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Take a look at Operational Transconductance Amplifier

(OTA) op-amp principles and

at practical CA3080 OTA circuits in this opening episode of a two-part mini-series.

ost popular op-amp (operational amplifier) ICs —

such as the 741, CA3140, and LF351, etc. — give an

output voltage that is proportional to the difference
between the IC’s two input pin voltages, and are thus known as
voltage-differencing amplifiers or ‘VDAs.” There are, however,
two other basic types of op-amps that are in common use; one
of these is the type that gives an output voltage that is propor-
tional to the difference between the currents applied to its two
input terminals, and is thus known as a current-differencing
amplifier or ‘CDA.’ This type of op-amp was described in depth
in the “Understanding and Using ‘Norton’ Op-Amp ICs” two-
part mini-series published in this magazine. The third type of
op-amp is known as an operational transconductance amplifi-
er or ‘OTA,; and acts as a variable-gain voltage-to-current
amplifier.

One of the best known OTA ICs is the CA3080, which is
of particular value in making voltage- or current-controlled
amplifiers, or micro-power voltage comparators or oscillators,
etc. OTAs have operating characteristics very different from
conventional op-amps, and Figure 1 illustrates the major dif-
ferences between these two types of devices.

Figure 1(a) shows the basic symbol and formulas of the
conventional op-amp, which is essentially a voltage amplifying
device. It has differential input terminals and gives an output of
Ap X (eq - ep), where Ag is the open-loop voltage gain of the
op-amp and e and e; are the signal voltages at the non-invert-
ing and inverting input terminals, respectively. Note that the
open-loop voltage gain of this op-amp is fixed, and the device
has a high input impedance and a low output impedance.

Figure 1(b) shows the basic symbol and formulas of an
OTA, which is essentially a voltage-to-current amplifier. It has
differential voltage input terminals (like a conventional op-
amp) but — as indicated by the constant-current symbol on its
output — these input voltages produce a high-impedance out-
put in the form of a current with a value of gm x (e - ey),
where gm is the transconductance or voltage-to-current gain of
the device and can be controlled by (and is directly proportion-
al to the value of) an external bias current fed into

The best known current-production versions of the OTA are the
CA3080 and the LM13700. The LM13700 is a dual second-
generation OTA with built-in output-buffer stages, and will be
fully described next month. The CA3080 is a first-generation
OTA, and is the exclusive subject this month. Figure 2(a)
shows the connections of the eight-pin DIL ‘E’ version of the
CA3080. Figure 2(b) shows its internal circuit, and Figure 3
lists its basic parameter values.

The CA3080 is a fairly simple device and consists of one
differential amplifier and four current mirrors. Figure 4 shows
the basic circuit and formulas of its differential amplifier. Its
emitter current (I.) is equal to the sum of the two collector cur-
rents (I, and Ip). When Vy, is zero, [, and I, are equal and have
a value of I./2. When V;, has a value other than zero (up to
+25mV maximum), the I, and I, currents differ and produce an
I, - I, value of V;, x gm, where gm is the OTA’s transconduc-
tance, is directly proportional to I., and has a typical mho
value of about 20 x I..The Figure 4 circuit is of little value on
its own and, in the CA3080, it is turned to good use by using a
simple current mirror to externally control its . value (and thus
the gm of the OTA), and by using another three current mir-
rors to extract the difference between the I, and I, currents and
make this difference current available to the outside world. A
current mirror (CM) is a three-terminal circuit that, when pro-
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Figure |.A conventional op-amp (a) is a fixed-gain voltage-amplifying
device. An OTA (b) is a variable-gain voltage-to-current amplifier.

