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Abstract — We give a tutorial review and brief summary of the present

status of waveguide eleetrooptic modulators.

I. INTRODUCTION

R ESEARCH ON waveguide modulators is now in a
rather advanced stage. The evolution to application in

such areas as optical communication and high-speed signal
processing seems to be imminent. Problem areas such as
insertion loss and fiber-waveguide coupling are being ad-
dressed with increasingly promising results. Very wide-band
modulators have been demonstrated. Promising applica-
tions such as analog to digital conversion are being pursued.
In this paper we present here a sernitutorial review of the
operating principles and general design considerations for
high-speed waveguide electrooptic modulators. Space does
not permit a cataloging of all work done on the many
possible modulator configurations. Rather we emphasize
basic considerations common to most electrooptic modula-
tors, stress waveguide, and electrode design considerations
for optimized performance and consider in detail the most
promising modulator candidates. We consider only single-
mode devices; to date no wide bandwidth multimode mod-
ulators have been demonstrated. For’ early work in this
field and a more complete bibliography, the reader is
referred to several previous review articles [1]–[6]. Modula-
tors based upon the acoustic-optic and magnetooptic ef-
fects are discussed in the earlier reviews.

II. BACKGROUND

Research on bulk optical modulators began shortly after
the invention of the laser several decades ago. The work
was motivated by the desire to tap the enormous potential
bandwidth offered by optical carrier frequencies. The goal
of efficient, high-speed modulators stimulated researchers
throughout the world to seek better electrooptic materials
and efficient device geometries. This effort, indeed, re-
sulted in modulation bandwidths of 1 GHz. However, the
goal of low drive power was more illusive.

With the rapid reduction of loss in glass fibers in the late
1960’s, research on optical modulators received new
stimulus and an important new direction. Waveguide mod-
ulators were investigated primarily because of their com-
patibility with fibers and because of the ultimate goal of
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integration. However, in addition, the drive power ad-
vantage of waveguide modulators over their bulk counter-
parts was quickly realized. Diffraction effects prohibit
making bulk modulators with both the small lateral dimen-
sions and long, interaction length needed to achieve low
drive power. Guided-wave devices do not have this limita-
tion and thus offer the potential of very low drive power.

III. DIELECTRICWAVEGUIDES

To fabricate dielectric waveguides the refractive index of
the guiding region must be greater than the index of its
surround. Planar waveguides, which guide light in the
vertical direction but provide no lateral confinement, have
been made by sputtering, epitaxial layers, ion implantation,
ion exchange, and diffusion. Substrate materials include
glass, semiconductors— GaAs [7]-[9] and more recently
InP—, and insulating electrooptic crystals primarily
LiNb03 and LiTaO~. The bulk of waveguide modulator
work has been done with Ti-diffused lithium niobate [10]
and GaAs waveguides. With epitaxial layers the necessary
index difference can be achieved either by lattice matched
growth of an epilayer with different composition than the
substrate or by the same material with different doping
level. The latter is possible because of the refractive index
decrease proportional to carrier concentration. The former
is generally more desirable for two reasons. Larger index
changes are achievable with composition (bandgap) dif-
ferences than by using doping level changes. Furthermore,
in spite of the fact that the light is guided in the region of
low carrier concentration, the evanescent penetration into a
highly doped substrate can cause free carrier absorption
loss.

For compatibility with fibers and for efficient modula-
tion, strip waveguides are essential and here we consider
only strip waveguide modulators. Several channel wave-
guide geometries are shown in Fig. 1. In the first, a mask is
used to allow a dopant to enter the substrate only through
a narrow (typically 3– 10 pm) strip. This technique can be
used with indiffusion, ion exchange, and ion implantation
but is not compatible with liquid phase epitaxial growth
with semiconductor substrates. The latter two structures,
rib [8] and metal-clad waveguides [9], have been used with
planar epilayer waveguides on GaAs. Typical mode pro-
files for a strip waveguide with air cover are shown in Fig.
2.
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Fig. 1. Channel or strip waveguides. (a) Diffused, ion-exchanged or
ion-implanted waveguide through opening in mask (not shown). (b) Rib
waveguide etched into epitaxial planar waveguide. (c) Met&clad wave-

guide.
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Fig. 2. Lateral and depth-mode profiles fo~
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For optimized modulator performance it is important to
be able to achieve a small waveguide mode size. The
minimum achievable mode size Wti can be written ap-
proximately as[11]

wtin/A-o.5/6. (1)

An= ng – n,, where n8 is the refractive index of the guid-
ing region and n, is the substrate index. Typical values of
An, resulting wti~ / A, and optical propagation loss for
Ti: LiNb03 and GaAs waveguides are given in Table I.
Using different substrate and epilayer composition with
the ternary GaAIAs system offers a larger An than

irregularities. Recently, relatively low-loss ( -2.3 dB/cm)
rib waveguides have been made with a GaAs epilayer
grown through a narrow opening in a SiOz film on a GaAs
substrate [14].

Waveguide modulators on semiconductor substrates offer
the potential for monolithic integration with sources and
electrical driver circuitry. InP is especially important be-
cause it is the most popular substrate for lasers that emit in
the 1.3-pm– 1.6-pm spectral region important for single-
mode lightwave systems. Metal clad, [15] rib [16], and
metal diffused [17] waveguides in InP have just recently
been reported.

Ti: LiNb03 waveguides (Table I). Ion exchange techniques
in lithium niobate offer a larger An( -O. 1), but unfor- IV. ELECTROOPTIC EFFECT

tunately provide guiding only for light of one polarization The linear electrooptic (Pockels) effect provides a change
and for limited crystal orientations [12], [13]. The generally in refractive index proportional to an applied electric field.
high propagation loss has been a serious disadvantage of The way in which this index change results in intensity
semiconductor waveguides. Although there has been insuf- modulation depends upon the device configuration which
ficient evidence, it appears these high losses are not funda- will be considered in detail later. Voltage V applied to the
mental and may be due to epilayer-substrate interface electrodes placed over or alongside the waveguide creates
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an internal field of approximate magnitude IE / E V/G

where G is the electrode gap. The applied field direction
depends upon the crystal orientation and electrode place-
ment. The electrooptic effect is described by a tensor
relation. The linear change in the coefficients of the index
ellipsoid due to applied fields ( Ej) along the principle
crystal axes is [18]

(2)

1123

or

(An)i= -$ ,~ rijEj (3)
,=1 ~+

where i =1,6 and rij is a 6 X 3 electrooptic tensor. This (a)

relation can be contracted with the electrooptic tensor to
write the six values of An as the elements of a symmetric ~
3 X 3 matrix. For example, for lithium niobate in the prin- (b)

cipal axes representation [18] Fig. 3. Typicaf electrode configurations for waveguide modtdators on

— rzzEy + rl~Ez r22 E.

insulating crystals. In (a) the horizontal field ~11is employed; in (b) the
r5 I Ex vertical field El is used.

