W ast month’s opening episode of this two-part mini-
~ series described basic 'OTA" operating principles,
L iland took a close ook &t the popular and widely avail-
able CA3080 OTA IC. The CA3080 is actually a simple,
first-generation OTA that generates fairly high levels of sig-
nal distortion and has o high-mpedance unbuffered out-
put. This month's concluding c¢pisode dJdescribes an
improved second-generation OTA IC — the LMI3700 —
which does not suffer from these snags.
The LMI3700 is actually & dual OTA, as indicated by

is an improved version of the CA3080, and incorporates
input inearizing diodes that greatly reduce signal distor-
ton, and have an optional buffer stage that can be used to
give & Jow Tmpedance outputl. The LMI3700 is, In fact, a
very versatile device, and can casily be mode to act as a
voltagecontrolled amplfier (VCA), voltage-controlied

controlled oscillator (VCO), #tc.
LINEARIZING DIODES
« The CA3080 OTA consists of {as described last

month) a differential emplifier plus a number of current |

mirrors that give an output cqual to the dilference

between the amplifier’s two collector currents, as shown in |
the simplified cireuit in Figure 2. A weakness of this circuit |

is that its input signals must be imited to 25mV peak-to-
peak If excessive signal distortion is not to occur. This dis-
tortion is caused by the inherently nondinear Vi tol,
transfer characteristics of Q1 and Q2.

Figure 3 shows the typical transfer characternstics
graph of a smallsignal sikcon transistor, Thus, if this ran-
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the pin connection diagram in Figure 1, Each of its OTAs |

| sistor is biased at a quiescent collector current of 0.BmA,

an input signal of 10mV peakto-peak produces an output
current swing of +0.2mA to 0.16mA. and gives fairly
small distortion. But an input swing of 30mV peak-to-peak
produces an output swing of *0.9mA o 0.35mA, and
gives massive distortion. In practice, the CA3080 gives
typical disiortion figures of about 0.2% with a 20mV peak-
topeak input, and a massive 8% with a 100mV peak-to:
peak input.

Figure 4 shows the basic "usage’ circuit of one of the
Improved second-generation OTAs of the LM13700, which
is almost identical to that of the CA3080, except for the
addition of linearizing diodes D1 and D2. which are inte-
grated with Q1 and Q2, and thus have characteristics
matched to those of the Q1 and Q2 base-emitter junc-

| tons, In use, equal, lowvalue resistors — R1 and RZ — are
| wired between the inputs of the differential amplitier and
resistor (VCR), wvoltage-controllad filter (VCF), or voltage-

the common supply line, and bias current Iy, is fed 1o them
from the positive supply rad via R3 and D1-D2 and, since
D1-D2 and R1-R2 are matched, divides equally between
them to give R1 and R2 currents of /2.

The circuit’s input voltage is applied via R4 (which is
large refative 1o R1} and generates input signal current 1,
which feeds into R1 and thus generates a signal voltage
across it that reduces the D1 cumrent 10 {In/2) « I, The I
current is, however, constant, so the D2 current rises to
{(Io/2) + 1. Consequently, the linearizng diodes of the
Figure 4 circuit spply heavy, negative feedback to the dif-
ferential ampiifier and give a large reduction in signal dis.
tortion, ¥ | is small relative 10 . the output signal current
of the circuit is equal t0 2 X L X (I,,./10}. Thus, the circuit’s

| gan can be controlled via either L, or I,

The OTAs of the LM13700 can be used as simple
OTAs of the CAZ0E0 type by ignering the presence of the
two lnearlzing ciodes, o can be used as low-distortion
ampldiers by using the diodes as shown in Figure 4. The
graph in Figure 5 shows typical distortion levels of the
LMIZ700 at vanous peakto-peak values of input signal
____ voltage, with
| and without the
" use of lineariz-
i ing diodes,
| Thus, at 30mV

input, distertion
is below 0.03%
with the diodes,
bt 0.7% with-
| out them, and
at 100mV,
| input is roughly
| 0.8% with the
diodes, but 8%
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Figure 6 shows the
internal circuit of each
half of the LMI3700 IC
package. If this clrcuit Is
compared with that of
the CA3080 =shown last
month, it will be seen to
be broadly similar
except for the addition
of Enearzing dicdes D1-
D2 to the inputs of the
OTA's Q1-Q2 differential
ampilifier, and the addi-
tion of gutput transistors Q11-Q12, which are configured
2= a Dadington emitter follower buffer stage and can (by
wiring its input 10 the OTA output and connecting Q12
emitter to the negative rail via a suitable load resistor) be
used to make the highimpedance output of the OTA avail-
able 2t a loa-impedance level, Note in this latter case that
the output of the buffer stage is two bass-emitter volt drops
{about 1.2V} below the cutput voltage level of the OTA, so
this buffer s not sulted for use in high-precision DC ampli-
fier applications.

