Optical logic using electrically connected quantum well PIN
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We present new optoelectronic logic devices or circuits consisting of electrically connected quantum well PIN
diodes capable of implementing any boolean logic function. One class of circuits uses single beams to
represent the logic levels and compares their intensities to a locally generated referencesignal. A second class
of circuits routes signals as differential pairs. The connections of diodes in these circuits resemble the
transistor connections in NMOS and CMOS logic families. We demonstrate simple optical programmable
logic arrays {(e.g., E = AB + CD) using both of these classes of circuita.

l. Introduction

Many types of logic devices have been proposed for
optical computing and photonic switching.l2 All of
these must have the required gain for cascading de-
vices and at least a minimum functionality needed to
perform general Boolean logic functions by optically
interconnecting these devices (for example, a NOR gate
issufficient). Itisclearly preferable, from the point of
view of trying to build optical computing or photonic
switching systems, that the devices are physically suf-
ficiently functional to be easy to use. For example, a
three-terminal device is clearly preferable to a two-
terminal device because the input/output isolation
present in three-terminal devices helps remove the
problem of critical biasing present in two-terminal
devices. It is also advantageous that there is some
choice in logical functionality. Although itis possible
to construct an arbitrary optical computer from two
input NOR gates alone, a more optimal architecture
may be constructed if more complex gates are avail-
able. Finally, it is important that the devices operate
at fast speeds with low power requirements. Self-
electrooptic effect devices (SEEDs)? offer the promise
of satisfying all these requirements. SEEDs rely on
changes in the optical absorption that can be induced
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by changes in an electric field applied perpendicular to
the thin semiconductor layers in multiple quantum
well material.?3 Typically these quantum wells are
contained in the intrinsic region of a reverse biased
PIN diode. When combined with an appropriate elec-
trical circuit (i.e., load), the resultant device can have
optoelectronic feedback and bistability. Since the
first demonstration of a simple resistor-biased SEED,*
much of the subsequent effort has concentrated on
enhancing the functionality of the devices. More
functionality can be achieved in SEEDs by having
more than one light beam incident on several PIN
diodes. For example, by replacing the resistive load
with a photodiode that was illuminated by a visible (A
= 633-nm) beam, a diode biased SEED56 (D-SEED)
could be operated over many decades in power by
adjusting the light input on the photodiode. The
beam incident on the photodiode could also control the
light output from the quantum well diode, and this
device could act as a memory that could hold its state
for up to 30 s when both the visible and infrared beams
were removed.® A second example, the symmetric
SEED (S-SEED),” consists of two quantum well PIN
diodes electrically connected in series. It has time-
sequential gain, provides for signal timing regenera-
tion, is insensitive to optical power supply fluctua-
tions, and provides effective input/output isolation.
Because the signal inputs and outputs are differential
in nature, specific logic power levels need not be de-
fined and operation of the device is possible over a
power range spanning several decades. Thus, the S-
SEED satisfies the most basic requirement that it be
easy to use. It also has good logical functionality in
that it can act either as an optical set reset latchorasa
differential logic gate capable of NOR, OR, NAND, and
AND functions.® Additionally, arrays of S-SEEDs
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Fig.1. Single ended logic gate. Output C is the noninverting (i.e.,

ORs and ANDg) output and output D is the inverting output. An

extra quantum well PIN diode connected to a voltage source supplies
the reference beam to the next stage of devices.

have been made? that have 3-pJ switching energies and
subnanosecond switching speeds (with slightly higher
energies).l We can attain more functionality by ex-
tending the S-SEED concept to more than two diodes
in series to get multistate self-electrooptic effect de-
vices!! (M-SEEDs) that can behave as optically en-
abled S-SEEDs, select the least intense of many input
signals, or act as image thresholding devices.

In this paper we describe and demonstrate a novel
class of SEEDs, which are extensions of M-SEEDs,
consisting of electrically connected quantum well PIN
diodes. These devices or circuits can perform any
Boolean logic function while retaining good physical
functionality in that the devices are easy to use. The
circuits may be considered as functional units, some-
times referred to as smart pixels,!2 that are intercon-
nected with light beams propagating perpendicular to
the plane of the circuits, although in principle integrat-
ed optics (i.e., waveguides) may be used for intercon-
nections as well. The logic function is realized by the
photocurrents changing the voltage across the quan-
tum well diodes. Therefore, these circuits fall under
the classification of SEEDs.!3 Two classes of circuits
are discussed. The first class of circuits, which we will
refer to as single ended logic circuits, has configura-
tions of quantum well diodes that are quite similar to
transistor configurations in NMOS.}4 In optical sys-
tems using these circuits, the optical signals are routed
individually and compared to a locally generated refer-
ence beam. If the reference beam is generated using
the same laser that supplies the signal beams, we avoid
the critical biasing common to most optical bistable
devices and have time-sequential gain, good input/
output isolation, and signal retiming. In addition, we
can define logic levels relative to the reference beam
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power level and operate the devices (circuits) over a
power range of several decades as well.

