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This report summarizes the work performed by SRICO under contract
number DAAL02-90-C-0078 sponsored by the U.S. Army Harry Diamond
Laboratories. This was a Phase I research program entitled
"Optical Interferometers for Sensing Electromagnetic Fields". The
overall goal of the program was to determine the feasibility of
manufacturing a nonmetallic electromagnetic field sensor to
measure wideband transient electromagnetic responses using
integrated optical waveguide interferometers. This nonmetallic
design minimizes the perturbation on the electric fields and allows
the accurate measurement of large fields.

The integrated optic device makes use of a Mach-Zehnder
interferometer in a lithium niobate electro-optic crystal material.
The electric field sensor uses the electro-optic properties of
lithium niobate to modulate the phase of the light propagating in
each arm of the Mach-Zehnder interferometer. This phase modulated
optical signal is converted to intensity modulation at the output
of the interferometer.

Conventional, integrated optic electric field sensors utilize a
dipole antenna connected to the metallic electrodes on the
waveguide channels to apply voltage of opposite polarities on the
two channels. This is an indirect method of measuring the electric
field.

The need for metal electrodes could be eliminated if one leg of the
interferometer were to be oppositely poled. SRICO successfully
demonstrated a selective reverse poling of one leg of the
interferometer using high temperature diffusion of titanium into
lithium niobate. A series of experiments were performed to
determine the optimum diffusion conditions to obtain 100% reverse
poling of one waveguide channel without affecting the rest of the
crystal substrate. The optical waveguide is then fabricated by a
low temperature proton-exchange process.

Analysis of the sensor system indicates that it can detect
electromagnetic fields with a dynamic range greater than 40 dB and
a signal bandwidth of 3 GHz. The sensor could be designed to
operate from DC to 3 GHz or as a passband device operating at a
frequency as high as 30 GHz.

The sensor is packaged with optical fibers for input and output.
The optical fibers enable remote measurement of the field from a
safe distance of 100 meters.

The electric field sensor developed during this Phase I program has
been shown to be feasible and a prototype sensor instrument has
been proposed for a Phase II SBIR program.

DAALO2-90-C-0078 6 SRICO
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Fiber optic technology has made great strides in the last two
decades, especially for applications in telecommunications and
sensors. Fiber optics provides the advantages of secure
transmission, immunity to E!I/EMP, wide bandwidth, low weight and
long link length on the order of several kilometers. Optical
fibers can be combined with integrated optical devices to yield
miniature, compact and rugged components for sensing applications.

In addition to their compatibility with optical fibers, other
advantages of optical waveguide devices include permanent alignment
of components, compatibility with existing planar processing
technology, diffraction-free beam propagation, low voltage and/or
power requirements, high modulation rates and freedom from
electromagnetic interference. Optical fibers can be directly
attached to optical waveguides without the need for any bulk optic
components such as lenses and polarizers. Integrated optical
sensors could, therefore, be made compact, rugged and reliable to
withstand severe military environments.

One popular integrated optical waveguide device is the Mach-Zehnder
interferometer that is capable of modulating the intensity of the
optical beam when a voltage or an electric field is applied to an
electro-optic crystal. The structure of a Mach-Zehnder
interferometer shown in Figure 1, consists of an input Y-branch,
an output Y-branch, and two parallel waveguide channels that
connect the two Y-branches. By positioning appropriate electrodes
on or near the parallel waveguide channels, this device can sense
voltage or electric field1 . Typically, in a conventional
electromagnetic field sensor, an external field to be measured is
picked up by an antenna and converted to a voltage which is then
applied to the electrodes on the crystal. The electrodes are
connected so that the two parallel channels experience opposite
polarities, thereby, leading to a net phase shift of twice the
phase shift per channel.

In a variety of applications that require the measurement of
electromagnetic fields, the presence of the metal electrode tends
to disturb the electric field under measurement. In severe cases,
the close proximity of the electrodes could create arcing, thus
creating a short circuit. The electrodes also tend to limit the
frequency response of the sensor due to the capacitive nature of
the electrical circuit. It would, therefore, be ideal to develop
an electric field sensor that does not require any metal
electrodes. Such a device could be accomplished if one leg of the

1C.H. Bulmer and W.K. Burns, " Linear interferometric
modulators in Ti:Lithium Niobate", Journal of Lightwave Technology
2, pp. 512-521 (1984).

DRALO2-90-C-0078 7 SRICO
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Mach-Zehnder were to be poled in the opposite direction to that of
the rest of the crystal and the waveguide. The device thus created
would be more accurate in the measurement of the electromagnetic
fields.

We have developed a unique method of creating an electrode-less
Mach-Zehnder interferometer in lithium niobate by combining a
titanium diffusion step followed by a proton-exchange process. The
titanium diffusion in selected sections of the crystal in a +Z
oriented substrate is capable of reverse poling that section'.
Subsequently, the Mach-Zehnder waveguide structure is created at a
low temperature by using proton-exchange waveguide techniques'.
This technique thus avoids the conventional approach used in poling
a crystal which consists of heating the crystal near its Curie
temperature, and in some instances beyond its Curie temperature,
while applying an electric field"'. Such an approach would be
very cumbersome and expensive.

During the Phase I of this SBIR program, SRICO successfully
demonstrated selective domain reversal of a waveguide channel in a
+Z oriented LiNbO,. Figures 2a and 2b show the +Y and -Y end-
f aces of a 9 gm wide Ti diffused channel in a +Z LiNbO, substrate.
The end-faces of the substrate were polished and etched in a
solution of HF and HNO,.

The property of this etch solution is such that the +Y face is
etched and leaves the -Y face intact. The half-moon shaped region
is the Ti diffused region. In Figure 2a, the Ti diffused region
remains smooth whereas the background, the +Y face, shows etch
pits. This indicates that the end-face associated with the Ti
diffused region is converted to -Y orientation, i.e. the Ti
diffused channel is domain inverted to -Z in the +Z substrate.

2S. Miyazawa, "Ferroelectric domain inversion in Ti diffused
lithium niobate optical waveguide," Journal of Applied Physics $0,
pp. 4599-4603 (1979).

"J.L. Jackel et.al., "Proton exchange for high index
waveguides in lithium niobate," Topical Meeting on Integrated and
Guided-Wave Optics," Pacific Grove, CA, 1982.

"K. Nassau et.al., "Ferroelectric lithium niobate.
2. Preparation of single domain crystals", J. Phys. Chem. Solids
22, pp. 989-996 (1966).

sM. Tasson et.al., "Piezoelectric study of poling in lithium
niobate crystals at temperature close to the Curie point",
Ferroelectrics 1U, pp. 479-481 (1976).

DAALO2-90-C-0078 9 SRICO
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Figure 2a
+Y •nd-Face

Figure 2b
-Y Znd-Face

Figures 2 a,b. Photomicrographs of +Y and -Y end-faces of a Ti
diffused +Z oriented LilbO, after etching in HF:HNO0

DAAL02-90-C-0078 10 SRICO
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The features on the -Y end-face are exactly the opposite as shown
in Figure 2b. In Figure 2b, the Ti diffused region exhibits etch
pits whereas the background, the -Y face, remains smooth.

This domain inversion selectively occurs only in the Ti diffused
regions. We have also demonstrated that 100% domain inversion can
be achieved by choosing appropriate diffusion conditions. There
is, therefore, no degradation in the electro-optic properties of
the crystal. We expect the electrode-less device to have identical
performance characteristics as the push-pull electroded Mach-
Zehnder interferometer.

The specifications for the electric field sensor provided in the
following page are based on our study during the Phase I of the
SBIR program. The performance of the sensor for a device operating
at 1, 3 and 30 GHz are presented in Table I.

Tale Li

SEN O SP4ESI F' I CAL I N S

Halfwave Voltage, V. Volts 40 50 67

Substrate Thickness Mm .5 .5 .5

Number of Segments -- 1 1 10

Segment Interaction mm 25 20 2.3
Length

Device Bandwidth GHz DC to 1 DC to 3 30 ± 1.5

P. mW 1 2 4

P11  mW >2 >4 >8

P . mW 5 10 10

Wavelength 9m 1.3 1.3 1.3

Signal Bandwidth GHz 1 1 1

Dynamic Range dB 48.6 50.83 52.82

E__. V/m 570 490 460

E.. V/m 1.5 x 105 1.7 x 10S 2.0 X 10"

DAALO2-90-C-0078 11 SRICO
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The substrate material is LiNbO3.

The LiNbO. crystal has a threefold axis of symmetry which places it
in the trigonal (rhombohedral) point group 3m, space group R3c.
Some of the physical properties of LiNbO. are shown in Table IT'.

2%bl2ZI

Properties of Lithium Niobate

Physical Parameter Value Units

Density 4.64 g/cm3

Melting Point 1253 C

Cur!e Temperature
Stoichiometric 1210 C
Congruent 1150 C

Moh Hardness 5

Thermal
Conductivity 10-1 cal/cm.S.C

Pyroelectric
Coefficient 4 0 300K nC/cmu/C

Resistivity 01 @ 24C
5 x 10' @ 400C Ohm-cu

140 Q 1200C

Relative 6,/6o - 85.2 Clamped
Permittivity 63,/60 = 28.7 Clamped

6,/eo = 44.3 Unclamped
E33/E 0 = 27.9 Unclamped

6R.S. Weis and T.K. Gaylord, "Lithium niobate: Summary of
physical properties and crystal structure", Applied Physics A37,
pp. 191-203 (1985).

DAAL2-90-C-0078 12 SRICO
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PERACT VE INDEX

The refractive index of the crystal depends on crystal composition.
LiNbO3 commercially available is congruent melting, having a Li/Nb
mole ratio of 0.946 (or 48.6 mol % of LiO,). Also, being a
negative uniaxial crystal, the extraordinary index n. is less than
the ordinary refractive index n.

The refractive index values reported at the wavelength of 633 nm
and at T = 24.5 C are:

n. Stoichiometry 2.2005 n, Congruent Melting 2.2028
n, Stoichiometry 2.291 n, Congruent Melting 2.2866

The index of refraction dependence on temperature is given in the
paper by Boyd et.al.7

Lithium niobate is a very important integrated optic waveguide
material. This is a ferroelectric material. It is characterized
by high piezoelectric, electro-optic, pyroelectric and
photo-elastic coefficients. It has an excellent acousto-optic
figure of merit. In this program, we make use of the high
transparency of this crystal material in the wavelength of interest
(visible to near IR), the ability to create excellent low loss
waveguides and a high electro-optic coefficient of the crystal
material.

Below its Curie temperature of 1210 C, the crystal is in its
ferroelectric phase; and above T., it is in its paraelectric phase.
Since we will not be operating the crystal during processing or
device operation beyond its Curie temperature, we shall limit our
discussion to its ferroelectric phase.

In its ferroelectric phase, it consists of planar sheets of oxygen
atoms in a distorted hexagonal close-packed configuration. The
octahedral interstices formed in this structure are one third
filled by lithium atoms, one third filled by niobium atoms, and
one-third vacant. In the +C direction, the atoms occur in the
interstices in the following order: __, Nb, vacancy, Li, Nb,
vacancy, Li, _. (See Fig. 1, Weis and Gaylord).

This is a member of the trigonal crystal system as it possesses a
threefold rotation symmetry about its C axis. It also exhibits a
mirrc.. symmetry about three planes that are 60 degrees apart and
intersect forming a threefold rotation axis. (See Fig. 3, Weis and
Gaylord).

7G.D. Boyd et. al., "Refractive index as a function of
temperature in LiNbO3 ", J. Appl. Phys. U, pp. 1941-1943 (1967).

DAMAL2-90-C-0078 13 SRICO
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THUDRY OF MSIUCRATED OPTIC

In this section we provide a brief overview of the physical
principles of the integrated optic components that make up the
electric field sensor. This includes a discussion about:

The integrated optical waveguide that will be used to confine
the optical beam within the substrate material;

The integrated optical waveguide Y-branch and directional
coupler that will be used in splitting and combining a guided
optical wave propagating in the waveguide;

The electro-optic effect that will be used to change the index
of refraction of the substrate material and thereby affect the
phase of the optical bean propagating in the optical
waveguide;

The Mach-Zehnder interferometer that will convert the phase
shift produced by the electro-optic effect to an intensity
variation in the light output, thus enabling the detection of
an external electric field.

OPTICAL W U

Optical waveguides form the basic building block of integrated
optical devices. The waveguide is used to confine the light beam
in a few micron layers within the substrate. A layer of material
can act as an optical waveguide if it satisfies the following
requirements:

0 The waveguide layer (the core) and the substrate material (the
cladding) must be transparent at the wavelength of the optical
bean;

The waveguide layer must have an index of refraction higher
than its surrounding materials;

The waveguide layer must have a minimum thickness to propagate
at least one guided mode.