Anij=~ r22 E. r22Ey + r13Ez r51 Ey

r51 Ex rs 1q r33 Ez
sity modulation from an electrooptically induced phase
shift. While the required modulation voltage depends upon

‘4) the modulator type, general conclusions concerning ef-
where n is either the ordinary n ~ or extraordinary n, value. festiveness of the applied field, modulation bandwidth,

Utilization of the diagonal elements 11,22, and 33 of the etc., cm be made by considering the simple phase modula-
perturbed refractive index matrix results in an index change tore We consider separately devices on ferroelectric and
and, therefore, phase change for an incident optical field se~conductor substrates.
polarized along the crystallographic x, y, and z axes, re- A waveguide phase modulator appropriate to Ti: LiNb03
spectively. For example, for an applied field along the z is shown in Fig. 3. with electrodes placed on either side of
axis, the electrooptically induced index change for light the Waveguide Fig. s(a), the horizontal electric field E,, is

polarized along the z direction which seesthe extraordinary used wfile the vertical electric field El is employed with
index and the strong r33 coefficient, is one electrode placed directly over the waveguide. In the

latter case an insulating buffer layer such as Si02 or A1203
An==–<r E

2 33 z. (5) is re@red to eliminate loss due to the electrode, especidy

The values of n3r for the largest electrooptic coefficient for to the optical mode with polarization perpendicular to the

LiNb03 and GaAs are shown in Table I. (The results for substrate plane, the TM-like mode [20]. In either case, the

InP are approximately the same as for GaAs. [19]) crystal orientation should be chosen to use the largest

The off-diagonal elements of (4) represent electroopti- electrooptic coefficient. For example, for lithium niobate

tally induced conversion or mixing between orthogonal the configuration of Fig. 3(a) offers utilization of the

polarization components. For example, an Ex field mixes largest diagonal coefficient rJ3 for the TE mode (polariza-

the x and z optical polarization components through the r51 tion in the plane of the substrate) for X-cut Y-propagating

coefficient. Note that in the absence of an applied field, (or Y-cut X-propagating) crystals. The second configura-

polarization along the principal axes is maintained for tion is appropriate for Z-cut orientation and provides

propagation along principal axes. Utilization of off-diago- maximum modulation for the TM mode.

nal electrooptic elements is necessary for waveguide polari- The local electrooptically induced index change in either

zation modulation. case is given by (4). However, neither the applied electric

Voltage can be applied directly across a pair of elec- field nor the optical field is uniform. The effective electro-

trodes on LiNb03 or LiTa03 which are insulating crystals. optically induced index change within a cross section of the

However, for semiconductor substrates like GAs it is ‘pticd ‘ode can be ‘ritten as
necessary to apply the field across a rectifying junction
such as a Schottky barrier or p-n junction.

~(v)=+~r (6)

V. MODULATOR VOLTAGE where G is the interelectrode gap and r is the overlap

The important characteristics of a waveguide modulator integral between the applied electric field and the optical

are: drive voltage required for a specific modulation depth, ‘ode. r‘s given by
modulation bandwidth, and optical insertion loss. There
are several modulator configurations for achieving inten- r=;Jj~lE’12~~ (7)
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where E’ is the normalized optical field distribution and E

the applied electric field. In (6), the effective field is
approximated by that of a simple parallel plate capacitor
as in the bulk case and the optical field is assumed to be
uniform. The correction factor from this simple model is
given by the overlap integral. The total phase shift over the
interaction length L is then

Aj3L = *r;:. (8)

The exact phase shift required to achieve complete inten-
sity modulation depends upon the modulator type. The
modulation condition can be written in general as

\A~Ll=pn (9)

where p, which depends upon the modulator type, is on the
order of one. The voltage olength product required for
modulation is thus

vL=@.
n3r~

(9a)

The goal in modulator design is high modulation band-
width with low drive voltage. We will show later that the
achievable bandwidth also scales as 1/L. Therefore, for a
given electrooptic material and wavelength one tries to
minimize VL by optimizing the geometric parameter G/r.
To achieve a good overall modulator design it is essential
to understand how r depends upon the electrode gap,
waveguide mode size, the electric field component (EL or
E,, ) employed, and the relative electrode-waveguide align-
ment.

Marcuse has recently analyzed the dependence of the
field-mode overlap integral I’ upon the above parameters
for the electrode structures of Fig. 3 (although semiinfinite
electrodes were assumed) [21]. Similar analyses have also
been recently reported by others [22], [23]. The waveguide
mode dimensions (w,,, and W1 are the mode 1/e intensity
full width and depth, respectively) serve as the characteris-
tic lengths in the calculations of [21]. A mode profile
typical of Ti: LiNb03 waveguides—Gaussian in width and
Hermite Gaussian in depth (Fig. 2)— was assumed; how-
ever, the results are probably not very dependent upon the
exact mode shape. Several general conclusions with respect
to the influence of the alignment between the electrode and
the optical mode upon the overlap integral can be made
from the results of [21]. Most importantly, for electrode
gap G comparable or only slightly larger than the mode
size w, the optimum electrode placement for the geometry
of Fig. 3(a) is for each electrode to be placed symmetrically
about the waveguide. For utilization of the vertical field, it
is generally best to align the inner edge of one electrode
over the inner edge of the waveguide mode. For these
alignment conditions, the relative index change. mode width
product versus normalized electrode gap (G/ WI,) is shown
in Fig. 4(a) and (b) for the modulator configuration of Fig.
3(a) and (b), respectively. Results are shown for W1/ w,,
equal to 1 and 0.5, the latter being characteristic of
Ti: LiNb03 waveguides. Also shown in each case is the
overlap integral r for wl /w,, = 0.5. The scale is the same

(a)

(b)
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Fig. 4. Calculated index change. mode size (w,, ) (normahzed by the
optical waveguide) product and overlap parameter r versus normalized

gap for El, and El fields (see Fig. 3). w,1 and WL are the intensity l/e
full width and depth of the optical mode, respectively.

in each case and identical electrooptic coefficients are
assumed.

Fig. 4 shows that although the induced index change
continues to increase as the normalized gap G/w II is de-
creased, the increase is relatively small for G/w II<0.5.
While the parallel field (Ell ) is more effective than the
perpendicular component for small gap, the former also
drops off more rapidly than the latter for large gap. In fact,
for E,,, the index change. mode size product drops off as
l/G but for E 1 this product depends upon l/~. As a
result, the effective overlap parameter for electrodes placed
over the waveguide is actually greater than 1 for large
G/w,,. This is apparently due to edge effects. This effect
helps to explain the lower than expected drive voltage
required for some reported waveguide modulators with
relatively large electrode gap [24].

In either case, the overlap integral is zero for zero gap. r
increases much more rapidly with increasing G/w II for
modulators that use E,, than for those that use E4 but also

saturates to a lower value. The small r for small G/w II is
unfortunate because it implies less efficient utilization of
the electric field for small values of G for which V\G is

large. Because the calculated quantity (left ordinate in Fig.
4) is the index change. mode size product, if w,, and WL are
reduced then the e/o induced An increases as 1/G, pro-
vided that fabrication techniques allow reducing G pro-
portionately. Optimization of the induced index change
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thus requires both minimizing the waveguide mode size
and fabricating electrodes with a gap GS0.5WII, although
for modulators that employ EL the latter requirement is
not so critical.

VI. BANDWIDTH

The potential modulation bandwidth of waveguide mod-
ulators depends upon the electrode type and geometry and
upon the substrate dielectric constant. Two types of elec-
trodes—lumped and traveling wave—have been used for
waveguide modulators.

A. Lumped Electrode

The modulation bandwidth for lumped electrodes can be
examined using Fig. 3. The modulation bandwidth of the
lumped electrode modulator (whose electrode length is
small compared to the RF wavelength) is the smaller of the
inverse of the optical or electrical transmit times or the
time constant of the lumped circuit parameters. The latter
is usually the more restrictive. The parallel resistor (Fig. 3)
is used to allow broadband matching to the impedance of
the driving source, typically 50$2. The capacitance per unit
length for the electrode of Fig. 3 can be calculated using
conformal mapping techniques. The result is [25], [26]

c K’(r~)

E = ‘%ff ~(r, ) (lo)

where r, = (2W/G + 1)–* and Eeff= (.5./2)(1 + e~/&O). Wis
the electrode width, e, is the substrate RF dielectric, K is
the complete elliptic integral of the first kind, and K’(r, ) =

K(~~). The capacitance per unit length for lithium

niobate, where e, = ( &XeY)1/2, eX= 28 and eY= 43, is plotted
in Fig. 5. Also shown is the potential bandwidth-length
product where A f = l/TRC and we assume R = 50 L?.

Although C/L increases and consequently A f decreases
as G/W is decreased, both depend essentially only loga-
rithmically on G/W. The electrical transit time cutoff
frequency

is -2.2 GHz. cm for lithium niobate, so there is no real
advantage to G/W 50.8.