In optical systems using the second class of circuits,
we route the signals as differential pairs. These cir-
cuits have diode connections similar to transistor con-
nections in CMOS.14 They also avoid critical biasing,
have time-sequential gain, good input/output isola-
tion, and signal retiming. These circuits are more
complex than the first class but they do not require a
reference beam to be generated. Therefore, optical
systems using these circuits may be easier to build than
the comparable systems using the single ended cir-
cuits.

The rest of the paper is organized as follows. In Sec.
II we describe the properties and operation of the
single ended logic family. Then, we describe the basic
OR/NOR and NAND/AND functions and show how to
make more complex functions. We show two exam-
ples of more complex functions and show experimental
results of a circuit implementing E = AB + CD. In
Sec. III we describe the differential logic family and
also show experimental results of a differential circuit
implementing the same logic function.

l. Single Ended Family

Figure 1 shows the class of single ended logic gates
that we describe. Although in many cases the same
quantum well PIN diodes can be used for the detection
and modulation processes, for simplicity, the circuits
that we present have one set of several diodes on which
the input signals are incident (signal diodes), one diode
on which the reference beam is incident (reference
diode), and a set of two diodes that generates the
output beams from a set of incident equal power clock
beams (output S-SEED). Any two (or N) parallel
connected diodes may be replaced by a single diode
with an optical window large enough for two (or
N) beams. The descriptions of the circuits use only
quntum well PIN diodes, but in fact, it is not absolute-
ly necessary that the diodes with the incident input
beams have quantum wells, although better switching
may result if they do. This better switching behavior
results from the increase in absorption of the quantum
well diode with reducing voltage; this change in ab-
sorption tends to further enhance the difference in
photocurrent between the diodes, hence switching
them faster. The devices are operated by setting the
state of the device using relatively low power input
signal and reference beams and, subsequently, reading
out the state using a pair of equal high power clock
beams, achieving the same time-sequential gain mech-
anism that is present in the S-SEED.

The operation of the logic gate is described below.
First, the signal beams and reference beams are ap-
plied to the respective diodes. The reference beam
may be provided by passing a previous clock beam
through a quantum well modulator with a fixed voltage
on it. In this case, the reference beam and signal
beams are not only derived from the same (clock) laser,
but also pass through quantum well PIN diodes with
the same characteristics, further reducing the need for



critical biasing. The voltage that will be present on
the node between the signal diodes and the reference
diode will be a function of the currents generated by
these diodes. For noninverting functions (i.e., combi-
nations of ANDs and ORs), we adjust the reference
beam power level so that the voltage across the refer-
ence diode will be essentially zero, if the logic function
is not satisfied. This will occur if the photocurrent
generated by the reference diode is initially greater
than that generated by the signal diodes. At the same
time, we adjust the reference beam power level so that
the voltage across the reference diode is essentially
equal to the supply voltage if the logic function is
satisfied. In this case, the photocurrent generated by
the reference diode must be initially less than that
generated by the signal diodes. These two cases give
us a range of power levels for the reference beam, so
there is no critical biasing. If we are using quantum
well PIN diodes for these detectors, there is a range of
input power levels where bistability exists. Therefore,
we must be sure in the two cases given above that the
photocurrent generated in the reference diode is suffi-
ciently greater or less than that generated by the signal
diodes so that the resultant voltage across the refer-
ence diode is uniquely defined (i.e., outside the bi-
stable loop) for all sets of input signals. An alternative
is to ramp the supply voltage up from zero during the
application of the input signals and refergnqe beam,
effectively removing any bistable characteristics. Us-
ing photodetectors without a negative resistance re-
gion (for example, detectors without quantum wells)
for the diodes with incident input signals also removes
the bistable characteristics.

