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Linear image differentiation by use of analog
differential self-electro-optic effect devices
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We demonstrate one-dimensional linear image differentiation, using an array of symmetric self-electro-optic effect
devices with 64 X 32 elements. The device operates with pairs of power-supply beams. The spatial derivative,

which may be of either sign, is given as the difference in the reflected output powers.

Quantum-well self-electro-optic  effect devices ing.®  Previously®® we demonstrated the function-
(SEED’s) are a class of optoelectronic devices ality of this device, using only four optical beams,
consisting of p-i-n optical modulator diodes with two of them incident upon the input conven-
quantum wells in the i region, combined with optical tional photodiodes and the other two as power-
detection and possibly other electronic circuits, to supply beams incident upon the quantum-well
give devices of many possible functions.’? The diodes. Here we use an array of 64 x 32 pairs of
simplest devices, which do not incorporate transis- quantum-well diodes to demonstrate one-dimensional
tors, have been used mostly in digital applications image differentiation.
operating at a wavelength approximately resonant The experimental apparatus that we used to per-
with zero bias exciton (Ao). In particular, the form the one-dimensional linear differentiation is
symmetric SEED (S-SEED) has been used for a shown in Fig. 2. It is similar to the arrangement
variety of logic and optically bistable functions, used in a free-space optical switching experiment.®
operating with pairs of light beams.? The S-SEED We used a symmetric SEED array with 64 x 32 se-
can, however, also be operated as an analog device, ries pairs of quantum-well diodes with diodes spaced
as was recently proposed* and demonstrated.>¢ In by 20 um. It was designed with an internal mirror
this mode the S-SEED is operated at a wavelength to permit a double pass of the light through the active
(A1) longer than the zero-bias-exciton peak and uses multiple quantum wells, increasing the output beam
the difference between two light-beam powers to contrast. Each quantum-well diode has an approxi-
represent bipolar (positive and negative) analog mately 7 um X 7 pum optically accessible area and an
values. Normally, processing such bipolar values antireflection coating to avoid Fabry—Perot effects.
is difficult with optics because the power in the The fabrication steps and the layer structure are de-
light beam is always positive. This new differential tailed in Ref. 7. A binary phase grating operating
circuit overcomes this problem and allows many at 850 nm generated the 64 x 64 power beams,® and
different analog functions to be performed, including a special lens was used to focus them equally on
addition, subtraction, and spatial differentiation of the device. A polarizing-cube beam splitter was used
images, correlation, and optically controlled bipolar to overlap the input image and the 64 x 64 power
matrix-vector multiplication.* beams on the S-SEED. We used a pair of quarter-
It is simplest to think of this class of analog differ- wave (A/4) plates to adjust the polarization and ob-
ential device as having a set of conventional photo- tain both the image and the array of beams on the

diodes (black box) as the optical signal inputs and S-SEED array. (Note that the use of the polarizing
a pair of quantum-well diodes driven by the net beam splitter together with the A/4 plates and the

photocurrent from the conventional diodes as the 50:50 mirror does indeed allow the input to be im-
output modulators (see Fig. 1). The functions per- aged onto the SEED array, even though the input is
formed by this device depend on the layout of the con- initially reflected away from the SEED array.) To
ventional photodiodes. For instance, if two similar avoid seeing the nonabsorbed light image reflected
conventional photodiodes, electrically in series, are from the S-SEED on the camera, we used a color fil-
physically aligned in the X direction, the net pho- ter in front of the CCD camera. The output image
tocurrent from this circuit represents the local deriva- was recorded and acquired by a frame-grabber board
tive d/dx of the incident intensity. If the device is on a PC.
rotated 90 deg (aligned with Y direction) it will now A Tisapphire continuous-wave laser pumped by
represent the operator d/dy. Here we demonstrate an Ar laser operating at 850 nm was used as source
one-dimensional linear spatial image differentiation, of the 64 X 64 control beams incident upon the
using a pair of conventional photodiodes electrically quantum-well diodes. To generate the image we
in series and physically aligned in the X direction. used a Hitachi diode laser operating at approximately
The symmetric SEED can be made in large 780 nm. We used polarized light to generate the
two-dimensional arrays,” and it has already been image because it simplified the experimental setup,
used in experiments in free-space optical switch- although this is not a necessary restriction.
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Fig. 1. Analog differential self-linearized circuit. The
net photocurrent generated by any layout of conventional
photodiodes (black box) drives the two quantum-well
modulators, A and B. The pair of diodes inside the box
is electrically in series and physically aligned to perform
one-dimensional linear spatial image differentiation.
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Fig. 2. Analog differential SEED setup used to make the
linear spatial image differentiation.