the I, terminal. In the CA3080, ;.5 can be varied nelfo ™ 8 ne 7) v
from 0.1pA to 1mA, giving a 10,000:1 gain-control ) D3 Dsi
range. - input — Q7
An OTA is a very versatile device. It can, for | +input Qs
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example, be made to act like a normal op-amp by v Qe
simply wiring a suitable load resistance to its out- )
put terminal (to convert its output current into volt- (a) Q8
age). Again, since the magnitude of I;;,; can easily Fioure 2 inv. (2) \ _@Oul
be controlled by an external voltage and a series g "
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resistor, the OTA can easily be used as a voltage- | (a) of the Non- @ Vato
controlled amplifier (VCA), oscillator (VCO), or fil- | eight-pin DIL "™ Py
ter (VCF), etc. Note that the total current consump- | ‘E” version of | ®)
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device to be used in true micro-power applications.
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vided with an external input bias
current, produces an in-phase
current of identical value at its
output terminals, as shown in
Figure 5. Some CMs act as cur-

-1, =V,, xgm

Characteristic Limits
Supply voltage range +4V to +30V DC or
+2V to =I5V

+5v
125mW maximum

Max. differential input voltage
Power dissipation

rent sinks, as shown in Figure = Vin x 20 x1 Input signal current ImA maximum

5(a) and others as current Fioure 4 gmpllflerhblas c.urre?m(:j _ IZnJAf_n'!axmum

sources, as in Figure 5(b). When Basic circuit | | Forward transconductance, g 9600umho typical
. , gm umho typical

a CM source and a CM sink are and formulas | | Open loop bandwidth 2JMHz

connected as shown in Figure 6 llc =1, + 1y of the | | Unity-gain slew rate 50V/uS

and powered from split supply differential | | Common-mode rejection ratio  100dB typical

rails, they generate a dlff.erentlal V- thaemgl{%egggf Figure 3. Basic parameters/limits of the CA3080E.
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rail. Figure 7 shows the actual cir- vt v+ v+

cuits of two sink-type current mir- I J: T 1T

rors. In the simplest of these loiss «é T (@) lyin ®)

(Figure 7(a)), a diode-connected ¥  B1 l Tlyae bias '"_48

transistor (QA) is wired across the loouroe Road _-'r__ 3

base-emitter junction of a second, Loy VAN i out Out

.closely matched, transistor. that is sink lout _L+_ ov | ¥ lsource

integrated on the same chip. The L 4 = lyource = leink TBZ ias ".,$ l = lpias

input current is fed to the bases of bias I

both matched transistors and thus "T__ /7;7

divides equally between them. ov 7oV

S9es I WENERIRG L Figure 6, V\X;en two current mirrors are wired Figure 5'~ symbols representing (a) @ curren®

current gains of x100 and are as shown, they generate a differential current in mirror sink and (b) a current-mirror source.

each drawing base currents of an external load.

5uA. In this case, they each draw
collector currents of 500uA. Note, however, that the QA collec-
tor current is drawn from the circuit’s input current, which thus
equals 500pA plus (2 x 5pA), or 510uA, and that the @B collec-
tor current is the output or mirror current of the circuit.

The input and output currents of this circuit are thus almost
identical (within a few percent), irrespective of the input current
magnitude. In practice, the input/output current ratio of the
above circuit depends on the close gain matching of the two
transistors, and this can actually vary by several percent. Figure
7(b) shows an improved current mirror circuit that is less sensi-
tive to current gain variations and also gives an improved
(greater) output impedance.

Figure 8 shows how the differential amplifier and four cur-
rent mirrors are interconnected in the CA3080 to make a prac-
tical OTA. Bias current l;,s controls the emitter current, and
thus the gm, of the Q1-Q2 differential amplifier via CMC. The
collector currents of Q1 and Q2 are mirrored by CMA and CMB
respectively, and then fed into the bias and sink terminals
respectively of CMD, so that the externally available output cur-
rent of the circuit is equal to Ig - I5. Looking back to Figure 2(b),
which shows the actual internal circuit of the CA3080, the read-
er should now have little difficulty in working out the functions
of individual circuit elements. Q1 and Q2 form the differential
amplifier, with D1-Q3 making up CMC of Figure 8, and CMD
comprising D6-Q10-Q11. Current mirrors CMA (Q4-Q5-Q6-D2-
D3) and CMB (Q7-Q8-Q9-D4-D5) are slightly more complex,
using Darlington pairs of transistors, plus speed-up diodes, to
improve their performances.

