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has time-sequential gain, provides for signal timing regeneration, is
insensitive to optical power supply Technical Field
fluctuations and provides effective input-output isola- tion. Because the
signal Inputs and outputs are dif- This invention relates to optoelectronic
apparatus.  5   ferential in nature, specific logic power levels need not
be defined and operation of the device is possible Background and Problem
over a power range spanning several decades. Thus, the S-SEED satisfies the
most basic requirement In Many types of logic devices have been proposed
that it is easy to use. It also has flexible logic function- for optical
computing and photonic switching. All of  10  allty in that it can act
either as an optical set-reset these must have the gain required to cascade
devices  latch or as a differential logic gate capable of NOR, and at least
a minimum functionality to perform gen-  OR, NAND, and AND functions as
disclosed in the A. eral Boolean logic functions by optically interconnect-
L. Lentine et al., paper "Photonic Ring Counter and Ing the devices. (It is
always possible to implement a  Differential Logic Gate using the Symmetric
Self- Boolean logic function using, for example, a cascad-  15
Electroptic Effect Device, Conference on Lasers and ed arrangement of NOR
gates.) It is dearly prefer-  Electro-Optics (Optical Society of America),
April, able, from an implementation standpoint that the de-  1988.
Additional functionality is obtained by extend- vices are physically,
sufficientlyfunctional to be easy  ing the S-SEED concept to more than two
diodes in to use. For example, a "three-terminal" device is   series as in
the multistate self electro-optic effect de- clearly preferable to a
"two-terminal" device because  20  vices (M-SEEDs) disclosed in U. S.
Patent 4,800,262 the input/output isolation afforded by three-terminal  of
A. L Lentine, January24 1989. M-SEEDS may op- devices removes the problem
of critical biasing asso-  erate as optically enabled S-SEEDs, image
thresh- ciated with two-terminal devices. It is also desirable  olding
devices, or multi-input selection devices. to provide devices that allow
designers some choice   The P. Wheatley et al. paper, Hard Limiting Opto-
of logical functionality. Although it Is possible to con-  25  electronic
Logic Devices", Photonic Switching: Pro- struct an arbitrary optical
computer from two input  ceedings of the First Topical Meeting March 1987,
NOR gates alone, an improved architecture may be   discloses two
opto-electronic devices suitableforopt- used when more complex gates are
available. Finally,  ical logic. Both devices have a phototransistor in
ser- It is Important that the devices operate at high speeds  ies with an
electro-absorption modulator between a with low power requirements. The
self electro-optic  30  constant supply voltage and ground. A beam of con-
effect devices (SEEDs) disclosed in U. S. Patent   stant optical power, the
pump power, is incident on the 4,546,244 of D. A. B. Miller, October
8,1985, satisfy  modulator, part of this is absorbed by the modulator all
of these requirements. SEEDs rely on changes in  to give rise to
photocurrent and part is transmitted to optical absorption that are induced
by changes in an  give the optical output of the device. Thus the device
electric field applied perpendicular to thin semicon-  35  is an optical
three terminal device since the output ductor layers in multiple quantum
well material. Typi-  power is derived from a constant optical supply which
cally the quantum wells are contained in the Intrinsic  does notfollow the
same path as the input signal. The region of a reverse biased p-i-n diode.
When com-  first device disclosed in the Wheatley paper is an in- bined
with an appropriate load, the resultant device  verting device where the
wavelength of the pump has opto-electronic feedback and bistability. Since
40   beam is such that the modulator photocurrent in- the first
demonstration of a simple resistor-biased  creases with the applied reverse
bias voltage. In the SEED, much of the subsequent effort has concentrat-
second, non-inverting device, the modulator absorp- ed on enhancing the
functionality of the devices.  tion decreases with applied reverse bias
voltage. As More functionality is achieved in SEEDs by having  disclosed,
multiple-input logic gates are made by em- more than one light beam
incident on several p-i-n di-  45  ploying several phototransistors. Using
the wave- odes. For example, by replacing the resistive load  length of the
first inverting device, a NOR gate may with a photodiode illuminated by a
visible ([err] = 633nm)  be made If two phototransistors are connected in
par- beam, a diode biased SEED (D-SEED) is operable     allel, and a NAND
gate if they are connected in series. over many decades in power by
adjusting the light in-  The second, noninverting device may be made into
put on the photodiode. The beam incident on the pho-  50  an OR or AND gate
with the transistors in parallel or todiode may, for example, control the
light output  series respectively. A problem with the disclosed from the
quantum well diode; such a device serves as  Wheatley devices, as well as
the known SEED logic a memory, holding its state for up to thirty seconds
arrangements referenced above, is that optical cas- when both the visible
and Infrared beams are re-   cading is required to Implement more complex
logic moved. A second example, the symmetric SEED (S-  55  functions,
forexample, E = AB + CD, and correspond- SEED) disclosed in U. S. Patent
4,754,132 of H. S.  ing increased optical delays and losses result be-
Hinton et al., June 28,1988, consists of two quantum  cause of the
cascading. Ancillary problems of the well p-i-n diodes electrically
connected in series. It  Wheatley devices include the lack of a complemen-
2 



3                   EP 0 415 616 B1                 4 tary optical output
and the inability to store informa-  correspond to parallel connections
within the circuit. tion such that the input beam can be removed before  A
reference photodetector connected in series with the output beam is
transmitted in time-sequential  the circuit responds to an optical
reference beam by fashion, as Is typically done with S-SEEDs.
generating an initial photocurrent greater than an ini- OPTICS LETTERS, no.
