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ABSTRACT

We report the first electro-optic switching device compatible with multimode fibers. A 1-to-many
cascaded reconfigurable interconnection was built.

A thin glass substrate was used as the guiding medium which provides not only higher coupling efficiency
from multi-mode fiber to waveguide but also better tolerance of phase matching conditions. Involvement
of a TIR hologram and multi-mode waveguide eliminates interface problems between fibers and
waveguides. The DCG holographic material has proven to be reliable from -180°C to +200°C.
Survivability of such an electro-optic System in harsh environments is further ensured. LiNbO3 was
chosen as the E-O material becuase of its stability at high temperatures (phase transition temperature
>1000°C) and maturity of E-O device technology. Further theoretical calculation was conducted to
provide the optimal interaction length and device cpacitance.

1. INTRODUCTION

Optical fiber arrays have been proposed for signal paths in various civilian and military controls as a means
of offering advanced sensing functions not available in electronic systems, reducing the weight of a control
system, and eliminating electromagnetic interference (EMI). Optical fiber data transmission lines and a
myriad of sensors have been developed [1-4] for such applications. To implement optic fiber sensors on
various control systems, a proper electro-optic architecture (EOA) needs to be studied. Among the many
EOAs that have been investigated [5] (such as multiple sources and multiple detector (MSMD) topology,
single source and multiple detector (SSMD) topology, multiple sources and single detector (MSSD)
topology, and single source and single detector (SSSD) topology), SSSD topology seems to be the most
promising. Figure 1 shows a feasible electro-optic architecture for this application. The number of light
sources and detectors are minimized in this case; however, to realize such an EOA, proper electro-optic
switching elements are needed to multiplex (receiver) and demultiplex (transmitter) optical carriers in the
time domain so that the specific direction where proper fiber sensors or receivers are located can be
selected. To date, most integrated optic switches are not compatible with multi-mode fibers [6-8] when
employing data or for short distance communication, i.e., within a ship or an airplane. Therefore, there
exists a need to develop a new electro-optic switch to overcome the above shortages. .

Fiber Optic technology offers numerous well known benefits including the capability for high bandwidth
operation, low weight and immunity to man made threats such as Electromagnetic Interference (EMI) and
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Electromagnetic Pulses (EMP) generated by nuclear blasts. DOD and NASA have recently sponsored
several programs to promote research and development in the areas of fiber optic sensor technology.

Optical fiber sensing devices have so many advantages over other types of sensing devices that they have
become the focus of a significant amount of research. Physical parameters such as position, velocity,
acceleration, temperature, pressure, vibration, voltage, current, etc., can be successfully measured via
fiber optic sensor technology. Table 1 lists fiber sensor technologies that are available today. Both U.S.
government agencies such as DOD and NASA and private industries such as Boeing, McDonnell Douglas
and Hughes Aircraft Company are eagerly pursuing optical sensor devices and systems. The multiple
mode switching system we built in this program shall encompass all these different scenarios of fiber
sensor technologies. Since the communication distance from the sensors to the processing unit is
relatively short (within the plane), multi-mode fiber is selected to route the sensed signals.
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Figure 1 Electro-Optic Architecture for Multi-Mode Fiber Sensor Array.

The major bottleneck for the implementation of multi-mode fiber sensor arrays is the mismatch between
existing electro-optic switching devices and multiple mode fiber. This issue becomes more difficult when
the power budget is strictly limited. The existing multi-mode optical switches fall into two categories:
moving fiber and scanning optical beam. There are three fundamental problems which preclude their use
in high speed multiplexer for the reconfigurable massive fan-out sensor systems which are to be
implemented. These intrinsic limitations are:

1. Low fan-out/fan-in capability. The moving fiber and scanning technologies basically
provide 1-to-1 interconnection. Beam scanning provided by an acoustic Bragg cell can
provide hundreds of resolvable spots. However, such a device can only provide
reconfigurable 1-to-1 interconnection. The usefulness of the A-O scanner depends on the
electro-optic architecture and the number of sensors to be used. In the case of a small
interconnection system where the number of sensors involved is relatively small, the A-O
scanner may be a proper candidate.

2. High insertion loss. The losses associated with the moving fiber and scanner are high,
which makes the system insertion loss unacceptable. This kind of loss is mainly induced
by beam divergence, Fresnel reflection, scattering and mode mismatch.