An integrated optical waveguide device incorporates a planar layer
or a channel formed in a material adapted to a specific
application. The class of materials of interest for optical
waveguide devices includes glass, silica, or silicon, polymers,
III-V semiconductors, dielectrics, such as potassium titanyl
phosphate (KTP) and ferroelectrics, such as lithium niobate and
lithium tantalate. Optical waveguide device materials such as KTP,

DAAL02-90-C-0078 14 SRICO
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lithium niobate and lithium tantalate utilize the electro-optic
properties of the crystal material for modulation and switching of
the guided beam.

Some of the techniques used to fabricate optical waveguides are
diffusion, depositon and ion-exchange.

In the diffusion process,, a thin layer of material is deposited on
top of the substrate material and diffused into the material at
elevated temperatures. For example, an optical waveguid. is formed
in a lithium niobate substrate by diffusing a layer of titanium at
about 1025 C.

In the depostion process, a layer of high index material is
deposited on top of the substrate material. The deposition
processes typically used are sputtering, evaporation and plasma
deposition. For example, a layer of silicon nitride when deposited
on top of an oxidized silicon substrate could act as an optical
waveguide.

Ion-exchange waveguides are formed by immersing a substrate
material in suitable solutions such that ions in the solution enter
the substrate to increase the refractive index of the ion-exchanged
region. For example, by immersing soda line glass in a silver
nitrate solution, a waveguide layer is formed in the glass
substrate when the silver ions enter the substrate and replace the
sodium ions in the glass.

There are two basic types of optical waveguides. The first type is
the planar waveguide which covers the entire top surface of the
substrate material. The waveguide is bounded only in one direction
by the thickness of the waveguide layer. The optical beam is
capable of propagating in any direction in the plane of the
waveguide. This planar waveguide geometry is used in acousto-optic
devices in which the guided wave is diffracted at many different
angles by the acoustic surface waves6.

The second type of optical waveguide is the channel waveguide in
which the light bean is confined to propagate in a specific path
defined by the channel. The waveguide is bounded in both the
thickness and the width, and the light beam propagates along the
length of the channel. The light bean is thus well confined within
the channel region. The channels are fabricated by confining the
depostion or diffusion process to the required width by using the
photolithograpic process. Channel waveguides are used to direct
the optical beau to specific locations by forming the desired

°C.S. Tsai, et. al., "Wide-band guided-wave acousto-optic
Bragg diffraction and devices using multiple tilted surface
acoustic waves", Proc. IEEE 64, 318 (1976).

DAAL02-90-C-0078 15 SRICO
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optical circuits on the substrate. The electric field sensor under
development utilizes channel wavoguides in a lithium niobate
electro-optic crystal material.

The Mach-Zehnder interferometer uses a Y-branch at its input and
output. At the input, the Y-branch acts as a power divider to
excite the two legs of the interferometer. For a perfectly
symmetric junction, the power will be divided equally between the
two arms as shown in Figure 3a. Any departure from symmetry will
result in unequal power splitting.

At the output of the Xach-Zehnder, the Y-branch acts to combine the
light propagating in the two legs of the interferometer. For equal
inputs into the two arms, the output will vary from zero to the sum
of the two input intensities, depending on the relative phase of
the two inputs. If the two inputs are equal and in phase, the
output of the Y-branch will be equal to the sum of the two input
intensities as shown in Figure 3b. But, if the amplitude of the
two inputs are equal but opposite in phase, the output of the Y-
branch will be zero. The energy that does not reach the output arm
is radiated into the substrate as shown in Figure 3c. In
principle, the Y-branch is a four port device -- the three arms of
the Y-branch account for three ports and the substrate is the
fourth port.

Another waveguide component that could be used as a power splitter
or a combiner is a directional coupler shown in Figure 4. A
directional coupler consists of two parallel channel waveguides
fabricated close together such that the two waveguides interact
with each other. The evanescent optical fields in the two
waveguides overlap such that the energy is transferred between each
other. The coupling of light between the two waveguides depend on:

* The separation between the two waveguides;

The length over which interaction takes place between the two
channel waveguides;

The index of refraction of the waveguide and the surrounding
medium.

The directional coupler is a four port device. One major
difference between the directional coupler and the Y-branch is that
all four ports of the directional coupler are waveguides. Hence,
there is no energy wasted in the susbtrate due to radiation.

D] L•O2-90-C-"078 26 1CO
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Figure 3a. Y-Branoh Powr Splitter

I. ~ -~1,/2

- 1./2

Figure 3b. Y-Branch Power Combiner
The two Inputs are equal and in phase

Phase +#
1 ./ 2 ..............

1./2 -- I
Phase +

Figure 3c. Y-Branah Power Combiner
The two inputs are equal but out of phase

Rost If" as-
Phase +#

1./2 -- A

Phase -0 1-I'D Cos2 (t)

Figjure 3. Y-Branch Power Iplitter and Combiner
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Figure 4a. Directional Coupler - Splitter
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Figure 4b. Directional Coupler - Combiner
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1o/2 [1 + sin(20)]
L - Length

KLiw/4

Figure 4. Directional Coupler Power Splitter/Cobiner
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The directional coupler could therefore be used to replace the
output Y-branch to recombine the optical signal without any loss of
energy. The directional coupler could be designed and fabricated
such that the two output ports have equal intensities. One
additional feature of the directional coupler is that the two
outputs are always out of phase. We will later make use of this
property of the directional coupler to increase the carrier-to-
noise ratio of the electric field sensor.

The key parameter of interest for this interferometer device is the
linear electro-optic effect, also known as the Pockels Effect. The
linear electro-optic effect is manifested in a non-centro symmetric
crystal when an electric field is present. The relationship
between the refractive index change and the electric field is

A& (L) = (1)
n2 j -k-

where, A(1/n 2)1 . is the second-rank tensor describing the change in
relative permittivity, Ek is the k-th component of the electric
field vector and r,, is the third-rank linear electro-optic
coefficient tensor. The electro-optic tensor of 27 elements can be
reduced to a 6x3 matrix. Lithium niobate has only four independent
coefficients (r,,, r 2 . r,, and r 3,). The r1,, tensor in reduced
subscript notation is given by:

0 -r2 r1

0 r. rI,

r = 0 0 r.,

0 r. 0

r, 0 0

-r. 0 0

r.= 6.8 X 10-22 M/V, r, 3= 10 x 10-12 M/v,
r,3 = 30.8 x 1012i m/V, r,= 32.6 x 10"" i/V.

These values are at the wavelength of 633 niz.

DAAL02-90-C-0078 19 SRXCO
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A symmetric Mach-Zehnder (NZ) interferometer device is shown in
Figure 1. This is an electroded device. This device, when driven
by a dipole antenna, would function as an electric field sensor.
The dipole antenna converts the electric field to a voltage output.
This voltage is applied to the electrodes on the device. The
electrode arrangement shown in Figure 1 is for a -Z oriented LiNbO,
crystal.

The waveguide structure shown consists of an input channel that
propagates the light into the input Y-branch. At the Y-branch, the
light is equally split between the two channels. The two channels
branch out at an angle of one degree to a separation of 50 I•m. The
two channels are bent so that they are parallel to each other over
the length L. The two parallel channels then recombine at the
output Y-branch and transmit the recombined light into the output
port. In the symmetric device shown, the optical path lengths
associated with the light in the upper and lower half of the HZ
interferometer are equal. In the absence of an external voltage,
the two optical beams experience equal phase shift, leading to a
net phase shift of zero.

The electrodes are placed such that the electric field generated in
the crystal due to the applied voltage is in the Z direction. The
electric field is oppositely directed in the two legs of the
interferometer.

The effect of this electric field is to change the refractive index
of the material through the linear electro-optic effect. Since the
electric field is only in the Z direction, E,, E, = 0. Only E, is
a non-zero component of the electric field vector. The index
change along each direction can be calculated using the electro-
optic tensor r,,,:. If we let 1,2,3 correspond. to x,yz co-
ordinates, we have

A 1) = r13 E. (2)

A L - 'r13 E. (3)

n0 (4)
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Based on the above equations, the refractive index of the crystal
due to the application of an external electric field can be
calculated.

In the case of LiNbO,, the refractive index along the x and y
directions are the same, referred to as the ordinary index, n°.
The refractive index along the z axis (or the c axis) , referred to
as the extraordinary index, is no. If we restrict the light
propagating in the crystal to the TN mode, which has its E vector
in the z direction, we can then neglect the effect of increase in
the ordinary index, no. The extraordinary index due to an electric
field, E., is given by

2 - -- + r 33 E, (5)

2.2 ROOn.
=÷ -;' 3  (6)

(n) = n. (i - r 33  (7)

An n.3 z, (8)

This is the change in the refractive index in each leg of the
interferometer due to an external electric field.

If V is the voltage applied to the electrodes and d is the gap
between them, the electric field E, is given by

E - V (9)

Then,

An. n13 V (10)An, -- •n. r 33 -6 lo

The phase change in the optical beam propagating in each leg of the
interferometer is
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= -n
3 r3 -L (11)T d

where, I is the wavelength of the light propagating in the
wavequide.

The device configuration shown in Figure 1 operates in a push-pull
fashion. The phase change associated with the second leg of the
interferometer is opposite in sign to that of the first leg, i.e.,

A42 x n.3 r33 - L (12)

The total phase change is

IA~j- A42I -IA¢ (13)

IA•l 2 -n 3r -L (14)

The optical signal output of the interferometer is given by

P5 = COs 2 ( 2 ) (15)

A plot of this equation is shown in Figure 5.

The device operating point is at A#, - 0. This is a non-linear
portion of the cosine squared curve. The output signal is not very
sensitive to phase change at this operating point. Higher
sensitivity is obtained by operating the device in the linear
regime. We observe from Figure 5 that the linear portion of the
curve occurs for a phase change of w/2 radian where the output
signal is one half its maximum.

By operating the device at this point, the device operates in a
linear fashion. Since the basic curve is a cosine squared
function, linearity is maintained only over a small phase
deviation. The maximum phase deviation depends on the harmonic
distortion allowed in the device performance.
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DOKAIN INVERSION

Ferroelectric lithium niobate exhibits spontaneous polarization
below its Curie temperature, To. The orientation of this
spontaneous polarization, P,, can be affected, and in many
situations reversed, by the application of an external electric
field, a temperature gradient, a concentration gradient, or an
electron beam.

While all four techniques have shown success in domain reversal in
lithium niobate, it is only the concentration gradient technique
that lends itself easily for applications in integrated optics. In
integrated optics, selective sections of an optical circuit would
require that the orientation of the spontaneous polarization be
reversed compared to the bulk crystal material. This is easily
accomplished by the concentration gradient effect by the mechanism
of high temperature diffusion of dopants into the crystal. While
elaborate schemes can be designed to apply an electric field or
temperature gradient or an electron beam in selective regions of
the crystal, this is quite cumbersome and does not lead to a
manufacturable process.

We will provide a brief explanation of the electric field, the
temperature gradient and the electron beam effects and explain in
detail the effects of the concentration gradient due to doping.

KLE.CTRIC FIEZT ET

A crystal of LiNbO, is heated above its Curie point. During the
cooling process, an electric field of 1 V/cm is applied. When a
temperature T, is reached, such that T. is slightly greater than T,
the electric field is turned off and the crystal continues to cool
to room temperature. In this situation, the crystal has a
spontaneous polarization that is opposite to that of the starting
material. Domain inversion is thus achieved in the crystal.

TE&PERATUREGRADIENTEFFECT

A temperature gradient of 100 C/cm across the sample thickness
results in a similar effect to those observed under electric
fields. When a sample is heated above its Curie temperature and
cooled while maintaining a temperature gradient, the material gets
poled in a sense which is related to the thermal gradient sign. If
the same is now quickly heated above T, and cooled to room
temperature without any temperature gradient, the sample gets poled
in a sense which is opposite to that of the starting material. We
have thus achieved domain inversion in the crystal.
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DOMAIN REVSAL MUSING MMCTROI OEA

This technique was published by Haycock and Townsend' in 1986. It
permits domain reversal on both the +C and -C surface of LiNbO3 and
LiTaO, at temperatures much below their Curie temperatures. This
also requires simultaneous application of an electric field during
the electron bombardment of the crystal.

The domain reversal was achieved in LiNbO3 at 600 C (T, = 1140 C)
with an applied electric field of 10 V/cm and a beam energy of
1.8 MeV for a 1 mm thick crystal.

The domain reversal was achieved in LiTaO3 at 400 C (T, = 620 C)
with an applied electric field of 900 V/cm and a beam energy of
1.8 MeV for a 1 mm thick crystal.

