, "Optical Waves in Crystals™, John Wiley, New York,
1984
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Since both y,
S, are symmetric tensors, the indices  and j as well as  and { in Eq, (5.1 1)
can be permuted. The permutation symmetry of the strain—optic tensor,
Pisxss 18 identical to that of the quadratic electro-optic tensor s, etr (1-89)
and (7.1-8). It is thus convenient to use the contracted indices to abbreviate
the notation. Equation (9.1-1) then becomes

1
A(;z-) -pU'Sj’ i;j- 1,2,...,6, (9.1.3)
i

where S, are the strain components. The strain—optic
ooeﬂiclents P;; arc usually defined in the principal coordinate system. The
new index ellipsoid in the presence of the strain field is in general different
from the zero-field index ellipsoid. The sirain field changes the dimensions
as well as the orientation of the index ellipsoid (7.1-1). This change is, of
course, dependent upon the applied strain field as well as the strain—optic
coeflicients p,, according to Eq. (9.1-4). The form, but not the magnitude, of
the strain—optic coefficients p,, can be derived from the symmetry of the
crystal. This point-group symmetry dictates which of the 36 coeflicients are

zero, as well as relationships that may exist between the nonvmmhmg
coefficients.

9.1.1. Example: The Acousto-optic Effect in Water

Consider the propagation of a sound wave in water. Let the sound wave be
a longitudinal wave propagating along the z direction with the particle
dispiacement given by

u(z,t) = A2cos(Qt — Kz),

where A is the amplitude of oscillation, £ is the sound frequency, and X is
the wave number. The strain field associated with this sound wave is

S, = KA sin(Q¢ - Kz) = Ssin(Qr - Kz),

where S is defined as KA. Water is an isotropic medium. Thus, according to
Table 9.1 and Eq. (9.1-3), the change in the diclectric impermeability is

1 .
Ay, = A(;)I = p12Ssin(8r — Kz),
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1
Any = A(;'—z-)2 = P2 Ssin(Q¢ — Xz),

i
A’l” - A(;"'z-)3 "P"SSi.n(ﬂt — KZ),

_ On,; =0  for iwj.
Table 9.1.

Isotropic (2)
Pu Pz Pu 0 0 0
Pu Pu PMn 0 0 0
Pz P Pu 0 0 0
0 0 0 {(pu-ri2) 0 0
o0 0 0 0 Hpu-ru) 0
k Y Y 0 0 0 (P~ pi2)
The new index ellipsoid can now be written

x’[;l-z— + p,,Ssin(Qe - Kz)] +y’[$ + p12Ssin(Qr — K2)

+zz[$ +p“su.n(n' - Kz)] = {,

&

Since no mixed terms are involved, the principal axes remain unchanged.
The new principal indices of refraction are thus given by

n,=n—in’p,Ssin(8s — Kz),
n,=n-{n’p,, Ssin( — Kz),
n, = n - in’p, Ssin(Qs — Kr),

where p,,, p,; are the strain-optic cocfficients and »n is the index of
refraction of water. We notice that in the presence of the sound wave, the
water becomes a periodic medium which is equivalent to a volume grating

9.2, BASIC CONCEPTS OF ACOUSTO-OPTIC INTERACTIONS

We now consider the propagation of a monochromatic plane light wave in a
medium in which an acoustic wave is excited and the optical impermeability
is periodically modulated. As shown in the examples in Section 9.1, the
acoustic wave causes a change in the index of refraction of the medium. The
medium becomes periodic with a period equal to that of the acoustic
wavelength. This periodic perturbation is a function of both space and time.
If the acoustic wave is a traveling wave, so is the periodic perturbation,
which moves at a velocity equal to the sound velocity (typically a few times
10* m/s). Since the velocity of sound is some five orders of magnitude
smailer than that of light (¢ = 3 X 10* m/s), the periodic perturbation
caused by the sound wave is essentially stationary, The problem reduces to
one of electromagnetic propagation in a periodic medium, which is dis-
cussed in Chapter 6. As an example to illustrate the acousto-optic interac-
tion, we consider the propagation of a light beam in water. The sound wave
induces a change in the refractive indices due to the strain—-optic effect. Let
z be the axis in the direction of propagation of the sound wave, and the yz
coordinate plane be parallet to the plane of incidence. If the light beam is
linearly polarized in the x direction (TE wave), the index of refraction for
this mode is, according to the example in Section 9.1.1,

If the transverse dimension of the acoustic wave is infinite, the kinematic biundary
condition requires that the reflected beam lie in the plane of incidence (yz plane)
with an angle of reflection equal to the angle of incidence (see Fi. 9.2). Strong
reflection occurs, if the condition for constructive interference is fullfilled, that
means, if the optical path difference between the reflections from two equivalent
planes in the sound beam (planes separated by the sound wavelength) is an
integer multiple of the opticel wavelength

2Asind =mi/n m=123., 92-4)

™

n, =n~ {n’p,Ssin(Q¢ — Kz), (9.2-1)
where /K = v. Figure 9.1 illustrates this sinusoidal variation of the index
_of refraction. _ e
BRAGG REFLECTION 1)

e B o
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G,

" Index of refraction

Figwe 9.1. Traveling sound wave “frozen” at some instant of time. It consists of alternating
regions of compression (dark) and rarefaction (white), which travel at the sound velocity ©.
Also shown is the instantaneous spatial varistion of the index of refraction that accompanies
the sound wave.