11, November 1987,   5   tial photocurrent generated by the circuit when
the S.FUKUSHIMA et al.: "Programmable hybrid parallel  logic function is
the first value, and by generating an processing for real-time digital
logic operations" de-  initial photocurrent less than an initial
photocurrent scribesfouroptical encodercircuits responsive to two
generated by the circuit when the logicfunction is the input beams; each of
the circuits generates a single  second value. The power of the reference
and signal electrical signal representative of one basic logical  10  beams
may be controlled, for example using optical combination of the two input
beams. The separate   attenuators, such that the initial photocurrents
gener- signals drive LEDs to generate four Intermediate   ated by the
photodetectors result in the required pho- beams. An executing unit
reconverts the optical    tocurrent relationships to achieve the logic
function. beams to four electrical signals and combines electri-  In the
exemplary embodiments disclosed herein, cal or optical instructions to
create an electrical out-  15  the reference photodetector and the
interconnected put. This electrical output drives an LED which pro-
photodetectors of the circuit are implemented as duces a final output light
beam.                   quantum well p-i-n diodes. Although not needed for
According to this invention there is provided ap-  optical modulation, the
quantum wells result in im- paratus as claimed In claim 1.
proved switching performance of the diodes. The opt- In an exempary
apparatus a plurality of photode-  20  ical reference beam is transmitted
from another tectors are interconnected to form an electrical circuit
quantum well p-i-n diode with the same characteris- corresponding to,
advantageously, any given logic  tics, to reduce the need for critical
biasing. function comprising at least two of the four basic    The circuit
controls the generation of an optical AND,ORNAND, and NOR logicoperations,
(I.e. com-   output beam and a complementary output beam by a prising at
least two logic operations which are the   25  pair of series-connected
quantum well p-i-n diodes same, e.g. two AND operations, or at least two
logic  comprising a S-SEED. The optical signal beams are operations which
are different, e.g. an AND and an  first applied to set the state of the
apparatus and opt- OR operation), and the apparatus performs optical  ical
clock beams are then applied to the p-i-n diodes logic without optical
cascading since the electrical cir-  of the S-SEED to read the state of the
apparatus in cuit controls the generation of an optical output beam   30
time sequential fashion. based on the value that the given logic function
as- sumes In response to a plurality of optical signal  Drawing Description
beams each incident on at least one of the photode- tectors.
Illustratively, a complementary optical output  FIG. 1 is a general circuit
diagram for single-end- is obtained and time-sequential operation is
effected   35  ed optical logic arrangements illustrative of the when two,
serially connected quantum well p-i-n di-    present invention; odes
comprising a S-SEED are used to generate opt-     FIGS. 2-7 are circuit
diagrams for specific em- ical output beams in response to the voltage
devel-   bodiments of arrangements of the type shown In oped by the
electrical circuit of interconnected photo-  FIG. 1; and detectors.
40      FIGS. 8 and 9 are tables defining photocurrentre- Apparatus
embodying the invention comprises        lationships for the embodiments of
FIGS. 7 and an output device that generates an optical output     6
respectively. beam and a plurality of photodetectors Interconnect- ed to
form an electrical circuit for electrically control-  Detailed Description
ling the output device. The circuit corresponds to a   45 logic function
comprising at least two operations from  FIG. 1 Is a general circuit
diagram for single-end- the group of logic operations consisting of AND,
OR,  ed optical logic arrangements illustrative of the pres- NAND, and NOR.
The circuit is connectable to a vol-  ent invention. Although in many cases
the same tage source and is responsive to a plurality of optical  quantum
well p-i-n diodes are used for the detection signal beams each incident on
at leastone of the pho-  50  and modulation processes, for simplicity, the
circuits todetectors such that the circuit controls the genera-  described
herein, with the exception of the circuit of tion of the optical output
beam at a first logic value  FIG. 6, have one set of several diodes on
which the when the logic function of the plurality of optical sig-  optical
signal beams are incident (signal diodes), one nal beams is a first value,
and at a second logic value  diode on which the reference beam is incident
(refer- when the logic function is a second value.   55  ence diode), and
two diodes that generate the output Illustratively, any AND and NAND
operations of  beams from a pair of incident, equal power clock 



the logic function correspond to series connections  beams (output S-SEED).
Any two (or N) parallel-con- within the circuit and any OR and NOR
operations   nected diodes are replaceable by a single diode with 3    5
EP 0 415 616 B1                 6 an optical window large enough for two
(or N) beams.  teristics. The circuits described herein use only quantum
well    Since the center node of the output S-SEED, p-i-n diodes, but in
fact, It Is not necessary that the di-  comprising quantum well p-i-n
diodes 130 and 140, Is odes with the incident input beams have quantum
tied to the point between reference diode 120 and cir- wells, although
improved switching performance re-   5   cult 110, once the voltage at this
point has been de- suits if they do. The improved switching performance
termined (i.e. after the switching time of the circuit), results from the
increase in absorption of the quan-  the signal beams are removed and the
higher power turn well diode with reducing voltage; this change in  clock
beams applied to read out the state of the ap- absorption tends to further
enhance the difference in  paratus at higher power, thus achieving time-
photocurrents between the diodes, hence switching   1o  sequential gain.
However, bistability is required to them faster. The apparatus Is operated
by setting the  read the state of the apparatus; accordingly, the out-
state of the apparatus using relatively low power input  put S-SEED must
have a bistable region when apply- signal and reference beams, and
subsequently read-  ing the clock signals. To ensure this, the circuits op-
ing out the state using a pair of equal, high power  erate at a wavelength
where there is more absorption clock beams, thus achieving the same time-
15  at low voltages than at high voltages, ensuring a re- sequential gain
mechanism that Is present in the S-  gion of bistabiliry. Thus, for the
description herein, SEED.                                              low
voltage corresponds to low optical output, and The operation of the logic
gate is described be-  high voltage corresponds to high optical output.