This approach would allow domain reversal in selected regions of a
crystal to form optical waveguide circuits. This is possible since
the crystal is covered by a gold film patterned by photolithography
to protect the rest of the crystal from being bombarded by the
electron beam. An electric field is applied to this gold electrode
during the process.

While this technique offers the choice of +C and -C surfaces and a
lower temperature processing, it requires access to an electron
beam source. Using the e-beam process, Keys et. al.10 have created
a grating structure for obtaining SHG in LiNbo3 .

COCENTRATIONmGRADIENTEFFECT

Concentration gradient is created in bulk crystals by introducing
dopants in the crystal growth process. For integrated optic
devices, dopants are introduced into the crystal in selected
waveguide regions by diffusion. Miyazawa discovered domain
inversion in LiNbO, when Ti metal was diffused into the crystal.
In particular, it is only the diffusion of Ti into the +C surface
layer that resulted in domain inversion. The -C surface showed
almost no domain inversion due to Ti diffusion. He was able to
create both slab waveguide and stripe waveguide in the +C surface
of lithium niobate. In a slab waveguide configuration, a layer of
Ti is diffused on the complete surface of the crystal. In this
case, light confinement is possible only in the waveguide

"P.W. Haycock and P.D. Townsend, "A method of poling LiNbO3 and
LiTaO, below T,", Applied Phys. Lett. 48, pp. 698-700 (1986).

10R.W. Keys et. al., "Fabrication of domain reversed gratings
for SHG in LiNbO3 by electron beam bombardment", Electronics Lett.
2&,pp. 188-189 (1990).
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thickness. In a stripe waveguide configuration, Ti is patterned to
a width of a few microns and then diffused. In this case, light
confinement is possible in both the lateral and vertical
directions.

A simple chemical etch technique was used to reveal the domain
structure in the Ti-diffused layers. A boiling solution, 110 C, of
HNO, and HF (2:1) was used to etch the sample over three minutes.

An undiffused crystal of LiNbO, as received from the manufacturer
will exhibit deeply etched patterns on the -C surface and scarcely
etched pattern on the +C surface. After Ti diffusion, the +C
surface shows deeply etched pattern. The etch pattern on the Ti
diffused -C surface is no different from the original crystal
surface. This indicates that the Ti diffused layer behaves in the
fashion of a -C surface leading to the conclusion that a domain
inversion has taken place in that region.

The crystal was wrapped in a Pt foil to suppress out diffusion of
Li at high temperatures. A slab waveguide created by diffusing
500A Ti at 1050 C for 10 hours could support three (3) modes at the
wavelength of the He-Ne laser (I = 6328A).

An experiment to characterize the degree of depoling (or domain
inversion) was carried out by diffusing Ti at several temperatures
from 950 C to 1100 C for 5 h and 10 h. Only partial depoling
occurred below 1020 C. For the shoiter diffusion time of 5 h, 100%
depoling occurred at lower temperature compared to 10 h diffusion
time. At temperatures beyond 1020 C, 100% depoling occurred for
both 5 and 10 h diffusion time. The average diffusion depth was
found to be 10 microns. The Ti concentration at the top surface is
higher for a 5 h diffusion than for a 10 h diffusion process at the
same temperature. For temperatures where 100 % depoling does not
take place, it was observed that the shorter diffusion time process
yields a higher degree of depoling, lbading to the conclusion that
the domain inversion is related to the Ti concentration.

Stripe waveguides were also created for several widths ranging from
4 to 10 pm. It was noticed that 4 and 5 pm wide guides exhibited
partial domain inversion whereas guide widths of 6 - 10 pm were
100t depoled. The Ti concentration in the 4 and 5 pm wide guides
are not believed to be sufficient enough to create 100% depoling.
Hence, a thicker Ti layer would achieve the desired 100% domain
inversion in these 4 and 5 i.m guide widths.
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PR~S SEOURICE FOR CREATING DOAIN INVERTED REGIONS

The process requires defining Ti metal in selected regions of the
substrate for subsequent diffusion operation. Standard
photolithographic process techniques developed in microelectronic
device technology is used for Ti pattern definition.

In the process shown in Figure 6, a layer of photoresist is spin
coated on to the substrate. A photomask that has the required
pattern written on it is placed on top of this substrate in a mask
aligner. The photoresist is exposed to a UV light source through
the photomask. When the substrate is processed in developer
solution, the photoresist is etched off from regions that were
exposed through the photomask. A layer of Ti, 500 A to 1000 A, is
deposited by evaporation to cover the entire surface of the
substrate. When this substrate is soaked in acetone, the
photoresist is removed and thus lifts off the Ti metal that is on
top of the photoresist. Ti metal is present only in regions of the
substrate that had the photoresist etched in the earlier step. The
substrate is cleaned and is ready for diffusion.

The diffusion process is carried out in an open tube furnace at
around 1025 C. The substrate is placed on an alumina boat which is
positioned in the center zone of the furnace. The furnace
atmosphere is oxygen saturated with water vapor to prevent
outdiffusion of titanium. Typical oxygen flow rate is around 1 to
1.5 SLN (standard liters per minute) and the water temperature is
greater than 60 C.

The furnace temperature is increased gradually to the desired
diffusion temperature of 1025 C over a 2 hour period so as not to
thermally shock the crystal. At the end of the diffusion period,
the furnace is turned off and allowed to cool to room temperature
before retrieving the substrate from the furnace.
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Figure 6. Process sequence for creating domain inversion
in a +Z oriented lithium niobate substrate
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Feasibility experiments were carried out during the Phase I SBIR
program to demonstrate selective polarization reversal in a +Z
oriented LiNbO. substrate. The process conditions were determined
to obtain 100% domain reversal in the Ti diffused regions.

The experiments to characterize the degree of depoling (or domain
inversion) were carried out by diffusing Ti in LiNbO. at a
temperature beyond 1000 C. A simple chemical etch technique was
used to reveal the domain structure in the Ti-diffused layers. A
solution of HNO, and HF (2:1) at a temperature of 80 to 90 C was
used to etch the sample over three minutes.

First, a -Z oriented LiNbO, substrate was diffused with 1000A of Ti
at 1025 C for 8 hours. After diffusion, the crystal was etched in
the above mentioned solution. The etch pits thus produced, shown
in Figure 7, are typical of the -Z oriented LiNMbO, crystal
surface. We will use Figure 7 as a reference to measure the degree
of domain inversion in the +Z oriented crystal.

Figure 7. -Z oriented lithium niobate crystal diffused with 1000A
of titanium and subsequently etched in HF:HNO, at 80 to
90 C for 3 minutes
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The +Z oriented LiNbO3 is normally resistant to the acid etch
solution described above. But, after Ti diffusion, the +Z surface
exhibits deeply etched patterns. Figures 8 and 9 show the etch
patterns of a Ti diffused +Z LiNbO, surface. The thickness of the
Ti were 1000 and 500A respectively and the diffusion was carried
out at 1025 C for 8 hours. The etch pattern on the Ti diffused +Z
surface, Figure 8, is identical to that of the -Z surface as shown
in Figure 7. This indicates that the Ti diffused layer in the +Z
surface behaves in the fashion of a -Z surface leading to the
conclusion that a domain inversion has taken place in that region.

The degree of domain inversion is estimated from the etch pit
density shown in Figures 8 and 9. Since the etch pits of Figures 7
and 8 are identical, we conclude that the diffusion of 1000A of Ti
into a +Z surface has led to a 100% domain reversal to a -Z
oriented surface. The etch pits shown in Figure 9 associated with
500A of Ti diffused into a +Z surface exhibit a much lower etch pit
density compared to Figures 7 and 8, indicating only a partial
domain inversion for this proceF'- condition.

Figure 8. +Z LiNbO, Figure 9. +Z LiMbO,
1000A Ti @ 1025 C, 8h 500A Ti @ 1025 C, 8h
Etc'.ed in HF:HNO, Etched in HF:HNO,
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The diffusion operation was also carried out at a temperature of
1050 C for 8 hours for Ti thickness of 1000A. The higher diffusion
temperature leads to further diffusion of Ti and, thus, a decrease
in the concentration gradient. This reduction in the titanium
concentration gradient leads to a less than 100% domain inversion.
The etch pits produced in this sample after etching in HF:HNO, is
shown in Figure 10. The etch pit density is significantly lower
than that of the reference sample shown in Figure 7. The degree of
depoling in this sample is estimated to be less than 50%.

Figure 10. +Z oriented lithium niobate crystal diffused
with 10001 titanium at 1050 C for 8 hours and
subsequently etched in HF:HNO, at 80 to 90 C
for 3 minutes

Titanium stripes were also created for several widths ranging from
2 to 15 gm. The thickness of the Ti was 1000A, and the diffusion
was carried out at 1025 C for 8 hours. It was noticed that widths
smaller than 5 microns exhibited partial domain inversion whereas
widths 6 microns and greater were 100% depoled. Figure 11 shows
the etch pits produced in a 9 pm wide Ti diffused channel in a +Z
oriented surface. The density of etch pits are similar to that
shown in Figures 7 and 8, indicating 100% domain inversion in the
Ti diffused stripe region. Also, note that the surface outside the
Ti diffused region does not exhibit etch pits. The non-Ti diffused
region merely exhibits scratches which is a result of the acid etch
process. The cross sections of the same sample were shown in
Figures 2a and 2b. The 9 pm wide stripe increases to a width of
18 gm due to lateral diffusion. Since the two legs of the Mach
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Zehnder interferometer are separated by at least 50 gm, the lateral
diffusion would have no effect on the device performance.

We conclude that selective 100% domain reversal is accomplished in
a +Z LiNWO3 surface by diffusing a 1000A thick Ti at 1025 C for
8 hours. The width of the Ti stripe should at least be 6 microns.

Figure 11. +Z oriented lithium niobate crystal shoving
9 micron wide channel diffused with 10001 titanium
at 1025 C for 8 hours and sly etched in
HF:HMO, at 80 to 90 C for 3 minutes
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P -OTON-KXCHANiGE NAVTCUIDR PCS

The Mach-Zehnder interferometer waveguide structure is to be
fabricated in a +Z oriented LiNbO. substrate. Selective sections
of this crystal are reverse poled using the high temperature
diffusion process explained earlier. One leg of the interferometer
is aligned to be within this reverse poled section of the crystal.

The process of creating the waveguide structure must be such that
it does not degrade the previous process performed on the crystal.
There are two well established processes for fabricating waveguides
in LiNbO3 . These are high temperature diffusion of titanium and
proton exchange in organic acids.

In the specific crystal orientation chosen for this device, the
process of Ti diffusion leads to domain inversion for temperatures
higher than 1025 C. It is reported that at 1000 C diffusion
temperature, no domain inversion takes place. We could therefore
fabricate waveguides at this temperature. Unfortunately, the
diffusion time required would be very high, greater than 10 hours
to obtain waveguides that operate at 1. 3 " wavelength. This
second diffusion step would further diffuse the Ti already present
in the domain inverted region and could severely degrade the
waveguide performance in this region. At the end of this two-step
diffusion process, the crystal would have undergone a total of 18
hours of high temperature processing - 8 hours at 1025 C and 10
hours at 1000 C. The overall substrate could be affected by such
a long exposure to high temperature. For example, this could lead
to excessive outdiffusion of Li from the LiNbO3 leading to unwanted
surface guides.

The second approach to waveguide fabrication is the so called
proton-exchange process. The waveguide process temperature is in
the range of 200 to 400 C and would therefore not affect the Ti
diffused domain inverted regions or the crystal substrate. Protons
from benzoic acid exchange with Li in LiMbO, to form the waveguide.
This was first described by J.L. Jackel of Bell Laboratories. This
is a low temperature process that allows for simple waveguide
fabrication techniques. In addition, there are two other distinct
advantages to using this technique.

First, the waveguide thus fabricated is truly single mode. This
process only increases the extraordinary refractive index, n., with
a slight decrease in the index of the ordinary ray, n.. This
permits only a single polarization to propagate in the waveguide
which is of importance in a Mach-Zehnder interferometer, this being
a polarization sensitive device. Second, the proton-exchange
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waveguides exhibit higher optical damage threshold"1 compared to
Ti diffused waveguides. Hence, this would allow greater optical
power to propagate in the proton exchanged waveguide, thus
resulting in greater device sensitivity.

We, therefore, select the proton-exchange process to fabricate
waveguides for this Mach-Zehnder interferometer device.

The proton-exchange (PE) process in LigbO3 can be broadly described
as the depletion of lithium ions and its replacement with hydrogen
ions in the crystal. This occurs when the crystal is immersed in
a protonic source such as benzoic acid.

In order to obtain optical waveguides, only a partial exchange is
required. In fact, 100% exchange of H* for Li* leads to changes
in the crystal structure and cracking of the crystal due to
excessive stress.