As discussed earlier, a small electrode gap is important
to reduce the required drive voltage. This requirement
together with that of small G/W for high bandwidth
necessitates a relatively narrow electrode width. However,
the reduction in electrode width is limited by two factors.
First, W should not be much narrower than the waveguide
width to insure good overlap of the electric and optical
fields. Secondly, W must be sufficiently wide so that static
electric resistance does not become the limiting factor in
achievable bandwidth.

The limitation of static resistance to the achievable
bandwidth for lumped electrodes has recently been ex-
amined theoretically [27]. There can be a dramatic reduc-
tion in modulation bandwidth ‘for distributed static
resistance of 5 Q/mm or greater. However, for R ~ /L S 2
G/cm, the bandwidth reduction due to distributed resis-

1 1 1 I I I I 1 I 1 1 I I 11[ 1 1 I [ 1 ! 1 r

.
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.1 1 40

ELECTROOE GAP/ELECTROOE WIDTH (G/W)

Fig. 5. Calculated capacitance per unit length for symmetric strip elec-

trodes on lithium niobate versus the gap/width ratio. Also shown is the

calculated RC bandwidth length product for a lumped modulator
assuming R =50 Q.

tance can be estimated to be s 20 percent even for elec-
trode length as long as 1 cm. For an electrode area (width
X thickness) of 20 pm2, the theoretical resistance per unit
length (R~/L = p/A, where p is the resistivity, and A is

the electrode cross-sectional area ) for gold (or approxi-
mately for Al) and copper are -2 and 1.7 K1/mm, respec-
tively. Assuming an interelectrode gap of 3 pm, a G/W of
0.5 requires an electrode width of 6 pm. In this case, an
electrode thickness of -3 pm would be required to keep
R/L 52 !J/mm. However, C/L changes only slowly with
G/W. Therefore, even for a maximum, electrode thickness
of 0.5 pm which would necessitate an electrode width of 30
pm to minimize resistance effects, the potential A f~c. L

would be only reduced from 2 GHz. cm to -1.5 GHz” cm.
(Fig. 5, G/W= 0.1).

The required modulation voltage scales inyersely with
length as does, in the absence of electrode resistance, the
modulation bandwidth. Thus, increased bandwidth can be
achieved at the expense of drive voltage by simply decreas-
ing the device length. The appropriate modulator figure of
merit is thus the voltage/bandwidth ratio. This figure of
merit is generally more useful for comparing modulators
than the power-per-unit bandwidth frequently used to
characterize modulators, especially bulk devices. Because
A f depends upon the terminating resistance (R), it must
also be specified. The required drive power, which is im-
portant for systems considerations, can then be calculated.
For a given modulator, one can tradeoff drive power for
bandwidth by changing R. The latter can be arbitrarily
decreased by increasing L. From (9a) and (10) (assuming
the capacitance limit) the voltage/bandwidth ratio is

where we have separated the material constants, modulator
type, wavelength, and geometric dependence.
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Fig. 6. Calculated increase in voltage/bandwidth ratio due to larger
than optimum electrode width.

The geometry dependence of the voltage/bandwidth
ratio, which is the last term in (13), can be calculated using
the results of Figs. 4 and 5. AS the electrode gap is reduced,
V/A f decreases because the increase in C/L (Fig. 5) is less
rapid than the decrease in the required voltage (Fig. 4).
This is true for G/ w,1z 0.5. Further reduction in G in-
creases the capacitance/length without an appreciable in-
crease in the induced index change. As a result, V/A f is
minimum for G/ Wll= 0.5 and G/W= 0.5. However? be-
cause C/L is essentially logarithmically dependent upon
G/W, the electrode width can be increased from its opti-
mum value without severe reduction in V/A f. This is
shown in Fig. 6 where V/A f is calculated from the results
of Figs. 4 and 5, assuming G/wll = 0.5 and WJ./Wll = 0.5.

A wider than optimum electrode width maybe necessary if
thick electrodes cannot be fabricated.

The results of Fig. 6 also indicate a significant advantage
in V/A f for modulators which employ the parallel electric
field. This advantage results entirely from the better over-
lap for small G exhibited by El, compared to El (Fig. 5).
For the condition for minimum V/A f (G/WI - 0.5), rll -
0.3 while rl -0.2.

For the geometrical parameters to optimize V/A f, the
minimum achievable effective gap is limited by the mini-
mum waveguide mode size. From the condition G/w II = 0.5

and (1)

(14)

For lithium niobate, assuming An E 0.01, G~i~= 1 pm and
2 pm for X = 0.63 pm and 1.3 pm, respectively. If (14) is
used in (13), as is the optimum value of K’(r,)/K(r,) ( = 2
for G/W= 0.5), we find

(V/Af )~in s 0.5~R
()

‘eff _p A*
(15)

~7Pr~ r

where r is 0.3 or 0.2 for modulator employing E II of E.L,
respectively.

\ \ \

Fig. 7. Asymmetric coplanar strip traveling-wave electrode.

For optimum design, a material with large electrooptic
coefficient, high refractive index, low dielectric constant,
and capable of forming waveguides with large guide-sub-
strate index difference are required. For lithium niobate
assuming p =1, and R = 50 Q, that electrode resistance cti
be ignored, the approximate minimum value of V/A f for
lumped modulators is -0.5 V/GHz and 1.5 V/GHz for
A = 0.6328 pm and 1.32 pm, respectively.

(15) indicates that for optimum design V/A f scales as A*.
However, for modulators where no attempt is made to
minimize the waveguide mode size, the dependence upon A
is perhaps somewhere between linear and quadratic. In
either case, a significant voltage penalty is paid between
operation at visible wavelengths and the long wavelengths
(1.3 pm to 1.5 pm) required for lightwave communication
systems.

The results considered here assume an ideal modulator.
Stray and lead capacitance have, for example, been ignored.
To obtain this potential, good electrical packaging is very
important.

B. Traveling Wave

The goal of the traveling-wave electrode, shown sche-
matically in Fig. 7, is to make the electrode appear as an
extension of the driving transmission line. As such, it
should have the same characteristic impedance as the source
and cable. In this case, the modulator speed is not limited
by the electrode charging time but rather by the difference
in transit time for the optical and modulating RF waves.
The asymmetrical electrode structure in Fig. 7 has been
used for traveling-wave modulators because of its low
propagation loss, and good coupling to an external coax
cable [28]. The capacit&ce per &it-length
metric electrode can also be determined
mapping techniques. The result is [29]

K’(r. )
$ = 2Eeff—

K(f-a)

for the asym-
by conformal

(16)

where r.= (2 W/G+ 1)– 1/2. Calculated C/L versus G/W
for lithium niobate is shown in Fig. 8. Also shown is the
characteristic impedance

()
–1

Zo= _K__
iGL

(17)

versus G/W, where c is the speed of light. For given G/W,
C/L is higher for the asymmetric electrodes than for
symmetric ones. From (16) and (17), to achieve a 50 Q
transmission line for an asymmetric coplanar strip on
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Fig. 8. Calculated capacitance/Iength and characteristic impedance for

asymmetric coplanar strip on lithium niobate.

lithium niobate, a value of G/W ~ 1.7 is required com-
pared to G/W= 0.6 for the symmetric coplanar strip.

