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Integrated-Optical Single-sideband Modulator,. ,.,
ant! Phase Shifter ~

FRED HEISMANN AND REINHARD ULRICH
.’

Abstract–A scheme of spatially weighted coupling between two wave-

guide modes is proposed in which the weights form an electxooptically

induced periodic coupling structure @at’can be moved at variable speeds

forward or backward along the goide. The device can operate as an op-

tical phase stifter with unlimited phase range, as a single-sideband am-

pfitude modulator or frequency shifter, or as a polarization transformer.

INTRODUCTION

I NTEGRATED optical modulators for phase, amplitude, and

polarization are expected to find important applications in

fiber-optic communication systems and fiber-optic sensors.

Here we propose a novel type of modulator. Basically, it is a

phase shifter with unlimited range of phase shift u. Therefore,

it maybe used in fiber-optic and integrated-optic interferornet-

ric sensors [1] to compensate even the largest phase changes

which are to be measured. By operating the proposed device

with a time-linear phase shift LI = Clt, it may also serve’ as a

single-sideband (SSB) modulator, with modulation frequencies

ranging from zero up to 108-109 Hz. Such a frequency shift-

ing is useful in interferometric sensors to convert the optical

phase shift to be measured into the low-frequency electronic

phase of the detected signal [2], [3] . Finally, the device

proposed here may be used as a general polarization trans-

former. It can convert the fluctuating state of polarization,

arriving at the end of a long single-mode fiber~optic transmis-

sion line, into any other polarization state required for further

processing [4], [5] .“

PRINCIPLE OF OPERATION

The principle of the new modulator may be described as

spatially weighted coupling between two nonsynchronous

waves. In Fig. 1 the two modes indicated may be propagating

in two separate (noncoupled) waveguides or they may rep-

resent two different modes of a single waveguide. Suppress-

ing a common time factor exp (- itit), their amplitudes are

aj(x) exp (i~j~) with/ = 1; 2, and “we assume & > DZ. At some

location xl the two waves are coupled by a discrete perturba-

tion, characterized by a’ normalized coupling coefficient I(1.

A wave of unit amplitude is launched into mode 1 at x = O.

It propagates with propagation constant ~1 up to the coupling

point xl, where mode 2 becomes excited with amplitude iK 1.

In that mode the light propagates further with /32,down to the

end of the “modulator at x = -L. There, the amplitude Of mode
2, relative to mode 1, is a2 = iK 1 ex~ (ixlA@, where we abbre-

viated AD = /31 - 13{.
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Fig. 1, Schematic representation of spatially weighted coupling between
two nonsynchronous waveguide modes.

This consideration shows that the output phase of a2 depends

linearly on the location xl of the’ perturbation. In principle

we could vary, therefore, the phase ‘s~ft x1 A~ by physically

moving the perturbation. Ipstead, we achieve’ a variable phase

shift here by providing a second perturbation of strength KZ at

a position x2 and by “then varying the weights K1 and Kz of the

two perturbations. In effect, this moves the centroid of the
resulting “total perturbation. A suitable separation of the two

,.
coupling locations is

@XZ-.XI=A)4 (1)

where A = 2rr/Afi denotes the beat length of the two modes.

The weights of the couplers are chosen as follows,

Kl=li COS&f

K2 = u sin v. (2)

In practice, coupling with such weights can be realized electro-

optically by a pair of electrodes, with applied voltages propor-

tional’ to K~ and Kz, as will be explained below: Assuming

IK I <<1, we may i@ore the perturbations of wave 1 at xl and

of wave 2 at x2, and we find at the output ‘” ,
,,

U2 = iK ~ exp (ixIA@) + iK2 exp (ix2A~)

= ii exp (ixlA~ + i~). (3)
,.