Out- low. First, the signal beams are applied to the diodes,  put signal C
of FIG. 1 is a noninverting output ("high" 111, 112, 113, etc., of circuit
110 and the reference   20  when the logicfunction Is satisfied), because,
as stat- beam is applied to diode 120. The reference beam is  ed above, the
voltage across reference diode 120 is provided by passing a previous dock
beam through a  essentially equal to the power supplyvoltage [err] when
quantum well modulator 150 with a fixed voltage Vb  the logic function is
satisfied. Since output signal D on it. The reference beam and signal beams
are not  is complementary to output C, it is the inverting out- only
derived from the same (clock) laser, but also   25  put. Forexample,
outputD is used for NORand NAND pass through quantum well p-i-n diodes with
the    gates. It is possible to operate at wavelengths where same
characteristics, further reducing the need for  there is no bistability In
the S-SEED, for example, at critical biasing. The voltage present on the
node be-  larger wavelengths where absorption increases with tween circuit
110 and reference diode 120 is a func-  Increasing voltage, but then there
is no gain mecha- tion of the generated currents. For non-inverting   30
nism. The use of phototransistors for the detector di- functions (i.e.
combinations of ANDs and ORs), the  odes could provide this gain mechanism
with possible reference beam power level is adjusted so that the  energy
efficiency improvement. voltage across reference diode 120 is essentially
zero  The signal diodes for the OR/NOR arrangement if the logic function is
not satisfied. This occurs if the  of FIG. 2 consist of two
parallel-connected quantum photocurrent generated by the reference diode
120 is  35  well diodes 211 and 212, with respective input signals
initially greater than thatgenerated by circuit 110. The  A and B. For OR
operation, If either of the signals A reference beam power level is also
adjusted so that  and B is a logic "one" the output is a logic "one";
other- the voltage across reference diode 120 Is essentially  wise the
output is a logic "zero". The constraint on the equal to the supply voltage
[err] if the logic function is  reference beam power Is as follows.
Assuming equal satisfied. In this case, the photocurrent generated by  40
responsivity for all diodes, if the sum of the powers of reference diode
120 is initially less than that generat-  the two Input signals is
sufficiently less than the ref- ed by circuit 110. The two cases
givearangeofpower  erence beam power when both inputs are logic levels for
the reference beam, so there is no critical  zeros, essentially zero volts
is present across the ref- biasing. If quantum well p-i-n diodes are used
for the  erence diode 220. Because diode 230 of the output S- detectors,
there is arangeof input powerlevels where  45  SEED is connected in
parallel with reference diode bistability exists. Therefore, it is
necessary In the two  220, output C is "low" when the clock beams are ap-
cases given above that the photocurrent generated in  plied. Conversely, if
the sum of the powers of the two reference diode 120 is
sufficientlygreaterorless than  input signals is sufficiently greaterthan
the reference that generated by circuit 110 so that the resultant vol-
beam power when at least one Input is a logic one, tage across reference
diode 120 is uniquely defined   50  essentially the supply voltage [err]
appears across ref- (i.e. outside of the bistable loop) for all sets of
input  erence diode 220, and output C is "high" when the signals. An
alternative Is to ramp the supply voltage  clock beams are applied. The
bistable characteristics [err] up from zero during the application of the
input sig-  during the application of the signals can be eliminated 



nals and reference beam, effectively removing any  by momentarily turning
off the DC power supply, so bistable characteristics. Using photodetectors
with-  as  that the apparatus acts as a true optical comparator. out a
negative resistance region (for example, detec-  It follows directly that
the reference beam power must tors without quantum wells) for the diodes
with inci-  be between twice the power of a logic "zero" and the dent onput
signals also removes the bistable charac-  sum of the power of a logic
"zero" and a logic "one". 4    7                  EP 0 415 616 B1
8 Since output D generated by diode 240 Is com-  power is less than that of
a logic "one", when inputs plementary to output C, D is the NOR of A and B.
A and B are both logic "ones", reference diode 320 An AND/NAND gate is
realizable using the same cir-  has the least incident power and
essentially the sup- cuit arrangement by choosing the reference beam   ply
voltage [err] across it Therefore, when the docks power between the sum of
the power of a logic "zero"   5   are applied, output C is "high". Thus, if
the reference and a logic "one" and twice the power ofa logic "one".  beam
power is between a logic "zero" and a logic A logic arrangement having an
output that is a logic  "one", the circuit arrangement of FIG. 3 performs
an "one" when M of N inputs are "high" has N diodes,  AND function. Since
the two outputs of the S-SEED each with one input, connected In parallel.
The range  are complementary, output D generated by diode 340 of reference
beam power levels for this logic arrange-  10  is the NAND of the two
inputs A and B. ment is given by:                                     An N
input AND/NAND gate is realizable by con- [err]     PREFRENCE    necting N
diodes, each with one of the N incident sig- [err]
nal beams, in series with the reference diode. The where M=1 for an OR/NOR
gate, M=Nfor an AND /AND       constraint on the reference beam power level
for this gate, and M=N=1 for an inverter/bufler or D-flip-flop.  15  gate
is that the power level In the reference beam is An optimum value for the
reference beam may be     between a logic "zero" power level and a logic
"one" chosen in the middle of the two edges of the inequali-  level
(assuming no bistable loop). In this case, the ry. In this case the
reference beam amplitude is given  multi-input ANDINAND gate has the same
signal tol- by:                                               erances
regardless of the number of inputs, and itcan [err]
20  be easily shown that it also has the same switching Since the
constraints on the reference beam power  energy. Thus, this N input
AND/NAND gate is useful become tight for large N, this logic gate is most
useful  for large fan-ins. One practical constraint that may for a small
number of inputs.                     limit operation for very large N is
the finite forward The AND/NAND logic arrangement of FIG. 3 Is    voltage
that appears across the diodes that are In the particularly useful for
combination with other logic  25  low state, i.e. they are photovoltaic.