The required drive voltage is, of course, independent of
the electrode type but the expected modulation bandwidth
for the traveling-wave electrode is quite different from the
lumped electrode. To examine the bandwidth limitation of
traveling-wave modulators we assume the electrode imped-
ance is matched to the connecting cable and source. The
microwave drive signal is

(21rN
V(2, t) =VOsin -& z —2Tft

m )
(18)

where N. =@, X~ and f are the microwave refractive
index, free space wavelength and frequency, respectively. z
is position along the electrode. For simplicity, we ignore
microwave loss for the moment. The voltage seen at any
point along the electrode by a photon that enters the
waveguide at any time tocan then be written as

{+fH)z-2”f’o} ‘1’)
P’(z, to) =Vosin

where No is the effective index of the guided optical mode.
Then, because the electrooptically induced phase shift A~
is proportional to V, the integrated A~ is

‘sin(mfLT’)5in(2nfto_~f~N.~]

o‘LAB(f)dz=(“fL:’) c
(20)

where A~= —vn3rVOI’L/AG and 8 = 1—No/N. is a mea-
sure of the velocity mismatch between the optical and
microwave signals. For No = N~, the optical wave travels
down the waveguide at the same speed as the microwave
drive signal moves along the electrode and “sees” the same
voltage over the entire electrode length. The integrated
value of A~ is proportional to V, L, and arbitrarily long
electrodes can be used to reduce the required drive voltage
with no frequency limitation. However, for No # N~, there
is walk-off between the optical wave and microwave ‘drive

signal which results in a reduction, and for sufficiently
large L or f, a complete cancellation of A~. Thus, the
sin(x)/x functional frequency response of (20). According
to (20), the frequency for which the integrated value of A~
is reduced by 50 percent from its value for f = O is

AfL=-& (21)

Therefore, for given electrode length, the achievable band-
width is critically dependent upon the mismatch between
the optical and microwave velocities. The value of N~A for
lithium niobate and GaAs are listed in Table I. Based on
this parameter GaAs offers significant advantage for
traveling-wave modulators. According to (21) and the data
in Table I, the expected A~ frequency. length product for
lithium niobate and GaAs are 9 GHz. cm and >60 GHz.
cm, respectively. (Some authors define the bandwidth by
the frequency for which the drive power must be doubled
to maintain the modulation depth at low frequency [27].)

Electrode loss reduces the effective A~ seen along the
modulator length. Frequency independent loss can be com-
pensated for by an increased driving voltage. However, if
the loss depends upon f, as is generally the case, the
frequency bandwidth is reduced. In either case, the figure
of merit V/Af is increased from the ideal velocity mis-
match limit.

For given electrode dimension, the high frequency mi-
crowave loss is determined by the skin depth and one
expects a loss in dB~cm of a = a, f 1’2, where a, depends
upon electrode conductivity and geometry. This frequency
dependence has been verified experimentally [29]. Assum-
ing no velocity mismatch, the effect of loss on the in-
tegrated A~ is

/’A/3( z)dz=~(l-e-a~’) (22)

0’ urn

where am = a/4.3 converts from loss in dB/cm to an
exponential-loss coefficient. Assuming a skin depth
frequency dependent loss with a,= 1 dB/cm. GHzl/2, a
value achieved experimentally [29], and a 1.5-cm long
electrode, the frequency for which the integrated A6 is
reduced by 50 percent relative to low frequency is -10
GHz. This limit is somewhat less restrictive through com-
parable to the - 7-GHz bandwidth limit due to velocity
mismatch for lithium niobate. For high frequency ( >56
GHz), coax coupling loss maybe as important as propaga-
tion loss.

If we ignore loss, the voltage/bandwidth ratio for travel-
ing-wave electrode modulators is

V/Af = &
()

* (PA): (23)

where, if we further assume the mode-size limited mini-

mum gap (14)

Equation (24) is actually quite over-optimistic. To achieve
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simultaneously an electrode impedance of 50 Q and a
small electrode gap needed to minimize V. L, a very nar-
row electrode width is required. For example, for G = 5
pm, an electrode width of only 3 pm is necessary for
Z =50 Q with an asymmetric electrode. As a result,
researchers have used either narrow gap or 50-L?electrodes
but not both. Assuming a 50-0 impedance source in both
cases, the first approach allows more efficient use of the
applied voltage but suffers a reduction in effective applied
voltage due to impedance mismatch reflection and to the
lower impedance. In the latter case, all the source-delivered
microwave power is coupled onto the electrode but the
large gap results in a less then optimum induced phase
shift. A source with lower impedance can be used but
because the important modulator parameter is voltage, for

rthe same source power the applied voltage is VO- ZO.
For a specific comparison, we consider two electrodes of

equal length and metal thickness, one with W, = 20 pm
and G, = 30 pm and the other W2 = 20 pm and Gz = 5 pm.
The characteristic impedances on lithium niobate (Fig. 8)
are ZO= 50 Q and 30 Q, respectively. Because of their
identical width and thickness, we assume the two elec-
trodes have equal loss which for simplicity we assume is
zero. If each electrode is terminated in its characteristic
impedance the potential bandwidth in each case is equal
[29] and is given by (21). Therefore, the relative V/A~ is
given simply by the ratio of required drive voltages. As-
suming a 50-0 source, an impedance matched power PO
(source power) is delivered in the first case and only

o.9375Po={l-(~;~ )2}Po

in the second case. Therefore, for the same source power,
the delivered voltage in the two cases are (Vl / Vz) = 1.33. If
we assume that the narrower gap corresponds to G = 0.5
Wll, then the ratios of electrooptically induced An for the
two cases under equal drive voltage are (Fig. 4, with
WL /Wll = OS) Anl/Anz = 0.56 and 0.36 for EL and En,

respectively. Taking into account the difference in
effective delivered voltage in the two cases, the ratios of
actual induced An is An, /An2 = 0.75 and 0.5 or
(V/Af),/(V/A~), = 1.33 and 2 for El and Ell, respec-
tively. Thus, there appears to be an advantage to using the
smaller gap even if it means abandoning impedance match-
ing.

In fact, for equal electrode width, the microwave loss
may be somewhat larger for the narrower gap electrode
[30], which would reduce the apparent advantage for the
smaller gap electrode. The optimum traveling-wave elec-
trode design, therefore, requires careful consideration of
the geometry related tradeoffs between loss and the effi-
cient utilization of the microwave voltage. The relatively
large G/W ratio required for a 50-0 coplanar strip on
lithium niobate results from its large dielectric constant.
The desire for small gap for modulators is in contrast to
typical microwave integrated circuit applications. Further
investigation into the microwave engineering of these struc-

+

Fig. 9. Rib waveguide-electrode configuration for semiconductor wave-

guide modulator.

tures may result in small gap, low-loss traveling-wave elec-
trodes.

The traveling-wave electrode has a clear bandwidth.
length advantage over the lumped electrode even for the
velocity mismatch of lithium niobate. However, if electrode
loss precludes simultaneous achievement of impedance
matching and a small gap, the advantage in V,/A~ for a
traveling-wave electrode over a small gap lumped electrode
may be less substantial. For large gap use of El is pre-
ferred.

For both lumped and traveling-wave electrodes, a metal
thickness of 2–3 pm is desirable. Typically metallic elec-
trodes are delineated by lift-off techniques. In this case, the
metal thickness is limited to a fraction of the photoresist
thickness generally ~ 0.5 Km; however, special techniques
have been developed to increase this to -1 pm [30], [31].
Lift-off provides the potential for very narrow electrode
gap ( -1 pm) [33]. Aluminum electrodes as thick as 3 pm
have been fabricated by chemical etching but only for large
gap, -25 pm [24]. Both thick electrodes (3 pm) and
relatively narrow gap (6 pm) have been achieved with
plasma etching [29]. Other techniques such as reactive ion
etching using a reactive CCld gas, for example, may also
prove useful in providing narrow width, low-loss electrodes
[34].

C. Semiconductor Waoeguide Modulators

A schematic drawing of an waveguide-electrode geome-
try appropriate to a GaAs or InP phase modulator is
shown in Fig. 9. The electric field is developed across either
a diffused p-n junction or Schottky barrier. In either case,
the effective dimension is the depletion region d. d can be
quite small, on the order of 1 pm. Furthermore, for
the relatively large waveguide-substrate index difference
achievable with epitaxial waveguides, a mode depth on the
same order is possible. Thus, the geometric component
G/r = d/ r, of the voltage. length product in (9a) can be
made small, approaching 1 pm. Indeed, by optimizing this
geometric parameter, GaAs waveguide phase and polariza-
tion modulators with voltage. length products of -1.1
V. cm for A = 1.06 pm have been demonstrated [35]. This
value is comparable to that for lithium niobate, in spite of
the 6 to 1 advantage of the latter in the electrooptic figure
of merit.