All the major operating parameters of the CA3080 are
adjustable and depend on the value of l;,;. The maximum
(short circuit) output current is equal to I, the total operating
current of the OTA is double the I;;,5 value, and the input bias
currents drawn by pins 2 and 3 typically equal I,;,5/200.

The transconductance (gm) and the input and output
impedance values also vary with the I, value, as shown in the
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graphs in Figure 9, which show typical
parameter values when the IC is driven from split 15V supplies
at an ambient temperature of +25°C. Thus, at a bias current of
10uA, gm is typically 200umho, and input and output imped-
ances are 800k and 700M, respectively. At ImA bias, the values
change to 20mmho, 15k, and 7MO, respectively.

The available output voltage swing of the IC depends on
the values of I;,s and any external load resistor connected to
the OTA output. If the load impedance is infinite, the output can
swing to within 1V5 of the positive supply rail and to within 0V5
of the negative rail. If the impedance is finite, the peak output
voltage swing is limited to I, x R;. Thus, at 10uA bias with a
100k load, the available output voltage swing is a mere £1V0.

The slew rate (and bandwidth) of the IC depend on the
value of l;,s and any external loading capacitor connected to
the output. The slew rate value, in volts per microsecond, equals
Ibias/Cr, Where C; is the loading capacitance value in pF, and
the Ip;,5 value is in microamps. With no external loading capac-
itor connected, the maximum slew rate of the CA3080 is about
50V/uS.

The CA3080 is a very easy IC to use. Its pin 5 I, terminal
is internally connected to the pin 4 negative supply rail via a
base-emitter junction, so the biased voltage of the terminal is

In Out
QA QB QB
QA
77 70V

In Out In Out

n  out
-
770V

Figure 7. Examples of simple sink-type current mirrors.
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Figure 8. The CA3080 comprises one differential

Figure 12. 20dB
micro-power
| inverting amplifier.

V+ +8V
1
A | s00ua
<= B
() gm = 10mmho at |, ,, = 500pA
A4
5 6 e.g., Av=10mmho x 10k = 100
llb =g
=la L SR2 o Figure 10. Differential
— low oV 180pF 10k amplifier with 40dB
input *—————1 =lg- s ) l voltage gain.
l'c =latlg Ig = | pn
d
= |bias : ov
+9V each circuit equals

the R2 value of 10k.

Note in these
two circuits that the
IC is used in the

100pA
R2

R3

about 600mV above the pin 4 value. I, can thus be obtained
by connecting pin 5 to either the common rail or the positive
supply rail via a suitable current limiting resistor.

Figures 10 and 11 show two simple ways of using the
CA3080 as a linear amplifier with a voltage gain of about
40dB. The Figure 10 circuit acts as a DC- differential amplifi-
er, and Figure 11 as an AC-coupled inverting amplifier. Both
designs operate from split 9V supplies, so 17.4V is generated
across bias resistor R1, which thus feeds an I, of 500pA into
pin 5 and thus makes each IC consume another 1mA of sup-
ply current.

At an l;,5 value of 500uA, the gm of the CA3080 is rough-
ly 10mmho, so since the outputs of the Figure 10 and 11 cir-
cuits are loaded by a 10k resistor (R2), they give an overall
voltage gain of 10mmho x 10k = x100, or 40dB. The peak cur-
rent that can flow into the 10k load is 500uA (lp,s), so the
peak available output voltage is #+5V0. The output is also
loaded by 180pF capacitor C1, giving the circuit a slew rate
limit of 500uA/180pF, or 2.8V/uS. The output impedance of

amplifier and four current mirrors. c1 open-loop mode, and
that if the slew rate of

+9V i N 470n the IC is not external-
lgure 1. ly limited via C1, the

4'(?53?23;!2% In Ru out | OTA will operate at

amplifier. l \ l its maximum band-

_ width and slew rate.