The S-SEED two-dimensional array was not de-
signed with conventional input photodiodes inte-
grated on it. We used the same trick as in Refs. 5
and 6, operating the quantum-well diodes at a
shorter wavelength, where their responsivity is ap-
proximately constant with respect to the voltage.
(The same basic device concept will also work if the
image is at 850 nm, although the linear dynamic
range will be reduced,® and further measures are
needed to separate the output beam array from the
input image.) In this configuration the same pair
of quantum wells is used as the input conventional
photodiodes (when illuminated at 780 nm) and as
the quantum-well diode modulators (when illumi-
nated at 850 nm). The wavelength of 850 nm used
in this experiment is resonant with the zero-bias-
exciton wavelength in this device. However, for our
experiment we need to operate at A, (just below the
zero-bias-exciton wavelength), so we cooled down the
S-SEED to obtain A, operation.

As an input image we used a transparency with the
letter T at the wavelength of 780 nm. (The device is
also able to handle input images with wavelengths in
the visible range.) The pair of quantum-well diodes

was aligned in the X direction, and therefore the net
photocurrent available at the middle point between
them will be equal to that in the d/dx operation.

Figure 3 shows the output at 850 nm from the sym-
metric SEED array, where the letter T is clear. In
places where there is no image shining on the device,
the voltage in each quantum-well diode of the pair
is the same, and therefore the absorption in them is
equal. Consequently both of the output beams have
the same intensity. However, in the border of the
letter T the intensity shining on each quantum well
of the pair is different, resulting in different voltage
across them and hence in different absorption. The
absorption decreases for the diode where the intensity
of the light is high because it generates more pho-
tocurrent than the other diode of a given pair, hence
decreasing the voltage across the diode. In the other
quantum-well diode of the pair the voltage increases
(the absorption also), and therefore the output power
decreases. In the center of the letter T the intensity
is approximately the same, and therefore the outputs
from the pair of quantum-well diodes are again equal.
Note that the derivative takes place only in the X di-
rection of the letter. To make the derivative in Y
direction it is necessary to rotate the S-SEED array
by 90 deg.

The derivative of the letter T is in fact the differ-
ence between the two reflected beams from each pair
of quantum-well diodes. Figure 4 shows the result
of this operation made in the computer, for which
the image was acquired by a frame grabber. As we
stated above, the important parameter is the differ-
ence between adjacent beams. From Fig. 4 we can
see that in places where the image is constant (ei-
ther bright or dark) the difference between adjacent
beams is approximately zero, giving no derivative.
In the border of the image there is a large enhance-
ment of the difference. In the bottom of Fig. 4 the
projection shows the differentiated letter T, where
the bright area on left represents the positive deriva-
tive and the dark area on the right represents the
negative derivative. In the middle the difference is

X

Fig. 3. Output image from the symmetric SEED array
with 64 X 64 optical beams. The information (the linear
derivative) is the difference between two horizontal adja-
cent beams. The input image (at 780 nm) shining on the
64 X 64 symmetric SEED array is the letter T.
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Fig. 4. Output image from the symmetric SEED array

(64 X 64) after processing. Each point is the difference
in intensity between two adjacent spots in the X direction.

zero, as expected. The output pairs of beams can in
principle be used as bipolar analog inputs to subse-
quent analog processing stages.