Since the center node of the output S-SEED is tied
to the point between the reference diode and the signal
diodes, once the voltage at this point has been deter-
mined (i.e., after the switching time of the circuit), we
can remove the signal beams and apply the higher
power clock beams to read out the state of the device at
higher power, thus achieving time-sequential gain.
However, bistability is required to read the state of the
device, so we assume that the output S-SEED has a
bistable region when applying the clock signals. To
ensure this, we will describe the circuits operating at a
wavelength where there is more absorption at low volt-
ages than at high voltages, ensuring a region of bista-
bility. Thus, for our discussion, low voltage.means }ow
optical output and high voltage means high optical
output. Output signal Cin Fig. 1, Wlll.be a noninvert-
ing output (high when the logic function is satisfied),
because, as we stated above, the voltage across the
reference diode will be essentially equal to the power
supply voltage when the logic function is s.atis‘fied.
Since output D is complementary to output C, it will be
the inverting output (for example, output D is used for
NOR and NAND gates). It is possible to operate at
wavelengths where there is no bistability in the S-
SEED, for example, at longer wavelengths where ab-
sorption increases with increasing voltage, but' then
there is no gain mechanism. Using phototransxstox:s
for the detector diodes, as proposed for transistor bi-
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Fig. 2. Single ended OR/NOR gate: C= A+ B;D = A +B.

ased SEEDs (T-SEEDs),!3!% could provide this gain
mechanism and perhaps make a more energy efficient
logic gate as well.

The signal diodes for the OR/NOR gate shown in Fig.
2 consist of two parallel connected quantum well di-
odes with input signals A and B. For OR operation, if
either of the signals is a logic one the output should be a
logic one; otherwise the output is a logic zero. The
constraint on the reference beam power is described
below. Assuming equal responsivity for all diodes, if
the sum of the powers of the two input signals is suffi-
ciently less than the reference beam power when both
inputs are logic zeros, essentially 0 V will be present
across the reference diode. Because the top diode of
the output S-SEED is connected in parallel with the
reference diode, output C will be low when the clocks
are applied. Conversely, if the sum of the powers of
the two input signals is sufficiently greater than the
reference beam power when at least one input is a logic
one, essentially the supply voltage will appear across
the reference diode, and output C will be high when the
clocks are applied. As mentioned above, we can re-
move the bistable characteristics during the applica-
tion of the signals by momentarily turning off the dc
power supply,! so that the device acts as a true optical
comparator (thus, removing the term sufficiently from
the above description). It follows directly from the
two cases given above that the reference beam power
must be between twice the power of a logic zero and the
sum of the power of a logic zero and a logic one.

Since output D is complementary to output C, D is
the NOR of A and B. An AND/NAND gate can be made
using the same device by choosing the reference beam
power between the sum of the power of a logic zero and
a logic one and twice the power of a logic one. A logic
gate whose output is a logic one when M of N inputs are
high can be made by connecting N diodes, each with
one input, in parallel. The range of reference beam
power levels for this logic gate is given by

M ~ 1D)Pyogic: + (N = M + 1)Py 6100 < Prererence
< (M)Ppogic; + (N = M)Pyogico

where M = 1 for an OR/NOR gate, M = N for an AND/
NAND gate, and M = N = 1 for an inverter/buffer or D-
flip-flop. The optimum value for the reference beam
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may be chosen in the middle of the two edges of the
inequality. In this case, the reference beam amplitude
is given by

Prererence = [(2M - DPiogicy + (2N~ 2M + 1}Pyogicol/2

Since the constraints on the reference beam power
become tight for large N, this logic gate is most useful
for a small number of inputs.

Another AND/NAND gate shown in Fig. 3 is especial-
ly useful when combining OR/NOR and NAND/AND
functions. The signal inputs, A and B, are incident on
two serially connected diodes. Including the reference
signal, the inputs are, thus, incident on three serially
connected quantum well PIN diodes. For equal power
input light beams, this device has three states, each
state corresponding to one PIN diode having essential-
ly the supply voltage across it (and higher optical out-
put) and the other two diodes having essentially 0 V
across them (see Ref. 11 for a discussion of the stable