3. Slow switching speed. Moving fibers involve the adjustment of mechanical parts and the
speed is intrinsically slow. Scanner devices, except the A-O Bragg cell, have the same
p_robhlarns as moving fibers. Fast switching speed is important for fast access of the sensor
signal.
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Table 1 Fiber Optic Sensor Technology Availability
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In this paper, we report a new type of electro-optic switch which provides massive fan-out/fan-in
capability, low insertion loss and high switching speed and compatibility with multi-mode fiber. An
electro-optic switching array proposed to meet the requirements of the electro-optic architecture (Figure 1)
is shown in Figure 2. The whole system is built on a multiple mode glass waveguide which relays the
optical signal from light sources such as laser diodes and LEDs to fiber sensor arrays. The selection of the

optical wave from light sources to a specific sensor or sensor array is controlled by the cascaded multiple
mode electro-optic switching array shown in Figure 2.

Figure 2 Cascaded Switching Array Using Raman-Nath Electro-Optic Gratings.
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Integrated electro-optic modulators have been studied for more than two decades. Electro-optic
modulation of light can be separated into phase, polarization, and intensity modulatior. One of the most
popular types is the directional coupler [9:10], Because of the overlap in the evanescent fields of two
waveguides, light couples between them with a coupling coefficient depending on the waveguide
parameters, wavelength, and inter-waveguide separation. With the proper conditions, all of the light
entering one waveguide can couple to the other. By electro-optically producing an index difference
between the two waveguides, light which crosses over at different points along the directional coupler 1s
no longer in phase and the net cross-over efficiency can be made zero. Another modulation scheme is the
integrated optic version of the Mach-Zehnder interferometer [11,12) with one input channel and one output
channel. It was first reported by W. E. Martin in 1975 [11}, This type of modulator employs the
interference of coherent light going through different lengths of optical path which can be controlled by
external bias. The throughput intensity will be modulated due to the phase difference. Four other
promising waveguide modulators are the cutoff [13,14), phase [15}, total internal reflection (TIR) [16], and

X switches (17,

Each of the above intensity modulators has been demonstrated on insulating and semiconductor substrates.
All of them employ thin film dielectric waveguides as the fundamental building blocks with a combination
of properly designed electrode patterns. A high frequency, wide bandwidth electro-optic modulator of up

to 20 GHz at 1.3 pm has been achieved (18], A modulator array with 500 channels/cm packing density on
GaAs-GaAlAs heterostructure has also been published. Each channel has more than a 2 GHz modulation
bandwidth 119],

The brief description above reflects that the existing switching devices in integrated optics are compatible
only with single-mode fiber. Except for the technology developed in this program, integrated optic
switching devices are intrinsically not compatible with multi-mode fiber due to the different guiding layer
geometries between multi-mode fiber and single-mode waveguides.

2.2 Electro-Optic Switch Compatible with Multi-Mode Fiber

To solve the aforementioned interface problems, we developed a novel electro-optic grating switch
architecture which is capable of matching well with multi-mode fiber. Phase gratings can be directly
induced in electro-optic materials through the use of interdigitated electrodes on the surface of the electro-
optic material. The E-O grating working in the single-mode scenario is well known in integrated optics. It
is not compatible with multi-mode fiber. The outstanding concept of the proposed architecture is that it
implements a well-known device on a thin low-index plate, typically 10-100 mils. The plate is used as the
guiding medium to route optical waves from light sources to the desired locations where fiber sensors are
located. A comparison of the integrated-optic grating switch and the newly proposed E-O grating is
shown in Figure 3. Figure 3(a) shows the traditional integrated optic electro-optic grating switch., The
guiding medium is typically from submicron to a few microns. Typical multi-mode fiber has a core

diameter of 100 pm and it is obvious that compatibility between these two devices is not possible. The
proposed E-Q switch is shown in Figure 3(b). The output beam profiles of the developed device and
multi-mode fiber are extremely well matched. The result will be demonstrated in Section 4.0.
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Figure 3 E-O Grating in (a) Traditional Integrated Optics and (b) Newly Proposed
Architecture,
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3eam diffraction, as a mechanism for intensity modulation by electro-optic means in thin films, is achteved
»y producing an electrically controlled phase grating in the path of the propagating beam. The diffraction .
srocess results from a periodic perturbation of the refractive index transverse to the beam propagation i
lirection. A useful method for electro-optically generating the desired phase grating is shown in Figure 4.
The mechanism for interaction relies on the fringes of electric fields extending below the surface between :
nterdigital strip electrodes formed on the crystal surface. The local fringing field strength should be 4]

easonably uniform across the guided bedm and approximately sinusoidal in the plane of the guiding layer,
ransverse to the beam.