The presence of functions. The signal inputs, A and B, are incident re-
this voltage does notalterthe basic function of the de- spectively on two
serially connected diodes 311 and  vice, but the sum of the forward
voltages must not be 312. Including the reference signal, the inputs are
so large as to cause breakdown in the diode in the thus incident on three
serially connected quantum  "high" state. well p-i-n diodes 320,311 and
312. For equal power in-  30  An important advantage of single-ended
optical put light beams, the apparatus of FIG. 3 has three  logic
arrangements of the type shown in FIG. 1 re- states, each state
corresponding to one p-i-n diode  lates to the implementation of arbitrary
functions with having essentially the supplyvoltage [err] across it(and
such arrangements. The arrangement of FIG. 4 im- higheroptical output) and
the othertwodiodes having  plements the OR of two subfunctions, by
connecting essentially zero volts across them. If the voltage [err] is  35
circuits 411 and 412, corresponding to the subfunc- ramped up from zero
while applying the input signals  tions, in parallel. The arrangement of
FIG. 5 imple- (effectively removing any bistable characteristics),  ments
the AND of two subfunctions, by connecting the diode with the least
incident optical power has es-  circuits 511 and 512, corresponding to the
subfunc- sentially the supply voltage [err] across it. Otherwise, a  tions,
in series. One example of such a function is particular diode must have
Input signals with suffi-  40   E=AB+CD. The circuit arrangement for
implementing ciently less power than the other two to uniquely de-  this
function is shown in FIG. 6. Note that the refer- termine the apparatus
state outside the bistable re-  ence diode and the top diode of the output
S-SEED gions. In operation as an AND gate, the output is alog-  are
combined into one diode 630. Subgroup 1, con- ic "one" only if both inputs
are logic "ones"; otherwise  sisting of two p-i-n diodes 611 and 612
connected the output is a logic "zero". Assuming the reference   45
electrically in series, performs the AND of A and B. beam power is greater
than that of a logic "zero", if  Subgroup 2, also consisting of two diodes
613 and either of signals A or B are logic "zeros" then the par-  614 in
series, performs the AND of C and D. By con- ticulardiode with the logic
"zero" input has essentially  necting subgroups 1 and 2 in parallel, the
circuit per- the supply voltage [err] across it and the others (Includ-
forms the desired OR of AB and CD. We can gener- ing the reference diode
320) have essentially zero  50  alize this circuit to include p
parallel-connected 



volts across them. If both signals are logic "zeros", the  groups of [err]
series diodes, where each group of ser- diode with the input logic "zero"
with the least power  ially connected diodes need not have the same num-
(assuming some small inequity exists) has essential-  ber of diodes, to
realize a programmable logic array ly the supply voltage [err] across it,
and reference diode  (i.e. the ORs of many ANDs). 320 still has essentially
zero volts across it. Because  55  Next consider another arbitrary function
given by diode 330 of the output S-SEED is connected in par-  E=(AB+C)D,
implemented by the arrangement of allel with reference diode 320, when the
clock beams  FIG. 7. First, AB is implemented with serially connect- are
applied, output C is "low". If the reference beam  ed diodes 711 and 712. A
diode 713 In parallel with 5    9                   EP 0 415 616 B1
10 this serial group performs the OR of AB and C. The     Equally Important
is the calculation of the con- three diodes 711, 712 and 713 comprise
subgroup 1.  straints on the reference beam power in an arbitrary An
additional diode 714 is connected in series with  circuit. In general, the
truth table is written for the cir- subgroup 1 to perform the AND function
of (AB+C)   cuit and the contribution of each diode to the overall and D.
Then subgroup 1 is connected in series with   5   current in the circuit is
calculated. Again, assume that reference diode 720 to provide the output
voltage at  all diodes have the same responsivity. The contribu- the center
node of the output S-SEED comprising dl-  tion of serially connected
subgroups is equal to the odes 730 and 740.
minimum of the subgroups, and the contribution of In the arrangement of
FIG. 7, the contrast ratio of  parallel-connected subgroups is equal to the
sum of the input signals must be greater than 2:1 for the ar-  10  the
currents in each subgroup. Then the largest of the rangement to properly
perform the logic function.  currents where the function is a logic "zero"
is deter- This is true because a logic "one" for input beam D  mined as
well as the smallest of the currents where must generate more current than
logic zeros on in-  the function is a logic "one". Assuming no bistablilty
put beams A, B, and C. Since diode 713 with incident  while the input
signals are applied, the reference beam C is connected in parallel with the
set of diodes   15  beam should generate a current between these two 711
and 712 with incident beams A and B, the contri-  currents. Otherwise, the
reference beam is con- bution of the currents of any one of these three
diodes  strained such that the ratio of the current generated 711, 712 and
713 is twice that of diode 714 with input  by the signal diodes to the
current generated by the beam D. Optical attenuators may be added to
achieve  reference diode In the case where the function is sat- optimum
performance, particularly when the input  20  isfied exceeds a critical
factor, k, required to uniquely signals have small contrast ratios between
the two  determine the state of the apparatus. Conversely, the logic
levels. The optical attenuators are, in general,  ratio of the current
generated by the signal diodes to different for each diode. They may either
be fabrocat-  the current generated by the reference diode in the ed as
part of the devices or may be a patterned array  case where the function is
not satisfied must be less of attenuators placed in the image plane of the
de-  25  than 1/k. It is possible that, for some circuits, both of vice.