The reaction mechanism is

LIMbO3 + (C,6H6C0oH) - LIj~xHzNbO3 * (C+ 6 sH5Cori) (16)

Successful waveguide formation is achieved with 0.8 a x k 0.

The exchange process is accomplished by using either pure benzoic
acid or benzoic acid diluted with lithium benzoate. The process
temperature is in the range of 200 to 250 C. The process time
depends on the type of waveguide i.e. single or multimode and its
wavelength of operation. The exchange time is typically 30 minutes
to several hours, again depending on the type of waveguide
required.

This PE waveguide is known to be unstable due to further migration
of protons within the thickness of the guiding layer. The
refractive index profile has also been observed to vary with
time". The waveguides fabricated in pure benzoic acid exhibit
increased propagation loss and scattering loss. Earlier devices
fabricated by the PE process also exhibited a degradation in the
electro-optic effect.

"'K.K. Wong, "Electro-optic frequency translators in lithium
niobate fabricated by titanium indiffusion and proton exchange",
Ph.D. Thesis, University of Glasgow, Glasgow, Scotland, 1989.

1•K.K. Wong et. al., "Characterization of proton exchange slab
optical waveguides in X-cut LiNbo,", lEE Proceddings, Part J U3,
pp. 113-117 (1986).
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The above problems were overcome by Suchoski et. al. ', by
performing an annealing operation after the proton-exchange
process. The annealing operation was carried out in flowing oxygen
at 350 C for four hours to obtain waveguides at 1.55 ps wavelength.
This dramatically reduced the wavequide loss, was stable over a
temperature range of 25 - 150 C, and did not exhibit any
degradation in the electro-optic effect.

The process sequence for an electrode-less Mach-Zehnder
interferometer is shown in Figure 12. The LiNbOC substrate has
a domain inverted Ti diffused region as shown in this figure. A
thin layer of aluminum, 1000 A, is deposited on the surface of the
crystal. Next, a layer of photoresist is coated and the wavequide
pattern is defined on the photoresist using photolithography. In
the photolithographic step, a photomask, which has the wavequide
pattern written on it, is placed on top of the photoresist coated
substrate. The photoresist is exposed, through the photomask,
using a UV light source. After exposure, the substrate is
developed in a developer solution. The photoresist is thus removed
in areas where the wavequide is to be defined. The underlying
aluminum layer is etched using photoresist as a protective layer to
prevent the aluminum from etching in areas underneath the
photoresist. The substrate is then immersed in a benzoic acid melt
at 200 C. The proton exchange takes place only in regions where
the aluminum has been etched. The aluminum layer prevents the PE
process taking place underneath it. The aluminum layer is
completely removed in phosphoric acid. The crystal is then
annealed in flowing oxygen at 350 C for 4 hours to form the desired
waveguide device.

The overall process to create an electrode-less Mach-Zehnder
interferometer electric field sensor consists of a high temperature
Ti diffusion process followed by a proton exchange process. A
sketch of this device structure is shown in Figure 13. The
proton- exchange waveguide in the lower leg of the interferometer
is placed within the Ti diffused domain inverted region.

In the device shown, there is an abrupt change in the propagation
constant of the optical wave as it enters and leaves the Ti
diffused region. The propagation constant of the purely PE region
could be different than that of the PE region within the Ti
diffused region in the range of 5x10-4 /pn. This could lead to
increased light scattering and loss at the junction region.

"13P.G. Suchoski Jr., "Passive polarization/polarization
maintaining components based on proton-exchanged lithium niobate",
SPIE 117M, Boston, MA, 1989.
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Figure 13. Scheustic of an electrode-ims
Mach-Zehnder interferometer
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A gradual change in the junction region could be obtained by
modifying the width or the thickness of the Ti layer. The width or
the thickness could be tapered over a length of a few hundred
microns at the junction regions. It is more practical to taper the
width than the thickness of the Ti layer.

For example, if the desired width of the Ti layer is 9ga, the width
of the Ti layer could increase from zero (in practice, less than
0.25pm) to the desired width of 9pm. This can be easily
accomplished by incorporating the design in the photomask used to
define the Ti pattern on the substrate.

Since the domain inversion effect depends on the concentration of
titanium, gradual domain inversion would also occur in the
transition region. A sketch of such a device that has a tapered Ti
width is shown in Figure 14. If each of the transition regions
required 0.5 mm, and the total length of the Ti region is 10 am,
100% domain inversion takes place only over 9 =m length of the Ti
diffused region. If we assume that the transition region
contributes to only 50% domain inversion, a decrease of 5% in total
phase shift occurs compared to a non-tapered design. This could be
accommodated by appropriately increasing the straight segment to be
equal to 9.5 mm.
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lower leg of the interferometer

D&AM2-90-C-0078 39 SRICO
Optical Interferometers for Sensing Blectroinagnetic Fields



T.ECTRODE-LESS IAc--ZDInADER I

An electrode-less Mach-Zehnder interferometer for sensing
electromagnetic fields is shown in Figure 14. The Mach-Zehnder
interferometer is fabricated in an electro-optic lithium niobate
crystal material. One leg of the interferometer consists of an
ion-exchange waveguide within a Ti diffused domain inverted region.
The other leg of the interferometer is made of an ion-exchanged
waveguide. There is, therefore, a built-in asymmetry in this
device leading to a phase bias in the absence of any external
electric field.

When a Z-directed electric field is applied to the device, it
changes the refractive index of the material through the linear
electro-optic effect. The light beam experiences a phase shift as
it propagates through the waveguide. Since one leg of the
interferometer is oppositely poled, it experiences an equal but
opposite phase shift to that of the other leg of the
interferometer. This device thus operates in the same fashion as
an electroded device described earlier.

OUADRATURE PHASE BIAI\

The quadrature phase bias can be implemented in a Mach-Zehnder
using several approaches. In the first approach, a Mc bias is
applied to one leg of the interferometer. The DC voltage creates
a phase difference through the linear electro-optic effect. Since
this requires metal electrodes to be placed on the crystal, it is
not applicable in the case of a non-metallic electric field sensor.

The second approach is based on creating an optical path length
difference in the device design and fabrication process. The
optical path length is a product of the physical length and the
effective index of the guided mode in the waveguide. Hence, a
difference in the physical length or the effective index, n.,,,
between the two legs of the interferometer could be used to create
a net phase shift of r/2.

In the case where the two legs of the interferometer have lengths
L, and L2 and the effective index is the same, the net phase
difference in the absence of any electric field is

IA2 A nuff ILI - L21 (17)

or

2 2:x neff AL (18)
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For a phase difference of w/2, the physical path length difference
required is

AL _ 1 1 (19)
4 fl*tf

For I - 1.3 PA and n.. 0 2.15,

AL - 0.15 Pa.

Such a small path difference is difficult to fabricate using
current technology of lithography and processing. Fortunately, the
periodic nature of the cosine squared function associated with the
HZ transfer curve can be used to implement a phase difference that
is an odd multiple of i/2 or an odd multiple of AL, such that

AL-- a x 0.15 pa.

The fabrication process is, therefore, relaxed by choosing a path
length difference of several microns.

In the case where the w/2 phase bias is obtained by creating two
different waveguide effective indices, the device is designed such
that only the two straight sections have a differing n.,. The
input and output Y-branches have identical effective indices so
that they do not contribute to any phase bias.

If the length of the straight section is L, and n,. and na. are
their effective mode indices, the net phase bias is

IA ,,j 2 L.., I olf - f,,1 (20)

or

IA#tI = 2x (21)

A w/2 phase bias is obtained when

An*,,. 4L (22)

The branching angle at the input and output of a Mach-Zehnder
interferometer is small, on the order of one degree. It is, thus,
more convenient to keep the physical size of this interferometer
balanced. To do this and still achieve built-in quadrature bias,
we will first try to achieve the quadrature phase shift by choosing
the length of the arms appropriately. The presence of Ti in one
arm will lead to an inherent phase difference between the two arms.
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If it is possible to choose the arm length so as to give a phase
difference of an odd multiple of r/2, quadrature operation nay be
achieved in this way.

The quadrature bias condition for the electrode-less device under
consideration could be obtained using the optical path length
difference based on the difference in the effective indices of the
two legs of the interferometer. The electric field sensor concept
being pursued involves a Mach-Zehnder interferometer fabricated on
a LiNbO, substrate in which one arm consists of an optical channel
waveguide formed by proton-exchange and one arm formed by proton-
exchange plus in-diffusion of titanuim. Because both Ti diffusion
and proton-exchange each cause an increase in refractive index, the
interferometer is unbalanced. The object of this design is to
allow the interferometer to operate with a quadrature phase shift
between the two arms.

The cross section of the upper leg shown in Figure 15 consists of
a proton-exchange waveguide in a LiNbO. substrate. This is
illustrated in Figure 16 as a three layer model consisting of a
lithium niobate substrate, proton-exchange waveguide and
superstrate (air). The proton-exchange increases only the
extraordinary refractive index of the crystal and does not affect
the ordinary refractive index. Hence, the ordinary refractive
index of the proton-exchange waveguide region is the same as that
of the substrate.

The cross section of the lower leg shown in Figure 17 consistb of
a proton-exchange waveguide within the domain inverted region of
the lithium niobate substrate. This is illustrated in Figure 18
as a three layer model consisting of a Ti diffused lithium niobate
substrate region, proton-exchange waveguide and superstrate (air).
As explained earlier, the proton-exchange process does not affect
the ordinary index of the waveguide. Hence the ordinary refractive
index of the waveguide region is the same as that of the Ti
diffused region.

We shall now analyze the difference in effective refractive index
between the two arms of the interferometer described above. We
begin our analysis by considering a three layer planar structure in
which the three layers are the substrate, the waveguide region and
air having refractive indices n,, n. and n,. respectively. We assume
no electromagnetic field variation in the y direction and that
propagation in the z direction is described by

e *Z)- (23)

where B is the mode propagation constant.

The electromagnetic wave equation may then be solved for the
transverse electric (TE) and transverse magnetic (TM) cases. The
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in the upper leg of the Mach-Zehnder interferometer
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Figure 16. Three layer model of the PR waveguide
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Figure 17.* Cross section of the proton-echne vaveguide
in the TI. diffused domain inverted region in the lower leg of
the ilach-Zehnder interferometer

Air n - 1.0
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Figure 18.* Three layer uodel of the PR/Ti vaveguide

Air n 1.0
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TI Dmmsd Regio n 2.151

Subirge Q.Ihkim Nbobd) n=.15

Figure 19. Four layer model of the PR/Ti vaveguide
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effective refractive index is defined as

n.f i - -(24)

where K - 2w/1 and A is the free space wavelength.

We consider solutions of the wave equation for n, < neg < n,
assuming n. > nz. Imposing boundary conditions and radiation
conditions at x - to requires that K for each mode must satisfy

tan ht = - (25)
Y

f or TE and TM modes, where

q a (P2 - j2jj(26)

h = ,(On2 - P')-2 (27)

1

P.a (p2 - *2)•j (28)

and

j= (TH modes) (29)

o(2O modes) (30)

y M a22h2 - 01O3pq (31)

it= o~h (oLq + O3 p) (32)

We have used the above equations to evaluate the effective
refractive index, n,,, for the two cases of (1) a proton-exchanged
waveguide and (2) a proton-exchanged waveguide in which Ti has also
been diffused. A Fortran program which uses double precision has
been used to make this calculation. We have considered single mode
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waveguides and the TH polarization for the planar waveguide. We
have made realistic assumptions that the presence of Ti causes the
refractive index to increase by 0.001 and that the proton-exchange
process leads to a refractive index increase of 0.003 for the TI
mode. In this calculation we assume that the Ti diffusion is
sufficiently deep so that the diffused region can act as the
substrate. Later, we determine the depth for which this assumption
is valid. The parameters used and the results of the calculation
are listed in Table III. The change in effective index due to the
presence of Ti is 0.001001 or just 0.001, the same value as the
actual refractive index change we assumed. This same result has
been obtained for a range of parameters, that is, the change in
effective index is equal to the change in actual index.

The change in phase A# due to the above change in effective index
An.,, for a Mach-Zehnder interferometer arm length L is given as

A = 2 LAn (33)

Quadrature operation implies that this phase shift is

A = m-! m=1,3.5, ..... (34)
2

This can be accomplished for lengths L given as

L = 1 (35)
4Anfl* 1

Using An,, = 0.001 from above and A = 1.3 gam, we find

L = a x 324.7 micron m = 1,3,5,....

This is a small enough value for m = 1 that achieving an odd
multiple of it is realistic. The only question is the accuracy of
the above calculation.