Strip Electrodes
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Figure 4 Phase Grating Formation by the Electro-Optic Effect.

Fhis may be most readily achieved by applying an isolating lower-index layer above the guiding layer.
This serves the added function of minimizing the interaction of the optical beam evanescent tail with the

ossy metallic surfaces. Bragg diffraction involves introducing the input beam at a specific angle Op, the

Bragg angle, with respect to the electrode array (20211, Diffraction occurs reflectively in a single output at
‘wice the input angle when the Bragg conditon is satisfied

The phase change 0, in radians, induced by the electrical signal field over a pathlength L is

¢=[(211:L)/7\.0]An (2_1)
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where An is the refractive index increment caused by the electro-optic effect and A is the free-space
wavelength. The strongest interaction in uniaxial crystals, such as LiTaO3 and LiNbO3, occurs when the

applied electric field and optical electric polarization are both parallel, or nearly parallel [20), to the
crystalline ¢ axis (optic axis). For this condition, the refractive-index increment 1s

_13
Aﬂ3 = Eﬂe ra3 E3 (2_2)

where ne is the extraordinary refractive index, 33 is the appropriate electro-optic coefficient, and E3 is the

applied electric field [221, Thus, the crystal must be cut with its ¢ axis in the plane of the waveguide
essentially transverse to the beam propagation direction, and the propagating optical mode must have TE
polarization. This polarization has the least loss characteristics in proximity to the metal electrode surfaces.
Thus, this minimizes the insertion loss of the modulator which was caused by absorption. Combining
Egs. (2-1) and (2-2) yields

_ nLng T33 E3
Ao (2-3)

Assume that the ¢ -axis-oriented electric field in the region of the guided layer is approximately sinusoidal
in the transverse direction (a reasonable assumption for a region about a distance s below the surface). For

Bragg diffraction, the zero- and first-order powers are proportional, respectively, to cos2($/2) and
sin%($/2). For modulation, corresponding to 100% depletion of the zero-order beam in the idealized case,
the maximum required value of § is =.

2.2.2 Interaction Length

.In our device, the optical wave bounces up and down as shown in Figure 5. The interaction length I,
i.e., the length over which index modulation exists, is

I, < d
L2 coso (2-4)

yvhcre d is the thickness of the electro-optic material and 9 is the bouncing angle. To evaluate the
interaction length we need to first compute the electric field distribution which is related to index
modulation by Eq. (2-2).

E-O Material

e o,

Figure 5 Side View of Beam Propagatiort.

The electrode configuration for which the change in refractive index will be computed is shown in Figure
6. Two semi-infinite electrodes are deposited on a LiNbO3 surface. The electrodes are assumed to be
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infinitely thin compared to the distance a. One electrode is at zero potential while the other electrode is at
potential U. The orientation of the crystal is such that the a, b and ¢ axes are parallel to the y, z and x axes,
respectively. For this crystal orientation the permitivity tensor is diagonal so that the electrostatic potential
V is the solution of the following differential equations:

a?v 9%y
g o +Z =0 for y>0
axZ | dy? Y 2-5)
o?v 3%V
£ i + &y ay2 =0 for y<@ (2-6)
{7
=0 7 =

T ' :
NS
/ /1_. u

C
Figure 6 Electro-Optic Light Modulator Configuration with Two Semi-Infinite Electrodes.

The change in dielectric constant introduced by the optical guiding layer is so small that it can be neglected
for the computation of the electrostatic fields. Using the coordinate transformation i

y'= =y
Ey 2-7
Eq. (2-6) can be written as
*vV v
—t—==0 for <0
ax? ay? ’ (2-8)

The boundary conditions are V = 0 and V = U on the electrodes, together with the required continuity
across the dielectric-air interface of the normal component of the dielectric displacement and the tangential
component of the electric field.

Assume that the Laplace equation has been solved for the same electrode configuration as shown in Figure
6, but without the dielectric. One can easily see that the solutions for Va(x.y) and Va(x,y') are ensured by
the fact that y = y' = 0 at the interface. The potential V is therefore related to the potential Va by

V(x,y) = Va(x,y) fory>0 2-9)

V(x,y) = Valx, y) fory<0 . (2-10)
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The potential V, for the homogeneous case can easily be found using conformal mapping techniques (23:
241, The conformal transformation:

z=acoshw (2-11)
where:
Z=X+jy
w=u+Jv
or
Xx=acoshucosv
y=asinhusinv

maps the configuration of Figure 6 into a parallel plate structure, The upper electrode has a potential =,
while the lower electrode is at zero potential.