The two OTAs of the LM13700 share common supply
rails, but are otherwise fully independent. All elements are
integrated on a single chip, and the OTAs have closely-
matched characteristics {am values are typically matched
within 0.3d8), making the IC ideal for use in stereo VCA
and VCF applications, etc. The standard commercial ver-
sion of the LMI3700 can be powered from split supply
ralls of up to =18V, or single-ended supplies of up 1o 36V,
In use, Iy and Iy, should be limited t© 2mA maximum, and
the output current of each buffer stage should be limited to
20mA maximum.

Figure 4, Simglified us
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Figure 7 shows a practical voltage-controlled amplifier
(VCA} made from half of an LM13700 IC, Here, the input
signal Is fed 1o the non-inverting terminal of the OTA via
currentiimiting resistor R4, and the highdmpedance out-
put of the OTA is loaded by RS, which determines the peak
{overload) amplitude of the cutput signal in the way
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roughly x1.5. The voltage gain is fully variable within these
two limits via the gain-control input. The two halves of the
LMI13700 have closely-matched characteristics, making
the IC ideal for use in stereo amplifier applications. Figure
8 shows how two amplifiers of the Figure 7 type can be
used together to make a voltage-controlled stereo amplifi-
er. Note, in this case, that the I,,. gain<onirol pins of the
wo OTAs are shorted together and fed from a single gain-
control voltage and currentlimiting resistor. The close
matching of the OTA= cnsures that the gaincontrol cur-
rents divide equally between the two amplifiers.

Note that the Figure 7 and 8 circuits act a5 non-invert-
ina amplifiers, since their input signals are fed to the non-
inverting pins of the OTAs. They can be made to act as
inverting amplifiers by simply feeding the input to the
inverting pins of the OTAs.

The VCA circuit in Figure 7 can be used as an ampli-
tude modulater or two-quadrant multglier by feeding the
carrier signal to the input terminal, and the modulation sig-
nal to the gain-control input terminal. If desired, the gain-
control pin can be DC biased so that a carrier output is
available with no AC input signal applied. Figure 9 shows
a practical example of an inverting amplifier of this tvpe.
The AC modulation signal modulates the amplitude of the
carrier output signal.

Figure 10 shows how half of an LM13700 can be used
as a ring modulator or four-quadrant multiplier, in which
zero carner output is available when the modulation volt-
age is  at

described last month. The cutput signal is made available zero (com- a0 -
to the ouL_eldg warld at a_low-impedance level via the buffer mon supply e 1 S
stage, which is loaded via R6. rail)  wvolts, | s | | I/}

The Figure 7 circuit is powered from dual 9V supplies. | but increas- 71 ]
The Iy current is fixed at about 0.8mA via R1, but I, is | es when the <0 /
variable via R7 and # 2 f
an external gain <on- O Cywearional Towmcondsance Angiser (OTA) Ores Bty -3 <0 ;/
trol voltage. When v e et -~ /
the gain-control volt- by ¥4 Voo | T e
age is at the nega- cz,(‘ m}“-‘ Date & a2 f/
PR NJ', s T 3 : /
tive rail value of -9V, »—{@9 o12 as -l
lyins i5 Zero and the Bats ‘ o and )
circuit gives an over- o RS [ Yo Ene e
all ‘gain’ of B0dB. . -—{10_2) T - o2
When the gaincon- =]y X 63
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trol is at the positive
rail value of +aV, I,
is about 0.8mA, and
the circuit gives a
voltage gain of
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Figure 5. Typical distortion levels of the
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0 OTA with:and without the

e linearizing dlodes.
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modulation voltage moves positive or negative relative to
zero, When the modulation voltage is positive, the carrier

output signal is inverted relative 1o the carrier input, and |

when the modulation voltage is negative, the carrier s
nonHnvernted,

« The Figure 10 circult is shown with vakses suiteble for
operation from dual 15V supplies, but is essenBally simi-
lar 20 the Figure 9 circull, except that RS i connocted
between the input signal and the output of the OTA. and
lyiss IS “pre-setable” via RV, The basic circuit action is
such that the OTA feeds an inverted (refative to the input)
signal current into the bottom of RS, and at the same time,
the input signal feeds directly into the top of RS, RV1 is
pre-set so that when the modulation input is tied to the
zero volts common line, the overall gain of the OTA is
- such that its output current exactly balances {cancels) the
direct-input current of RS, and under this condition, the cir-
cuit gives zero carrior output,