Again, if the input contrast ratio is sufficient (this  these conditions
cannot be met unless the input sig- is dependent on the particularcircuit),
the attenuators  nals have sufficient contrast ratio or, as discussed are
not needed. Calculations are next described for  above, the bistability is
removed during the applica- the appropriate values of the attenuators under
the  tion of the signals. assumption that the logic arrangement is to
operate  30  The truth table and the currents generated forthe for contrast
ratios greater than one. This minimizes  circuit in FIG. 7 are shown in
FIG. 8. The currents are the effects of optical power level
non-uniformities for  calculated under the assumption that input beams A,
greater contrast ratios.                            B, and C are attenuated
by 50%, the responsivity is The method used to calculate the optimum val-
chosen for simplicity to be a constant value of 1 A/W, ues for the
attenuators is to choose those values that  35  and the bistability is
removed during the application would allow the system to be in a perfect
unstable  of the input signals. (All currents scale with responsiv-
equilibrium. In such a situation, the system is most  ity, which, although
not constant, averages about 0.3 sensitive to any slight perturbation of
the Inputs that  A/W from 0 to 15 volts for one of the quantum well di-
would lead to switching. Therefore, assuming equal  odes.) From the last
column in FIG. 8, the constraints power incident beams and all diodes
having the same   40  on the reference beam power level are: responsivity,
equal currents are generated for all di-  [err] odes. All diodes in the
circuit are considered to be  The optimum power level for the reference
beam Is biased at an unstable equilibrium point, and only one  halfway in
between the two sides of the inequality. In such point will exist so that
this is true for all diodes.  this case the reference beam power level is
equal to Indeed, the device will be in such a state, provided   45
(1/4)[err] that the voltage is ramped up from zero while the sig-  FIG. 9
shows the truth table for the circuit in FIG. nals are applied; otherwise
the bistability in the sys-  6. No attenuators are needed in this circuit.
From the 



tern will prevent this from happening. To illustrate this  last column in
FIG. 9, the constraints on the reference method of calculating the values
for the attenuators,  beam power level are consider the arrangement of FIG.
7. First consider the   50  [err] current generated by the diodes in
subgroup 1. If  Choosing reference beam power halfway in between equal
currents are generated by each diode, then the  the two sides of the
inequality gives us a reference series current in subgroup 1 is twice that
in diode 714  beam power level of (1/2)[err] with input beam D. Therefore,
the input signals inci- dent on the diodes in subgroup 1 need to be attenu-
55 ated by 50%. Although this is a simple example, this  Claims technique
applies to more complex arrangements as well.
1. Apparatus comprising means (130) for generat- 6    this serial group
performs the OR of AB and C. The     Equally important Is the calculation
of the con- three diodes 711, 712 and 713 comprise subgroup 1.  straints on
the reference beam power in an arbitrary An additional diode 714 Is
connected In series with  circuit In general, the truth table Is written
for the cir- subgroup 1 to perform the AND function of (AB+C)   cult and
the contribution of each diode to the overall and D. Then subgroup 1 is
connected in series with   5   current in the circuit is calculated. Again,
assume that reference diode 720 to provide the output voltage at  all
diodes have the same responsivity. The contribu- the center node of the
output S-SEED comprising di-  tion of serially connected subgroups is equal
to the odes 730 and 740.                                  minimum of the
subgroups, and the contribution of In the arrangement of FIG. 7, the
contrast ratio of  parallel-connected subgroups is equal to the sum of the
input signals must be greater than 2:1 for the ar-  10  the currents In
each subgroup. Then the largest of the rangement to properly perform the
logic function.  currents where the function is a logic "zero" is deter-
This is true because a logic "one" for input beam D  mined as well as the
smallest of the currents where must generate more current than logic "zero"
on in-  the function is a logic "one" Assuming no bistability put beams A,
B, and C. Since diode 713 with Incident  while the input signals are
applied, the reference beam C is connected in parallel with the set of
diodes   15  beam should generate a current between these two 711 and 712
with incident beams A and B, the contri-  currents. Otherwise, the
reference beam is con- bution of the currents of anyone ofthese three
diodes  strained such that the ratio of the current generated 711, 712 and
713 is twice that of diode 714 with input  by the signal diodes to the
current generated by the beam D. Optical attenuators may be added to
achieve  reference diode In the case where the function is sat- optimum
performance, particularly when the input  20  isfied exceeds a critical
factor, k, required to uniquely signals have small contrast ratios between
the two  determine the state of the apparatus. Conversely, the logic
levels. The optical attenuators are, in general,  ratio of the current
generated by the signal diodes to different for each diode. They may either
be fabricat-  the current generated by the reference diode in the ed as
part of the devices or may be a patterned array  case where the function is
not satisfied must be less of attenuators placed in the image plane of the
de-  25  than 1/k. It is possible that, for some circuits, both of vice.