The potential V in the crystal is therefore given by
U :
VoY) =—[r - v(xy)] (2-12)

The components of the electric field in the crystal can now be written as

_ 1 coshusinv U
Ey=-— ) Z. o
a cosh“u—cos“°v &«

sinhucosv_ U [Ex 2-13)
cosh’u—cos’v =« Ey

1
E, = —
y a

The change in refractive index Any is proportional to the x component of the electric field

1 3
An, = =3 ny i3 E, (2-14)

One can now compute Any at any point in the crystal by means of Egs. (2-11) to (2-14). Contour lines for
(a/U)Any are plotted in Figure 7 for the case of a LiNbO3 crystal
(r33 = 31x10- 12 m/V). Taking, for example, the potential U = 30 V and a = 50 pm, one finds that the

contour line indicated by 0.5 corresponds to a change in refractive index of 3x10-3,
X,

%

a1

bl
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Figure 7 Contour Lines for (a/U)Any, for the Electrode Configuration Shown in Figure 6.
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The penetration depth of Any is an important factor in assessing the interaction length and therefore
modulation efficiency for a guided mode. From Eq. (2-13) one can obtain a very simple expression for
the variation of Ey along the negative y axis. This is

-U
- fy-z + a2 (2-15)

In practice, semi-infinite electrodes are not used, but the solution presented above is a very good
approximation for the case where the gap between the electrodes is much smaller than the electrode width.,
Detailed theoretical results based on interdigital electrode array can be found in Reference 25.

E, =

3. EXPERIMENTAL RESULTS

We constructed for the first time a LINbOj3 electro-optic switch built on a glass substrate which serves as a
multi-mode wavegunide. The switch was designed to fit into the EOA shown in Figure 1-1. The schematic
of this switching device is shown in Figure 2. The device was designed with a short interaction length and
a small electro-optic grating vector K. Accordingly, the Raman-Nath type (28] diffraction scheme was
expected.

1ti- Fi

In Figure 2, the cascaded fiber arrays are situated so that various diffraction orders can be successfully
coupled into preselected fibers. The electro-optic grating was designed so that

Kow=Kin +n K
n=0%1,%2,--- (3-1)

where K¢ and Kj, are defined as:

2n

K..=K:. =
out m )L (3-2)

and K is the electro-optic grating vector. The electro-optic grating we employed for this application has a

grating spacing of A =40 pm. Many diffraction orders have been observed. It will be noted that the
waveguide structure we used in the application is not the conventional type with waveguide dimension
close to diffraction limitation (submicron to a few microns). The waveguide mode we defined is
sometimes called a substrate mode in integrated optics. We define this type of device as a multi-mode
waveguide for two reasons: 1) the optical wave is guided and propagated in a well defined direction and 2)
all optical waves that satisfy total internal reflection conditions can be guided modes defined herein. One
of the most important results in employing this type of waveguide is that the insertion loss for coupling
between waveguide and multi-mode fiber is extremely low (< -0.5 dB/joint). The mode profile of this
multi-mode waveguide, which used thin glass substrate as the guiding medium, is well matched with the
near field pattern of guided modes of multi-mode fiber. The near field pattern of the guided mode of these
two guided wave devices are shown in Figure 8. The waveguide mode was coupled out through a total
internal reflection (TIR) hologram. The interface problem we described in the beginning of this paper is
therefore solved due to the continuity of the guided mode profiles of these two different devices.
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Figure 8 Near Field Patterns of the Guided Wave of Multi-Mode Fiber (Left) and Multi-
Mode Glass Waveguide (Right) (100 pm in Diameter).

3.9 Integration of Electro-Optic Switching Elements

Demonstration of the whole package including input multi-mode fiber, GRIN lens, TIR input hologram,
glass waveguide, LiNbO; electro-optic grating and TIR output coupler is shown in Figure 9. The index of
refraction of lithium niobate is higher than glass and, therefore, the guided mode in the glass substrate
penetrated through the LiNbOj and interacted with the active region of the E-O grating located on the top
surface of LiNbO3. The electrode was made of Cr/Al. Accordingly, a diffraction grating existed when
there was no external E field added (static grating effect). Use of such a grating can provide a 1-to-many
fiber sensor interconnection. If this type of interconnection is not desired, the electrode should be made of
transparent materials such as ITO (Indium Tin Oxide). There is no static grating effect in this case. 1-to-
many fan-out is provided only by external voltage. Application of an external voltage generated a
refraction index modulation due to the Pockel effect. The external field was added along the C-axis (z) of