Maoving
v 1:00!\1 wawefront {£2)

Figwe 9.2, The refiections from two equivalent planes in the sound beam (that is, planes
scparated by the sound wavelength A), which add up in phase slong the direction # if the
optical path difference A0 + OB is equal to one optical wavelength,
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DOPPLER FREQUENCY SHIFT

The Bragg diffraction condition (9.2-4) is derived by assuming that the
periodic perturbation is fixed relative to the light beam. The effect of the
displacement can be derived by considering the Doppler shift undergone by
an optical beam incident on a mirror moving at the sound velocity o at an
angle satisfying the Bragg condition (9.2-4). The formula for the Doppler
frequency shift of a wave reflected from a moving object is
Oy
Aw = w /n’

where « is the optical frequency and o, is the projection of the object
velocity vector along the wave propagation direction. From Fig. 9.2 we have
v, = vsiné, and thus

osiné
Aw = 2w /n " (9.2-5)
Using Eq. (9.2-4) for sin 8, we obtain
Av = 2—;'9 -q, (9.26)

and therefore the frequency of the reflected light beam is upshifted by 0.

If the direction of propagation of the sound beam is reversed so that, in
Fig. 9.2, the sound recedies from the optical beam, the Doppler shift changes
sign and the difiracted beam has a frequency w — Q.
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10

Acousto-optic Devices *

The interaction of light beams with a sound wave in a photoelastic medium
is shown in Chapter 9 to exhibit many interesting effects. These effects (eg.,
Bragg diffraction) can be used to build light modulators, beam deflectors,
tunable filters, spectral analyzers, and signal processors. The use of
acousto-optic interactions offers the possibility of manipulating a laser beam
or processing signal radiation at high speed, since no mechanical moving
perts are involved. This property is very similar to that of the electro-optic
modulation, except that in the acousto-optic interaction an RF field is
required instead of a dc field. Recent advances in the acousto-optic device
applications have resulted principally from the availability of lasers, which
produce intense, coherent light beams; from the development of efficient
broadband transducers which generate elastic waves up to microwave
frequencies; and from the discovery of materials that have excellent elastic
and optical properties. In this chapter we will study various device applica-
tions which utilize Bragg diffraction. The transmission characteristics,
diffraction efficiencies, operation bandwidth, and other design considera-
tions will be discussed.

10.1. ACOUSTO-OPTIC MODULATORS

The acousto-optic interaction can be used to construct a variety of light

modulators. Both amplitude modulation and frequency translation can be
achieved.
In this section, modulators operating in the Bragg regime (2#AL/nA? >
1) will be emphasized, since only high-frequency modulators can give the
very wide bandwidths which are of interest. From Eq. (5.5-29) it is seen that
the fraction of light diffracted is

I . L
n--fm‘-‘—‘-nn’(my.u,). (10.1-1)
incidem B

where L is the length of interaction, A is the wavelength of light, 8, is the
Bragln;le.l.istheacousticintensity,nndMistheﬁgureofmeritofthe
‘sl g

* Copy from A_ Yariv, P.Yeh, "Optical Waves in Crystals”, John Wiley, New York,
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Figare 10.1.  Acowsto-optic light modulators: Bragg regime

For small acoustic power levels, the diffraction efficiency » in-
creases monotonically with the acoustic intenasity:

w22
+ A ———— -

n 2N cos? O,MI" (10.1-2)
Therefore, if the acoustic intensity is modulated, so is the diffracted light-
beam intensity. Thus acousto-optic Bragg diffraction offers a way of im-
printing information on the optical beam. The Bragg diffraction, of course,
occurs with acceptable efficiency only when the directions of incident and
difftacted light are approximately symmetrical with respect to the acoustic
wavefronls.Thn:an;leofincidmoeanddiﬂ'ncﬁonisthenknownuthc
Bragg angle #, and is given by

. ) A .Y
0, = sin 'm-ﬂn '2-"%. (10.1-3a)
whctenistheinduofrdnctionofthemadium.oiﬂhephuevelocityof
wund,mdfinheloundﬁ-equmcy.lnpuctice.thennumglev,ism
so Eq. (10.1-3a) cafi be written as

A N
b= 3o = s (10.1-3b)

For small Bragg angle 8,, the angle of deflection 28, is linearly proportional
to the sound frequency. This is the basic_principle of operation of an
acousto-optic beam deflector * S
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10.2. ACOUSTO-OPTIC DEFLECTORS

One of the most important applications of acousto-optic interactions is in
.the deflection of optical beams. Basically, acousto-optic defiectors operate
in the same way as Bragg diffraction modulators, the only difference being
that the frequency rather than the amplitude of the sound wave is varied.
The use of acousto-optic interaction offers the possibility of high-resolution
beam deflection. Both random-access and continuously scanned deflectors
can be obtained. The basic principle of operation is depicted in Fig. 104

