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ABSTRACT

The design, fabrication and performance of an integrated optical R.F. spectrum analyzer is described. The
device consists of an injection laser, the I0 substrate and a photodiode array. It operates over a frequency band-

width of 400 MHz centered at 600 MHz and with a complete frame time of 2 usec.

in excess of 20 dB has been measured.

Introduction

Over the past several years workers in the field
of integrated optics have been striving to develop an
integrated optical (I.0.) circuit for spectral analysis

of R.F, signals.l’z’3 This work was originally direc-

ted toward the development of specific I.0. components
which were later to be integrated to form the function-
ing device. The components included planar optical

waveguides, waveguide (geodesic) lenses,4’5’6’7

8,9,10

surface

acoustic wave (SAW)transducers,
11,12

an array of lin-

ear detectors and an injection laser source.

These various components are discussed in the sections

that follow together with a description of the overall

system performance; the closing paragraph of this sec-

tion briefly outlines the function of an integrated op-
tical R.F. spectrum analyzer (I.0.S.A.)

The operation of an I1.0.S.A. was first described

by Hamilton,1 et al, and an illustration of such a de-
vice appears in Figure 1.
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Fig. 1 Schematic of the Layout Used in the Integrated

Optical R.F. Spectrum Analyzer

This injection laser output is located at the focal
point of the first geodesic lens; the light is coupled
into the waveguide and collimated by the first lems.
The SAW transducers spatially modulate the guided opti-
cal beam, and the resulting deflected beam is focused
by the second geodesic lens onto the output edge of the
optical waveguide. A photodiode array that is butt-
coupled to the waveguide edge detects the deflected
beam. The beam's deflection angle is proportional to
the frequency of the R.F. signal, and, in this way, the
frequency of an incoming signal can be determined from
the position of the focused beam on the detector array.

Waveguides

The spectrum analyzer was fabricated on X-cut
LiNbO3 with the c-axis parallel to the acoustic propa-
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An R.F. input signal dynamic range

gat%on. The optical waveguide was formed by diffusing

280A of titanium into LiNbO, for 6 hours at 1000°¢.
This procedure resulted in a tightly confined optical
beam that exhibited low-loss and allowed for good geo-
desic lens performance and efficient acoustooptic
coupling. Both the input and output edges of the
LiNbO3 substrate are accurately polished to produce

sharp, chip-free surfaces for effective input and out-
put coupling.

Measurements made in these single mode waveguides
indicate a propagation loss of 0.5 to 0.6 dB/cm and a
scattered light level that is 55 dB below the peak
transmitted beam intensity at an angle of less than
one degree from the optical axis.

Geodesic Lenses

The geodesic lenses are axially symmetric aspher-
ical depressions in the surface of the waveguide. A
variational scheme based on ray optics was used to de-

sign these lenses.A The desired aspheric surfaces

were machined by single-point diamond tu'rning.M In
particular:

1. The lenses can be precisely located on the
substrate and thereby allow the focal plane
for the system to be predetermined.

2. The lens profile can be maintained to better
than 0.5 um and this provides for diffraction
limited performance.

3. The cut surface is very smooth and requires
little or no polishing.

Measurements indicate that diamond machined geodesic
lenses are indeed diffraction limited, have an insertion
loss of 2-2.5 dB and have a focal plane within + 2 um of
its intended position at the polished waveguide edge.

Performance of Truncated Gaussian Beams

Adequate performance of the spectrum analyzer re-
quires that the focused beam exhibit significant side-
lobe suppression in the focal plane. To assist in
modeling side-lobe structure, a computer program has
been written to calculate Fourier transforms of optical
beams of arbitrary spatial and intensity profiles. This
program obtains a curve-fitted representation of the
beam profile as a linear combination of splines where
each spline is a convolution product of a rectangular
function; then the Fourier transform is accurately com—
puted as a linear combination of pointwise products of
sinc functions. Specific Fourier transforms found in
the literature agree very well with results obtained

from this program.ls’16



Typical results of particular interest were ob-
tained using this computer program, and they are illus-
trated in Figures 2 - 4. TFigure 2 represents a Gauss—
ian beam width of 2.0 mm that passes through a 3.3 mm
aperture. The intensity profile in the focal plane is
illustrated in Figure 3 and it is displayed over an
array of individual detectors. Figure 4 shows similar
results where the beam is that illustrated in Figure 2
with an offset of 400 pym (see dashed curve in Figure 2)
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Fig. 2 Truncated Input Gaussian Beams
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Fig. 3 Normalized Intensity (in dB) at Focal Plane
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Fig. 4 Normalized Intensity (in dB) at Focal Plane
for a 400 um Offset