applying the input signals (effectively removing any
bistable characteristics), the diode with the least inci-
dent optical power has essentially the supply voltage
across it. Otherwise, a particular diode must have
input signals with sufficiently less power than the oth-
er two to uniquely determine the device state (i.e., fall
outside the bistable regions). In operation as an AND
gate, the output should be a logic one only if both
inputs are logic ones; otherwise the output should be a
logic zero. Assuming the reference beam power is
greater than that of a logic zero, if either of signals A or
B are logic zeros, the particular diode with the logic
zero input will have essentially the supply voltage
across it and the others (including the reference diode)
will have essentially 0 V across them. If both signals
are logic zeros, the diode with the input logic zero with
the least power (assuming some small inequity exists)
will have essentially the supply voltage across it, and
the reference diode will still have essentially 0 V across
it. Because the top diode of the output S-SEED is
connected in parallel with the reference diode, when
we apply the clock beams, output C will be low. If we
also assume that the reference beam power is less than
that of alogic one, if inputs A and B are both logic ones,
the reference diode will have the least incident power
and essentially the supply voltage across it. There-
fore, when the clocks are applied, output C will be high.
Thus, if the reference beam power is between a logic
zero and a logic one, this circuit performs an AND
function. Since the two outputs of the S-SEED are
complementary, output D will be the NAND of the two
inputs A and B.

An N input AND/NAND gate can be realized by con-
necting N diodes, each with one of the N incident
signal beams, in series with the reference diode. The
constraint on the reference beam power level for this
gate is still that the power level in the reference beam is
between a logic zero power level and logic one level
(assuming no bistable loop). In this case, the multi-
input AND/NAND gate has the same signal tolerances,
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Fig.3. Single ended AND/NAND gate: C = AB; D = 4B.

regardless of the number of inputs, and it can be easily
shown that it also has the same switching energy.
Thus, this N input AND/NAND gate is useful for large
fan-ins. One practical constraint that may limit oper-
ation for very large N is the finite forward voltage that
appears across the diodes that are in the low state (i.e.,
they are photovoltaic). The Presence of this voltage
does not alter the basic function of the device, but the
sum of all these forward voltages must not be so large
as to cause breakdown in the diode in the high state.
The diodes used in our experiments have forward volt-
ages of ~1 V and breakdown voltages >40 V, so this
would limit us to approximately forty inputs.

Now let us consider how to implement arbitrary
functions. Figure 4(a) shows that to implement the
OR of two subfunctions, we merely connect the circuits
performing the subfunctions in parallel. Figure 4(b)
shows that to implement the AND of two subfunctions,
we merely connect the circuits performing the sub-
functions in series. One example of such a function is
E = AB + CD. The circuit for implementing this
function is shown in Fig. 5. Note that we have now
combined the reference diode and the top diode of the

performs the AND of 4 and B, Subgroup 2, also con-
sisting of two diodes in series, performs the AND of C
and D. By connecting subgroups 1 and 2 in parallel,
the circuit performs the desired OR of ABand CD. We
can generalize this circuit to include P parallel con-
nected groups of Sp series diodes, where each group of
serially connected diodes need not have the same num-
ber of diodes to realize a programmable logic array.
(i.e., the ORs of many ANDS),

Let us consider another arbitrary function given by
E =(AB+ C)D, implemented by the circuit shown in
Fig.6. First, ABisimplemented with serially connect-
ed diodes. A diode in parallel with this serial group
performs the OR of AB and C. We call these three
diodes subgroup 1. An additional diode is connected
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Fig. 4. Combinations of subfunctions implemented with single

ended logic gates: (a). (C = subfunction 1 + subfunction 2, D =

subfunction 1 + subfunction 2); (b). (C = subfunction 1 - subfunc-
tion 2, D = subfunction 1 - subfunction 2).

in series with subgroup 1 to perform the AND function
of (AB + C) and D. Then these diodes are connected
in series with the reference diode to provide the output
voltage that feeds the center node of the output S-
SEED.

In the circuit above, the contrast ratio of the input
signals must be greater than 2:1 for the logic gate to
function properly. This is because a logic one for
input beam D must generate more current than logic
zeros on input beams A, B,and C. Since the diode with
incident beam C is connected in parallel with the set of
diodes with incident beams A and B, the contribution
of the currents of any one of these three diodes is twice
that of the diode with input beam D. In electronic
circuits, the transistors may have different sizes to
equalize these currents and make the gate operate
optimally. In optics, the current generated is inde-
pendent of device size, so instead, optical attenuators
may be added to achieve optimum performance, par-
ticularly when the input signals have small contrast
ratios between the two logic levels. The optical atten-
uators will be different for each diode, so they may
either be fabricated as part of the devices or may be a
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Fig.5. Single ended logic gate implementing E = AB + CD. The
circles indicate the S-SEEDs used in the experiments.
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Fig.6. Single ended logic gate implementing E = (AB + C)D. For
the gate to operate at contrast ratios less than 2:1,input A, B, and C
must be attenuated by 50%.

