
of a pump laser and a feedback circuit including an 
intensity modulator, an optical fiber delay line, a pho¬
todetector, an amplifier, and a filter, as shown in Figure 
la. Its oscillation frequency, limited only by the speed of 
the modulator, can be up to 75 GHz. 

The OEO has both an electrical and an optical out
put port to provide a microwave signal and a modulated 
optical signal simultaneously. This eliminates the costly 
and inefficient electrical-to-optical and optical-to-elec
trical conversion processes. In addition to an electrical 
injection port for locking to a local reference signal, the 
OEO has an optical injection port for injection locking 
to a remote reference signal as well, making it simple to 
integrate in a photonic communication system. The 
OEO is also a voltage-controlled oscillator whose oscil
lation frequency can be tuned by applying a voltage. 
One of the unique features of the OEO is that an rf 
amplifier in the loop is not needed if the pump laser has 
sufficient power. The removal of the amplifier from the 
loop eliminates amplifier noise, resulting in a more sta
ble oscillator. 

The phase noise of the OEO decreases quadratically 
with the frequency offset from the oscillation frequency 
(Fig. lb, in log scale).2 For a fixed frequency offset, the 
phase noise decreases quadratically with loop delay time 
(Fig. 1c). For a sufficiently long loop and a sufficiently 
strong optical pump, the phase noise approaches the rel
ative intensity noise (RIN) level of the pump laser, 
below-140 dBc/Hz at 10 kHz. Perhaps the most unique, 
and important feature of the OEO is that its phase noise 
is independent of oscillation frequency, which allows 
the generation of low phase noise signals at high fre
quencies. By contrast, the phase noise of a signal gener
ated using frequency multiplying methods increases at 
least quadratically with increasing frequency. 

Additional applications3-4 of the OEO include high 
frequency reference regeneration and distribution, high 
gain frequency multiplication, comb frequency and 
pulse generation, carrier recovery, and clock recovery. 
Finally, an OEO can be constructed using any type of 
intensity modulators, including electro-absorption 
modulator, directional coupler modulator, acousto¬
optic modulator, or a directly modulated diode laser.5 
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R eflective fiber optic intensity sensors often use a cou
pler to guide part of the reflected light back to a pho¬

todetector. We have demonstrated a sensor that requires 
no coupler, and instead uses the emitting laser diode for 
photodetection. A laser diode operating at constant cur
rent can detect light reflected into the junction region if 
the terminal voltage is monitored. 1 We used a self-
detecting source to sense rotation using a simple magne
to-optic transducer and single-fiber sensor system. 

We measured self-detection in several low-cost 780 
nm GaAlAs lasers driven with a low noise, constant-cur
rent source.2 The laser output was focused onto a mir
ror aligned to redirect light into the laser facet, and a 
chopper placed before the mirror simulated the trans
mission modulation of an intensity sensor. About 3% of 
the emitted light was coupled back into the laser's active 
region. Simple electronics, consisting of an RC high-
pass filter (to block the dc junction voltage), a low-noise 
audio amplifier (1.5 dB noise figure), and an RC low-
pass filter, filtered the junction voltage change. For lasers 
biased near threshold, junction voltage modulations of 
300 to 800 µV (rms) were measured with a lock-in 
amplifier. Similar results were obtained when light was 
coupled into an optical fiber and the fiber output 
focused onto the mirror.2 

The self-detection response varies with current, 
increasing to a maximum near threshold, and decreasing 
to a plateau as current increases. In addition, the respónse 
depends on the polarization of the retroreflected light. 
Response is maximized if the linearly polarized emission 
is returned unchanged and is minimized if the reflected 
polarization is rotated by 90°. Lyot depolarizers can miti
gate the polarization-dependent response variations.2 

Because of the large response variation with current, 
this technique is not well-suited for absolute measure-

Figure 1. Detected rotation signal and schematic of laser and sens
ing head with wheel. 
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ment of reflected power. However, since the response is 
unipolar and sufficiently large for a wide range of cur
rents above threshold, the method is appropriate for sens
ing binary intensity modulations amenable to threshold 
detection. Thus the response is suitable for sensors with 
reflective transducers that sense binary changes. 