We recognize that the output phase is s?iftecl simply through

the angle g = arctan (K2 /K ~) defined by the weights in (2). By

appropriately varytig these weights, the shift angle I-Jcan be

increased or decreased essentially without limits. By use of

the twcr~pbase control accor@ng to (2), the shift is continuous

at all values of K’, free’ of the discofitimrities and associated

spurious sidebands of serrodyne and other pulsed modulations

schemes [6] ~

CASCADED COUPLERS

As described, the modulation. scheme works only ip the

limit of weak coupling IK I <<1. To achieve a large or even

complete transfer of optical power to wave 2; a large number

~ (typically N ? 10) of identical pairs ‘(K ~, K2) of weighted

couplers is cascaded, as indicated @ Fig. 2. A coherent addi-

tion of ‘the contributions from all pairs results if the spatisd
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Fig. 2. Representation of N cascadedcouplers.

period of this arrangement is chosen equal to the beat length

of the two modes, or an integer multiple thereof.

11 +12 = qA, q=l,2,3 ”””. (4)

Here, 11 and 12 denote the distances between consecutive cou-

plers, as shown in Fig. 2. Discussing here only the simplest

case q = 1, we obtain from (1) and (4) the distance 12 = 3A/4.

The modulation signals (K ~, K2) are applied to all pairs in

parallel, requiring only two control voltages. In this way the

coupling weights ~j form a pattern of periodicity A and spatial

phase V, By variation of U, this pattern can be moved forward

or backward along the guide.

In analyzing this arrangement we must account for both direc-

tions (1 ~ 2) of coupling. We denote the amplitudes at the

end of the mth section as aj,m and we comb~e al ,m with a2 ,m

into a column vector Am. The vectors at output and input of

the mth section are related then by a unitary transfer matrix T.

Am= TAm-l (5)

T= D2K7.DIKI (6)

(exp i8 j o

Dj .

0 exp (- ib~))

K,= (1 - K;)l/’

(

iK j

J
iK j )

(~ - K;)V2 “

(7)

(8)

The matrix Dj represents the phase delay difference

26i = liAfi (9)

which is accumulated between the two waves when they

propagate uncoupled along a distance li. According to our

choice of 11and 12we have 261 = rT12for the propagation from

K ~ to Kz, and 28 ~ = 3rr/2 for propagation from K2 to the sub-

sequent K 1. The average common phase delay (PI + f12 ) zj/a of

the two waves between the beginning and end of lj is omitted

from our equations to permit a more symmetric notation. The

matrix Kj represents the localized coupling by the perturba-

tion Kj.

The overall transfer matrix of the arrangement of N sections,
relating the output vector AN to the input vector AO, is TN,

the Nth power of T.

AN = TNAO. (lo)

In the Appendix we show that

(11)TN= (-l)N [RN+ (1/~)sN(K)] + 0(1/N)

( cos NK
RN =

i exp (- ifl) sin NK

)
(12)

i exp (ip) sin NK cos NK

Equation (11 ) is the result of a series expansion in powers of

the small quantity K. The matrix RN contains the leading

terms in the limit of large N, assuming a finite value for the

product NK. The first-order deviations are expressed by the

matrix SN, and 0(1/N) contains terms of order N-2 and

higher. We can discuss now various operating modes of the

N-section coupler. To show first the basic performance of the

device, we postulate here N>> 1 so that the overall transfer

matrix becomes ~RN.

PHASE MODULATION

The coupler operates as a lossless phase shifter if we choose

the magnitude of tile voltages controlling K ~ and K2 so that

NK = rr/2. The transfer matrix(12) simplifies to

(
o i exp (-i~)

RN =

i exp (ifl) )o“
(13)

This means that the optical input signals into modes 1 and 2

of the first section are completely interchanged at the output

of the last section, with their phases shifted through the angle

u. Any positive or negative phase shift P can be realized by

the choice of KI and KZ according to (2).

FREQUENCY MODULATION

Frequency shifting or modulation of the output signal is

obtained in essentially the same way by using a sinusoidal,

time-periodic drive voltage for the couplers K~, and by driving

the couplers K2 in quadrature phase.