patterned array of attenuators placed in the image
plane of the device. This second approach has been
suggested for use with the symmetric SEED to minj-
mize the effects of optical power level nonuniformities
when performing logic functions.’® Small arrays of
patterned reflectors or mirrors have been demonstrat-
ed for combining optical beams incident on the de-
vices!? and these additional attenuators may be placed
in the same patterned array. Again, if the input con-
trast ratio is sufficient (this is dependent on the partic-
ular circuit), the attenuators are not needed. Howev-
er, we show how to calculate the appropriate values of
the attenuators under the assumption that we want the
logic gate to operate for contrast ratios greater than
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one, which also minimizes the effects of optical power
level nonuniformities for greater contrast ratios. Also,
the values that we calculate may not be the optimum
values for fastest speed of the logic gate.

The method that we use to calculate the optimum
values for the attenuators is to choose those values that
would allow the system to be in a perfect unstable
equilibrium. In such a situation, the system is most
sensitive to any slight perturbation of the inputs that
would lead to switching. Therefore, assume that, with
equal power incident beams and all diodes having the
same responsivity, we wish to generate equal currents
for all diodes; all diodes in the circuit are considered to
be biased at an unstable equilibrium point, and only
one such point will exist so that this is true for all
diodes. Indeed, the device will be in such a state,
provided the voltage is ramped up from zero while the
signals are applied; otherwise, the bistability in the
system will prevent this from happening. To illus-
trate this method of calculating the values for the
attenuators, we use the example in Fig. 6. First con-
sider the current generated by the diodes in subgroup
1. If equal currents are generated by each diode, the
series current in subgroup 1 is twice that of the diode
with input beam D. Therefore, the input signals inci-
dent on the diodes in subgroup 1 need to be attenuated
by 50%. Although this is a simple example, this tech-
nique applies to more complex circuits as well.

Equally important is how to calculate the con-
straints on the reference beam power in one of these
arbitrary circuits. In general, one has to write out the
truth table for the circuit and calculate the contribu-
tion of each diode to the overall current in the circuit.
Again, we assume that all diodes have the same respon-
sivity. The contribution of serially connected sub-
groups is equal to the minimum of the subgroups, and
the contribution of parallel connected subgroups is
equal to the sum of the currents in each subgroup.
Then one must find the largest of the currents where
the function is a logic zero and the smallest of the
currents where the function is a logic one. Assuming
no bistability while the input signals are applied, the
reference beam should generate a current between
these two currents. Otherwise, the reference beam is
constrained such that the ratio of the current generat-
ed by the signal diodes to the current generated by the
reference diode, in the case where the function is satis-
fied, exceeds some critical factor k required to unique-

ly determine the state of the device. Conversely, the"

ratio of the current generated by the signal diodes to
the current generated by the reference diode, in the
case where the function is not satisfied, must be <1/k.
It is possible that, for some circuits, both of these
conditions cannot be met unless the input signals have
sufficient contrast ratio or, as we stated above, the
bistability is removed during the application of the
signals.

lg;he truth table and the currents generated for the
circuit in Fig. 6 are shown in Table I. The currents
calculated assume that input beams A, B, and C are
attenuated by 50%, the responsivity is chosen for sim-
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plicity to be a constant value of 1 A/W, and the bista-
bility is removed during the application of the input
signals. (All currents scale with responsivity, which,
although not constant, averages about 0.3 A/W from 0~
15V for one of these quantum well diodes.) From the
last column in Table I, the constraints on the reference
beam power level are:

Procico < Prererence < 0.5(PLogic; + P, LOGICD)-

The optimum power level for the reference beam is
halfway between the two sides of the inequality. In
this case, the reference beam power level is equal to
(1/4)Progic: + (3/4)PLocico.