Diffracted

beam at °

sound frequency
Loraf

Diffracted beam
ot sound frequency

fo

Verisble—trequency

sound weve

b
Figwe 104, Adnn;eolfmqueneyolduaoundwavefromf 10 fo + Af causes a change A®
inthedimﬁonolthediﬂ'mwdbeam.lmdin;wﬁ.(lo.z-:). ° ’

A common figure of merit for a deflector is the ratio of the total number
of resolvable spots to the access time, expressed as a speed-capacity
product, which, according to Eq. (10.2-2), is

N
? - Af (10.2-3)

Thus, a high speed—capacity product is only available when the bandwidth
Af is large. It is therefore desirable to use high-frequenéy sound waves for
beam deflectors, because large bandwidth Af is only possible when the
modulation frequency f, is high. -
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10.3. ACGUSTO-OPTIC TUNABLE FILTERS (AOTF)

Another important application of the acousto-optic interaction is in the
construction of a spectral tunable filter. Normally, an acousto-oplic tunable
filter employs the targe-angle codirectional acousto-optic interaction.

In codirectional coupling be-
tween the two waves, the diffracted (4,) and the incident (A4,) waves are
both propagating in the same direction [either both +z or —z; see Fig.
9.8(a)).

These two waves which are frequently of orthogonal polarizations are coupled by
an acoustic shear wave.

/)‘l ey
7 1* — 1
{Th) k’ll/ Sound weve
#ﬁ"

() H

Figure 9.8. (a) Codircctional coupling (8,2, > 0) ‘
x
Strong

acousto-optic interaction occurs only when the Bragg condition (conserva-
tion of momentum) is satisfied. If the incident light beam contains many
spectral components, only one will satisfy the Bragg condition at a given
acoustic frequency. In other words, only one spectral component will be
diffracted at a given acoustic frequency. Therefore, by varying the acoustic
frequency, the frequency (or wavelength) of the diffracted beam can also be
varied. The fraction of power transferred from the incident beam to the
diffracted beam in an interaction length L is given
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. sin’[an\’l + (Aﬁ/z.cu)’]
1'*'(43/2"12)2 P

where x|, is the magnitude of the coupling constant (9.5-46), and AS is the
momentum mismatch

by

(10.3-1)

AB=8, -8 %K. (10.3-2)

B, and B, are the components of the wave vectors of the incident and the
diffracted beam, respectively, along the direction of propagation of the
acoustic wave. Let 8, and 8, be the angles of the wave vectors measured
from the wavefronts of the sound wave, such that

. 2 .
B=- -‘E_,-n,smﬂl - T'n,smﬂ,;
(10.3-3)
W . v
A= ?n,suwz - Tn-_.s_mﬂz.

where n, and n, are the refractive indices associated with the incident and
diffracted waves, respectively. The conservation of momentum (Bragg con-
dition) Af = 0 becomes

—2-,%"-(n,sin02 — nsing)) = t %f, (10.3-4)
where f is the acoustic frequency and v is the velocity of scund in the
medium.

From Eq. (10.3-4) it is seen that the wave number (27/A) of the
diffracted light is proportional to the acoustic frequency f. An ideal
acousto-optic tunable filter is normally operated at the condition when

‘|2L - ‘*‘", (]0.3'5)
so that the power conversion is 100% when the phase-matching condition

A = 0 (10.3-4) is satisfied. Substituting Eq. (10.3-5) for x,, in Eq. (10.3-1),
the conversion efficiency (10.3-1) becomes

iy sin’[im/l + (ApL/«)’] |

1+ (ABL/= )

(10.3-6)
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Thus the conversion efficiency drops to 50% when
ABL = +0.807, (10.3-7)

where L is the interaction length of the optical and acoustic ficlds. This
corresponds to a bandwidth (full width at haif maximum), according to Egs.
(10.3-4) and (10.3-7), of

0.80)

A\ = sing, - nen0,IL (10.3-8)
which, for the collinear case (8, = 8, = i), reduces to
2
aX,, = %i%hf (collinear interaction). (10.3-9)

According to Eqs. (10.3-8) and (10.3-9), the bandpass width is inversely
proportional to the interaction length L. The filter transmission T (or
conversion efficiency) at a given acoustic frequency versus the normalized
optical frequency deviation ABL is plotted in Fig. 10.11.
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Figure 10.11. Calculated transmission of an acousto-optic tunable filter versus the normalized

frequency deviation (AAL /x): (o) peak transmission « 100% (& = 1); (b) peak transmission
= 50% (@ = 1). The parameter « appears in Eq. (10.3-13).

I
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G ELECTROABSORPTION

Besides the ¢lectrooptic and acoustooptic effects, semiconductor materials allow
the utilization of the. electrical contro! of the absorption. The change of the
fundamental absorption of semiconductors by applied electrical fields is called
. electroabsorption or Franz-Keldysh effect.

