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I. INTRODUCTION

Recently, optoelectronic switches for
low-level applications were described by
Buss;olati: (1) and Brown (2). The optoelec-
tronic switch proposed in Bussolati's paper
consists of two phototrans istors (PT) con-
nected back-to-back with. separate infrared
emitting diodes (IRED's). Although by vary-
ing the ratio of the currents in the IRED's
the offset voltage of the switch can then be
zeroed, it is not a very practical device to
use. An excellent performance, but techni-
cally complex and relatively costly hybrid
to perform the same circuit function is de-
tailed in Brown's paper. It is the purpose
of this paper to present a new device called
an optically-coupled bilateral analog FET,
which is an economically advantageous de-
sign with technical trade-offs compared to
the previous devices. This new device fea-
tures a monolithic detector, coupled to an
IRED, and is newly available in sample quan-
tities. It provides the function of an
ideal bilateral analog FET with isolated
current control of the output conductance.
This provides the advantage of optical iso-
lation to the analog electronic functions
of a linear, electronically variable, resis-
tor (from 20 ohms to hundreds of megohms)
and a fast bilateral ac low-level signal
switch. The IRED and the detector are en-
closed in a 6-pin DIP, although other con-
figurations are possible. The structure
and characteristics of this device are des-
cribed in this paper. Possible applications,
as well as limitations, are thoroughly ana-
lyzed.

II. DEVICE DESCRIPTION

a). Basic

The bilateral analog FET optocoupler
consists of a symmetrical, bidirectional
silicon detector chip, which prov-i-des the
characteristics of a bidirectional FET when
illuminated, closely coupled to an infrared
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emitting GaAs diode source (3). The re-
sulting photoncoupled isolator provides
an output conductance which is linear at
low signal levels. The value of conduct-
ance is electrically controlled by the mag-
nitude of an isolated current over a range
of from a few nanomhos to a few millimhos.
The stability of conductance is excellent,
as expected from a silicon device. At
higher bias levels the output device cur-
rent saturates at a value roughly propor-
tional to the IRED current and remains rel-
atively constant out to the breakdown volt-
age of about.30V. As the shunt capaci-
tance of the detector is low (w'lO pF) and
the VI characteristics exhibit a very small
offset voltage at zero current, the, de-
tector can be viewed as a remotely variable
curr:ent controlled resistor from a c.Ircuit
design viewpoint.

FIG. 1 Bilateral Analog FET
Optocoupler Construction.
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The construction of this optocoupler ut-
ilizes the superior glass dielectric "sand-
wich" in the rugged dual inline plastic pack-
age which has proven reliable across the
General Electric optocoupler family, This
is illustrated in Figure 1. The use of glass
dielectric assures proper alignment and spac-
ing of the emitter and detector, as well as
providing excellent isolation of the input
and output. The IRED is placed directly
over the light sensitive portions of the de-
tector chip to provide even illumination and
minimize offset voltage and asymmetry of
conductance. The close spacing maximizes
light coupling efficiency to provide high
conductance when the IRED is on.

b) Electrical Characteristics

To provide a quantitative perspec-
tive of the output and transfer character-
istics of this optocoupler, Figures 2 and 3
plot the output V-I curves. This gives
graphic illustration to the linear and sat-
urated regions of operation. FIG. 3 Typical High Level Output.

Figure 4 plots the slope (resistance) of
the low-level characteristic, at zero d.c.
bias, vs. input current to the IRED. At
lower input currents than these shown, the
resistance rises rapidly to the over 300MQ
off-state value, while at higher, pulsed
input currents the resistance can approach
lOQ on some units. Due to the IRED loss

IOK

FIG. 2 Typical Low Level Outputz
Characteristic.
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FIG. 4 Typical Resistance vs.
Input Current.
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in efficiency at low currents, most devices
do not exhibit a lowering in resista-nce un-
til 30 to 60 PA flows in the IRED. The sig-
nal level which will remain within the lin-
ear portion of the V-I curve is dependent on
the bias point. This is illustrated in Fig-
ure 5, plotting maximum signal level vs. de-
tector resistance, and Figure 6, which shows
the maximum thevenin source vol-tage vs. the
thevenin equivalent source impedance. The
off-state resistance, with the IRED off, is
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domlnated by leakage currents in the sili-
con junctions, as illustrated in Figure 7.
The off-state impedance is therefore dom-
inated by the roughly 10 pF of output shunt
capacitance at most frequencies and moderate
temperatures. The offset voltage is of low
enough level to allow the device to be used
with most sensors and operational ampli-
fiers without compromising system perform-
ance, as illustrated in Figure 8.
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FIG. 7 Typical Off-state Current
vs. Temperature.