As a demonstration, we constructed a reflective magne
to-optic rotation sensor with a single mode fiber, GRIN 
lens, and mirror-coated magneto-optic garnet film.3 Stripe 
domains in the garnet act as a phase grating that diffracts 
light away from the fiber core after two passes through the 
film. When a saturating magnetic field is applied, however, 
the stripes disappear as the material magnetization satu
rates, and the transducer has maximum reflectance.4 A 30 
mW laser diode and Lyot depolarizer were coupled to the 
transducer and the device sensed the rotation of magnets 
attached to a wheel. Figure 1 shows the detected signal and 
a diagram of the laser, transducer, and wheel (inset). We 
measured a signal-to-noise ratio of 8 in a 1.25 kHz band
width for this simple sensor. 

F or several years there has been a realization that elec
tronics is facing limits in both the speed and paral

lelism that may be achieved with conventional wiring. 
This is particularly apparent for chip-to-chip and 
board-to-board interconnects. Optics has been widely 
studied as a suitable high-speed interconnection medi
um to overcome this interconnection bottleneck. It is 
attractive due to its better immunity to capacitative and 
inductive crosstalk, signal dispersion, and electromag
netic interference. Optical data transmission is now 
appearing in high performance computing systems in 
the form of fiber-ribbon data links, offering bandwidths 
of 4 Gb/sec over 10 or more fibers arranged in a one-
dimensional ribbon. However, optics offers more than 
just high-speed transceivers between electronic boards. 
We are interested in the use of optics in massively paral
lel processing systems. These are characterized by a large 
number of electronic processors, each of which is inter
connected by one or more optical links. This increase in 
density will require a move toward two-dimensional 
optical formats. In this case, free-space optics become 
attractive. 

We have recently demonstrated a variety of compact 

Figure 1. A two-input optoelectronic logic system. 

optical interconnects between arrays of differential pairs 
of PnpN optical thyristors. These optical emitter-receiv
er devices are fabricated as double-heterostructure ele
ments in GaAs. In detector mode they have a high sensi
tivity (2.1 fJ switching energy has been reported1) and 
when a voltage of 3.5 V is applied across the pair 850 
nm light is emitted from the element of the pair which 
received the highest optical input. These were used as 
candidate transceiver devices to investigate several opti
cal systems. Pairs of radial gradient refractive index 
(GRIN) lenses with a 5 mm diameter and 0.21 pitch 
were used to form a telecentric imaging system between 
arrays of optical thyristors.2 Beam-splitters placed in the 
Fourier plane of the system permitted optical i-o 
(input-output) to successive planes. These also enabled 
light from two thyristor planes to be combined onto a 
third plane. By using the light-integrating and differen
tial nature of these devices we were able to demonstrate 
AND, OR, NAND and NOR operations with them for 
the first time3 (Fig 1). We have also demonstrated that it 
is possible to drive an array of 8 X 8 optical thyristors 
with a computer-controlled LCD array, although to 
date, this has been achieved at low speeds only. The 
optical system has been characterized and has been 
shown to permit a 2 X 2 mm field of view. This is suffi
cient to support arrays of up to 50 X 50 devices.4 These 
results are significant in demonstrating that highly par
allel optoelectronic systems can be achieved with emit
ter-type devices and that these allow cascaded planes of 
devices. Work is underway to integrate the optical 
thyristors with silicon electronics, enabling them to act 
as "smart-pixel" transceivers. The optics that we have 
demonstrated for these elements will remain valid even 
as their functionality increases. Applications will be 
found in future massively parallel processing systems 
which require dense, parallel interconnects. 
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