Again, if the inputcontrast ratio is sufficient (this  these conditions
cannot be met unless the input sig- Is dependenton the particularcircuit),
the attenuators  nals have sufficient contrast ratio or, as discussed are
not needed. Calculations are next described for  above, the bistability is
removed during the applica- the appropriate values of the attenuators under
the  tion of the signals. assumption that the logic arrangement is to
operate  30  The truth table and the currents generated forthe for contrast
ratios greater than one. This minimizes  circuit in FIG. 7 are shown in
FIG. 8. The currents are the effects of optical power level
non-uniformities for  calculated under the assumption that input beams A,
greater contrast ratios.                           B, and C are attenuated
by 50%, the responsivity is The method used to calculate the optimum val-
chosen for simplicity to be a constant value of 1 A/W, ues for the
attenuators Is to choose those values that  35  and the bistability is
removed during the application would allow the system to be in a perfect
unstable  of the inputsignals. (All currents scalewith responsiv-
equilibrium. In such a situation, the system is most  ity, which, although
not constant, averages about 0.3 sensitive to any slight perturbation of
the inputs that  A/W from 0 to 15 volts for one of the quantum well di-
would lead to switching. Therefore, assuming equal  odes.) From the last
column in FIG. 8, the constraints power Incident beams and all diodes
having the same   40  on the reference beam power level are: responsivity,
equal currents are generated for all di-  [err] odes. All diodes in the
circuit are considered to be  The optimum power level for the reference
beam is biased at an unstable equilibrium point, and only one  halfway in
between the two sides of the inequality. In such point will exist so that
this is true for all diodes.  this case the reference beam power level is
equal to Indeed, the device will be in such a state, provided   45
(1/4)[err] 



that the voltage is ramped up from zero while the sig-  FIG. 9 shows the
truth table for the circuit in FIG. nals are applied; otherwise the
bistability In the sys-  6. No attenuators are needed in this circuit From
the tern will prevent this from happening. To Illustrate this  last column
in FIG. 9, the constraints on the reference method of calculating the
values for the attenuators,  beam power level are considerthearrangementof
FIG. 7. First considerthe   50  [err] current generated by the diodes in
subgroup 1. If  Choosing reference beam power halfway in between equal
currents are generated by each diode, then the  the two sides of the
inequality gives us a reference series current in subgroup 1 is twice that
In diode 714  beam power level of (1/2)[err] with input beam D. Therefore,
the input signals inci- dent on the diodes in subgroup 1 need to be attenu-
55 ated by 50%. Although this is a simple example, this  Claims technique
applies to more complex arrangements as well.
1. Apparatus comprising means (130) for generat- 6    11                 EP
0 415 616 B1                 12       *   C  L  M  S  * ing an optical
output beam (C), and a plurality of  5. Apparatus as claimed in claim 3 or
4 comprising photodetector means (111-113) Interconnected to   means (150)
for transmitting said optical refer- form an electrical
circuit(110)forelectricallycon-  ence beam to said photodetectormeans
connect- trolling said generating means, said circuit being  ed In series
with said circuit, said transmitting connectable to a voltage source
([err]) and respon-   5  means comprising a p-i-n diode having quantum sive
to a plurality of optical signal beams (INPUT  wells in an intrinsic region
thereof. SIGNALS), each incident on at least one of said photodetector
means, said circuit corresponding  6. Apparatus as claimed in any preceding
claim to a logic function, said apparatus being CHAR-   wherein each said
photodetectormeanscompris- ACTERIZED IN THAT said logic function is a   10
es a p-i-n diode. complex logic function comprising a combination of at
least two operations from the group of logic  7. Apparatus as claimed in
any preceding claim operations consisting of AND, OR NAND, and
wherein each said photodetectormeans compris- NOR, and said circuit serves
to produce a single  es a semiconductor quantum well region. voltage
dependent upon said complex logicfuno-  15 tion of said incident optical
signal beams, such  8. Apparatus as claimed in any preceding claim that
said voltage controls the generation of said  comprising means (140)
electrically connected to optical output beam at a first logic value when
said circuit for generating a beam that Is comple- said logic function of
said plurality of optical sig-  mentary to said optical output beam. nal
beams Is a first value, and at a second logic  20 value when said logic
function of said plurality of  9. Apparatus as claimed In claim 8 wherein
said optical signal beams is a second value.           means for generating
said complementary beam comprises a semiconductor quantum well region. 2.
Apparatus as claimed in claim 1 where any AND and NAND operations of said
logic function cor-  25  10. Apparatus as claimed in claim 8 or9 wherein
said respond to series connections within said circuit  means for
generating said complementary beam and where any OR and NOR operations of
said       comprises a p-i-n diode. logic function correspond to parallel
connections within said circuit.                           11. Apparatus as
claimed in any preceding claim 30      wherein said generating means
comprises opti- 3. Apparatus as claimed in claim 1 or 2 comprising    cal
modulator means (130) responsive to an opt- photodetector means (120),
connected in series    Ical clock beam (CLK) for generating said optical
with said circuit for connection across said vol-  output beam. tage
source, and responsive to an optical refer- ence beam (REF) for generating
a photocurrent  35  12. Apparatus as claimed in claim 11 wherein, in op-
greaterthan a photocurrent generated by said cir-  eration, said plurality
of optical signal beams are cult when said logic function of said plurality
of  first applied to set the state of said apparatus and optical signal
beams is said first value and for  said optical clock beam is subsequently
applied generating a photocurrent less than a photocur-   to read the state
of said apparatus. rent generated by said circuit when said logic  40
function of said plurality of optical signal beams  13. Apparatus as
claimed in claim 11 or 12 wherein is said second value.
said optical modulator means comprises a semi- 



conductor quantum well region. 4. Apparatus as claimed in claim 1 or 2
comprising photodetector means (120), connected in series  45  14.
Apparatus as claimed in claim 11,12 or 13where- with said circuit for
connection across said vol-  In said optical modulator means comprises a
p-i- tage source, and responsive to an optical refer-  n diode. ence beam
(REF), where the powers of said opt- ical signal beams and said optical
reference beam are such that said photodetector means  50
PatentansprtIche connected in series with said circuit generates a
photocurrent that is greater than a photocurrent  1. Vorrichtung mit einer
Einrichtung (130) zur Er- generated by said circuit when said logic
function  zeugung eines optischen Ausgangsstrahls (C) of said plurality of
optical signal beams is said  und mit ehner Vielzahl von
Photodetektoreinrich- first value and generates a photocurrent that is  55
tungen (111-113), die miteinanderzurAusbildung less than a photocurrent
generated by said circuit  einer elektronischen Schaltung (110) zum
elektri- when said logic function of said plurality of optical  schen
Steuern der Erzeugungseinrichtung ver- signal beams Is said second value.