We can improve our model by using a 4-layer planar formulation on
the interferometer arm which has undergone both proton-exchange and
Ti diffusion. By considering an extra layer we can examine the
effect of varying the depth of the Ti diffusion has on n,,,. For
the 3-layer calculation above, we assumed that this depth was
sufficiently deep for the Ti diffused layer to act as the
substrate. The waveguide parameters for the 4-layer formulation
are shown in Figure 19.

The thickness of the waveguide is t and the depth of the Ti
diffused region is d, with the difference 8 given as
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3-Layer Calculation of Effective Indices

Case I Case 2
Proton Exchange (PE) PE + Ti-Indiffusion

n air 1.0 1.0

n... 2.153 2.154

nsubstrate 2.150 2.151

t (pM) 7.75 7.75

A (pM) 1.3 1.3

tsirIgmde d (Am) 8.56 8.56

n planar 2.151960 2.152961
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S =d- t (36)

The effective index, 8, for the above 4-layer structure is given as

(o0q + or) (p - ytan ht) + (Oor - o3q) e-20 x

[(oR2h ÷o2o 3pq) tanbt o2h(oLq - o3p) I- 0 (36)

with the node parameters defined in Equations (25) - (31) and
A

Y (P2 
- no)2 (37)

We have calculated the effective refractive index n.,(S) as a
function of 5, defined in Eq. (35). If 6 - 0, then the Ti depth is
the same as the proton-exchange depth. As 6 increases, n.(S) also
increases. For convenience, we plot this increase relative to the
value of n,. at 5 - 0 in Figure 20. Note that this difference
increases with 6 initially, but that it saturates once 6 m 2 ps.
Figure 12 provides two important pieces of information: (1) the
value of 5 for which the difference saturates, and (2) the value of
this difference at saturation. Although the actual index
difference at saturation is small, 6 x 10-, the corresponding
phase shift for a 10 ma long interaction length is

6+ = -2Ln.6n, = 2• (10 x o3X6.0 x10-5) w 0.9 % (38)

which, of course, is significant. In the above equation, Sn.1
represents the change in effective index, plotted in Figure 12, in
the lower leg of the interferometer due to finite 6. Thus, if 5
varies between zero and the value for which the change in Figure 20
saturates, = 2 &s in this example, it will have a significant
effect on determining the quadrature condition. Because the exact
value of 6 may be hard to determine or hard to control, the best
procedure may be to insure that the Ti diffusion depth is
sufficiently large so that the change in effective index 6n 1, shown
in Figure 20 has saturated. For this example, the Ti diffusion
depth would need to be at least 2 pm greater than the proton-
exchange depth.

We can refine the calculations for the example considered above by
including the effect of the channel waveguide. The simplest way to
do this is to use the effective index method. To make this
calculation, it is assumed that the Ti diffused region is much
wider than the proton-exchange region. The results of calculating
the channel waveguide effective index are presented below in
Table IV. Note that although the effective indices are different
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Figure 20. Plot of the effective inilex an a function
of s, relative to the vailue for s - 0
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Effective Index Calculaton of Channel

Wavegulde Effective Indices

Case I Case 2

Proton Exchange (PE) PE + TI-Indiffusion

n epanar 2.151960 2.152961

n dad 2.15.0 2.151

w (pm) 7.0 7.0

A (AM) 1.3 1.3

W &Vie mode (PM) 7.08 7.08

n 0 2.151259 2.152260
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than those calculated in Table III, the difference in effective
indices is the same. This implies that the value of length
calculated from Eq. (34) needed to achieve quadrature offset would
be the same as determined earlier, that is

L - a x 324.7 pm -a 1,3,5 ....

This value would be modified by 4-layer considerations, as
discussed earlier.

These calculations show that it may be possible to choose the
quadrature point of operation by appropriately choosing length. We
could improve this possibility by repeating the above calculations
for actual graded index profiles, assuming we could predict the
proton-exchange and Ti diffused index profiles accurately. Because
small effects, such as the 4-layer effect discussed earlier, can
significantly alter the quadrature point, it may still be difficult
in practice to theoretically predict the quadrature point, even if
elaborate graded index approaches were used. What is needed is
some way to adjust the quadrature point once a device has been
fabricated.

Tuning the source wavelength may be one such way to adjust the
phase difference between the two arms of the interferometer. We
consider such a possibility for the parameters given in Table III
and for an interaction length of 10 mm. We see in Figure 21 that
the difference in the effective indices of the two arms of the
interferometer is nearly constant with wavelength. Although the
effective index in each arm varies with wavelength, the variations
in each arm are similar so that the difference remains constant.
However, we see in Figure 13 that significant phase change occurs.
This phase change is due to the 2w/A term in Eq. (32). For the
range of wavelengths considered in Figure 13 the phase change is
more than sufficient (±w/2) to choose a value of wavelength for
quadrature operation. The calculation in Figure 13 is for L -
10 mm; for longer lengths the range of wavelengths would be
smaller. Specifically, to achieve a phase variation of ±W/2, the
range of wavelength over which the source must be tuned is

J'A I -' (39)
I 2LAn.*

measured in fractions of micron. For example, if L - 20 mm,
An.,,= .001 and I - 1.3 mm, then the range of wavelength over which
the source needs to be tuned is 0.034 pa to allow variation of the
phase by ±w/2, thus assuring quadrature operation can be achieved.

The discussion here has been directed at establishing a basis for
designing the asymmetric Mach-Zehnder interferometer so that
quadrature phase difference between light emerging from the two
arms can be achieved. Numbers used here are representative of the
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S0.002 3.14°

1.57

S0.001 "0

-1.57

L= 1.0cm
(U

0.000 -3.14
1.25 1.30 1.35

Figure 21. Plot of the change in effective index between the two
ar of the ineferometer and the interferaineter phase change as
a function of wavelength over a limit.d range
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technologies, and results of the calculations presented here
provide a basis for actual design. Planar 3-layer and 4-layer and
channel optical waveguide dispersion calculations have been
performed. These calculations predict a length for quadrature
operation which could be achieved in practice, but these calculated
lengths are sensitive to the refractive index variations associated
with the proton-exchange and Ti diffusion technologies. Although
more sophisticated models could be utilized, it is expected that
their use would still result in the same problem. We thus have
investigated the possibility of using wavelength tuning to adjust
the phase difference for quadrature operation. The range of
wavelength tuning required is shown to be realistic.

Another approach is to modify the depth of the proton-exchange
waveguide within the Ti diffused region. The effective index is a
sensitive function of 6 as shown in Figure 20. We could use this
property of the waveguide to tailor the bias condition using post-
processing techniques. Since the proton-exchange waveguide could
be driven deeper at a relatively low temperature of 200 to 400 C,
a strip heater could be used to heat the device to change the bias
condition. The device output could be monitored during the heating
process and the heater turned off once the quadrature bias
condition is reached. This could be implemented during the final
testing and packaging stages of the sensor.
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LASER WV.T

LiNbO, is transparent from the visible (0.45 pm) to the mid-
infrared (4 "&). In principle, the device could operate anywhere
in the transmission spectrum of the crystal. The device under
consideration is based on integrated optical technology which
requires single mode optical fibers for optical input and output.
Single mode optical fibers are commercially available for operation
in the near infrared wavelength range, we are limited to operating
this device within this wavelength band. The wavelength range is
divided into two bands -- 0.8 to 0.9 pm, the short wavelength
region, and 1.2 to 1.6 pm, the long wavelength region. Excellent,
high quality, solid state laser diodes are also commercially
available at these wavelengths.

Because, as will later be seen, several milliwatts of optical power
may have to be used to achieve the desired dynamic range, a
wavelength of 1300 nm instead of 850 nm is preferred, so as to
reduce or eliminate optical damage effects in LiNbO3.

The selection of wavelength of operation is based on the following
considerations:

* Device sensitivity
* Optical power damage threshold
. Device fabrication and packaging

The total phase shift in a Mach-Sehnder interferometer is given by
0 dIA*€I = 2 -jn•r 3 3 - L (40)

The phase shift is inversely proportional to the wavelength and
directly proportional to the cube of the refractive index. In
general, the variation of refractive index with wavelength is very
small and we can thus conclude that the total phase shift decreases
as wavelength increases. The signal to noise ratio (SNR), hence
the device sensitivity, is proportional to the square of the phase
shift.

The improvement in device sensitivity for a device operating at 0.8
pm and 1.3 pm is given by
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For 1 - 0.8 pam n, = 2.17, and A - 1.3 pl, n, - 2.15,

(406 - 2.8 = 4.5dB (42)

We see that a device operating at 0.8 pa would give an improvement
in device sensitivity of 4.5 dE based on the above calculations.
This is based on the assumption that the device is capable of
carrying the same amount of optical power at both these
wavelengths. This is not true in LiNbO, due to optical power
damage constraints.

OPTICA POWEU DAMAGE , D0Wmm.~

Optical damage is also known as photorefractive effect where the
refractive index of the material is dependent on the intensity of
the optical bean. The optical power density at which the material
exhibits this effect is known as the threshold of optical damage.

Optical damage occurs in a LiNbO3 crystal because of the presence
of impurities. The crystal received from the manufacturer has less
than a few ppm of iron and other rare earth ions. Additional
impurities are introduced into the crystal during the device
fabrication process. For example, the Ti metal used in diffusion
carries with it additional iron impurities such that a diffused
region of the substrate could have tens of ppm of iron present.

The effect of an optical bean in the crystal is to ionize
impurities such as iron. The optical field in the crystal
separates the free carriers from the impurities and traps these
carriers in unilluminated regions resulting in a local electric
field. This local field changes the refractive index in that
region through the linear electro-optic effect and alters the
waveguide characteristics of the crystal. The overall effect is
that the optical wave initially confined in the waveguiding region
is radiated into the substrate. The extent of optical damage is
dependent on the power density and the wavelength of the optical
signal in the waveguide. Optical power damage is significant at
lower wavelengths such as 0.8 m compared to 1.3 Pa.

The optical waveguide in LiNbO. is capable of handling 10 to 100 PW
of optical power at the wavelength of 0.8 ps and greater than 10 nW
of optical power at 1.3 pm wavelength. To obtain the required
device sensitivity, we would require to propagate several
milliwatts of optical power in each waveguide channel. Based on
the optical damage considerations, we conclude that the wavelength
of operation should be 1.3 pm. The Mach-Zehnder device optimized
to operate at 1.3 ps could also be operated at 1.55 pm wavelength.
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This would provide increased optical power handling capability in
the waveguide but a decreased sensitivity of 1.5 dl.

DNVICZIZ FACATOJ D PASAGIUG

The vaveguide linewidth at 1.3 gua and 0.8 pm wavelengths are 7 pm
and 4 pa respectively. The larger linewidth makes the task of
device fabrication easier at 1.3 Im and also increases the
production yield. Similarly, the mode size of the optical
waveguide and the fiber core size are larger at 1.3 tm wavelength.
The alignment accuracy between an optical fiber and the device at
0.8 ps is in the submicron range. A misalignment of 0.5 ps reduces
the optical coupling efficiency between the fiber and the waveguide
by 3 dB. The waveguide device at 1.3 pm is extremely tolerant to
misalignment of at least 3 pa before exhibiting a 3 dB optical
coupling loss.

Based on these considerations, the wavelength of operation is
chosen to be 1.3 pa.
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SYSTM��A�ALYSIS

This section provides an analysis of the proposed optical sensor
system. The design of the electric field sensor is influenced by
the interrelationship of several system parameters. The carrier-
to-noise-ratio (CNR) for a given received optical power must first
be determined. From this, the signal-to-noise-ratio (SNR) for a
given peak phase modulation index is derived. This peak phase
modulation index limits the dynamic range and is based on linearity
considerations. The minimum detectable electric field is
calculated based on SNR-1. The maximum detectable electric field
is then calculated using the device geometry and the crystal
properties. The minimum and maximum electric field yield the
dynamic range. The results of these calculations are summarized in
a tabular form at the end of this section.

CNR ANALYSIS

The carrier-to-noise-ratio (CNR) in a single-ended homodyne
detection optical system is given by the following relationship:

CR= 2 )2(43)

+ dfRL

where P, = received optical power in each beam as if acting
alone,

= quantum efficiency,
h= Planck's constant (6.63 x 10-34 J.s),
f= optical carrier frequency (2.31 x 1014 Hz for a

1300 nm source),
I = dark current,
M = avalanche gain (= 1 for a PIN photodiode),
x = excess noise factor (= 0 for a PIN photodiode),
k = Boltzmann's constant (1.38 x 10-23 J/K),
F = noise figure of amplifier,
RL = effective load resistance,
B. = noise equivalent bandwidth (1.57 GHz for B, equal to

a 1 GHz signal system bandwidth).

In a system where a single pole low pass filter defines the
overall bandwidth, the noise equivalent bandwidth is w/2 times the
-3dB system bandwidth.