L. 5.

These results indicate that sufficient side—lobe sup-
pression can be achieved for beam profiles and lens
apertures used in the Westinghouse I.0.S.A.
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System Performance

CW and long pulse operations have been used to
evaluate the frequency and optical resolution, the
total R.F. bandwidth and the system dynamic range.
Pulses of shorter duration were used also to test the
system response and to test its ability to handle two
simultaneous signals. These tests were performed using
an end-fire-coupled He-Ne laser source. Recently a
GaAlAs diode laser has been successfully butt-coupled
to the LiNbO, substrate. Results of this fully inte-
grated system are forthcoming.

The dynamic range of the I0 SA has been estimated
by two different methods one direct and the other in-
direct. 1In the direct approach, the sweeping RF input
signal of 40 to 80 mW is applied to the analyzer
through a calibrated attenuator which can be varied in
1 dB steps. The signal from a representative, but ar-
bitrarily chosen, photodiode is passed through a sample
and hold circuit and displayed om an oscilloscope. At-
tenuation is inserted into the line until the signal
can no longer be distinguished from the noise and then
removed until the signal is equal to the noise. The RF
dynamic range determined in this manner has been ob-
served to vary between 18 and 22 dB.

The indirect method compares the maximum observed
signal from any selected pixel to the minimum detec—
table signal estimated for the array. Peak signals
ranging between 30 and 60 mV and minimum detectable
signals of 70 to 80 UV are the most representative re—
sults. The ratios of these signals correspond to a
maximum signal dynamic range of 26 to 29 dB.

The peak attainable output signals from the detec—
tor have been limited by input power limitations on
both the optical and the RF sources. At the same time,
the minimum detectable signal has been that observable
with the instruments being employed, and it is not as
low as the NES of the array. It is quite likely,
therefore, that the dynamic range achievable with the
I0 SA in its current state of development is consider-
ably greater than either of the above estimates would
indicate.

Results of short~duration pulse tests in both the
single and double pulsed mode are readily observable on
an oscilloscope when the pulser and detector readout
circuitry are running independently, but all attempts
to synchronize the two so that data for single integra-
tion periods can be collected have been unsuccessful.

Single pulses of duration ranging between 30 and
0.3 usec present no detection problem. At the 30 usec
end, the detector threshold performance is similar to
that of the CW case. As the pulse duration decreases
below the detector integration time, the apparent mag-
nitude of the signal decreases as expected and the in-
terpulse reproducibility degrades as different frac—
tions of the pulse are sampled during each integration
period. In one series of tests, RF powers of up to a
watt or more were applied for > 1 usec durations with
resultant detector output signals well in excess of
100 mV, thus indicating that a considerable response
range beyond those seen in CW tests is still available.

Further Tmprovements

Additional work is being done on individual compon-—
ent designs and implementation to improve the operating
performance of the I.0.S.A. Currently a new computer
program is being developed to design lenses with a mini-
mum power loss. Also, off chip noise subtraction tech-
niques are being designed and low noise large signal
preamplifiers have been built to improve the dynamic
range at the I1.0.S.A.



One characteristic of photodiode detection as em-
ployed in the Westinghouse detector chip, is a substan-
tial fixed pattern output noise. In order to utilize
the large dynamic ranges afforded by photodiode detec-
tion, this fixed pattern noise must be subtracted from
the output of the detector. During feasability tests
of the I.0.8.A. This subtraction was performed by the
display computer. A more desirable off chip analog
subtraction technique is now being developed which can
be performed during every 2 Usec integration time.

This method, using a track and hold analog memory, is
expected to increase processing speed and dynamic range
of the device. These efforts are directed toward de-
signing extremely low noise, large dynamic range off-
chip analog processing.
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