bunden sind, wobel die Schaltung mit elner Span- 7    13                 EP
0 415 616 B1                14    I111111 ME1 HE 11111 11 111 lID! *C   L
M   S* nungsquelle (VO) verbindbar lit und auf esine Viol-  Schaltung
erzeugter Photostrom 1t, wenn die lo- zahl von optischen Signalstrahlen
(EINGANGS-      gische Funibtion der Vieizahl von optischen Si- SIGNALE)
anspricht, die jeder an wenigstens e1-   gnalstrahlen don ersten Wert
annimmt und eonen ner der Photodetektoreinrichtungen einfallen,
Photostrom erzeugt, der niedrigor alesin Photo- wobel die Schaltung einer
logischen Funktion   5  strom ist, der durch die Schaltung erzeugt wird,
entspricht, wobel die Vorrichtung dadurch ge-     wenn die logische
Funktion der Vidizahl von op- kennzeichnet lat, dal die logische Funktion
ine  tischen Signalstrahlen bei dern zweltn Wert ist komplexe logische
Funktilon mit elner Kombinati- on von wenigstens zwei Operationen aus der
S. Vorrichtung nach Anspruch 3 oder 4, Gruppe von logischen Funktionen, die
UND,  1o     umfassend sine Einrichtung (150) zum Obertra- ODER, NICi-iTUND
und NICHTODER umfassen           gen des optischen Bezugsstrahis zu der
Photo- und wobei die Schaltung dazu dient, elne einzel-
detektoreinrichtung, die In Serie mit der Schal- ne Spannung in
AbhangIgkeit von der komplexen    tung verbunden let, wobei die
Obertragungeein- logischen Funktion von den sinfatlenden opti-     richtung
sine p-i-n-Diode umfaBt, welche Quan- schen Signalstrahlen derart zu
srzeugen, dal   15  tenmulden in sinem intrinsischen Bereich von die
Spannung die Erzeugung des optischen Aus-     dieser umfakt. gangestrahis
zu elnem ersten logischen Wert steuert, wenn die logische Funktlon von der
Viel-  6. Vorrichtung nach einem der vorstehenden An- zahl von optischen
Signalstrahlen oenen ersten   spriiche, Wert annimmt und zu einem zweiten
logischen   20  bei weicher jede Photodetektorelnrichtung eine Wert
steuert, wenn die logische Funktion der      p-i-n-Diode umfagt. Viezahl
von optischen Slgnalstrahlen olnen zweiten Wert annimmt.
7. Vorrichtung nach einem der vorstehenden An- spriiche, 2. Vorrichtung
nach Anspruch 1,              25      bet welcher jede
Photodetektoreinrichtung elnen bel weicher beliebige UND- und NICHTUND-
Halbleiter-Quantenmuldenbereich umfait Operationen der logiechen Funktionen
seriellen Verbindungen innerhalb der Schaltung entspre-  8. Vorrichtung
nach einern der vorstehenden An- chen  und  wobel beliobige  ODER- und
sprioche, NICHTODER-Operatonen der logischen Funldt-  30    umfassend sine
Einrichtung (140), die elektrisch on parallelen Verbindungen Innerhalb der
Schal-   mit der Schaltung zurn Erzeugen eines zum op- tung entsprechen.
tischen Ausgangsstrahl komplementfren Strahis verbunden ist. 3. Vorrichtung
nach Anspruch I oder 2, umfassend eine Photodeotktoreinrichtung (120),  35
9. Vorrbhtung nach Anspruch 8, die In Serie mit der Schaitung zur
Verbindung     bei welcher die Einrlchtung zum Erzeugen des Ober die
Spannungsquelle verbunden lst und auf    komplementiren Strahis oenen
Halbleitorquan- ainen optischen Bezugastrahl (REF) anspricht,
tenmuldenbereich umfait. 



um elnen Photostrom zu erzeugen, dergrfter let ale sin durch die Schaltung
erzeugter Photo-  40  10. Vorrichtung nach Anspruch 8 odor 9, strom, wenn
die logische Funktion der Vieizahl    bei watcher die Einrichtung zur
Erzeugung des von optischen Signalstrahlen den ersten Wert
komplernentaren Strahis eine p-i-n-Diode un- annimmt und um elnen
Photostrom zu erzeugen,      faet. der niedriger lst ale eln Photostrom,
derdurch die Schattung erzeugtwird, wenn die logische Funk-  45  11.
Vortichtung nach einem der vorstahenden An- tion der Vleizahl von optischen
Signalstrahlen    sprfiche, den zweiten Wert annimmt.
bet watcher die Erzeugungseinrichtung eine op- tische Modulatoreinrichtung
(130) umfalt, wel- 4. Vorrichtung nach Anspruch I oder 2,
chein Ansprechen aufinen optischan Taktstrahl umfassend elne
Photodetaktoreinrichtung (120),  50  (CLk) einen optischen Ausgangestrahl
erzeugt. die in Serie mit der Schaltung zurn Verbinden Ober die
Spannungsquelle angeschlossen lat und  12. Vorrchtung nach Anspruch 11, auf
eonen optischen Bezugastrahl (REF) an-        be! weicher im
Betriebbzustand die Vielzahl von spricht, wobei die Leistungen der
optiechen Si-   optischen SIgnalstrahlen zuerst angelogt sind, gnalstrahlen
und des optischen Bezugsstrahis  55  um den Zustand der Vorrichtung
einzustellen, so sind, daiS die Photodetektoreinrichtung, die In  und der
optische Taktstrahl nachfolgend zum Serie mit der Schaltung verbunden ist,
elnen      Auslesen des Zustands der Vorrichtung angelegt Photostrom
erzeugt, dergroier als sin durch die   wird. 8    15                 EP 0
415 616 B1               16         1     liii Jill II ll *C  L  M  S* 13.