~1 ‘K COS~t

K2 ‘K sin Qt. (14)

Choosing again NK = rr/2, the N-section coupler remains con-

tinuously in the “crossed” state, but its output signals are

downshifted (1 ~ 2 coupling) or upshifted (2 ~ 1 coupling) in

their absolute frequencies by f2/2rr. This operation is equiva-

lent to the shift produced by an acoustooptic Bragg modulator.

In contrast to the modulation by a traveling acoustic wave,

however, an electrooptic implementation of our coupler per-

mits variation of the offset frequency from some maximum
frequency ~max all the way down to Q = O and Up to Q =

-L! ~~~. The frequency limit flmax will presumably be deter-
mined only by the electronic circuits (phase shifters) supplying

the control voltages. Thus, it may well be in the 108-109 Hz

range.

SSB AMPLITUDE MODULATION

Employing control voltages as above, but of variable am-

plitude

K= E+i(t) (15)

the device can also act as an SSB amplitude modulator. An

optimum operating point is NZ = rr/4. It provides a 3 dB “bias”

transfer between modes 1 and 2 and a linear modulation char-

acteristic for small modulation signals IZ \ << ii. As before,

the 1 ~ 2 coupled signal is the lower sideband, and 2 -+ 1

yields the upper one.
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POLARIZATION CONVERSION

This mode ofoperation requires implementation of the de-

vice intheformof a stripe waveguide inwhich the waves 1 and

2 propagate in orthogonal polarizations of the fundamental

mode. In the example discussed below, al is the amplitude of

the TEO mode, and az of the TMO mode. The vectors An then

have the meaning of Jones vectors, which we write in the form

( Cos em
Am =

)exp (ii5n) “ sin 19m “
(16)

Accordingly, the matrix TN can now be interpreted as an

electronically controllable Jones matrix, converting the input

polarization state A. into an output state AN. A linear input

state of azimuth 60 is characterized, for example by 8 ~ = O.

Operating on such a state AO with the Jones matrix (12) spe-

cialized to M = 7r/2, yields an output state which is linear, too
(6N = O), but whose azimuth ON is rotated through NK.

0N=190-NK. (17)

More generally, it is possible with the N-section coupler to

convert [5] any given elliptical input state into any desired

output state by properly adjusting both control parameters

p and NK. For example, the general input state A ~ is converted

to a pure TEO output mode (Ofv = O) if we choose

p=80+rr/2

NK=OO. (18)

Although this transformation with only two adjustable param-

eters (K, p) is not the most general polarization transformation,

it is sufficient for the stabilization of output polarization [4],,

allowing arbitrary fluctuations of the input state. Compared

to the polarization transformer of [5], the one discussed here

has the advantage of an unlimited range, permitting continuous

operation without need for occasional reset cycles [4] .

COUPLER WITH FINITE N

The preceding discussions dealt only with the limit N + 00,

where TN is represented by RN. In practice, a finite N must

be used, and it is of interest to determine the resulting devia-

tions in the modulation. It is sufficient to consider here only

the application as a phase shifter because it exhibits the largest

deviations. They are represented in (11) by the matrix SN

which is specified in the Appendix. Inserting there into (26)

the maximum ‘applicable value NK = rr/2, it can be shown that

for N >9 the absolute value of all components of Sjv remains

below 0.82. With that number, (11) permits the following

estimate of the maximum possible deviations of the output

wave due to the finiteness of N. For an input wave A ~ of unit

power (la1012 + la20 I2 = 1), the output wave ZN has also unit

power, but both amplitudes lal~l and la2 N I may deviate from

their ideal (iV ~ CO)values by no more than 0.82/N. The equiv-

alent error in the phase shift angle is of the order 0.82/N rad.

For example, to keep the amplitude error below 10 percent of

the maximum amplitude and the phase error below 0.1 rad, we

must choose N >9. Of course, this estimate applies only to

the errors intrinsic in cascading a finite number of couplers.

Additional errors may result from fabricational imperfections

like irregular drift distances lj.

The finite length of a real coupler also determines its optical

bandwidth. Like in other birefringent devices [5], the relative

bandwidth is, Al/ AZ= A/2L, where L is the total device length.