Because of the rectifying junction required for semicon-
ductor waveguide modulators, the analysis for expected
bandwidth is somewhat more complicated than for insulat-
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ing substrates. For simplicity, the junction can be modeled
as a simple parallel plate capacitor with electrode separa-
tion d. Then C/L= ee~~/d, where, in this case, e,ff = s,,
which is -13 for GaAs and InP. In fact, however, the
depletion thickness generally depends upon the applied
voltage for both the p-n junction and Schottky barrier [36].
As a result, the capacitance depends upon the drive voltage
and for a time-varying signal parametric effects that result
in harmonic distortion of the optical modulation might be
expected. There are insufficient experimental results for
high frequency GRAS modulators to assessthe significance
of such distortion. However, in early work on GaP modula-
tors by proper waveguide fabrication such second-harmonic
distortion was maintained below 5 percent, for modest
modulation depth [37].

To date, no semiconductor waveguide modulators with
traveling-wave electrodes have been reported. Because of
the small velocity mismatch for both GaAs and InP, travel-
ing-wave modulators on these substrates would appear
very promising. The lower dielectric constant of GaAs and
InP also allows a smaller G/W ratio for a given impedance
than in lithium niobate. However, the fact that the junction
capacitance depends upon voltage complicates the question
of the microwave stripline transmission on these materials.
This question and, perhaps more importantly, that of mi-
crowave loss in such structures requires considerable ex-
ploration. In addition, the typically large optical loss of
semiconductor waveguides presently precludes the use of
long modulators to take full advantage of the small velocity
mismatch.

VII. INTENSITYMODULATORS

For most applications, optical intensity modulation is
required and some means is necessary to convert the elec-
troopticrdiy induced phase modulation into intensity mod-
ulation. In bulk and early waveguide modulators, this was
accomplished by placing linear polarizers with axis at
+ 45° and –450 with respect to the substrate plane before
and after the waveguide, respectively [4]. Because the TE
and TM modes see different e/o coefficients, there is a
voltage-dependent phase shift between them. They are
effectively mixed by the output polarizer to produce inten-
sity modulation. Unfortunately, external polarizers are re-
quired because there is no known way to make passive 45°
waveguide polarizers.

Integrated intensity modulators have been made using a
variety of waveguide structures. While space does not
permit a survey of all of them, we briefly describe the most
promising. The most popular are the directional coupler
and interferometric modulators shown in Fig. 10. While we
show the modulators with electrodes on the waveguides,
the configuration of Fig. 3(a) can be used. In the switched
directional coupler [38] (Fig. 10(a)), two identical strip
waveguides are brought in close proximity over a length L.

Because of the overlap in the evanescent fields of the two
waveguides, light couples between them with a coupling
coefficient per unit length K, which depends upon the
waveguide parameters, wavelength, and interwaveguide

.
(a)

(b)

(c)

3dB .)/ .
COUPLER

&
Fig. 10. Intensity modulators. (a) Switched directional coupler. (b) Re-

versed A~ coupler. (c) Y-branch interferometer. (d) Mach-Zehnder

interferometer.

separation [39], [40]. For an appropriate length, all the light
entering in one waveguide can couple to the other. By
electrooptically producing an index difference between the
two waveguides, light which crosses over at different points
along the directional coupler is no longer in phase and the
net crossover efficiency can be made zero. The voltage-
dependent crossover efficiency can be found by solving the
well-known coupled-mode equations and is [41]

‘q=

,+(~)’s~’{’~(l+(%)’)’”}” (25,
2’

For A~=O, q=l; for ‘L=mv/2, m is an odd integer. A
value

where n is the first integer > m/2, is then required to make
q = O. Only two ports are required. q(A~L) is plotted in
Fig. 11 for ICL = T/2 an 3n/2.

It is clear from Fig. 11 and the formula above that to
minimize the necessary APL for 100 percent modulation, a
single coupling length 1= 7r/2K is desirable. Multiple eou-
pliug-length devices result in a significantly larger required
A~L. For KL = 7/2, the value of p ((9a)) for 100 percent
intensity modulation is ~. Using the push-pull arrange-
ment of Fig. 10(a), this is reduced top= 6/2. By varying
K along the directional coupler length, the shape of the
voltage response can be changed in an advantageous
manner [42]. For example, the voltage response sidelobes
(Fig. 11) can be significantly redueed.

Two difficulties of the switched directional coupler can
be overcome with the reversed A/l coupler of Fig. 10(b)
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Fig. 11, Voltage A~ response curves for: (a) switched directional cou-

pler with L = L (b) switched directional coupler with L = 31; and (c)
reversed A ~ with L = 21. In all cases the curves are symmetrical in A/3.

[43], [44]. Here one electrode is split into two equal lengths
driven with opposite polarity voltage. These problems are
the fabrication difficulty with reproducibly making KL=

rz n/2 to assure100 percent crossover in the absence of

voltage and the fact that a larger value of APL (or-p in

(9a)) is required if L corresponds to multiple coupling
lengths. The former is more critical for switching applica-
tions where low crosstalk for both switch states is required.
For modulators KL # nr/2 results in loss. The second

problem is more critical. An appropriately small electrode
gap is desirable to reduce drive voltage while this gap
should be approximately equal to the interwaveguide gap
to assure best v/A~. However, for typical values of G, the
transfer length 1 is small compared to the L required for
acceptable low drive voltage [40]. In this predicament, the
full advantage of lower V for longer L is not realized
becausep ((9a)) increases with L. However, for the reversed
AD modulator, the required swing in APL is - fi~ even if

L/l >1. This is true provided that one uses a number of
electrode sections equal to the approximate number of
coupling lengths. The voltage response for an N (N even)
section A~ reversed modulator can be written as [43], [6]

q = sin2KeffL (26)

where

Keff = ~sin-’&. (27)

q, is the crossover efficiency of one section of length L/N

given by (25). This response ((26)) is plotted in Fig. 11 for
N = 2 and KL = T. With proper dc bias the swing in AflL
for complete modulation is -fir. Thus, p = n or n/2

including the push-pull effect.
The Y branch [45] and balanced bridge [46] (Mach-

Zehnder) modulators are shown in Fig. 1O(C) and (d),
respectively. The former has been especially popular be-
cause of its apparent simplicity. Both employ the same
principle. An input wave, split into equal components,
propagate over the two arms of the interferometer which
are sufficiently separated to prohibit evanescent coupling
between them. If no phase shift is introduced between the
interferometer arms, the two components combine in phase
at the output Y-branch 3-dB coupler and continue to

propagate undiminished in the output waveguide. For the
M–Z, no phase shift results in complete crossover at the
output 3-dB coupler. For a ~ phase shift, the field distribu-
tion after the output Y-branch waveguide corresponds to
the second-order mode which is not supported by the
single-mode output waveguide. Light is radiated into the
substrate and the transmitted light is a minimum. For
the M–Z, the light exits from the input waveguide for
A~L = n-. In either case, the transmission efficiency (if one
monitors the crossover waveguide for the M–Z) is

(28)

For 100 percent intensity modulation, APL = ~ is
required, so p = 1 (in (9a)). While the advantage of push–
pull in AD can be achieved using the three electrode
configuration shown in Fig. 10, the capacitance for this
case, which is examined in [25] and [27], is nearly twice that
of the two electrode structure of same dimension. As a
result, the value of P’/Af does not benefit greatly. A two
electrode configuration with interelectrode gap equal to the
rather large interwaveguide gap can be used to advantage if
a large G is required for other considerations, but the large
gap necessitates a relatively large drive voltage. This is true
of the fastest reported TW modulator which will be dis-
cussed below. Alternately, a small-gap push-pull two elec-
trode structure can be used for an interferometer with a
small interwaveguide gap provided the evanescent coupling
is eliminated. This has been achieved by etching [47] the
substrate between two closely spaced waveguides and by
mismatching [48] them by fabrication.