Vorrichtung nach Anspruch ii oder 12,           courant qui est g6ner6 par
Is circuit lorsque la be! welcher die optische Modulatoreinrichtung ol-
fonction logique de l'ensemble de falsceaux de al- nen
Halbleitrquantenmuldenbereich umfaBt        gnaux optiques a la seconde
valeur. 14. Vorrichtung nach Anspruch 11, 12 oder 13,  5   4. Apparell
solon la revendication I ou 2, compre- bei wolcher die optieche
Modulatoreinrichtung si-  nant des moyens photod6tecteurs (120), conneo- ne
p-i-n-Diode umfalt                           tes on s6rie avec le circuit
pour la connexion aux bornes de la source de tension, et reagissant A un
faisceau de reference optique (REF), dans lequel Revendlcations
10      lee puissances des faisceaux de signaux opti- ques etdu faisceau de
r6ference optique sont tel- 1. Apparell comprenant des moyens (130) pour
g6-    les quo ces moyens photod~tectours connect6s n6rer un faisceau de
sortie optique (C), et un en-  en s6rie avec le circuit ghnbront un
photocourant ssmble de moyens photodteoctours (111-113) in-  qui
estsup6rieurAun photocourantgener6 parle tsrconnectes pour former un
circuit 6lectrique  is  circuit lorsque la fonctlon logique de l'ensemble
(110) de fagon a commander electriquement lea   de faisceaux de signaux
optiques a la premibre moyens de g6n6ration, co circuit pouvant stre
valour, et ils genbrent un photocourant qui est in- connecte A une source
de tension (Vo) ot reagis-  f6rieur A un photocourant genere par Is circuit
sent A un ensemble de faisceaux de signaux op-   lorsque la fonction
logique de l'ensemble de fais- tiques (INPUT SIGNALS), chacun d'sux tombant
20  ceaux de signaux optiques a la seconde valeur. sur i'un au moins des
moyens photodetecteurs, ce circuit correspondent A une fonction logique,
5. Apparell selon la revendication 3 ou 4, compre- cot apparsil etant
CARACTERiSE EN CE QUE la     nant des moyens (150) pour transmettre Io
fais- fhnction loglque est une fonction logique        ceau de r6fMronce
optique aux moyens photode- complexe comprsnant une combinalson d'au  25
tecteurs connectes en s6rie avec le circuit, ces moins deux operations
choisles dans le groups   moyens de transmission comprenant uno diode
d'op6rations logiques qui comprend les opera-    p-i-n ayant des puits
quantiques dans se r6gion tions ET, OU, NON-ET et NON-OU, et co circuit
intrlnseque. a pour fonction de produire une soule tension sous la
dependance de Ia fonction logique  30  6. Apparell solon I'une quelconque
des revendica- complexe des faisceaux de signaux optiques in-  tions
precedentes, dans lequel chacun des cidents, de fagon quo cette tension
commando la  moyene photo-detecteurs comprend une diode p- g6neration du
falsceau de sortie optique a une  i-n. premibre valeur logique loreque la
fonction logi- quo de rensemble des faisceaux de signaux op-  35  7.
Appareil selon l'une quelconque des revendica- 



tiques a une premilbre valeur, et a une secondo  tions pr6cedentes, dans
lequel chacun des valeurlogique lorsque la fonctlon logique de I'n-  moyens
photo-detecteurs comprend une region semble de faisceaux de signaux
optiques a une   de pults quantique a semi-conductour. seconds valeur. 40
S. Apparell selon l'une quelconque des revendica- 2. Apparell solon la
rovendication 1, dans lequel des  tions pro6cdentes, comprenant des moyens
operations ET et NON-ET quolconques de la       (140) connectes
electriquement au circuit pour fonction logique pr6cit6e correspondent A
des    g6n6ror un falscoeau qul est complementaire du connexions en serie
dans Is circuit, et dans lequel  faisceau de sortie optique. des operations
OU et NON-OU queloonques de  45 la fonction logique precitee correspondent
A des  9. Appareil solon Ia revendication 8, dans lequel [as connexions en
paraileil dons le circuit         moyens destlnes A generer le faiecoau
compie- mentaire comprennent une rigion de puits quan- 3. Appareil solon la
revendicatlon I ou 2, compre-  tique A semi-conductour. nantdes moyens
photodetecteurs (120), conneo  50 tis en serie avec le circuit pour la
connexion aux  10. Apparell solon la revendication 8 ou 9, dans le- bornes
de la source de tension, et reagissant A un  quel les moyens destines A
generor le faisceau falsceau de reference optique (REP) de fagon A
complementaire comprennent une diode p-i-n. generer un photocourant
supeineur A un photo- courant qui est genere par Is circuit lorsque la  55
11. Appareil selon I'une quelconque des revendica- fonction logique de
l'ensemble de faiscoaux de si-  tions pricidentes, dane lequel les moyens
de ge- gnaux optiques a la promiAre valour, et de fagon  neration
comprennent des moyens modulateurs A g6nirer un photocourant inf6rour A un
photo-  optiques (130) qui reagissent A un fasoeau S    17
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d'horloge optique (CLK) en'gnirant le faisceau
*c    L   R   S de sortie optique. 12. Appareil selon la revendication 11
dans lequel, pendant le fonctlonnement, I'ensemble de faNs-   5 ceaux de
signaux optiques sont appliqu6s en pre- mier pouritablir Matde rapparell,
ot le falsceau d'horloge optique est appiiqu6 ensu-te pour lire t'6tat de
rappareil. 10 13. Appareil olon la revendication 11 ou 12, dans le- quel
les moyens modulateurs optiques compren- nent une r6glon de puits quantique
a somicon- ducteur. 15 14. Apparellselonlarevendication 11, 12ou 13, dans
lequel lee moyens modulateurs optiques comprennent une diode p-i-n. 20 25
30 35 40 46 50 55 10    