To understand this effect let us consider Fig. C1. In an homogeneous electrical
field (along the x-direction) the edges of the valence and conduction bands are
tilted. The separation between the band edges along x is d.

w

W=l

Fis. CA

From the overlapping wavefunctions of the valence and conduction electrons (and
selection rules) there results a certain probability for the valence electron to get
into the conduction band by tunneling. This tunneling process may be substantially
enhanced by the absorption of a photon with energy hw, since by the absorption of
a pboton the energy level of the clectron in the conduction band will be increased
by W = he, Because of the tilted band edges the effective separartion between
valence and conduction band along the x-direction is reduced by this mean from d
tod :

This reduction of the barrier width will enhance drastically the tunneling
probalility of the electrons and therefore the absorption. Thus the
electroabsorption may be understood as a photonabsorption enhanced tunneling
effect in semiconductors under applied electrical fields.

_33_

.

D. ELECTROREFRACTION

As already mentioned in II. (9), the real and imaginary parts of the refractive
index are not independent and are related via the Kramers-Kronig relation.
Therefore, the change of the absorption (imaginary part of n) will result in a
change of the real part of the refractive index. This is known as electrorefraction.
The electrorefraction may be calculated, if the complete spectrum of the
absorption is known.

Fig. D1 shows the calculated change of the refractive index as a function of the
energy of the incident photons at different electrical field strengths. The achieved
index changes in the order of some 103 are quite considerable, but they are
hardly to be utilized for e.g. phase modulation, since at the relevant electrical field
strenghts the devices will show rather strong absorption.
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E. CARRIER INJECTION

Free carriers in a maiterigl will have a strong impact on the polarization and
therefore on the refractive index of a medium, Therefore, the injection of free
carriers by means of a pn-junction in semiconductors may be well utilized for light
modulation. Changes in the density of free carriers in the order of 1018 may be
achieved by pn- junctions operated in the forward direction leading to changes in
the refractive index by about 4 104 at A = 1.5 gm. Since for short devices in the
order of some bundred micrometer the losses resuiting from free carrier
absorption can be neglected, the plasma effect may be applied for phase
modulators and intensity modulators which are based on phase changes.

F. OPTICAL CONTROL

As we have seen, the excitation of valence band electrons into the conduction
band changes the optical absorption of a semiconductor. This excitation may be
performed not only electrically by carrier injection, but as well optically. The
change of the absorption by free carriers is shown in Fig. F1. As it is known from
the basics of light amplification, strong excitation of electrons into the conduction
band (¢creation of "inversion”) will lead to bleaching of the absorption for photon
epergies near the band edge and even to amplification. These changes in the
sbeorption will result in changes of the refractive index like in electrorefraction.

The chance of controlling the optical properties of matter by light opens up
exciting new possibilities for all-optical modulators and switches.
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G. QUANTUM CONFINED STARK EFFECT

In very thin semiconductor films (e.g. 20 nm) the density of states normal the the
film planes is not continuous, but has a quantum structure. These films are so
called quantum films. If a static electrical feld is apptied normal to a quantum
film, the band edges and the potential welis are tilted (Fig. G1) - similar to the
Franz-Keldysh effect. By this deformation the energy levels of the bound electrons
and holes will be shifted towards lower differences between their energy levels.
Consequently, the absorption edge is shifted towards longer wavelengths (Fig.
G2). Since the change of the energy levels of an atomic system under the influence
of strong clectrical fields is known as Stark-effect, this effect in quantum films -
which is much stronger than the classical Franz-Keldysh-effect - is called quantum
confined Stark-effect (QCSE).
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IV. GUIDED - WAVE DEVICES
FOR
MODULATION AND SWITCHING

The fundamental principal of guided wave or integrated optics is the confinement
of light in films or channels by the principal of total internal reflection. This
condition may be fullfilled, if the index of refraction of the light guiding medium is
higher than that of the surrounding. Fig. IV-1 illustrates the side-view of a slab
mpxide(nf,ns,ncmtheﬁlm,mbsmw:ndmtre&uﬁwindim) showing
the zig-zag propagation of the light path by total internal reflection from both
interfaces.

. comn TR

i

Fig. V-1 SUBSTRATE ‘ o

The advantage of using waveguide configurations for optical modulation and
switching lies in the fact that the light confined in a waveguide can travel in a very
limited cross-sectional area over an essentiaily unlimited interaction length in
contrast to bulk modulators, where the maximum interaction length is determied
by defraction effects (see at 'Geometrical comsiderations’ of electrooptic
modulators). This results in low modulation voltages and, because of the small
interaction volume, to large savings in the modulation power.

A. ELECTROOPTIC SWITCHES AND MODULATORS IN LINBO,

In integrated optics, components bated on LiNbOy are the most advanced with
respect to performance (insertion loss, modulation power, speed, complexity) and
commercialization. This progress has been achieved by improvements made ir the
development of the substrate material quality (homogenity, control of
stoichiometry, impurity content), in the waveguide fabrication technology
{titanfum indiffusion and proton exchange), and in the modelling capabilities. The
high status of integrated optic devices in LiNbOy may be characterized by
intensity modulators with a bandwidth up to 40 GHz, complex switch arrays with
64 switches integrated on one substrate, high-speed low-inscrtion-loss PSK-
modulators for coherent systems, and fibre-coupled devices with insertion loss
figures less than 1 dB. Furthermore, there has been considerable progress in fibre-
pigtailing and packaging of LiNbO; chips as well as in improving the DC- and
environmental stability.