the crystal and the generated index modulation An is

g S
An —'51'331‘1 E (3_3)

where r33 is the associated electro-optic coefficient. The grating space used is quite large (40 pm) and it is
expected that a few hundred volts were required to switch off the Oth order light. The far field image of
many diffraction orders at V=0and V = 350 volts is shown in Figure 14. The existence of diffraction at
V = 0 volts is due to the static grating slits generated by the Ar/Al electrode. Figure 14 was taken at an
image plane perpendicular to the output TIR grating coupler. An array of bright spots is clearly observed.
Each individual spot corresponds to one output fiber which routes the optical wave to the site where the
sensing device is located.

3.3 Switching Speed and Power Budget

The switching speed of the electro-optic grating switch was limited by the capacitance of the device. Inthe
case of a lumped electrode structure with R = 50 ohms impedance termination, the modulation bandwidth

is given by T = 27t/Af.

The capacitance of the planar electrodes was calculated using the conformal mapping method. WithR =
50 ohms, there is 130 MHz modulation bandwidth which corresponds to ~50 nsec  switching time
(T = 2n/Af). The speed is much faster than that of moving fibers and scanning devices. The electro-

optic grating used has 80 fingers. Further increase of switching speed can be successfully achieved by
reducing the number of fingers. A switching network compatible with FDDI standards is achievable.
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(b)

Figure 9 (a) Demonstration of the Multi-Mode Switch; (b) Schematic of (a).

photo
(a)
(b)

Figure 10 Far Field Image of Diffracted Light at (a) V = 0 and (b) V = 350 Volts. The
existence of diffraction at V = 0 volt is due to the C1/Al electrode.

The usefulness of each individual spot depends upon the power budget of each sensor system. The
elements of the optical power budget are the source power intensity, the insertion losses of the
interconnection network, and the signal to noise ratio required to obtain the desired level of sensor
performance/sensitivity. For fiber-optic sensors, a wide dynamic range receiver is usually required, so a
PIN photodiode with a transimpedance type preamplifier is the receiver design of choice. For digital

sensors, the signal to noise ratio must be at least 12 to achieve a bit error rate better than 109,
This data actually determines the minimum power level needed at the receiver end. The combination of

these data with other loss factors such as coupling and propagation loss determines the minimum input
power required for each spot.
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3.4 Massive Fanout Hologram

The total number of interconnection points, i.e., the number of fiber sensors involved will determine the
final size of the package. Massive fan-out interconnection is provided by a highly multiplexed
transmission hologram (HMTH). Each HMTH routes optical signals to a specific group of fiber sensors.
A 1-10-20 massive fan-out optical interconnect working in a multiple mode glass waveguide is shown in
Figure 11. Each individual streak corresponds to one fan-out signal to be relayed to the site where a
specific fiber sensor is located.

Figure 15 1-to-20 Massive Fan-Out Using a Multiplexed Planar Hologram.

4. CONCLUSION

In summary, we achieved the first electro-optic grating switch for a multi-mode optical fiber sensor array.
A 1-to-many cascaded reconfigurable interconnection was built based on this technology. A thin glass
substrate was used as the guiding medium which provides not only higher coupling efficiency from multi-
mode fiber to waveguide but also better tolerance of phase matching conditions. Involvement of a TIR
hologram and multi-mode waveguide eliminates interface problems between fibers and waveguides. The
DCG holographic material has proven to be reliable from -180°C to +200°C. Survivability of such an
electro-optic system in harsh environments is further ensured. LiNbO3 was chosen as the E-O material

because of its stability at high temperatures (phase transition temperature >1000°C) and maturity of E-O
device technology. Further theoretical calculation was conducted to provide the optimal interaction length
and device capacitance.

The electro-optic grating was designed in the Raman-Nath regime to provide a 1-to-many interconnection.
Reconfigurability was provided by independently switching on and off each switching device shown in
Figure 1. Application of an ITO transparent electrode can eliminate the diffraction at V =0 volts.

The aforementioned technologies such as high efficiency TIR holograms, electro-optic gratings, and multi-
mode glass waveguides, are well established. The electro-optic architecture (EOA) reported herein is new

and compatible with multi-mode fiber sensor array systems. A low cost and highly reliable multi-mode
switching network for fiber sensor arrays can be constructed based on the technologies described herein.
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