THEVINEN SOURCE IMPEDENCE

V046
mV
0.5

0

-0.5

RL

FIG. 6 Region of Linear Operation. FIG. 8 Offset Voltage vs. Input
Current.

249

20 40

AVERAG

HIGHEST

LOWEST'-%

mA

IF

n=6

z
z

"I"
z

z

ilz

--Q-
I . . . - . . --- 4I

.7



IEEE Transactions on Consumer Electronics, Vol. CE-24, No. 3, August 1978

(a)

v

6

(b) 3

0

6

(c) 3

o

15V COM.

0 25 50 SEC

25 SO,u SEC0

FIG. 9 Switching Characteristics as an Analog Switch.
(a) Measurement Circuits, (b & c) Output Waveforms.
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FIG. 10 Nonsaturated Switching Speeds.

The switching speed of the device is
determined by internal capacitances, the
availability of photon generated charges,
and the time constant of the output imped-
ance with its shunt capacitance and the
equivalent Miller effect gain. Figure 9
illustrates a typical switching circuit and
the resulting waveforms, while Figure 10 il-
lustrates the effects of bias currents and
impedances on switching speeds. Note that
the times given by Figure 10 (b) plot ex-
ponential waveforms that are better des-
cribed by time constants, and in saturated
switching the turn-on exponential is trun-
cated by saturation. These effects, in most
circuits, combine to make turn-on appear
much faster than turn-off. The correspond-
ing equations for nonsaturating switching
show the ratio of voltage across the device

during switching to its final value to be:

for turn.-on Vjv+F = l-e[t x 109/(5 RL + 1500)1

for turn-off V /V = 1-e4T x io9/(6 RL + 1800)

for load resistor values R > 10 M.L -

The turn-on waveform is truncated when the
device bias point enters the linear region,
while the turn-off waveform is relatively
unaffected by saturation.
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III. VARIABLE RESISTOR APPLICATIONS

Consumer electronics circuitry contains
many functions which are based on the con-
trollable attenuation of an analog signal.
These applications are very common in audio
and communications circuits. The most basic
of these circuits is the simple voltage di-
vider previously illustrated in Figure 6.
This is easily extended to a remotely var-
iable gain circuit, as illustrated in Fig-
ure 11. Note that the gain of the circuit
is limited by the internal frequency com-
pensation of the LM 307, i.e. operational
amplifier gain bandwidth. The input volt-
age, Vin, must stay within the confines of
Figure 5 to remain in the linear region.

(a) Schematic.
HIIFI

F 4

6

dB 70

60

50

VOUT40
(b) Amplification vs. VIN 30

Control Current.

Although wider bandwidth integrated am-
plifiers are available at additional cost,
a conventional resistor attenuator was
chosen to provide both wide bandwidth and
high performance in the compression amp-
lifier of Figure 12. This configuration
provides an excellent compromise between
minimum parts count and excellent perfor-
mance, using 8 parts total to provide i
3 db output, over a 54 db range of input
signal, for signals from 300 Hz to 4400 Hz.
Better performance can be obtained if the
offset voltage of the operational amplifi-
er is nulled, since it is the limiting
factor that drives the HllF into the non-
linear region at high gains.

COMMON
COMMO4N

'IF mA

FIG. 11 Remotely Variable Gain Circuit.
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(a) Test Circuit.
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FIG. 12
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Compression Amplifier.