The M–Z, unlike the Y-branch interferometer, but like
the two directional coupler devices, has the advantage of
functioning as a switch as well as a simple on/off modula-
tor. Thus, these devices are candidates for high-speed time
division multiplexer which may be important devices to
utilize the high bandwidth of single-mode fibers.

Three other promising waveguide modulators are the
cutoff, total internal reflection (TIR), and polarization
modulator. The first 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 [49]. It has the advantage of being simple.
However, for low modulation voltage, the waveguide must
be near cutoff which usually implies significant optical loss
for the on (V= O) state.

The TIR switch/modulator shown in Fig. 12(b) uses the
electrooptically induced index change to cause light inci-
dent in the top, upper waveguide (for example) to be
reflected into the upper, right waveguide [50]. For V= O,
most of the light remains in the incident waveguide. The
value of voltage required for switching is [50]

v 102—- —---A
G n ‘r 2

(29)

where 91 is the half angle between the waveguides. To
reduce V, a small angle is desirable. However, the reduc-
tion in 0, is limited by unwanted evanescent coupling in the
region outside the electrode.

According to the switching condition of (29), V does not
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v
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Fig. 12. (a) Phase-matched polarization modulator and (b) total internal

reflection switch/modulator.

depend upon either the wavelength or electrode length.
This point offers potential in decoupling the normally
incompatible requirements of low voltage and large band-
width common to the other modulators described.

A polarization modulator appropriate to lithium niobate
is shown in Fig. 12(a). This modulator uses an off diagonal
element of the electrooptic tensor ((4)) to convert incident
TE- (TM) to TM- (TE) polarized light. A periodic elec-
trode is shown in Fig. 12(a) because lithium niobate is
birefringent and periodic coupling with a period A, such
that [51], [52]

ylNTM– N~~l=~
A

(30)

is required to effect efficient TE e TM conversion. For
lithium niobate, the required period is A = 7 ~m and 18
pm for A = 0.6 and 1.3 pm, respectively. This coupling
process is again described by the coupled-mode equations
with A~ = O (provided (30) is satisfied) so

v = sin2KL (31)
where

rn vK= —n3r—.
AG

(32)

For 100 percent polarization modulation, therefore, p =

1/2, which is the lowest modulation condition of the
devices considered. The capacitance of the interdigital
structure of Fig. 12(a) is analyzed in (25). Although the
total electrode length is greater than the interaction length,
the C/L is also smaller than for typical parallel electrodes.
Therefore, for the same device length, these modulators
have capacitance comparable to that for parallel electrodes
[53].

The modal birefringence of GaAs waveguides can be
made very small and a uniform or very course period
( - mm) electrode can be used for TE + TM modulators.
Therefore, the electrode configuration of Fig. 9, with the
electrode parallel to the (1 10) plane, is appropriate [35].

To effect intensity modulation either a polarizer or a
polarization splitter [54] must be integrated after the
polarization modulator [115]. Effective polarizers can be
made with metallic overlays for both LiNb03 [55] and
GaAs waveguides [56]. Alternately, a single device in which
TE e TM conversion is effected between a pair of rnis-
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matched coupled waveguides can be used [57].
For generality, we have examined above the bandwidth

of the modulated parameter A~. Of course, the intensity
modulation bandwidth is the more important and directly
measured quantity. For interferometric modulators whose
intensity modulation is a known function of the integrated
A~, the expected intensity modulation bandwidth can be
calculated using the frequency response of A~ and (28).
The voltage response of the directional coupler for nonuni-
form A/3 is not given simply by (25) with A~L replaced by
its integrated value and the intensity modulation band-
width must generally be calculated numerically. However,
in ‘either casse, the bandwidth of A~ is a good approxima-
tion to that of the resulting modulation. If, for analog
applications, the modulators are biased for q = 0.5 and
only small signal modulated, intensity modulation is linear
in A~ and the intensity modulation bandwidth is the same
as that for Aj3.

VIII. SUMMARYOF REPORTEDMODULATOR
RESULTS

Each of the above intensity modulators has been demon-
strated. We survey some of the most significant results. A
more complete survey of early modulators, as well as the
various methods for measuring bandwidth, is given in [6].
We consider lumped and traveling-wave modulators sep-
arately. We quote the low frequency (generally ~ = O) mod-
ulation voltage reported and note that the modulation
depths are not necessarily the same. The quoted band-
widths are for a 500 termination.

A - l-cm-long six-section reversed A~ Ti: LiNb03 mod-
ulator at A = 0.6328 pm exhibited 1-GHz bandwidth for a
modulation voltage of 3 V (using the weaker rl~ coefficient)
[58]. Similar results have been achieved at A =1.15 pm
using uniform mismatch electrodes [59]. An attempt to
optimize V/A f by minimizing the waveguide mode size
(1 – pm Ti strip width) and using a small interelectrode
gap (1 pm) is described in [33]. The 0.075-cm-long di-
rectional coupler modulator could be modulated with -6
V at A = 0.6328 pm and exhibited a switching time of
-110 ps ( -4 GHz). While this corresponds to a voltage.
length product of -0.5 V. cm, the achieved bandwidth was
below the potential b&dwidth of -10 GHz. The V/A f

value for the first two is -3 V/GHz while the latter is
-1.5 V/GHz.

Recently a two-section A~ reversed dc modulator was
reported with measured bandwidth of 2.5 GHz at A = 1.06
pm for V= 4 V and an electrode length of 0.9 cm [60]. This
appears to be better than the expected optimum bandwidth
performance for this electrode length. However, the two
electrode sections were driven separately each with its own
50-!i? termination. Therefore, the effective length for de-
termining the capacitance is 0.45 cm. The penalty, of
course, if one drives each of these terminated electrodes
from a common source, is that for broadband operation
the source power must be four times larger than that
applied to each electrode section. Therefore, the effective
drive voltage is 8 V and V/A f = 3.2 V/GHz. All these
modulators use the push-pull configuration of Fig. 10(a) or
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(b), with electrodes on top the waveguides.
Several interferometric modulators have been reported,

all using titanium diffused lithium niobate waveguides. A
Y-branch modulator with the three electrode configuration
in Fig. 1O(C)(except with electrodes along side the wave-
guides) has been reported with L = 0.6 cm and a modula-
tion voltage of 3.8 V at A = 0.647 pm for a 9-pm gap [61].
The measured bandwidth was 1.1 GHz or V/A~ = 3.45
V/GHz.

In another interferometer without push-pull and with the
configuration of Fig. 3(a), a modulation voltage of 4.4 V
was achieved for an electrode length of 0.3 cm at A = 0.6328
pm [62]. The bandwidth was not measured but the voltage
length product of 1.32 V. cm is quite good.

Recently, a 1-GHz bandwidth TIR modulator has been
reported, although the switching voltage for the device was
not given [63]. A 1.7-GHz bandwidth has been achieved
with a Ti: LiNb03 polarization modulator at A = 0.6 pm
[53]. The interaction length was 0.2 cm and the required
drive 6 V, so V/A f = 3.5 V/GHz.

There have been several semiconductor waveguide direc-
tional coupler switches reported. In an early GaAs metal-
gap waveguide (Fig. l(c)) directional coupler a 1OO-MHZ
bandwidth was measured for a 0.7-cm-long device which
required - 25-volt modulation voltage [9]. However, the
electrode had not been designed for low capacitance. Other
more recent modulators exhibit switching voltages of 15–25
V for 0.8-1. l-cm electrode lengths [64]-[66]. No measured
bandwidths were reported but capacitance values (mea-
sured for fix bias) indicate the RC potential for multigiga-
hertz operation. The evaluation wavelengths for these
devices was X = 1.06 or 1.15 ~m.