Substituting the values of P, = 1 mW, 0 = 0.67 for a PIN diode into
the above equation,

CXR = 63.9 dB.

DAAL02-90-C-0078 57 SRICO
Optical Interferometers for Sensing Electromagnetic Fields



In the Equation (43), the CNR increases when the optical power, P,,
increases or when the bandwidth, B,, decreases. Increasing the
load resistor, Rk, will decrease the thermal noise, but it will
lower the frequency response. Moreover, it will render the
detector unable to detect high frequency signals. The avalanche
multiplication factor N tends to increase the CNR, particularly
when the optical power is very low and the thermal noise is
dominant. The multiplication factor (M) for a PIN diode is 1,
while that for an APD is typically between 10 and 100.

To maximize the sensitivity and dynamic range, the optical receiver
is designed to be shot noise limited. The shot noise or the kT
noise at 300 K is -174 dBm/Hz. If the effective photodetector load
was 50 ohms, and the following amplifiers were essentially
noiseless, i.e., noise figure F = 1, then the power reaching the
photodetector would have to be sufficient to ensure that the shot
noise generated in the load would be > -174 dBm/Hz. Anything less
than that would limit the CNR to a value less than optimum. By
using a transimpedance amplifier with a PIN photodetector, the load
can be increased to about 1K ohm without compromising bandwidth.
Thus, it reduces the power needed to reach the quantum noise limit.

The required dynamic range is 40 dB, corresponding to phase and
electrical field ratios of 100:1. This would be adequate for
sufficiently large phase modulation. In most cases, the peak phase
modulation At may have to be considerably less than unity in order
to ensure a low level of distortion from the phase detector. The
SNR could fall below 40 dB in such situations.

The optical source could also degrade the SNR due to excess
intensity noise. This general broadband excess noise level is
commonly expressed as the Relative Intensity Noise (RIN). The RIN
generally has a fairly flat spectrum, except at (a) frequencies
determined by external cavity resonances due to reflections back
into the lase diode, (b) near the laser relaxation frequency and
(c) near zero hertz. Since excess noise normally varies
substantially with optical feedback, the use of an optical isolator
is recommended. Optical isolators are more compact and less
expensive at 1300 nm than at 800 nm wavelength.

As a rule of thumb, in a direct detection system a shot noise
limited 1 mW near infrared optical system will produce a CNR of
approximately 150 dBc/Hz (dEs with respect to the carrier in a 1 Hz
bandwidth). This assumes that there is no excess noise. If the
RIN value for this device is -140 dBc/Hz, so that the CNR saturates
at high power levels to a value of 140 dB/Hz, then the excess
intensity noise is about 10 dB. The dynamic range of a system
using this device will, therefore, be degraded by about 10 dB.

In the following pages are included Tables V and VI generated from
the Optoelectronic Spreadsheet Template CNR.WR1 developed by
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Fiberdyne Optoelectronucs. The highlighted items are the more
important parameters that affect the CmR. Table V gives the
analysis for a single-ended detection system. For a negligible
excess noise of -200 dBc/Hz, as shown in RangeA, the CNR is
63.9 dB for a received optical power of 1 ino.

The CNR drops to 50.8 dD for an excess noise of -140 dBc/Hz. The
corresponding graph, Figure 22, shows this reduction in CNR and
the dynamic range in a more dramatic way. This reduced CUR say
present a major barrier in obtaining the desired dynamic range.
The effect of intensity noise could be decreased by using
complementary photodetection. To do this, the Mach-Zehnder
interferometer would require two output ports instead of one. This
is accomplished by the addition of a directional coupler at the
output of the Mach-Zehnder as shown in Figure 23.

The signals applied to dual photodetectors are complementary. As
the phase in one branch of the interferometer varies, the intensity
on one photodetector increases while on the other photodetector it
decreases. Both detectors have the same received intensity noise
if the interferometer is in phase quadrature. Thus, while the
difference signals between the photodiodes due to the phase-induced
intensity changes add, since they are equal and opposite, the
common mode intensity noise cancels. Typically, with careful
design, up to 30 or more dBs of intensity noise suppression can be
obtained. This dual-detection receiver also has the advantage that
the half of the optical power that was previously wasted in the
substrate is now available at the additional photodetector. Thus,
while the electrical signal power detected by the front-end is four
times larger, the shot noise is twice as large, leading to a net
improvement in CHR of 3 dB.

Table VI gives this analysis for a complementary detection system
providing 30 dB of intensity noise suppression. For negligible
excess noise, the CNR now increases by 3 dB to 66.9 dB. Even when
the RIl is significant, the CUR is only slightly reduced by 0.1 dB.
This is practically identical to the results obtained from the shot
noise limited expression shown below.

CM 211 keP (44)

This indicates that the optical front-end is shot noise limited for
P, 1 I W. The accompanying graph, Figure 24, demonstrates this
more clearly. Single mode laser diodes are likely to have less
intensity noise because of the lack of mode competition effects.
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CNR IN HOMODYNE OPTICAL SYSTEMS
Single-Ended Detection
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CNR IN HOMODYNE OPTICAL SYSTEMS
Dual-Balanced Detection
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zmAmALYSTX

This section deals with the harmonic distortion caused by exciting
the electric field sensor by two frequencies a, and W. of equal
amplitudes. The second and third harmonics and the intermodulation
frequency will be analyzed. The dynamic range is limited by the
intermodulation term because it produces a higher level of
distortion than the third harmonic.

The input/output relationship for the electric field sensor is
given by

P, 1
-o 1 [1 + cos( *o + *(sin ctt + sin • 2t))] (45)

where #0 - bias point of the modulator,
#a - peak phase deviation produced due to the field.

This expression can be expanded with a power series into individual
harmonic and intermodulation terms. The resulting modulation
ratios are1 4 :

Modulation ratio at the fundamental frequency, w:

#.sin* + 38(#0) 5(40)4 sin wt

1 + CoB# [1 _ -W

Modulation ratio at the second harmonic frequency, 2,:

(#M)2 r - (+Z)2 s 2w

4 3(47)

I + Cos#[ -1 4 + 32~)4

Modulation ratio at the third harmonic frequency, 3w:

"'4S.A. Wilcox and M.D. Drake, "Practical system design
considerations for wideband fiber optic links using external
modulators", SPIE m, pp. 234-239 (1988).
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~~ 5i (I sin 3wt
24 w161 (48)

1 + cos# *2 + 32

Intermodulation (20, - aj :

+ M 3 sin 4 [11 # 0 2 s n ( W - j8 2 sin (49)

1 + Cos# 1 - +M1 +
1 OB 1~ 2 32.4

These modulation ratios are plotted in Figures 25 and 26 as a
function of modulator bias point for a peak phase deviation of
0.10 and 0.25 radian. At quadrature bias, the second harmonic
disappears and the dynamic range is limited only by the
intermodulation distortion. As the bias point deviates from
quadrature, the second harmonic term rises rapidly. Referring to
the graph for 0.25 radian, the second harmonic rises to the level
of intermodulation for a bias drift of 7 degrees. Beyond this, the
second harmonic term severely degrades the dynamic range. For a
peak deviation of 0.1 radian, the second harmonic rises to the
level of the intermodulation term for a bias drift of 3 degrees.
As the peak deviation increases, there is less demand on the
stability requirements for quadrature bias.

The peak phase deviation allowed will depend on the criterion for
distortion. The criterion selected to limit the peak phase
deviation is when the intermodulation distortion term equals the
noise floor level. Based on Eqs. (46) - (49), the modulation
ratios of the fundamental and the intermodulation terms are plotted
at quadrature bias as a function of peak phase deviation.
Figure 27 shows that the noise floors for optical powers of 1 and
10 AW are horizontal lines. The graph indicates that the maximsm
phase deviations allowed are 0.172 and 0.115 radian for optical
powers of 1 and 10 nN, respectively.

If small bandwidth such as 10 kHz is used to analyze the spectrum
of the electromagnetic energy received, there is no dynamic range
problem. However, to "capture" the signature of a complex random
electromagnetic waveform containing frequency components
approrching 1 GHz, a detection bandwidth of 1 GHz would be
required.
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Theoretical Modulation Ratio
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Figure 26

Theoretical Modulation Ratio
Peak Deviation = 0.25 md
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Figure 27

Interferometer Response - Quadrature Bias
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SUR ANALYSIS

The relationship among signal-to-noise ratio (SNR), phase
modulation index (#,) and the carrier-to-noise ratio (CNR) is:

SNR = A-- CNR (50)
2

All phase deviations are peak values.

For P, = 1 *W, i.e., P1, Z 2 aW, an6 a maximum phase deviation of
0.172 radian, expressed in dB format:

SNR - CNR - 18.3 dB

- 48.6 dB

For P, = 10 iW, i,e, P1, 2 20 nW, and a maximum phase deviation of
0.172 radian:

SNR = CNR - 21.8 dB

= 55.6 dB

For P, = 10 mW, the CNR is 77.4 dB for a 1.57 GHz noise equivalent
bandwidth. The minimum detectable phase deviation is obtained when
the SNR = 0 dB. For a 1.57 GHz noise equivalent bandwidth, the
minimum detectable peak phase deviation is:

#..I. = 1.9 X 10-4 radian

For P. = 1 mW, and a 1.57 GHz noise equivalent bandwidth,

#,,,. = 6.4 X 10-4 radian

An electric field 40 dB above these values required to produce a
signal at this noise floor level would produce a peak phase
deviation several dBs below the maximum phase deviation calculated
above.

DYNAMIC RANGE ANALYSIS

Analyses of dynamic range are shown in Figures 28 and 29 for a
dual-detection system. The SWR penalty produced by phase
deviations of 0.172 and 0.115 radian for 1 and 10 mW received per
channel and the noise floors for the different RIN levels are shown
as horizontal lines.
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Figure 28
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At a power level below 1 uW, it may be difficult to maintain shot
noise limited detection consistent with the required 1 GHz system
bandwidth and with the use of PIN photodetectors. The graphs
produced from Tables V and VI show that below P, - 0 dBm (1 mW),
the optical receiver starts to become kT noise limited. A good
rule of thumb for a high quality PIN photodetector is that for a
photodetector load of lk ohm, about 1 mW of total power (2Po) is
required to achieve the threshold of quantum noise limited
detection. It is not possible to increase the load much above this
value without compromising the bandwidth. It would be better to
avoid using APDs, particularly for the dual-detection system. At
these reduced power levels it probably becomes less of a necessity
to consider complementary photodetection, unless the excess noise
is very large.

The choice of single or dual-detection depends on the RIN values
for commercial 1300 nm lasers. If a complementary photodetection
system is not used, a laser with a cut off frequency considerably
in excess of 1 GHz will be required. This must be done to ensure
that the low frequency wing of the relaxation peak, which can be
accompanied by more than 80 dB/Hz of excess noise, does not raise
the noise floor near the 1 GHz system -3 dB frequency.

SENSITIVITYANALYSIS

There are two main differences between the electroded and the
electrode-less device. First, the dielectric constant of lithium
niobate, is greater than that of free space and, thus, tends to
"short out" the electric field. Second, the conventional dipole
antenna has a voltage induced on it which is then applied to
closely spaced electrodes on a substrate. A very large localized
field is thus produced in an electroded device. Hence, the
electric field "seen" by the electrode-less Mach-Zehnder
interferometer will be substantially less than for the device with
electrodes.

This poses no problem for detecting Electro Magnetic Pulse (EMP),
which mainly covers the spectral range 10 kHz to 100 MHz and has
peak field strengths of 50 kV/m. Indeed, the presence of discrete
metallic electrodes could cause electrical breakdown of the device.
Without electrodes, the electric field may be allowed to greatly
exceed the dynamic range limitations of the device without causing
failure or damage to the rest of the electrical system. Moreover,
the device is less likely to disturb the field being measured.

The electric field generated by lightning strikes is generally much
lower than that produced by EMP, but the duration is much longer.
Electro Magnetic Pulses typically have rise times on the order of
10 ns, whereas lightning strikes have rise times of about 6 gs and
a field strength of up to 1000 V/m at a range of 1 km.
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In a Mach-Zehnder interferometer without electrodes, the electric
field "seenn by the device will be different from the free space
electric field because of the permittivity of the electro-optic
material. The device effectively acts as a capacitor in series
with two free space capacitors. The dielectric constant of lithium
niobate is approximately 35. Thus, the field experienced by the
substrate is reduced by a factor of about 35.

The sensitivity of the device and its dimensions can be determined
for a maximum electric field which produces a peak deviation based
on linearity conditions. The device constant K is given by

K = X1 (51)
71V'

V. for a push-pull interferometer is given by

__, = (52)3 d
2 nl . 337

for 1 = 1.3gm, n, = 2.15, r 3, = 30.8x10 1 2,
L = 1 mm and d = 1 mm, V, = 2000 Volts.