Programmable, exponential attenuation
of tone bursts or attack and decay of tones
is a major factor in electronic music. The
advent of the microcomputer has made it de-
sirable to provide these features, while
maintaining minimal cost. Straightforward
D/A conversion of microprocessor output can
be used in conjunction with the Hl1F to pro-
vide gain that is digitally controlled, via
an algorithm stored in-memory, using the
circuit of Figure 11. To minimize computa-
tion complexity, memory and timing constr-
aints, the use of hardwired attenuators can
prove economical,- from a systems viewpoint,
under many circumstances. The simplest of
these circuits, utilizing-the HllF, provides
an au-dio waveform envelope with a rapid rise
to maximum amplitude, followed by an expo-

nential decay back to zero. This type of
waveform is typical of percussion and
plucked string sounds. Figure 13 illus-
trates a simple circuit and illustrates
the wave envelope resulting from the in-
put of a 5V logic signal of longer dura-
tion than the envelope. As illustrated,
a 20 mV RMS input of 1 KHz at 1 KQ source
impedance provided the tone input. A dy-
namic range of about 60 db was observed.

Programmable attacks and decays of
waveform can be hardwired with somewhat
more complexity, as illustrated in Fig-
ure 14, to simulate pipes, wind instru-
ments, etc. This circuit requires an open
collector logic input for proper operation,
as illustrated, or the effect of the pull-
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(a) Schematic.

(b) 1 KHz Wave Envelope.

-b 0.2 SEC/DIV

FIG. 13 Exponential Decay Attenuator - Percussion.

up resistor must be assessed in time con-
stant calculations. The equations govern-
ing operation are:

for attack 15 R2/(R2 + R3) 0.38 V,

for decay Rl > 0.62 R2,

attack time conistant tA R1C,

decay time constant tD z RlR2C/(R1-0.62 R2).

As illustrated, R1=33KQ, R2=18KQ, R3=680KQ, and
C=8 ipF with a 150 Hz, Z mV RMS input at lK2

source impedance, and the dynamic range is about
60 db.

In a similar manner, this device can perform
a variable resistor function which:
* determines the signal ratios in an audio mixer,
* adjusts the feedback resistor value to fine tune

a phase shift oscillator,
* adjusts the time constant of an active filter,
and other functions too numerous to mention.
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(a) Schematic.

mV
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(b) 150 Hz Wave Envelope.
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FIG. 14 Programmable Attack and Decay Attenuator - Pipes.

A power control circuit which provides a very
simple remote phase control allows microprocessor or O
other low voltage control of incandescent lighting, IF
small motors, heaters, etc. is illustrated in Fig-
ure 15. As illustrated, it provides phase angle
turn-on pulses from 360 to 1620 of the A.C. wave for HIIFI
currents in the IRED from 20 mA to 2 mA, respective-
ly. The power control is off with no IRED current,
IF-._

FIG. 15 Remote Control Lamp Dimmer Circuit.

220 VRMS
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(a) Schematic.
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(c) Waveforms.
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FIG. 16 Analog Commutator Circuit Performance.
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IV. ANALOG SWITCH APPLICATIONS

The bilateral analog FET optocoupler
can also be utilized as an isolated control
analog switch, as will be illustrated in the
next few examples. A series-parallel com-

bination of the optocouplers can be utilized
as an analog commutator. Figure 16 (a) shows
the analog commutator configuration which is
quite similar to the one suggested by Busso-
lati (1). A FET high input impedance op-amp

connected as a unity-gain follower serves as

a buffer between the signal source and the
load. The switches can be viewed as a com-

bination of two series-connected variable
resistors in parallel with the- input signal
source. The input of the op-amp is tied to
an equivalent voltage-divider network. If
we use Ron=3KQ and Roff=300MQ1, the variation
of the voltage dividing ratio is from
0.00001 to 0.99999 which implies the error

due to the opto-bilateral switches is about
0.001%. Because the switching speed Qf the
opto-coupled bilateral switch (0% and 100%-
signal levels) is less than 50 psec, this
analog commutator works accurately for rep-

etition rates below 20 KHz. For 200 mV dc
input signal, the analog commutator has a

rise time (0% to 99%) of about 5 psec and a

fall time (99% to 0%) of about 4 psec. The
rise time (acquisition time, TA) and fall
time (recovery time, TR) of the commutator
with a source impedance of 3MQ as a function
of input voltage is plotted in Figure 16.
For a certain input voltage, the inverse of
(TA + TR) will determine the upper limit of
the operating frequency range of the commu-
tator, and approaches 50 KHz at high input
voltages. Extension of this technique allows
a four-channel analog multiplexer to be con-
structed by adding three more input and con-
trol channels.