Table I shows the truth table for the circuit in Fig. 5.
No attenuators are needed in this circuit. From the
last column in Table II, the constraints on the refer-
ence beam power level are 2Procico < PReFERENCE <
Procic1 + Progico. Choosing a reference beam power
halfway between the two sides of the inequality gives
us a reference beam power level of (1/2)PLogic; +
(3/2)PLocico-

To demonstrate the functionality of this class of
circuits, the circuit in Fig. 5 was demonstrated using
three electrically connected S-SEEDs. The signal di-
odes were a 2 X 1 array of reflection mode devices® with
5- X 10-um optical windows on 50-pum centers. These
were electrically connected using coaxial cable to the
output S-SEED which was a transmissive device’
where an external connection could be made to the

Tabile £. Truth table for £ = (48 + C)D, caiculated currents levels
mmb&nmc“mmwso% and a responsivity of 1
A/W
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center node. Six AlGaAs semiconductor laser diodes
provided the four signal inputs, reference beam input,
and clock beams. The laser diodes were current mod-
ulated using a digital word generator. Figure 7 shows
the four input signals and noninverting output signal.
The output signal has the correct logic values as shown
in Table II. No attempt was made to measure the
switching energies of the devices, because of the added
cables between the two halves of the circuit. In addi-
tion, the contrast ratio of the inputs was quite high
(~100:1), whereas in an actual system, the input con-
trast ratios would be ~2:1 to 5:1. However, this ex-
periment does indeed demonstrate more complex
functionalities than have been previously demonstrat-
ed using quantum well logic devices.

fll. Differential Logic Family

The second class of circuits, which has quantum well
diode configurations similar to transistors in CMOS, 4
represents the logic state by the relative intensitiesina
set of two beams as was the case in the S-SEED logic
gate.® These differential logic gates also avoid critical
biasing, have time-sequential gain, good input/output
isolation and signal retiming. In addition, these gates
do not need a reference signal to be generated.

A general logic gate is shown in Fig. 8. As before, in
many cases the same quantum well PIN diodes can be
used for the detection and modulation processes, but
for simplicity, the circuits that we present here have

Table . Truth table for £ = AB + CD, caiculated currents assume a
responsivity of 1 A/W

plc{B|A]|E|i [igliglic]iplicp
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Fig.7. Experimental results of the logic gate implementing E = AB

+ CD. The circuit consisted of a1 X 2 S-SEED array electrically

connected to a the center node of a single S-SEED. The truth table
is given in Table I1.

uncomplemented L
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Fig. 8. Differential logic gate. Output C is the noninverting (i.e.,

ORs and ANDs) uncomplemented output and output C is the comple-

mented output. Diodes in subgroup 1 are electrically interconnect-

ed in a manner known as the conduction complement to the diodes in
subgroup 1.

separate diodes on which the input signals are incident
and on which the clock beams that generate the output
beams are incident. Also, the diodes that do not gen-
erate output beams do not need quantum wells, al-
though improved switching may result with quantum
wells as discussed above. Each logical input uses two
complementary beams to represent the logic state. If
the power of the uncomplemented beam is greater
than the complemented beam, this input will be de-
fined as a logic one; a logic zero is the reverse case.
Two sets of PIN diodes accept the incident input
signals, subgroup 1, with uncomplemented input sig-
nals, and su%group 1, with complemented input sig-
nals. Instead of connecting subgroup 1 in series with a
diode with an incident reference beam, subgroup 1 and
subgroup I are now connected in series. The diodes in
subgroup 1 are electrically interconnected in a manner
known as the conduction complement!4 of the connec-
tions of the diodes in subgroup 1. For example, if
subgroup 1 consists of serially connected diodes, sub-
group 1 consists of parallel connected diodes. The
voltage at the interconnecting node between subgroup
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the uncomplemented output. Ineither case, we define
the output state to be a logic one when the power of the
uncomplemented output beam is greater than that of
the complemented output beam.

In operation, first the signal beams are applied to the
respective diodes. The voltage that will be present on
the node between the two sets of signal diodes will be a
function of the currents enerated by these diodes,
The voltage across subgroup I in Fig. 8 must be essen-
tially zero, if the logic function is not satisfied, for the
output to be a logic zero (output (* greater than ().
This will occur if the photocurrent generated by sub-
group 1 is initially less than that generated by sub-
group 1. Conversely, the voltage across subgroup 1
must be essentially equal to the supply voltage, if the
logic function is satisfied, for the output to be a logic
one (output C greater than (). In this case, the photo-
current generated by subgroup 1 must be initially
greater than that generated by subgroup 1. These two

the detector diodes, there ig a range of input power
levels where bistability exists and this will place a
lower limit on the contrast ratio of the input signals.
However, if we again ramp the supply voltage up from
zero during the application of the input signals, effec-
tively removing any bistable characteristics, the cir-
cuits can be made to work with any input contrast
greater than one. As before, the node between the two
groups of input diodes is electrically connected to the
node between the two diodes of the output S-SEED.
Therefore, once the voltage at this point hag been
determined (i.e., after the switching time of the cir-
cuit), we can remove the signal beams and apply the
clock beams of higher power achieving time-sequential
gain.