Currently, the most promising GaAs waveguide modula-
tor, with respect to drive voltage, is the double-heterostruc-
ture polarization modulator. Nearly complete TE e TM
conversion was achieved with -10 V for a O.l-cm-long
electrode at A = 1.06 pm. The measured capacitance of -1
pF indicates a potential bandwidth of -5 GHz or V/Af =

2 V/GHz [35]. Similar values of V/A f have been estimated
for a recently reported polarization modulator which uses
multiple electrodes to overcome the small waveguide bire-
fringence in AIXGal _XAs rib waveguides [67].

The first directional coupler modulators using wave-
guides on InP substrates have just been reported. For a
0.8-cm-long rib waveguide coupler, a 12-V modulation was
required [68]. Good ( 16-dB extinction) crossover and
straight through states could be achieved with the reversed
A(l coupler. A uniform A~ coupler using Ge-diffused wave-
guides has also been reported [17]. A low switching voltage
( -5 V) was achieved for the short (L= 0.2 cm) device,
but the zero-voltage crossover efficiency was also small.

A Ti: LiNb03 traveling-wave dc modulator has been
demonstrated at X = 1.32 ~m, an important wavelength for
lightwave systems. The 1.6-cm-long electrode with W= 14

pm and G = 6 ~m had a 35-S?impedance [29]. Complete
modulation could be achieved with a - 4-V swing. The
measured bandwidth of 3.6 GHz corresponds to V/A f= 1.1
V/GHz.

The fastest modulator reported to date uses a 50-0,
0.6-cm-long traveling-wave electrode on a Ti: LiNb03 Y-

Fig. 13. Y-branch traveling-wave modulator ([24]).

branch interferometer [24]. The 32-pm electrode gap allows
the use of push–pull effect between the similarly separated
interferometer arms (Fig. 13). However, because of the
large gap, 8.8 V was required for 98-percent modulation
efficiency at A = 0.6328 pm. The measured bandwidth of
11.2 GHz yields V/Af = 0.8 V/GHz. The 3-pm-thick,
20-pm-wide asymmetric coplanar strip electrode exhibited
microwave insertion loss below 3 dB at 10 GHz.

The V/A f figure of merit is a valid means of comparing
the above modulators for the same optical wavelength.
When comparing modulator results for different wave-
lengths, a scale factor of (X ,,~, )4, where q is between 1 and
2, is appropriate. For given V/A f, reduced drive voltage
can be achieved with the penalty of reduced bandwidth by
using a longer electrode provided that electrical loss is not
the limiting factor. To attain the potential tradeoff of
voltage for bandwidth by using a shorter electrode also
requires good microwave engineering to ensure high coax-
electrode coupling and low loss at the higher frequencies.

A. Other Design Considerations

Other considerations besides modulation voltage and
bandwidth may be equally important for practical applica-
tion of these devices. In single-mode lightwave systems, for
example, the fiber-coupled optical insertion loss is very
critical. Recently, there has been considerable progress in
this area for Ti: LiNb03 devices.

Loss contributions include fiber-waveguide coupling, re-
flection, propagation (both absorption and scattering),
waveguide bend, and electrode loading. Reflection losses
can be reduced with index-matching materials or anti-
reflection coatings. Electrode loading losses, for the config-
uration of Fig. 3b, can be reduced with an intermediate
dielectric buffer layer. There is some reduction in the
effective voltage in the waveguide region, however, and
there can be drift problems if the layer is not a good
insulator.

Waveguide bends are necessary in several intensity mod-
ulators and are also required for integration [69]. Work
toward reducing bend loss has concentrated on determin-
ing bend geometries which minimize loss for a given bend
angle and maximizing mode confinement to increase the
guided-wave’s ability to negotiate bends. Bend losses as
low as 0.3 dB [70] and 0.2 dB [71] have been achieved with
S-shaped transitions for a lateral offset of 100 pm over a
- 3-mm length for A = 0.63 pm and A = 1.32 pm, respec-
tively. Using coherent coupling effects, a loss of only 6 dB
was measured at A = 0.63 pm for a semicircular waveguide
consisting of 60 10 bends separated by the coherent cou-
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Fig. 14. Low-loss directional-coupler modulator coupled tosin~e-mode

fibers. Theinsert shows theon-state fiber-detice-fiber loss of -1.5dB.

pling length of 180 pm [72]. The above results are for
Ti:LiNb03 waveguides. Because of the larger guide-sub-
strate index difference achievable in GaAs waveguides,
bend losses in the latter can be quite low [73].

Fiber-waveguide coupling loss is due to misalignment
and mismatch between the fiber and waveguide modes.
The latter can be especially difficult because the fiber mode
is symmetric while the waveguide mode (assuming an air
cover) is asymmetric (Fig. 2). Nevertheless, with ap-
propriate care, good fiber-waveguide coupling can be
achieved. At X = 0.6328 pm [74] and A = 1.15 pm, [75]
- 3-dB insertion loss has been achieved for coupling from
a single-mode fiber to a Ti: LiNb03 waveguide, propaga-
tion through the l-cm-long waveguide and coupling back
to an identical fiber. By carefully tailoring the waveguide
mode size to match that of the fiber, fiber-waveguide-fiber
insertion loss of N 1 dB has been achieved at 1.3 pm for a
waveguide of similar length [76]. In another approach, a
fiber-waveguide coupling loss of -0.2 dB has been at-
tained by using a fiber tapered to match the waveguide
mode [77]. The above results are for z-cut crystal; generally
poorer results have been achieved for other orientations
apparently of strong modal asymmetry [75].

The insertion loss of early modulators was very high or
not reported. The traveling-wave directional coupler modu-
lator at A = 1.32 ~m exhibited a fiber-device-fiber insertion
loss of 5.4 dB at A = 1.32 pm [29]. Somewhat lossier results
have been achieved for A = 0.83 pm with pig-tailed fibers
[78]. By using waveguides well-matched to the fiber, a
geometry which minimized the effect of bend loss and an
effective buffer layer, a Ti: LiNb03 directional coupler
modulator has recently been fabricated that exhibits total
fiber-device-fiber insertion loss as low as 1.5 dB at X = 1.32
pm [79]. A schematic of the device, whose total length is 2
cm, is shown in Fig. 14. Also shown is the measured
relative intensity from the input fiber and intensity from
the output fiber for the on state ( V = O).

The small mode size essential for efficient modulators
and low-loss waveguide bends is generally incompatible
with the relatively large mode sizes required for coupling to
typical single-mode fibers [79]. Consequently, waveguide
tapers will probably be needed to simultaneously optimize
device performance and minimize fiber-waveguide loss.
This problem, although very severe for the small mode size

of semiconductor modulators, can be significantly over-
come by integrating the modulator onto the laser c~p.

There are several areas of waveguide modulator research
where potential problems exist or where more data is
needed. Perhaps foremost is the question of optical damage
or photorefractive effect— an optical intensity dependent
change in refractive index which occurs in LiNb03. The
problem is acute at visible wavelengths. Indications point
to orders of magnitude less sensitivity in the infrared, [80]
but careful experiments at A = 1.3 ~m are needed. Ques-
tions of the long term stability to applied fields in lithium
niobate need also be addressed.

Unwanted planar guiding for the extraordinary polariza-
tion apparently due to Li out diffusion plagued early
strip-waveguide modulators [81]. Several techniques to
eliminate this problem have been reported [82]–[87]. While
each is apparently effective when properly applied, there
seems to be some difficulties encountered when transfer-
ring these techniques to other laboratories.

Finally, short-term drift due to charge leakage through
the dielectric buffer layer has been reported as a potential
problem for low-frequency operation [88]-[90]. Buffer
layers that allow dc operation have been achieved by
oxidizing the SiOz [88] or Al *03 film and by using chemi-
cal vapor deposited Si02 [91]. Alternately, the buffer layer
can be etched away in the gap between the electrodes [92].