As illustrated in Figure 17 (a), the
multiplexer allows selection of any of the
four signal sources via the address selec-
tion and enable pulse. Switching transients
have been observed at the transition state
of the control signal. These transients
(about 500 nsec) are much shorter than the
acquisition time and recovery time (several
micro-seconds), and they do not affect the
operation of this multiplexer. To illustrate
the operation of this multiplexer, four dif-
ferent waveforms are fed into four input
channels, then sequentially multiplexed.
Different dc offset voltages are applied to
each channel so that the signal associated
with each channel can be clearly identified
in the output waveform, as shown in Figure
17 (b). The cross-talk between adjacent
channels at various frequencies has been
analyzed, and degrades about 20 db per dec-
ade increase in frequency. With 100 KHz in-
put signal, the adjacent channel rejection
is about 62 db, increasing to 100 db at 1
KHz. This figure can be further reduced
with careful circuit layout.

The extremely high ratio of "Dark
Resistance" to "Light Resistance" (1180
db) and the medium switching speed (about
10 psec) of this device, make it-well
suited for some sample and hold applica-
tions. A sample and hold module using
the optocoupler as switches has been an-
alyzed. The circuit diagram is shown in
Figure 18 (a). With the control signal
"fLow", SW1 and SW2 are in the low-imped-
ance state, while SW3 is in the high-im-
pedance state. The output of the unity-
gain op-amp follows the input signal th-
rough SW1 and charges the capacitor th-
rough SW2. The circuit is in the "TRACK"
or "SAMPLE" mode. When the control sig-
nal goes high, SW1 and SW2 are in the
high-impedance state and SW3 is in the
low-impedance state. The output voltage
follows the voltage across the capacitor
through SW3. Then the circuit is in the
"HOLD" mode. Figure 18 (b) shows the
Sample and Hold Circuit in operation.
The upper trace is the control signal,
while the middle and the lower traces are
the input and the output signals, respec-
tively.

To measure the aperture time of
this S & H, the input signal starts a
ramp the moment the control signal swi-
tches from "Low" to "High". The output
signal will have a finite change, and
the transition time corresponds to the
S & H aperture time. The acquisition
time proves to be a function of both the
storage capacitance, C, and the change
in input voltage. The droop rate is also
a function of the storage capacitor and
the change, in input voltage. The plots
of acquisition time versus A Vin and
droop rate versus capacitance are given
in Figures 18 (c) and 18 (d).

V. SUMMARY

An optoelectronic coupler, which
is a combination of a GaAs IRED and a bi-
lateral, linear, silicon detector, has
been developed and is available in sample
quantities. This device can replace a
mechanical relay in small-signal appli-
cation with much higher repetition rate.
It also can function as a remotely varia-
-ble current controlled resistor, replac-
ing photo conductive cells (4) and con-
ventional optocouplers.

The characteristics and construction
of the device have been detailed. Typical
applications, as both an analog switch and
a remotely variable resistor, have been
presented and the performance documented.
Five linear and three analog switch appli-
cations are included.
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Schematic.
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FIG. 17 Four Channel Multtiplexer.
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Cb) Operat'ion.
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FIG. 18 Sample and Hold Module.
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Further development of this device will
depend on feedback from the marketplace.
Possible performance gains could be made in:

* on-state resistance minimization,
* on-state resistance tolerance,
* switching speed,
* breakdown voltage,
* current transfer ratio,
* offset voltage,
* region of linearity.

Most of these improvements would require
compromise of other parameters, although
material advances (5) may eliminate or re-
duce the effect of some of these trade-offs.
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