-3?...

¥ Copy from R.CAlferness, "Titanium-diffused Lithium Niobate Waveguide
Devices” in T. Tamir (Ed.), Guided-Wave Optoelectronics, Springer Series in
Electronics and Photonics 26, Springer, 1988, pp 145

4.3 Switch/Modulator *

Optical switches are required for signal routing. Applications include switch-
ing of wide-band services, protecction and facility switching in lightwave net-
works and bypass switching in local area networks. Signal-processing appli-
cation includes programmable delay lines. In addition, high-speed switches
may be used for time-division multiplexing to allow several lower bit rate
channels to cooperatively utilize the high bandwidth of a cornmon single-
mode fiber and as external modulators for signal encoding. The most basic
optical switch must have at least two usable output ports and, for symme-
try, two input ports are also desirable. Important switch parameters include
the required switching voltage, crosstalk of the two switch states and op-
tical insertion loss. For time-division multiplexing and signal encoding, the
switching speed is also important. Several switch types — the directional
coupler, the balanced bridge interferometer and the intersecting waveguide
switch — have demonstrated two low crosstalk switching states. In addition,
branching-type switches have been covered in Chap. 3.

4.3.1 Directional Coupler

The directional coupler is a very versatile device geometry. This device,
in several forms, has been used to provide many functions like wavelength
filtering and polarization selection, as discussed later. It consists of a pair
of closely spaced identical strip waveguides, as shown in Fig. 4.18a. Light
input to one waveguide couples into the second as a result of the overlap
in the evanescent fields of the two guides. The coupling per unit length,
x, depends upon the waveguide parameters, the guided wavelength A and
the interwaveguide gap g [4.80-82]. The directional coupler is also charac-
terized by the difference in propagation constants between the two waveg-
uides, Af = 2x(Nz — N1)/A, where N are the effective indices, and by the
interaction length L. The phase mismatch can be adjusted via the linear
electro-optic effect by application of voltage to electrodes over or along the
waveguides. Electrodes over the waveguides (Fig.4.18) provide push/pull
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refractive index change between the two guides. For z-cut lithium niobate,
this electrode placement utilizes the strongest eleciro-optic coefficient. For
the x cut orientation, a three electrode configuration is required to use the
rys coeficient with the push/pull effect. To first order, the applied field
produces only small changes in « [4.83). However, x modulation has been
achieved using a three electrode structure [4.84).

The operation of the directional coupler, as well as several other im-
portant Ti: LiNbOjy waveguide devices, can be described by the well-known
coupled-mode equations. Because of its central importance to several of
the interesting Ti: LiNbOj3 devices, a good understanding of coupled mode
theory, including the effects of weighted coupling, periodic coupling and
periodic phase reversal, is essential. We therefore momentarily divert to
examine the coupled-mode equations which ean be written as [4.85, 86],

R —j§R=—jxS , and (4.3.1)

§' +j6S = -jxR , (4.3.2)

where § = AB8/2, R and S represent the complex amplitudes in the two
guides (or, in general, of the two modes) and the primes represent dif-
ferentiation with respect to the propagation direction. For unit input to
one waveguide (or mode), the coupled intensity (efficiency) into the second
waveguide (or mode) is found by solving (4.3.1,2), which yield

...3?-

n= ﬁgs—/;)—?sinz sL[1+ (6/x2V2 . (4.3.3)
For identical waveguides and no applied voltage, § = 0, n = sin? xL and
complete crossover occurs for kL = nx /2, with n an odd integer. The length
for complete coupling is [ = x/2x which is called the coupling or transfer
length. For 670, complete crossover is impoesible regardless of the value
of rL. For Ti-diffused lithium niobate waveguides, coupling lengths from
~200sm to ~1cm have been demonstrated [4.81]. For the appropriate
device length, the complete crossover or croes state (denoted by ®) can be
achieved, in principle, without any applied voltage.

The straight through or bar state (denoted by &) is achieved electro-
optically by inducing a mismatch Af so that n = 0. To minimize the nec-
essary ASL for 100% modulation, & single coupling length, I = n/2x, is
desirable. For L = x/2, a value of ABL = V3« is required to reduce the
efficiency from 100% to 0. Multipie-coupling-length devices result in a sig-
nificantly larger required ASL. The switch response is shown in Fig. 4.18b;
for L3 [ a value of ASL ~ 2xL is required for complete switching.