The circuit shown in Fig.9(a) implements adifferen-
tial AND gate. The two complementary input signals
are represented by light beams 4 and A and light
B. A pair of clock beams, incident on the
output S-SEED, generates output beams C and (.
The two uncomplemented signals, A and B, are inci-
dent on two serially connected diodes, and the comple-
mented signals, 4 and B, are incident on two paralle]
connected diodes. If either or both of beams 4 and B
are low, one of beams A and must be high, because
the input signals are complementary, Therefore, the
current generated by the serially connected diodes will
be initially less than that generated by the paralle]
connected diodes (for any contrast), so the voltage at
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Fig. 9. Differentia] logic gates implementing the four basic logic

functions: (a) AND/NAND gate: C=AB,C = AB; (b) OR/NOR gate:

C=A+B,C=ATH. For the gate to operate at contrast ratios less

than 2:1, inputs on Paralle] connected diodes must be attenuated by
50%.

the center node of the output S-SEED will be essen-
tially equal to the supply voltage. Thus, when the
clock beams are applied, the output will be a logic zero
because output beam C wj low and output beam ¢¢
will be high, If input beams A4 and B are both high,
input beams 4 and § must both be low because they
are complementary to input beams 4 and B, Assum-
ing that the sum of optical powers of the two low beams
is less than that of one high beam, the current generat-
ed by serially connected diodes will be initially greater
than that generated by the paralle] connected diodes.
In this case, the voltage at the center node of the output
S-SEED will i

one. Therefore, this logic gate performs an AND func-
tion. Conversely, if we define the output state as being
alogic one when the Power in output beam  ig greater
than that of beam C, the circuit performs a NAND
function.



=

®)

Fig.10. Combinations of subfunctions implemented with differen-

tial logic gates. (a) (C = subfunction 1 + subfunction 2, C =

subfunction 1 + subfunction 2); (b) (C = subfunction 1 - subfunction
2, € = subfunction 1 - subfunction 3).

Fig. 9(b) shows an OR/NOR gate. This circuit is
identical to the AND/NAND circuit with the inputs and
outputs reversed and can be analyzed using similar
arguments. If we define a logic one as being when the
power of output beam C is greater than that of output
beam C, this circuit performs an OR function. Similar-
ly, if the output is a logic one when the power of output
beam C is greater than that of output beam C, the
circuit performs a NOR function. o o

An N input logic gate can be realized in a similar
manner. Instead of two serially connected diodes,
there are now N (uncomplemented) input signals inci-
dent on N serially connected diodes, and N comple:--
mented signals incident on N parallel connected di-
odes. As an example, an N input AND gate will have
the desired output a logic one if all inputs are logic ones
and a logic zero if at least one input is a logic zero.
These two conditions are satisfied if Progici >
NPpocico and Progico < Procic: + (N = 1)Progice-

subgroup !

Fig. 11. Differential logic gate implementing £ = AB + CD.

The first condition is only satisfied for input contrast
ratios greater than N:1 and the second condition is
always satisfied. An attenuator added in the path of
the input beams incident on the parallel connected
diodes that transmits 1/N of the incident power en-
ables this logic gate to be used for any contrast ratio
(assuming that the bistable characteristics are re-
moved).

The method of realizing arbitrary functions is simi-
lar to the single ended gates as illustrated in Fig. 10.
For the uncomplemented signals, the OR [Fig. 10(a)]
and AND [Fig. 10(b)] of two subfunctions is achieved by
electrically connecting their respective subgroups of
PIN diodes in parallel and series, respectively, as be-
fore. However, the subgroups of diodes with incident
complemented signals are connected in series and par-
allel for OR and AND functions, respectively. The di-
odes with the uncomplemented inputs are connected
in series with the diodes with the complemented in-
puts. The center node between these two groups of
diodes is connected to the center node of the output S-
SEED and the voltage on this node determines the
relative outputs of the S-SEED.