IMPLEMENTATION

The design of the proposed coupler is shown schematically

in Fig. 3. Waves 1 and 2 propagate as TEO and TMO modes,

respectively, along the Y direction of a stripe waveguide dif-

fused into an x-cut, LiNb03 substrate. The difference of their

propagation constants is A~ S=2rr/ lAn, mainly determined

by the birefringence An of the crystal. For A = 0.6 Vm, for

example [7] , A = 7 pm.

Coupling between the two modes is effected electrooptically

by interdigital electrodes as in the TE ~~TM mode converter

of Alferness and Buhl [7]. The basic coupling mechanism is

the off-diagonal component C13 of the dielectric tensor of the

crystal, induced by the modulating voltages underneath the

edges of the control electrodes and adjacent ground electrode.

As the relevant x-component of the inducing field has opposite

directions at neighboring edges, the optimum width of the

fingers and gaps of the electrode pattern is -A/4. Each control

electrode combined with the neighboring edges of the ground

electrode plays the role of one of the couplers Kj discussed

above. Although these couplers are not localized, the theory

given remains applicable. To accommodate these extended

couplers, both separations lj had to be increased by A in the

design of Fig. 3(a), as compared to the basic concept of Fig. 2.

Therefore, 2& = 5rr/2 and 2& = 7rr/2, here, and the period

length is 3A.

The coupling factor K of a single control electrode (finger

pair of separation A/2) can be expressed in the form [7]

V’ A

K ‘a*n’r” 2X”
(19)

Here, n is an average index of the guide, r~l -28.10-12 m/V

is a component of the electrooptic tensor of the crystal, V is

the peak voltage applied to the electrodes, d is the width of

the interelectrode gap, and k is the wavelength in free space.

The dimensionless factor a, ranging between O and 1, is the

normalized overlap integral of the field under the electrodes

with the product of the TEO and TMO field distributions. A

realistic value [7] for the interdigital electrode pattern is

a’= 0.16.

The weighting of the coupling as required by (2) is achieved

by applying modulated voltages VI = V cos IJ and V’ = V sin I-I

to the control electrodes K ~ and ~’, respectively. Using a peak

voltage of, e.g., V= 10 V, i = 0.6 Vm, and A = 7 ~m, we find

K = 0.011, and the phase shifter requires N R 150 periods.

As one period occupies 3 A in the pattern of Fig. 3(a), the

actual length of such a coupler would be 450 A x 3 mm.

Although the electrode arrangement Fig. 3(a) has the advan-

tage of a large N, it requires isolated crossings of the electric

connections to N control electrodes. This problem can be
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(a)

(b)

Fig. 3. Electrode patterns for electrooptic implementation of phase
shifter. WG-waveguide. (a) Simple arrangement according to Fig. 2
with 3 A period. (b) Arrangement of groups (M= 4) of control elec-
trodes with reduced number of intersections and reduced overall
length.

reduced considerably by rearranging those connections accord-

ing to Fig. 3(b). Here, groups of M successive control elec-

trodes at spacings A are connected (without line crossings) in

parallel and form one of the couplers Kj mentioned above.

Two groups form one period (K 1, K2 ), with extra spacings lj of

‘alternatingly A/4 and 3 A/4 between neighboring groups. The

coupling factor of each group is KM = MK, and the number of

groups required for the phase shifter is NM = n/2K~ = N/M.

Thus, the total number of control electrodes in Fig. 3(b) is

the same as in Fig. 3(a), but the number of isolated crossings

has been reduced by the factor M. This factor is limited by

the requirement that JVM must remain large enough to avoid

the mentioned distortions of the modulation characteristic.

The -20 dB limit is guaranteed with NM = 10 and M= 15.

This requires only 9 line crossings, realizable, e.g., with bond

wires. Moreover, as most control electrodes are spaced here by

A, the overall length of the pattern Fig. 3(b) is reduced nearly

by a factor of ~ in comparison to Fig. 3(a).