Reversed AfS Directional Coupler

The response of the directional-coupler switch can also be modified by spa-
tially changing AS. Most important is the stepped or reversed Af coupler
in which the polarity of the applied Ag is periodically reversed along the
interaction length [4.92,93). This device (Fig.4.20) overcomes two severe
limitations of the standard switched directional coupler. The first is the
fabrication difficulty associated with making L exactly an integer number
of coupling lengths required to assure 100 %-croesover in the a.baenoe of volt-
age. Note that this would not be a problem if x could be efficiently changed
electro-optically. The second disadvantage is the fact that a larger value of
ABL is required if L corresponds to multiple-coupling lengths. The form?r is
more critical for switching applications where low crosstalk for both switch
states is typically required. In modulators L#nl simply results in loss on
the “on” state. The second problem is more critical for high-speed modula-
tion where low voltage is essential. An appropriately small electrode gap is
desirable to reduce the drive voltage. However, for typical values of G, the

M -V TN Fig.4.20. Directional coupler with
S reversed A control slectrodes
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transfer length [ is small compared to the value of L required for acceptably
low drive voltage. In this predicament, the full advantage in low values of
V for longer L is not realized. However, for the reversed A8 modulator as
shown below, the required swing in ASL is ~ v/3x even for L/1>1 provided
that the number of electrode sections is equal to the appraximate number
of coupling lengths. The voltage response for the reversed AF coupler can
be calculated most conveniently by multiplication of the transfer matrices
for each section which are identical except for the periodic sign change of
AP [4.92]). The voltage response for an N (N even) sections, AB-reversed
modulator can be compactly written as [4.92) '

n=sin? kgL , where (4.3.13)
N
Keff = A sin~! Vs - (4.3.14)

Here 7, is the croesover efficiency of one section of length L/N given by
(4.3.3). Note that perfect ® and & states can be achieved for electro-
optically adjustable values of AS. The values of ABL required to achieve &
and & states as a function of xL can be conveniently displayed in the switch-
ing curve shown in Fig.4.21. The ordinate is the fabrication determined
value of L/l while the abacissa is the (generally) elec®o-optically induced
value of ASL. The curves show the required combinations to achieve the ®

Lk

AfBL/w~+

Pig.4.21. Reversed Af switching diagram. Curves show combination of L/ and ASL
values required for @ and © states. Dashed curves are switching curves for S state of a
directional coupler with uniform control electrodes. (After [4.92])
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or & state as indicated. It is important to note again that for the uniform
AP coupler ® states can be achieved only for isolated points L/l = 1,3, ...
on the ordinate which places generally unachievable demands upon the fab-
rication process. Measurement-limited crosstalk values (~ 43 dB) have been
achieved with reversed Af electrodes [4.94]. The flexibility achieved with
the reversed-Af technique is essential for a number of Ti: LiNbQ3 coupled-
mode devices, in addition to the directional-coupler switch, as will be dis-
cussed below. The traveling-wave principle can be combined with that of
AP reversal to achieve high-speed, low-crosstalk switching [4.95, 96].

4.3.2 Balanced-Bridge Interferometer

The balanced-bridge intetferometric switeh [4.97, 98], shown schematically
in Fig.4.22a, is an analog of the bulk Mach-Zehnder interferometer. Light
entering either of two input waveguides is divided by a 3dB (50/50 split-
ter) directional coupler; the waveguides are then sufficiently separated so
that they are not coupled, then combined again by a 3dB couper. While
separated, the relative phase between the two arms can be changed via the.
electro-optic effect. The output crossover efficiency versus the induced phase
shift can be calculated with the coupled-mode equations by cascadig the re-
sults for the 3dB coupler, the phase-shifter section (with x = 0}, and the
final 3dB coupler. For unit input to one waveguide, the crossover efficiency

coumtER +v Fig.4.22. (a) Balanced bridge

interferometric switch. {b) Inter-
secling waveguide switch
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into the second output waveguide is

ABL
n=cos’ ==, (4.3.15)

where L is the phase-shift electrode length. This switch has a periodic re-
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sponse with respect to A8 with multiple @ and & states, in contrast to
that of the switched-directional coupler but similar to the multiple-section
reversed Af coupler. The required phase shift to switch from the cross to bar
states is ASL = x, which is /3 times smaller than for the directional-coupler
switch. Because the efficiency depends only upon a single, voltage-controlled
parameter Af, both switch states can be achieved electrically.

. Perfect switch states (i.e., low crosstalk) require that the splitter and
combiner be perfect 3dB oouplers and that the losses in each arm be iden-
tical. For small coupler errors, 7 = 1 cannot be achieved. Fortunately, 3dB
couplers can be made either by fabricating such that xL = x/4 and A3 =0
(identical waveguides) or by making xL > 7 /4 and electro-optically adjust-
ing A8, (4.3.3), to achieve 3dB coupling.

Two variations of this device that use closely spaced waveguides have
been reported [4.99,100]. To eliminate coupling in the phase shift section,
one uses an etched gap, the other uses mismatched waveguides. However,
generally only poor crosstalk results have been achieved for these configura-
tions. These structures do have the advantage that no bends are required,
which can potentially reduce optical loss.