oV Under such a condi-

tion, the CA3080

R2  out may be excessively noisy, or may pick up unwanted RF sig-

10k l nals. In the Figure 10 circuit, the differential inputs are applied

via series resistors R3 and R4, which help equalize the source

‘ impedances of the two signals and thus maintain the DC bal-

ance of the OTA. The Figure 11 circuit is a simple variation of
the above design, with both inputs tied to the common rail via
15k resistors and with the input signal applied to one terminal
only. With the input fed to pin 2 as shown, the circuit acts as a
40dB inverting amplifier; alternatively, non-inverting action can
be obtained by connecting the input signal to pin 3 via C2.

The Figure 10 and 11 circuits are used in the open-loop
mode and their voltage gains thus depend on the value of I,
which, in turn, depends on the value of supply rail voltage. The
voltage gain of the CA3080 can be made almost independent
of the I;,s and supply voltage values by using conventional
closed-loop op-amp techniques, as shown in the micro-power
20dB AC-coupled inverting amplifier in Figure 12.

Figure 12 is wired like a conventional op-amp inverting
amplifier, with its voltage gain (Ay) determined primarily by
the R2/R3 ratio (x10, or 20dB). This gain equation is, howev-
er, only valid when the value of an external load resistor (R|) is
infinite, since the output impedance of this design

. : : : : : : . is equal to R2/Ay, or 10k, and any external load

10 Supply volts = £15V —— 1kM Supply volts = 15— 10 & | causes this impedance to give a potential divider

4 Temperature = +25°C J 5 Temperature = +25 C + £ | action that reduces the output of the circuit.

10 v £ 100Mm f s In Figure 12, the main function of I, is to
g, N § oM 10° 2 | set the total operating current of the circuit and/or
E / = & | the maximum available output swing. With the
£ 10° pd 2 Mo 102 8 | component values shown, lj;,s has a value of
@ L~ £ 8 | 50pA. When Ry is infinite, the output is loaded only

10 e é 100k 10 2| by R2, which has a value of 100k, so the maxi-

L~ 3 | mum available output voltage swing is +5V0. If R|
1 10k 1 has a value of 10k, on the other hand, the maxi-
01 1 10 100 1000 0.1 1 10 100 1000 mum OUtpUt voltage swing is £0.5V. This circuit
(a) Amplifier bias current, pA Amplifier bias current, pA ® | can thus be designed to give any desired values of
voltage gain and peak output voltage. Note that,
Figure 9.The transconductance (a) apd the input and output resistances since the IC is used in the closed loop mode, exter-
(b) of the CA3080 vary with the bias-current value. nal slew rate limiting is not required.
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Figure 13. +9V . Figure 15.
Variable-gain Rmn Ring modulator
(x5 to x100) ———/vv\—'% or four-quadrant
AC amplifier. multiplier.
° +9V
500k
;31( Modulation
Rx N« Voltage
33k 2 input
—AAN I~ 5
RV1 R3 CA3080 8 r———j
[ ‘fgk n Gt 10(‘); 47k : vk R5
t
1 el %m R2 1ok "
‘ 68R< 68R l
| o |
1 o 777 0V
+9V
R4
33k Modulation
T RV1 Vin =
100k
Carrier - -4 -pv
input. 5] R3
1 10k
Figure 16. Fast
1 * -9V 7777 0v inverting voltage
Figure 14. Amplitude modulator or two-quadrant multiplier. comparator.
+8V (max.) Figure 17. Non-
14 inverting micro-power
If the CA3080 is to be used as a high-gain DC amplifier, or R o jd voltage comparator.
as a wide-range variable-gain amplifier, input bias levels mustbe |, , 2 I——
. in
balanced to ensure that the output correctly tracks the input ) 13 out —
signals at all prevailing l,;,5 values. Figure 13 shows how suit- v 8 .
able bias can be applied to an inverting AC amplifier in which ref I:
the voltage gain is variable from roughly x5 to x100 via RV2, 1/3rd of C
and the offset balance is pre-set via RV1. The circuit is set up 4007UB IC 7
by adjusting RV2 to its minimum (maximum gain) value and "9V (max)

then trimming RV1 to give zero DC output with no AC input sig-
nal applied.