For a phase deviation 0, the voltage across the electro-optic
material is

A. (53)

The electric field inside the crystal is

dLO (54)

The free space electric field is a factor of 35 greater than that
in the crystal. Table VII illustrates the sensitivity calculations
based on Eqs. (51) - (54). The calculations are shown for a
crystal thickness of 0.5 mm and two different interaction lengths
of 10 and 25 mm. The peak deviations for two different optical
power levels of 1 and 10 mW are 0.172 and 0.115 radian,
respectively. The electric field values are that of free space.

The 25 mm long device is capable of providing a sensor with a noise
floor of 570 V/m for an optical power of 1 mW. This device length
is reasonable for fabrication and will easily satisfy the frequency
response requirements of 1 GHz. The optical source power required
would be 2 mW for a lossless device. In practice, losses due to

DAAL02-90-C-0078 73 SRICO
Optical Interferometers for Sensing lectromlagnetic Fields



fiber coupling and scattering are about 3 dB. Hence, a source
power of 4 to 5 MY would be required. Such laser sources are
currently available in the market.

Wavelength - 1.31R
Bandwidth - 1GHz

Complementary detection using dual pphotodetectors at the output.

d am L am V. P, an ia Fi m Fm
Volts rad V/N rad V/S

0.5 10 100 1 .00064 1.4X103 .172 3.8Xl0s
0.5 25 40 1 .00064 567 .172 1.5x105

0.5 10 100 10 .00019 424 .115 2.6x10l
0.5 25 40 10 .00019 168 .115 1.0KxI
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-RHQUZNCY RESPNSE-

The frequency response is limited primarily by the transit time of
the optical beau through the device interaction length. The
crystal's response to a microwave field is instantaneous on the
time scale of a microwave period. The microwave period must be
much longer than this transit time through the interaction region
for the device to see a static electric field. As the microwave
frequency increases, the optical beau sees a field that is the
average of the instantaneous field over the transit time. Were the
microwave period to equal the transit time, the optical beam would
see no net field, hence, no net phase change. Mathematically, the
condition for the upper frequency limit on the microwave signal may
be expressed as"' 1':

2 fT c 1 (55)

where, f, = highest microwave frequency
r - transit time of the optical bean through the

interaction region.

7 is given by

L (56)
(c/n)

where, L = length of the interaction region
c = velocity of light (3 x 100 m/sec)
n = refractive index of LiNbO, 2.15 at 1.3 Iu

wavelength).

Based on the above equations, the highest frequency of operation is
calculated as follows:

L* 70 -m, f. = GI z
L* 23 -m, f. = 3 GHz

and L 5 2.3 =, f, = 30 GHz

The device interaction length plays a major role in determining the
frequency response and detection capability. A sensor device
having an interaction length of 25 mm could operate from DC to
1 GHz with adequate senstivity for a signal bandwidth of 1 GHz.

15 .F. Filter et. al., "Photonic measurements of microwave
pulses", SPIE 56, pp. 227-232 (1985).

IlJ. Jarzynski and R.P. De Paula, "Fiber optic electric field
sensor technology", SPIE 718, pp. 48-55 (1986).
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The extremely short interaction length of 2.3 mm required to
achieve a sensor bandwidth of 30 GHz would require an optical power
of 100 AN to obtain sensitivity comparable to the 3 GHz device. An
alternate approach would be to use the technique of phase reversed
segments1 7

.'
1  in which the device bandwidth could be increased

without sacrificing sensitivity.

We will first describe the periodic phase reversal technique in
which the center frequency is shifted to 30 Giz. The device
bandwidth is typically limited to less than 10%, in this example,
3 GHz. Figure 30 illustrates a Mach-Zehnder interferometer in
which segments of domain inverted regions are located in the two
legs of the interferometer. The length of each segment is
calculated based on the center frequency. For a center frequency
of 30 GHz, the length L is chosen to be 2.3 mn as per the
calculations of Eqns. (55) and (56). The phase reversed segments
are separated by a distance traveled by the optical signal in the
waveguide during one half cycle of the microwave signal. The
period of a 30 GHz signal is 33.33 psec, during which time the
optical signal travels 4.6 mm in a LiNbO, waveguide.

The device shown in Figure 30 operates as follows. Suppose the
microwave signal is in its positive cycle and a phase of 0. when
the optical signal enters the segment A. As the optical beam
travels through the segments AL and A,, it experiences equal and
opposite phase shifts ±0, respectively. The segment spacing is
such that as the optical signal enters segments Bk and B6, the
microwave signal is in its negative cycle at a phase of v+0..
Since the electric field is now reversed, the segments kL and BE
also experience ±0, phase shifts respectively. This is because a
positive electric field generates a positive phase shift in A and
a negative phase shift in Bk and vice versa. Hence, every segment
in the lower and upper leg of the interferometer contributes a
phase shift of +*, and -0# respectively. If there are "n" segments
in each leg of the interferometer, the total phase at the output is
2n0#.

The device shown in Figure 30 has ten segments in each leg of the
interferometer for a total length of 23 mm. The segment length of
2.3 am yields a center frequency of 30 GHz. The device bandwidth
is that of an interferometer in which the interaction length is
23 mm, i.e., 3 GHz.

"17Rod C. Alferness et. al., "Velocity-matching techniques for
integrated optic traveling-wave switch/modulators", IEEE Journal of
Quantum Electronics OE-20, pp. 301-309 (1984).

'N. Nazarathy et. al., "Velocity-mismatch compensation in
traveling-wave modulators using pseudorandom switched-electrode
patterns", J. Opt. Soc. of Amer. ., pp. 1071-1079 (1987).
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Figure 30. Periodic phase reversal technique to increase
the device operating frequency to 30 Gz
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The electric field seen by the optical beau is the average of the
instantaneous field over the transit time. If the transit time is
equal to half the microwave period, as is the case in this example,
the electric field seen by the optical bean is only 65% compared to
a static electric field. This implies that the phase shift
experienced by the ten segment interferometer above is equivalent
to that of a device having a 15 mm long interaction region.

The periodic phase reversed design described above is a narrow band
device that exhibits a bandwidth of 10%, i.e., 3 GHz for a 30 GHz
center frequency. A broadband device could be designed in which
the segment lengths are chosen based on a pseudorandom Barker
code". This could yield highly sensitive broadband devices
operating from DC to 40 GHz. This design exhibits a non-linear
phase response and is, therefore, applicable only in pulse
applications.
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TLEC. C FIELD SENSOR CALIBRATION

When calibrating and testing electric field sensors devised for
operation at a few GHz, it will be quite convenient to use small
Crawford TEN cells. However, at 30 GHz, the wavelength in air is
only 1 cm, and this presents a problem in producing a very compact
TEN cell with the desired uniform field characteristics. The cell
would have to be so small that the packaged device would not be
able to fit into it. The problem is with the transverse dimension
of the cell and not with its length. These cell dimensions will
have to be smaller than the wavelength in order that there is only
one mode within the cell and that the field is uniform.

There are two choices:
1. We can construct a miniature TEN cell cavity and test the

sensor in its unpackaged form, i.e., just the device and its
attached fiber optic leads.

2. Test the packaged device but in free space. This would
require the use of an anechoic chamber.

The first option has the disadvantage that the package itself is
likely to modify the response of the sensor. Hence, to test the
device without its packaging may give unreliable results. The
second option has the disadvantage of having to set up a
transmitting antenna that can produce an accurate electric field
over a wide frequency range. It is not inconceivable that the
frequency calibration might be a two-step process. Over lower
frequencies, a conventional TEN cell could be used, while at high
frequencies an anechoic chamber would be employed. This divide and
conquer approach would have the advantage that the anechoic chamber
would only be used at the highest frequencies, and thus could be
relatively small.

Instruments For Industry, IFI, manufactures a Crawford Cell TEN
Test Chamber, Model No. CC110, which may be used between DC and
1 GHz. The first resonance, where the wavelength is equal to the
distance between the top plate and the septum, is above 1 GHz. The
test chamber has inside dimensions of 4.7" X 7.1", more than
adequate for the packaged sensor. The manufacturer gives a maximum
recommended test object size of 2.36" X 2.36" X 0.75" (60 mm X
60 mm X 18 mm). The length of the unpackaged 1 GHz sensor is the
same as the maximum test object length. This company could custom
build a more compact TEN cell to take the resonance frequency to
about 2 GHz.

Figure 31 shows the three basic ways of calibrating the TEN
cell. Method (a) uses an amplified wideband noise source, whose
intensity is measured with a spectrum analyzer via the output of
the electric field sensing system. Method (b) uses a tracking
generator to give a swept amplitude response of the sensor.
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(a) Noise Source Method

(b) Tracking Generator Method

(c) Network Analyzer Method

Figure 31. Schematic for calibrating the electric field sensor
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Method (c) uses a network analyzer to obtain the amplitude and
phase response of the sensor.

Scheme (a) shows how a wideband radio frequency noise source can be
used to calibrate the sensor. The output of the device is
amplified up to a level that can properly modulate the electric
field sensor via the TEM cell. The bandwidth of the device is
indicated by the noise density profile (envelope) as displayed on
the spectrum analyzer. Of course, this scalar technique provides
no information about the sensor's phase response.

Scheme (b) shows the preferred technique which uses a tracking
generator driven by the spectrum analyzer. This also is a scalar
measurement and doesn't yield any information about the device's
phase response. The tracking generator is a swept signal generator
whose frequency is provided by a local oscillator that is common to
both it and the spectrum analyzer. In this way, at any instant of
time, the frequency to which the spectrum analyzer is tuned, is the
same frequency being put out by the tracking generator. Thus, the
intensity of the received signal directly correlates with the
amplitude respon%3 of the device under test.

One of the most important pieces of test instrumentation in this
program is the spectrum analyzer. This will be used foZ designing
and testing major optical components in the system, e.g., the laser
source and photodetector, and calibrating the sensor in a TEM cell.
All aspects of the laser source and photodetector noise performance
can be checked in the frequency domain. The tracking generator
facility allows swept amplitude measurements and, in conjunction
with another signal generator, gives us the capability to perform
some limited two-tone intermodulation tests.

Scheme (c) shows the more sophisticated system that can yield the
phase response. The Network Analyzer measures both the amplitude
and phase response. The typical resolution of a microwave Network
Analyzer is 100 kHz. This corresponds to the I.F. bandwidths
employed in these systems, and is also about the resolution
bandwidths that will be employed in the spectrum analyzer systems.
Such bandwidths also allow fairly rapid sweep (refresh) rates for
spectrum analyzer displays lacking storage capabilities.

TIM CL PERFOJrANC

The electric field generated by this chamber is given by:

E =V (57)D

where D is the septum to top plate separation in meters. In the
case of the CCll0 TEN cell, this has a dimension of 4.7"/2, i.e.,
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2.35" (60 mm). To obtain a field of 1 volt/meter requires a peak
voltage of 60 my, or 42.4 mV r.m.s.. This would be produced by a
power of 36 pW or -14.4 dBm.

The graph shown in Figure 32 is a plot of the electric field
produced in the Crawford CC110 TEN Cell as a function of the drive
power to the cell, and the phase modulation depth produced within
the cell for a given drive power. The electric field, which is
indicated by the full line, is read of f the left hand ordinate
scale. The induced phase deviation, which is indicated by the
broken line, is read off the right hand ordinate. From Table VII,
Sensitivity Calculations, we see that for a sensor with 1 mW
received power at each of the two photodetectors and a Mach-Zehnder
interaction length of 25 mm, the minimum detectable electric field
in a 1 GHz signal bandwidth would be 570 V/m. To produce this
field in the TEN cell would require a drive power of 40.6 dBm,
i.e., 11.4 watts. This is positioned slightly off the right hand
edge. A drive power of +30 dBm (1 W) produces a field of 168 V/m
and a phase deviation of about 1.9 X 10-4 radians. This is about
10.6 dB below the 1 GHz bandwidth noise floor of the system, and is
thus not detectable in that bandwidth.

This is not a problem for the calibration procedure since, as we
have explained before, for swept frequency calibration purposes we
can employ spectrum analyzer or network analyzer bandwidths much
less than 1 GHz. If the detection bandwidth was 100 kHz, then the
signal-to-noise ratio and sensitivity would increase by a factor of
50 dB. This means that the drive power requirements for a minimum
detectable signal could be reduced by 50 dBm. The TEM cell would
only require a drive power of -9.4 dBm. In practice, we would
likely drive the TEM cell at about +20 dBm (100 mW) to ensure a
clean, low-noise signal. If need be, we could use resolution
bandwidths as small as 1 kHz.