B. Applications

Waveguide modulators are very attractive for signal en-
coding in high bandwidth lightwave systems. While direct
current modulation of the semiconductor laser sources is
adequate for low bit rates, spectral spreading and hopping
in typical lasers results in pulse spreading and reduced
system bandwidth at high data rates ( > 0.5– l-Gbit/s)
[93]. Furthermore, direct modulation above several giga-
hertz is inefficient. Other solutions to the first problem are
under investigation-single longitudinal lasers like the
Bragg [94] and short-cavity laser [95] and fibers with near
zero dispersion over a broad spectral range [96]. However,
external waveguide modulators also appear well-suited to
solve this problem. External’ modulators may be essential
for very high bandwidth ( z 2 GHz) systems.

High-speed switches can be used for time-division multi-
plexing or gating in wide bandwidth lightwave systems.
Such devices could interleave several relatively low data
rate channels, each of which could be handled by conven-
tional electronics, onto a single fiber. Gating of short
pulses with a Ti: LiNb03 traveling-wave directional cou-
pler has been demonstrated at a 1-GHz rate [97]. Several
waveguide modulators, such as the Ti: LiNb03 TE( – )TM
device, and the tunable directional coupler filter [98], are
wavelength selective. These devices can be used to simulta-
neously perform signal encoding (modulation) and wave-
length multiplexing functions.

For heterodyne systems, optical frequency shifting to
match the local oscillator and the received signal frequen-
cies may be necessary. A novel, parallel Y-branch single-
sideband modulator with 2-GHz bandwidth has been re-
ported which can perform this function [99].
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Fig. 15. Directional coupler as a high-speed gate or pulse generator. The
horizontal axis represents the time light enters the coupler. The device
is assumed to be velocity-matched.

Generally, modulators work well for a single linear
polarization only. This can be a problem when used with
typical fibers that do not preserve polarization. Specially
designed Y-branch [89] and directional-coupler [100] mod-
ulators which can be used effectively with light of arbitrary
polarization have been demonstrated.

Optical waveguide modulators are attractive for signal-
processing applications. Low-speed phase modulators have
been proposed for use in the integrated optic-processing
chip for the fiber gyroscope [10 1]. High-speed analog-to-
digital conversion can be performed with waveguide modu-
lators [103]. A four-bit 830 megasample/s device has re-
cently been reported [102]. The device uses a parallel array
of four Y-branch interferometers with electrode lengths of
even integer ratio. A/D conversion is achieved from the
inteferometer’s periodic voltage response ((28)). An inter-
esting review of interferometric modulator applications in
signal processing is given in [104].

The nonlinear voltage response of waveguide modulators
can be used as the basis of hybrid bistable devices [105].
An interesting example is the optically controlled switch
that uses a Ti: LiNb03 directional coupler [106], [107].

Two special purpose modulators have recently been pro-
posed-to perform very high-speed sampling, multiplexing
or short-pulse generation. These devices generate optical
signals with very broad effective bandwidth (short pulses)
in spite of being driven by only a single RF frequency. The
price paid in each case is a peak drive voltage substantially
larger than is needed to merely switch the modulator on
and off.

One proposal, which uses ? directional coupler with
L =1, is shown schematically in Fig. 15 [101]. To describe
its operation, we assume for the moment that the device is
velocity matched. In this case, according to (19), there is a
one-to-one correspondence between the time light enters
the coupler and the constant voltage it sees along the
length of the coupler. Light that enters when V= Ocouples
to the second waveguide. However, light that enters the
coupler at times such that IV I > IV~I (Fig. 15), where V~ is
the switching voltage, mostly remains in the incident wave-
guide. Thus, light couples between the waveguides during
each of the two voltage-zero crossings per RF period for a
time interval that is, ~ - (V~/VP) (T/2) (Fig. 15). To
achieve short pulses or sampling intervals, a small T and V~
and large VP are required. A long electrode is needed to
achieve small V~; for long electrodes, however, modulation

(a)

PHASE REVERSED

‘Lo+
ELECTRODE

: I OISTANCE ALONG MOOULATOR —
x
L

(b)

Fig. 16. (a) Velocity matching using periodic phase reversal. (b) The
phase reversal length, L., is chosen to compensate for the voltage

polarity reversat die to watkoff between the ‘RF and optical signals.
The solid curve represents relative A~ seen along the modulator by light

that enters the modulator at a particular time. Although shown for a

single waveguide, the same technique can be used for a directional
coupler.

at high frequency is possible only for the velocity-matched
case. Otherwise, velocity matching is not essential and
substantial compression ( - r/T) can be achieved at low-
pulse repetition rates without it. For a 1O-GHZ drive
frequency, a pulse width less than -1 ps is predicted for a
velocity-matched allowable length of -5 cm for VP-10 V
(ignoring microwave loss) in lithium niobate.

In another proposal, the directional coupler is replaced
by a cascade of interferometers [109]. Because of its peri-
odic voltage response, an interferometer driven by a RF
signal of frequency ~ and peak voltage V= m V~ produces
an optical signal modulated at a frequency mf, i.e.,
frequency multiplication results [62]. Each interferometer
of the cascade is driven with a sinusoidal signal of frequency
f but with peak voltage in the ratio 1, 2, 4, etc. The
resulting optical signal is a train of pulses with repetition
rate 2 f and pulse width ~ - ( V~/ VP)( T/2), where VP is the
maximum drive voltage. The interferometer cascade gener-
ates the harmonics necessary to form the pulse train.
Because of the directional coupler’s passband rather than
periodic voltage response, this single device, in the above
proposal performs the same function as interferometer
cascade.

For optimum performance, both devices require strong
overdriving but only at a single, preferably high, frequency.
In this case, so called artificial velocity-matching tech-
niques can be very useful. Several such techniques have
been proposed for bulk modulators. One technique pro-
posed for guided-wave devices uses intermittent interaction
between the RF and optical signals by periodically remov-
ing the electrode from the waveguide [109], [110].
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Another approach which does not require such excess
electrode length is shown in Fig. 16 [111]. Here the elec-
trode is shifted at intervals

–( )Am No “
‘0=2N~ ~–~

(33)

equal to the walk-off length at the RF frequency of inter-
est. This electrode shift reverses the direction of the applied
field in the waveguide. This effective field reversal com-
pensates exactly for the change in polarity of the applied
voltage due to walk-off as shown in Fig. 16(b). However,
velocity matching is achieved perfectly only for the design
frequency. The bandwidth is still given approximately by
(21) but the band has been displaced to higher frequencies.
There are strong analogies between velocity-matching de-
scribed here and the phase (or velocity) matching between
two optical waves by periodic coupling as in the TE * TM
modulator of Fig. 12(a).

IX. SUMMARY

Optical waveguide modulator research has progressed,
rapidly in the last several years. The reports of high-perfor-
mance modulators from laboratories around the world are
indicative of the interest in the, field. The significant efforts
expended towards solving practical problems (such as in-
sertion loss) are evidence of the expectations that these
devices will play a significant role in future lightwave
systems. We have reviewed the current status of the field
with emphasis on design considerations for optimizing
overall device performance.

-Much work remains to be done. A thorough understand-
ing of waveguide technolcrgy is important for optimizing
modulator performance consistent with system require-
ments. Studies of long-term device characteristics are
needed. Careful consideration of the design tradeoffs should
result in reducing the drive-voltage requirements for travel-
ing-wave modulators whose bandwidth potential has al-
ready been demonstrated. Electrooptic materials with
better coefficients could reduce device length and the volt-
age/bandwidth radio. New modulator applications remain
to be identified and explored. In the area of semiconductor
modulators, investigation of traveling-wave structures
should be fruitful. Most importantly, monolithic optical
and optoelectronic integration offers challenging research
opportunities and rewarding system applications.
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