4.3.3 Intersecting-Waveguide Switch

Several types of intersecting-waveguide switches, one of which is shown
schematically in Fig. 4.22b, have been demonstrated with Ti: LiNbO3 wave-
guides [4.101-105]. Although an early device that employed multimode
waveguides apparently operated by the principle of total internal reflec-
tion {4.104], the single-mode version can be viewed as a zero-gap directional
coupler or a modal interferometer. It is convenient to study the symmetric

directional coupler by considering the two eigenmodes of (Chap. 3) the to-

tal structure rather than the spatial modes of the individual waveguide as

in the coupled-mode formalism [4.105]. Eigenmodes for a totally symmet-

ric structure do not couple but propagate with different phase velocities.

Coupling light into either well-separated input waveguide equally excites
the two normal modes, which propagate through the structure unperturbed
but interfere based upon their different modal path lengths. The latter can
be altered with a symmetric transverse electro-optic field to change the
relative output amplitudes in the two output waveguides. Because it is an
interferometer, ideally both switch states can be achieved with low crosstalk.
However, to achieve that, the structure both with and without applied fields
must be symmetric to avoid coupling between the local normal modes to in-
sure good modal interference and resulting low switch crosstalk. By careful
fabrication, electrode design and alignment, crosstalk approaching —30dB
has been achieved. These switches exhibit voltage times length products
comparable to finite gap directional coupler switches [4.106).

—-l'l3—

POLARIZATION INDEPENDENT SWITCHES

The LiNbOy electrooptic switches described in the previous section generally
show a strong polarization dependence. In the field of optical switching, however,
polarization independence is highly desired, since optical switches or switching
networks should be applicable to usual telecommunication systems and, therefore,
they should be compatible with standard single mode fibres. A number of
polarization inJependent switches has been proposed and demonstrated.
However, most of them had some severe drawbacls with respect to fabrication
tolerances, crosstalk, switching voltage, etc. Only in recent time considerable
progress has be:n made in the development of manufacturable polarization
independent switches with reduced fabrication tolerances. Two concepts which
meet these requirements are the balanced bridge interferomertic switch whith
light propagation in Z~-direction and the so called “digital optical switch".

The digital optical switch is called “digital”, because it has a steplike
transferfunction (see Fig.). Both polarizations are switched, if the applied voltage
is high enough. The reason for this behavior is that this switch is not an
interferometric one like the directional couplers, the BOA- and X-switches, and
the above mentioned baliinced bridge switches. The digital optical switch is based
on an electrooptically induced break of the symmetry of an adiabatic waveguide
transition and utilizes the mode sorting effect of asymmetric waveguide
transitions, By this mean, the fundamental mode excited at the input Y-junction
can be switched to the desired output port. Although the electrooptic coefficients

. Power

Digital Optical Switch e
~100 -50 ) +850 + 100
. . Voltage _ '
Wavelength = 1.3 ym

Measured Transfer Function
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for both polarizations are generally not identical, polarization independence is
achieved by increasing the voltage sufficiently. Polarization independent operation
of the digitai switch bas been demonstrated for voltages of t60 V and a resulting
crosstalk of 14 dB. Besides the polarization independence, the main advantage of
the switch is its tolerance against fluctuations of the applied voltages. Therefore
all switches ¢.g. in a switch array may be operated by the same switching voltage.
Furthermore, moderate DC- drift effects will not deteriorate the switch
performance.

*
4.4 On/Off Modulators
High-speed waveguide intensity modulators may be essential components
for very-high-bit-rate lightwave systems. Direct current modulation of semi-
conductor lasers is the most convenient and presently used method for data
encoding for data rates to ~2 Gigabit/s. However, in most semiconduc-
tor lasers fast current modulation also results in an undesirable wavelength
modulation or chirp which limits bandwidth for propagation at the lowest-
loea region of the standard silica fiber A = 1.55 um, where finite dispersion is
encountered. External modulation eliminates chirp to allow longer-distance
transmission. We will examine this application in more detail later.

An on/off modulator is inherently more simple than a 2 X 2 switch
because only a single usable output port is required. In addition to the
switches mentioned above, electro-optic Ti: LiNbO; onéoﬂ' waveguide mod-
ulators based upon Y branch interferometers [4.51,97, 108-110], active ¥
branching [4.111], induced waveguide cutoff [4.112], and TE « TM mode
conversion [4.113, 114] have been demonatrated. Important modulator char-
acteristics are the modulation depth or on/off extinction ratio, required
drive voltage and the modulator speed or bandwidth. An extinction ratio
of ~15dB ia generally considered sufficient.

4.4.1 Y-Branch Interferometer

The Y-branch interferometer, which operates by the same principle as the
balanced-bridge modulator, is shown in Fig. 4.23. However, unlike the balan-
ced-bridge switch, it has only a single acceasible input and output port. It

¥

Fig.4.23. Y-branch intetferometric modulator
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has been an especially popular structure for on/off modulation because of its
simplicity. The 3dB splitter and combiner are power splitting ¥ branches.
The input wave in split into equal components. Each propagates over one
arm of the interferometer. The interferometer waveguide arms are suffi-
ciently separated to prohibit evanescent coupling between them and thus
are not coupled. The optical paths of the two arms are typically equal.
Therefore if no phase shift is introduced between the interferometer arms,
the two components combine in phase at the output ¥-branch 3dB cou-
pler and continue to propagate undiminished in the output waveguide. For
ABL = n, however, the combined mode distribution s double-mode-like;
light is radiated into the substrate and the tranamitted light is a minimum.
The transmission-efficiency response is the same as for the balanced-bridge
switch/modulator. A three-electrode configuration can be used to achieve
a push-pull phase change; however the capacitance is then also increased,
which is disadvantageous when high-speed operation is desired. For modula-
tor applications the interferometer is typically de biased for 50 % transmis-
sion and an ac mod®ation signal added. Bias can be achieved either electro-
optically by an applied bias voltage or optically by using interferometer arms
of slightly different length [4.115).