The speed of the device depends on the power
level shining on the modulators.® Higher speed is
obtained by operation at higher power. The upper
physical limits on speed are due to absorption satu-
ration and finite carrier sweep-out time. The lowest
speed is limited by the leakage current of the device.
The present analog differential circuit can be ana-
lyzed by use of a simple linearized model in which
the device is represented by a current source in paral-
lel with a capacitor. For operation in a range where
the absorption « in the quantum well changes ap-
proximately linearly with the voltage, for a small per-
turbation the circuit frequency response is given by
f = eyPy/27hvC, where e is the electronic charge,
y = da/dV is the derivative of the absorption of the
quantum well with respect to the voltage, P,, is the
incident optical power, 4v is the photon energy, and
C is the total capacitance of the device. From this
expression we can see that the circuit runs faster for
higher incident power and becomes slower for larger
capacitance. With power levels used in the experi-
ment (10-1000 pW incident upon the modulators), a
capacitance of 5 fF, a factor y of 0.06 V'!, and an
operating wavelength at 850 nm, the frequency re-
sponse of the device is expected to vary from 15 Hz
to 1.5 kHz for these powers. The speed of response
was not tested in these experiments, but it has been

characterized previously at speeds up to 10 MHz in
similar structures.® One can run the device faster
by increasing the incident power on the modulators.
Hence this device is likely to be capable of processing
at video rates and possibly significantly faster.

In conclusion, we have demonstrated the functional
ability of the analog S-SEED to perform image differ-
entiation in one dimension. This is a simple appli-
cation of this smart circuit. Many complex functions
could also be performed with more-complex designs,
such as the Laplacian image transform. Work is in
progress to demonstrate such functions.

We thank L. M. F. Chirovsky, J. Freund, Tony
Lentine, Rick McCormick, Jose Sasian, and Rick
Morrison for supplying the sample, components, and
helpful discussions. E. A. De Souza and L. Carraresi
thank the Brazilian Conselho Nacional de Desen-
volvimento Cientifico e Technolégico and the Italian
Consiglio Nazionale delle Ricerche, respectively, for
financial support.

*Permanent address, Department of Physics, Uni-
versity of Florence, Lago E. Fermi 2, 50125 Florence,
Italy.

References

1. D. A. B. Miller, Opt. Quantum Electron. 22, S61 (1990).

2. D. A. B. Miller, D. 8. Chemla, T. C. Damen, T. H, Wood,
C. A. Burrus, Jr., A. C. Gossard, and W. Wiegmann,
IEEE J. Quantum Electron. QE-21, 1462 (1985).

3. A. L. Lentine and D. A. B. Miller, IEEE J. Quantum
Electron. 29, 655 (1993).

4. D. A. B. Miller, IEEE J. Quantum Electron. 29, 678
(1993).

5. E. A. De Souza, L. Carraresi, G. D. Boyd, and D. A. B.
Miller, Opt. Lett. 18, 974 (1993).

6. E. A. De Souza, L. Carraresi, G. D. Boyd, and D. A. B.
Miller, Appl. Opt. 33, 1492 (1994).

7. L. M. F. Chirovsky, N. W. Focht, J. M. Freund,
G. D. Guth, R. E. Leibenguth, F. J. Przybylek, L. E.
Smith, L. A. D’Asaro, A. L. Lentine, R. A. Novotny, and
D. B. Buchholz, in Photonic Switching, H. S. Hinton
and J. W. Goodman, eds., Vol. 8 of OSA Proceedings
Series (Optical Society of America, Washington, D.C.,
1991), pp. 56-59.

8. F. B. McCormick, F. A. P. Tooley, T. J. Cloonan,
J. L. Brubaker, A. L. Lentine, R. L. Morrison, S. J.
Hinterlong, M. J. Herron, S. L. Walker, and J. M.
Sasian, Appl. Opt. 31, 5431 (1992).

9. R. L. Morisson and S. L. Walker, in Optical Computing,
Vol. 6 of 1991 OSA Technical Digest Series (Optical
Society of America, Washington, D.C., 1991), p. 144.