DISCUSSION

We have proposed an electrooptic phase shifter with unlim-

ited phase range. This has been possible, from a systems view-

point, by the use of two control voltages (Vl, Vz ) instead of

one. In a simple electrooptic phase shifter the shift angle M is

proportional to the applied voltage and is therefore limited.
In the new coupler, however, the two control voltages are

90° out of phase and continuously alternate in their phase-

shifting role. This type of control is comparable to the opera-

tion of a 2-phase synchronous motor. Extending this compari-

son, one could even envisage a 3-phase version of our phase

shifter, requiring three control voltages offset by 120° and

three couplers Kj separated by equal drift spaces li = A/3.

From a microscopic viewpoint, the continuous unlimited

phase shift p is achieved by the scheme of spatially weighted

coupling introduced above. This scheme becomes particularly

clear when we consider its operation in SSB modulation with

p = Qt. In that case coupling is provided by a traveling “wave”

of off-diagonal polarizability e13, induced by the electrode

pattern. In the basic scheme (Fig. 2) this wave propagates

with exp (iflt - ixA/3) along the guide. The frequency shift

in coupling may be regarded as the result of forward light

scattering at this moving perturbation, comparable to a Bragg-

reflection at a traveling acoustic wave. In contrast to the

acoustic wave, however, the velocity !2/Afi of the e13 wave

can be varied at will by adjustment of C?. This wave can even

be frozen at any position, the resulting phase shift depending

linearly on this position.

In conclusion, the proposed phase shifter combines the

advantages of speed and low drive power, characteristic for

electrooptic modulation, with the potentials of traveling-wave

interaction characteristic for acoustooptic modulation.

APPENDIX

For a calculation of the overall transfer matrix of an N-section

coupler we evaluate (6)-(8) employing a series expansion of

the diagonal terms of Kj.

T= -[TO - (K2/2)(Z - isin2~.1) +O(K2)] (20)

( 1
To .

iK exp (- ip)

iK exp (ip) 1 )

‘=(:3’ ‘=(;:)
(21)

(22)

The matrix TO, which represents - T in the limit K + O, is

diagonalized by the transformation TO = UDTU-l with a

unitary matrix U.

1

–(

- exp (- ip)

u= @ exp (ip) 1 )

DT=(l;iK 1 )

o

l-iK”

(23)

(24)
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To calculate TN we use T? = UD~U-l and the following

expansion, valid for finite (NK) and N >>1.

(1+ iK)N = [1 +iVK2/2] eXp (+i~~) + ~(1/~). (25)

Combining these equations we obtain (6), and with a lengthy

summation procedure

SN(K) = (iV2K2/2) [RN - RN-l + i(sin 2P sin NK/N sin K)J] .

(26)
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Crosstalk Characteristics of Ti-LiNb03 Intersecting
Waveguides and Their Application as

TE/TM Mode Splitters

HIROCHIKA NAKAJIMA, TETSUO HORIMATSU, MEMBER, IEEE, MINORU SEINO, AND IPPEI SAWAKI

Abstrrzct-Crosstafk characteristics of an intersecting waveguide are

presented. Two straight channel waveguides which intersect at an

angle of a few degrees on y-cut LiNb03 were fabricated by in-diffusion

of Ti. Experimental results show that the crosstafk characteristics are

determined by the refractive index change profile and the geometry of

intersection associated with guided wave modes. In a speciaf case, a

TE/TM mode splitter was obtained by using the intersecting waveguide

which provides adequate anisotrop y by the change in refractive indices.

Splitting ratio was 17 and 14 dB for the TE and TM modes, respectively.
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I. INTRODUCTION

RECENT growth in research concerning planar optical

devices has spread to cover a wide range of applications.

For example, functional optical devices, such as optical

modulators/switches based on directional coupling between

two adjacent strip waveguides have been theoretically designed

and demonstrated [1] - [3] . On the other hand, experimental

results and theoretical analysis on functional devices using Y-

branch waveguides have also been reported [4], [5]. We have
focused our attention on an intersecting waveguide [6], [7] as

another useful planar device for functional applications. This
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