A variation of this device is to use an asymmetric branch on the output
side of the interferometer to provide two usable output ports thus converting
it to a one by two switch [4.115a).

Other types of waveguide intensity modulators include the cutoff, and
polarization modulators. The cutoff modulator is simply a phase modulator
in which the induced index change reduces the waveguide-substrate index
so that guiding is eliminated and light radiates into the substrate. Its prin-
cipal advantage is its simplicity. However, for a low modulation voltage, the
waveguide must be near cutoff which usually implies significant optical loss
for the on (V = 0) state. Furthermore, this condition requires careful con-
trol of waveguide parameters. The polarization moduiator will be discussed
in a later section.

4.4.2 Voltage and Bandwidth Consideration for
Switch/Modulators

The expected voltage r length product for directional coupler and inter-
ferometric type switch/modulators can be determined from (4.2.10) with
p = V3 and 1, respectively. Experimentally, VL for directional coupler
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switches using z-cut Ti:LiNbO; waveguides scales as A2 and can be writ-
ten as VL ~3.2V em A? with A in units of um [4.116].

The electrical frequency response results from phase modulators, for
both the lumped and traveling-wave (TW) cases, translate directly to those
for interferometric modulators because the amplitude modulation depends
simply upon the integrated phase change. The same is true for the lumped
directional-coupler device. However, the situation is quite different for the
TW directional coupler where the distribution of AS along the coupler, not
just its integrated value, is important. For example, for a directional cou-
pler modulator with L = I, the phase mismatch at either end of the coupler,
where most of the light is in only one of the waveguides, is relatively unim-
portant. Physically the effect of velocity mismatch is weighted along the
coupler and is most critical at the center of the coupler and least sensitive
at the ends. As a result, with respect to velocity mismsatch the effective
coupler length is shorter, ~ L/+/3, than the actual length {4.117,118]. The
result is that for equal interaction lengths, directional-coupler modulators
provide greater velocity-mismatch limited bandwidth than interferometric
ones. Indeed, this increase in bandwidth is approximately equal to the in-
crease in drive voltage required for the directional coupler compared to the
interferometer. Calculated frequency responses for the two modulator types
are shown in Fig. 4.24. The effective weighting between the optical and elec-
trical signals in the case of the directional coupler results in low sidelobes
of the frequency response.

Numerous demonstrations of very broadband interferometric and di-
rectional coupler modulators have now been reported [4.39,40,119-122].
Applications will be discuseed later.
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Fig. 4.24. Calculated optical modulation frequency response for traveling-wave interfer-
ometric and directional coupler modulators. (After [4.117})
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B. GUIDED-WAVE ACOUSTO-OPTIC DEVICES

9¢ Copy from A.Yariv, P.Ych, "Optical waves in crystals”, John Wiley, New York,

1984, pp 386

10.2.2. Surface Acousto-optic Beam Deflectors *

Bragg interactions have recently been demonstrated [11] between surface
acoustic waves and optical guided waves (see Chapter 11) in thin-film
dielectric waveguides. Since the diffraction efficiency n depends, according
to Eq. (10.1-11), on the acoustic intensity [, the confinement of the acoustic
power near the surface (to a depth ~ A) leads to low modulation or
switching power. Figure 10.9 shows an experimental setup in which both the

surface wave and the optical wave are guided in a single crystal of LiNbO,.

The dielectric waveguide is produced by out-diffusion of Li from a layer of
~ 10 um near the surface, which raises the index of refraction. Figure 10.10
shows the deflected light spots as the acoustic frequency was varied in a
beam deflector using three tilted-surface acoustic-wave transducers [13]. A
random access time r of 1.24 us and a bandwidth of 358 MHz were
obtained, which correspond to 400 resolvable spots.

The surface acousto-optic beam deflector is used as a key element in the
RF spectrum analyzer (see Section 10.4).
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Figure 109. Guided-wave scousto-optic Bragg diffraction from two tilied surface acoustic
waves [12].
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Fig. C-1 shows the front end view of a typical AlGaAs-electroabsorption I 1 h21x10%em’)
modulator and the voltsge dependent transmission. The strip loaded film I -

waveguide contains a pn-junction. Without applied voltage, light at A = 790 nm is Au-Ge Substrat

transmitted through the 350 pm long waveguide practically without losses. If an -

electrical field is applied in reverse direction, losses will increase because of the Fie, C-2
Franz Keldish effect. The dynamic of the modulator is determined by the :
electrical RC time constant.
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