DYNAMIC RANGE TESTS

In order to exercise the device over some dynamic range, it would
appear that we shall need to use a small RF power amplifier so that
powers of up to about 20 W (+43 dBm) may be applied. Based on
linearity considerations, the dynamic range is limited to a maximum
electric field of 150,000 V/m. Clearly, we are not going to be
able to produce or sustain such a CW field of this magnitude, or
even a pulsed field. The weakest links in the system would
probably be the connectors. At high frequencies, powers of about
100 W (+50 dBm) probably represent the limit. This corresponds to
electric fields in this TEN cell of about 1.7 kv/m -- still very
small compared to the 150 kV/m limit of the device (0.172 radians).
A lightning or EMP simulating test facility would be required to
fully test the device.
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Of course, at low frequencies very high fields could be produced
with close parallel plates. A voltage of 150 volts across a 1 an
gap will produce an electric field of 150 kV/m. This should be a
good way of testing the dynamic range properties of the device at
lower frequencies, without concerns about the frequency response,
since the intermodulation behavior should be independent of
frequency. A two-tone test, from two MHz-type R.F. generators
(frequencies f, and f,) can be used for this test. R.F. coils, or
transformers, can be used to better impedance-match the plate
intermodulation test system to the 50-ohm signal generators.
Typically, f, - 10 MHz, and fa = 11 MHz, so we would be looking for
intermodulation product frequencies of 2f,±f, and 2f 2 ±f,, i.e.,
9 MHz, 12 MHz, 31 MHz, and 32 MHz. A 100 kHz I.F. resolution would
easily discriminate (separate) the 9 MHz and 12 MHz products from
the 10 MHz and 11 MHz tones.

It should be noted that in order to "see" the third order
intermodulation in a 1 GHz bandwidth, we need to apply an electric
field voltage consideraby in excess of 150 kV/m. However, since we
will be using narrow band detection, i.e., 100 kHz, we can see
intermodulation products 50 dB lower down than would be the case
for a 1 GHz bandwidth, where the dynamic range, as set by the
third-order intermodulation is 48.6 dB. This is equivalent to
saying that the CNR is improved by 50 dB. For small distortion,
these products are proportional to (#)3 , so that a 50 dB noise
floor reduction may be compenvated by a reduction in #, by a factor
of 46.4. Thus, the visibility of third order intermodulation
distortion for t, = 0.172 radians in a 1 GHz bandwidth is the same
as for #. = 3.7 X 10-1 radians in a 100 kHz bandwidth. At the same
time, with its reduced deviation, the signal level has fallen by
16.7 dB. The signal to distortion level in this situation is now
about 48.6-16.7+50 = 82 dB. This figure happens to be close to the
limits on the ability of most spectrum analyzers to show both the
signal and intermodulation products simultaneously on the same
logarithmic display. Of course, whether or not both the signal and
intermodulation products can still be displayed simultaneously,
does not affect our ability to measure each signal and signal
product.

We have already seen that a +30 dBm (1 Watt) drive power to the TEN
cell produces a field of 168 V/m, and a phase modulation
f. = 1.9 X 10-4 radians. Thus, even the Crawford cell can manage
some limited intermodulation tests. Only a test that exercises the
device over w radian of phase excursion can really test the
sensor's linearity. Its large scale non-linearity may not be
identical to its small scale non-linearity if the cosine-squared
phase discriminator (interference) characteristic is itself non-
uniform. Also, since we would like to see the effect on
intermodulation of bias drift, this can only be done effectively
for large phase deviations.
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APPLICATIONS

A schematic of the sensor instrument for the remote measurement of
electric field or voltage is shown in Figure 33. Several
applications for the electric field sensor are listed below.

Measurement of high power microwave (HPM) sources - The
sensor could be used to detect leakage from industrial-
grade radio frequency (RF) heating and sealing systems.
RF heating systems are used in manufacturing, food
processing and semiconductor industries. Recently, there
has been an increasing public awareness of the potential
health hazard of electromagnetic radiation. This issue
is presently undergoing review by the EPA. Other
applications exist in measuring the fields produced by
commercial RF transmitters and antennas to monitor their
output and potential health hazard.

Measuremnt of high power, pulsed, non-repetitive
microwave sources - Possible applications are detection
of high power radar and electronic counter measure (ECK)
signals.

Measurement of fields produced by high altitude
electromagnetic pulse (HE3P) simulators - Based on these
calculations, the insulation strength of high voltage
transmission lines could be designed to protect them from
HEMP-induced flashover. The sensor could also be used in
real time to monitor passage of electrical storms in the
vicinity of power lines.

Lightning protection for aircrafts by incorporting the
sensor in their skins - Aircrafts traditionally have used
metal skins which act as a Faraday cage to protect the
electronics inside them. Composite materials are
increasingly being used in modern aircrafts which make
them highly susceptible to damage from lightning strikes.
The aircraft can obtain advance warning of atmospheric
conditions to avoid electrical storms.

Remote measurement of electric field and voltage in
hazardous and hostile environments - The sensor is
intrinsically safe since it carries no current or
voltage. Hence, it will not generate any sparks in
hazardous or explosive environments. Since the sensor is
electrically isolated, it cannot induce any electrical
breakdown.
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Near-field strength measurement for antennas and radars
on naval ships - The sensor could be used to optimize the
transmission efficiency and to ensure that naval
personnel are not subjected to hazardous levels of
electromagnetic fields.

Remote antenna from the shelter - The sensor could be
placed in a forward position to the receiving antenna to
detect enemy counter measures. The information could
then be transmitted by fiber optic links to a remote
shelter for automatic protection of sensitive receivers.

MNedical and biological research in the measurement of
electrical fields - The sensor could be employed in the
test chamber to monitor and map the fields. Since this
is a non-metallic sensor it will not disturb the fields.

easemnt of electric field and voltage in power
systems - The sensor could be used in high voltage
environments which are subject to a large amount of
electrical interference.
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Senso Mod•d

100 m Long FMr Cable

Figure 33. Schematic of a configuration for the remote
measurement of electric field or voltage
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This program has successfully demonstrated the feasibility of
developing a nonmetallic electromagnetic field sensor based on
optical interferometers in a lithium niobate electro-optic crystal.
This is an all-dielectric sensor instrument that consists of
optical fibers for input and output to the electro-optic crystal.
Thus, the sensor is free from interference from electromagnetic
fields.

The technique of selective reverse poling using titanium diffusion
in lithium niobate was proposed and demonstrated. This is a novel
method to manufacture the sensor and SRICO intends to make an
application for a United States Patent.

Our analysis indicates that the electric field sensor is feasible,
and we recommend a Phase II SBIR program to develop a prototype
sensor instrument. A complete instrumentation package including a
laser, a photodetector and signal processing electronics will be
developed during the Phase II program. The sensor instrument will
be tested and delivered to the U.S. Army Harry Diamond
Laboratories. We recommend the following program to develop the
prototype sensor instrument.

The objectives of this proposed Phase II effort are:

to design and develop an electrode-less Mach-Zehnder
interferometer for electric field sensing;
to fabricate a prototype fiber pigtailed sensor device;
to design and develop a system for testing and
calibrating the sensor;
to develop an instrumentation system incorporating the
electric field sensor.

The overall program is divided into two parts -- component
development and system development. Tasks 1 - 7, associated with
component development, are designed to produce a prototype fiber
pigtailed electric field sensor. Tasks 8 - 10, associated with
system development, are designed to produce the instrumentation
system for the electric field sensor. This Phase II SBIR program
is scheduled over a two-year period.

Task 1: Finalize Electric Field Sensor Specifications

A project kick-off meeting will be held with the project manager to
finalize the performance requirements of the sensor.
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Task 2: Finalize Electric Field Sensor Design

The electric field sensor as per the specifications in task 1 will
be fabricated in a lithium niobate substrate to operate at a laser
wavelength of 1.3 pm. In this task, the waveguide design will be
finalized for the creation of the drawings to produce the
photomasks. The waveguide will consist of several test patterns
and the Mach-Zehnder interferometer.

Task 3: Fabricate Electric Field Sensor for Laborator Testing

The sensor will be fabricated using the photomasks developed in
task 2. Sub-tasks include:

Substrate PrPaatioQ - The substrate purchased from the vendor
will be cleaned prior to domain inversion and waveguide fabrication
steps.

Domain Inversion - Titanium metal strips will be delineated for
diffusion to produce selective domain inverted regions in the
crystal.

Waveguide Fabrication - An aluminum metal mask will be developed on
top of a lithium niobate crystal to act as a barrier in the proton
exchange waveguide process.

End-Face Polishinq - The end-faces will be polished for coupling
light in and out of the waveguide.

The output of this task will be several waveguide samples to be
used for testing.

Task 4: Evaluate Electric Field Sensor

Light from a 1.3 ;m laser will be coupled to a single mode
polarization maintaining optical fiber. The fiber output will thus
be coupled to the optical waveguide fabricated in the crystal. At
the output, a microscope objective will be used to focus the light
onto a photodiode. The output of this task will be the
establishment of the parameters for the final device design.

Task 5: Finalize Prototype Electric Field Sensor Design

Based on the results of task 4, the prototype design will be
completed. In this task, the waveguide design will be completed
for the creation of the drawings to produce the photomasks. The
photomask will consist of the design of single and two-ended Mach-
Zehnder interferometer sensor devices.
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Task 6: Fabricate Prototye Electric Field Sensor

The sensor will be fabricated using the photomasks developed in
task 5. The process parameters used to fabricate the sensor will
be modified based on the results of the laboratory device. Sub-
tasks include the same as those of task 3. Additional sub-tasks
are:

Dice mrystal - The crystal sample will consist of 20 or more sensor
devices. The crystal will be cut into individual devices or dies
to facilitate fiber attachment and packaging.

Attach otical Fibers - Sinogle mode optical fibers will be attached
to the input and output ports of the sensor device. The input port
will be attached to a polarization maintaining single mode optical
fiber. The output port will be attached to standard communication-
type single mode fibers.

The output of this task will be two fiber-pigtailed sensor devices
that will be available for testing and evaluation.

Task 7: Packae Prototpe Electric Field Sensor

The fiber pigtailed sensor devices will be packaged in a non-
metallic enclosure. The package will be designed to protect the
fiber and waveguide interface from accidental damage. The
packaging material will be selected to withstand the various
environmental operating conditions.

Task 8: Designand Fabricate Otoelectronic Packae

This task will address the laser requirements, the electronics for
driving the laser and the signal processing electronics for
converting the modulated optical signal to an RF signal. Sub-tasks
include:

Laser Selection - The laser will be selected based on the optical
power required to achieve the desired dynamic range. Various laser
manufacturers will be evaluated to obtain a low noise laser.
Considerations will be given to ease of attaching a polarization
maintaining fiber to the laser source.

Laser Power SMpIpl Selection - Laser power supplies are available
from several manufacturers. The power supply will be chosen based
on stability and its ability to supply the required drive current.

OWtical Detector Selection - The detector will be required to have
a bandwidth greater than 1 GHz. In addition, the two-ended Mach-
Zehnder interferometer will require a package that has two
detectors in it.
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Packaing and Syateme intaaration - The optoelectronic package will
be assembled to contain the laser, the detector and the associated
electronics within it.

Fiber O-tic cable Fabrication - The fiber optic cable linking the
electric field sensor to the instrumentation package will contain
a single mode polarization maintaining fiber and two communication
grade single mode fibers. If a suitable cable system is not
available commercially, we will arrange to have a special cable
made.

The output of this task is an instrumentation package that will
provide optical input to the sensor and receive and process the
signal from the electric field sensor.

Tank 9: Develong alibation Tehniques for the Electric
Field Sensor

A TEN cell will be designed or a commercial unit modified and

interfaced with instrumentation for evaluating the sensor device.

Task 10: Evaluate PrototyMe electric Field Sensor

In this task we will evaluate the packaged sensor device. The TEN
cell developed in task 9 will be used to evaluate system
parameters. Sub-tasks include:

Sstem Calibration - The device sensitivity will be measured to
obtain sensor calibration curves.

Noise Floor Measurement - The minimum detectable electric field
will be measured with a signal generator applied to the TEN cell
and a spectrum analyzer.

Intermodulation Distortion (Dynamic Ban=e - By applying two
frequencies, the sensor's dynamic range will be measured.

MOM= loE .Kb3u tf - The TEN cell will be driven by a
Network Analyzer or a Tracking Generator. Swept frequency
techniques will be employed to characterize the sensor over a 1 GHz
bandwidth. At frequencies below 2 GHz, a conventional TEN cell
could be used, while at high frequencies an anechoic chamber would
be required.

Task 11! Del iverZ /ReortinM

A complete prototype sensor unit will be delivered to Harry Diamond
Laboratories, at the end of the program, for testing and
evaluation. Brief monthly reports, a final report and a final
briefing detailing the work carried out during this Phase II effort
will be provided.
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