The most important uses of the CA3080 are in true micro-
power amplifier and oscillator applications, and in applications
in which important parameters are variable via an external volt-
age. In the latter category, one important application is as a
voltage-controlled amplifier (VCA) or amplitude modulator, in
which a carrier signal is fed to an amplifier’s input, and its out-
put amplitude is controlled or modulated by another signal fed
to the I, terminal. Figure 14 shows a practical version of such
a circuit.

The Figure 14 circuit acts as a variable-gain inverting
amplifier. Input bias resistors R1 and R2 have low values, to min-
imize the noise levels of the IC and eliminate the need for exter-
nal slew-rate limiting, and offset biasing is applied to the non-
inverting pin of the IC via R3-RV1. The carrier input signal is
applied to the inverting pin of the CA3080 via potential divider
Rx-R1. When Rx has the value shown, the circuit gives roughly
unity gain when the modulation input terminal is tied to the zero
volts rail. The gain is x2 when the modulation terminal is at +9V,
and the circuit gives roughly 80dB of signal rejection when the
modulation terminal is tied to the -9V rail. Note that the instan-
taneous polarity of the output signal in the Figure 14 circuit is
determined entirely by the instantaneous polarity of the input
signal, which has only two possible ‘states’. This type of circuit
is thus known as a two-quadrant multiplier. The amplitude of the
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output signal is determined by the product of the input and
gain-control values.

Figure 15 shows how the above circuit can be modified so
that it acts as a ring-modulator or four-quadrant multiplier, in
which the output signal polarity depends on the polarities of
both the input signal and the modulation voltage. The Figure
15 circuit is identical to that of Figure 14, except that resistor
network Ry is connected between the input and output termi-
nals. The action here is such that, when the modulator input is
tied to the zero volts rail, the inverted signal currents feeding
into R5 from the output of the OTA are exactly balanced by the
non-inverting signal currents flowing into R5 from the input sig-
nal via Ry, so that zero output is generated across R5. If the
modulation input goes positive, the output of the OTA exceeds
the current of the Ry network, and an inverted gain-controlled
output is obtained. If the modulation input is negative, on the
other hand, the output current of Ry exceeds that of the OTA,
and the non-inverted gain-controlled output is obtained.

Thus, both the phase and the amplitude of the output sig-
nal of this four-quadrant multiplier are controlled by the modu-
lation signal. The circuit can be used as a ring modulator by
feeding independent AC signals to the two inputs, or as a fre-
quency doubler by feeding identical sinewaves to the two inputs.
Note that, with the Rx and Ry values shown, the Figure 15 cir-
cuit gives a voltage gain of x0.5 when the modulation terminal
is tied to the positive or negative supply rail; the gain doubles if
the values of Rx and Ry are halved. Also note that the Figure
14 and 15 circuits each have a high-output impedance, and
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+9V

typically consumes a quiescent cur-
rent of only 50uA, but gives an output

Threshold = +v x —R1__
R1+ R2

+9V (max.)

voltage that swings fully between the

Figure 18.
Programmable
Schmitt trigger.

R2
10k
ov

4007UB IC

two supply rails and can supply drive
currents of several milliamps. Here,
the CA3080 is biased at about 18uA
via R1, but has its output fed to the
R2 near-infinite input impedance of a
10k CMOS inverter stage made from one
':l N section of a 4007UB IC. The CA3080-
7 10k

Out

that, in practice, a voltage following
buffer stage must be interposed

-8V (max.)

Figure 19. Micro-power Schmitt trigger.

plus-4007UB combination gives the
circuit an overall voltage gain of about
ov 130dB, so input voltage shifts of only
a few microvolts are sufficient to

between the output terminal and
the outside world.