Again, as an example, let us consider a function
given by E = AB + CD. The differential logic gate
shown in Fig. 11 implements this function. Subgroup
1 consists of two diodes with incident input beams A
and B connected electrically in series. Subgroup 2
consists of two diodes with incident input beams A and
B connected electrically in parallel. As we have seen
above, subgroups 1 and 2 implement an AND function
of A and B. Similarly, subgroup 3 consists of two
diodes with incident input beams C and D connected
electrically in series, and subgroup 4 consists of two
diodes with incident input beams € and D connected
electrically in parallel. Subgroups 3 and 4 implement,
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Fig.12. Differential logic gate implementing E = (4B + C)D. For

the gate to operate at contrast ratios less than 3:1, inputs 4 and B

should be attenuated by 75%, inputs A, B, C, C, and D should be
attenuated by 50%, and input D is unattenuated.

the AND function of C and D. To implement the OR of
AB and CD, connect subgroups 1 and 3 in parallel and
subgroups 2 and 4 in series,

A general PLA can be made as follows, Referring to
Fig. 8, subgroup 1 consists of P parallel connected
groups of s, serially connected diodes, Subgroup 1
consists of p serially connected groups of s, parallel
connected diodes. In this circuit no attenuators are
needed to ensure operation of the gate at any contrast
ratio greater than one (again, assuming no bistability
while the input signals are applied), provided sp = p.

We can also consider truly arbitrary functions such
as the one described in Fig. 6 and given by E = (AB +
C)D. The circuit for implementing this function in
differential logic is shown in Fig. 12. The contrast
ratio of the input signals must be greater than 3:1 for
the circuit to operate properly, because a logic one for
input D must generate more current than the sum of
the currents generated by logic zeros for inputs 4, B,
and D. To operate at any contrast ratio greater than
one, signals .f and B must be attenuated by 75%; sig-
nals A, B, C, C, and D need to be attenuated by 50%,
and signal D is unattenuated.

To show the functionality of these gates, we demon-
strated operation of the logic gate in Fig. 11 (£ = AB+
CD) using seven S-SEEDs on four different arrays, as
illustrated in Fig. 13. Nine semiconductor diode la-
sers provided the four uncomplemented signal beams,
four complemented signal beams, and the set of two
clock beams. As before, the lasers were driven by a
digital word generator. In fact, because we did not
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Fig. 13. Circuit used to obtain the experimental results of the

differential logic gate implementing E = AB + CD. Singlediodesin

Fig. 11 with incident complemented input signals were replaced by

twodiodes because we did not have any single diodes. (Performance

of this circuit should be identical to that shown in Fig. 11.) Circles
outline the four discrete arrays of S-SEEDs used.

m OO w >

time
(2 ms/div.)

Fig. 14. Experimental results of the logic gate implementing E =
AB + CD, shown in Fig. 13. The truth table is given in Table II.

have sufficient single quantum wel] diodes available,
we utilized series pairs (S-SEEDs) in which both di-
odes were illuminated for some parts of the circuit.
The four uncomplemented input signals and nonin-
verting output signal are shown in Fig, 14, Since the
S-SEEDs were connected with long coaxial cables, no

attempt was made to measure the optical switching




energy and compare that with theoretical switching
energy. However, we have proven the correct func-
tionality for this circuit as can be seen by comparing
the noninverting output to the truth table in Table II.

Iv. Conclusion

We have presented two novel classes of self-elec-
trooptic effect devices or circuits consisting of electri-
cally connected quantum well PIN diodes that are
capable of performing any optical logic function. One
class of circuits, which has PIN diode configurations
similar to transistor configurations in NMOS, com-
pares the input signals to locally generated reference
beams. By using reference beams derived from the
same laser that generates the signal inputs, we have a
logic family that is insensitive to optical power supply
fluctuations. The other class of circuits, which has
PIN diode configurations similar to transistor configu-
rations in CMOS, routes signals as differential pairs,
eliminating the need to compare to a reference signal.
For both logic families, we have demonstrated the
function E = AB + CD, which to our knowledge, is the
most complex logic function demonstrated to date
with quantum well optoelectronic devices. Since both
classes of circuits have time-sequential gain, have in-
put/output isolation, perform retiming of the signals,
and lack critical biasing, they retain good physical
functionality in that they are easy to use. This, cou-
pled with the fact that they can implement arbitrary
logic functions, makes them potentially very useful for
future optical signal processing systems.
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Buchholz, R. L. Morrison, and S. L. Walker for supply-
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