The CA3080 can easily be used as a programmable or
micro-power voltage comparator. Figure 16 shows the basic
circuit of a fast, programmable, inverting comparator, in which
a reference voltage is applied to the non-inverting input termi-
nal, and the test input is applied to the inverting terminal. The
circuit action is such that the output is driven high when the
test input is below V., and is driven low when test is above V ¢
(the circuit can be made to give a non-inverting comparator
action by transposing the input connections of the IC). With
the component values shown, the I, current in the Figure 16
circuit is several hundred microamps and under this condition,
the CA3080 has a slew rate of about 20V/uS and thus acts as
a ‘fast’ comparator. When the test and Vs voltages are almost
identical, the IC acts as a linear amplifier with a voltage gain of
gm x R2 (about x200 in this case). When the two input volt-
ages are significantly different, the output voltage limits at val-
ues determined by the I, and R2 values. In Figure 16, the
output limits at about £7V0 when R2 has a value of 10k, or at
+0.7V when R2 has a value of 1kO.

Figure 17 shows how the above circuit can be modified so
that it acts as an ultra-sensitive micro-power comparator which

Figure 20.

multivibrator or
squarewave
generator.

+9V
Out I l
-8V

+8V (max.)

% Low-power astable

R1
100k

4007UB IC R2
7 100k

-8V (max.) oV

switch the output from one supply rail
to the other.

The simple voltage comparator circuit in Figure 16 can be
made to act as a programmable Schmitt trigger by connecting
the non-inverting reference terminal directly to the output of the
CA3080, as shown in Figure 18. In this case, when the input is
high, a positive reference value of I;,s x R2 is generated. When
V;, exceeds this value, the output regeneratively switches low
and generates a negative reference voltage of I;,c x R2.

When V;, falls below this new value, the output switches
high again and once more generates a positive reference volt-
age of I, x R2. Thus, the trigger thresholds (and also the
peak output voltages) of this Schmitt circuit can be precisely
controlled or programmed via either I;,s or R2. Figure 19
shows an alternate type of Schmitt, in which the output transi-
tions fully between the supply rail values, and the switching
threshold values are determined by the R1 and R2 ratios and
the values of supply voltage, V, and equal #V x R1/(R1 + R2).

The Figure 19 Schmitt trigger circuit can be made to act
as an astable multivibrator or squarewave generator by con-
necting its output back to the non-inverting input terminal via
an R-C time-constant network, as shown in Figure 20. The
output of this circuit switches fully between the supply rail val-
ues, is approximately symmetrical, and has a frequency that
is determined by the values of R3 and C1, and by the ratios
of R1 and R2. The circuit action is such that, when the output
is high, C1 charges via R3 until the C1 voltage reaches the
positive reference voltage value determined by the R1-R2
ratio, at which point, the output switches low. C1 then dis-
charges via R3 until the C1 voltage reaches the negative ref-
erence voltage value determined by the R1-R2 ratio, at which
point, the output switches high again, and the whole process
then repeats ad infinitum.
Finally, to complete this look at the CA3080 OTA,

_ +9V (max)

R4 \ + 14
1MO [
(-

R1
- 100k

1/3rd of —

4007UBIC 7 R2
100k

-8V (max.) ov

Figure 21.
Variable
mark-space
ratio astable.

6 6 13 T A
Out |
8

Figure 21 shows how the above circuit can be modified
to give an output waveform with a variable mark-space
ratio. In this case, C1 alternately charges via D1-R3 and
the left half of RV1, and discharges via D2-R3 and the
right half of RV1, to give a mark-space ratio that is fully
variable from 10:1 to 1:10 via RV1.

Note in the above two astable circuits that the
CA3080 is biased at only a few microamps and that the
total current consumption of each design is determined
primarily by the series values of R1 and R2 and by the
value of R3. In practice, total current consumption fig-
ures of only a few tens of microamps can easily be
obtained.
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