Consequently, when the modulation input goes paosi-
tive, the OTA gain increases and its output signal exceeds
that caused by the direct input into RS, so an inverted out-
put carrier is generated. Conversely, when the moadulation
Input goes negatve, the OTA gain decrcases and the
direct signal of RS exceeds the output of the OTA, and 2

norrinverted output signal is gencrated,
OFFSET BIASING

The circuits in Figures 7 to 10 are shown with OTA
input biasing apphed via 470R resistors wired between the
two input terminals and the zero voits rail. In practice, this
smple arrangement may cause the DC output level to
shift slightly when the I, gain-control is varied from min-
imum value, If desired, this shifting can be eliminated by
fitting the circuits with o presettable offset adjust control
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as shown in Figure 11, enabling the biasing resistance val-
ues to be varied slightly. To adjust the offset biasing,
reduce L, to zer0, note the DC level of the OTA output,
then increase |, to maximum and adjust RV1 to give the
same DC output level,

AN AUTOMATIC GAIN
CONTROL AMPLIFIER

In the Figures 7 10 10 circults, the amplifier gain is
varied by allering the . value. A feature of the
LMI3700, however, is that £s gain can be varied by alter-
ing either the L or the I, current, and Figure 12 shows
how the I, variation can be used to make an automatic
gain control (AGC) amplifier in which a 100:1 change in
input signal amplitude causes only a 5:1 change in out-
put amplitude.

In this circum, I, Is lixed by R4, and the output Sig-
nal is taken directly from the OTA via RS, The output
buffer is used as a signal rectifier — fed from the output of
the OTA — and the rectified output is smoothed via R6-
C2, and used to apply the ID current to the OTA’s lineariz-
ing diodes, Note, however, that no significant 1D current is
generated until the OTA output reaches a high enough
amplitude (3 x V. or about 1.8V peak) to tumn on the
Darlington bulfer and the lincarizing diodes, and that an
increase in I, reduces the OTA gain and — by negative
leedback action — tends 10 hold V,, at that level.

The basic zero Iy, gan of this amplifier is x40. Thus,
with an input of 30mV poak-to-peak, the OTA output of
1.2V peak-to-peak is not enough o generate an i, current,
so the OTA operates at full gain. At 300mV input. howev-
er, the OTA output is enough to generate significant Iy, cur-
rent, and the circult’s negative feedback automatically
reduces the output level 1o 3V6 peak-to-peak, giving an
overall gain of x | L7, With an input of 3V, the gain falls to
X2, giving an output of 6V peak-to-peak. The circuit, thus,
gives 20:1 signal compression over this range.
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VOLTAGE~

CONTROLLED
RESISTORS

An unusual apph
cation of the LMI3Z700
s as a wvoltage-con
trolled resistor (VCR),

using the basc circust

in Figure 13. The basic
theory here is quite um

ple — if an AC signal is
applhed o the R terme
nals, it will feed to the
OTA's inverting terme
nal via Cl and the e o ropoen

buffer stage and
the R/RA attenua-
tor, and the OTA
will then generate LA

an ouwtpul current GATOR
proportional to the |ov/777 ] g,
Vip and L., values, Ao

Thus, since R =

E/], the circuit's R,
terminal acts like
an AC resistor with
a value determined
by Lo

The effective resistance value of the R, terminal actu-
ally equais (R »~ RA)/(gm x RA), where gm is roughly 20 x
las- This formula approximates to R, = Rf(L.. x 20RA),
$0, using the component values shown in the diagram, R,
oquals roughly 10M at an |, value of 1pA, and 10k at an
Ls of ImA_ Figure 14 shows a similar version of the VCR,
where the lincarizing diodes are used 1o affectively improve
the noise performance of the resistor. and Figure 15 shows
how a pair of these circuits can be usaed to make a floating
VCR in which the input voltage is direct-coupled and may
be at any value within the output voltage range of the
LM13700,

VOLTAGE-CONTROLLED

An OTA acts basically as a voltagecontrolied AC cur-
rent source, in which an AC voltage is applied to the ampli-
fler’s Input, and the magnitude of the output current
depends on the value of §,,,.. This fact can be used to
implement a voltage-controlled ‘ow-pass filter by using
half of an LMI3700 in the configuration shown in Figure
16, in which the values of R, C, and |, control the cut-off
frequency, [, of the filter. The operating theory of this cir-
cuit is as tollows,

Assume, Initially, that capacitor C is removed from the
circuit. The input signal is applied to the OTA's non-invert-
ing terminal via potential divider R1-R2, and the OTA's out-
put is followed by the buffer stage and jed back to the
Inverting input via an identical divider made up of R and
RA. The basic OTA thus acts as a non-nverung amplifier
with & gain of R/RA but, since the input signal is fed to the
OTA via a potential divider with a value equal to R/RA, the
circuit acts overoll as o unity-gain voitage follower.

Assume now that capacitor C is fit into place. Al low
frequencies, C has a very high impedance and the OTA
output current is able to fully charge t, causing the Crouit
to act as a voltage foliower in the way already described.
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As the frequency increases, however, the impedance (X) of
C decreases and the OTA output current is no longer able
10 fully charge C, and the cutput signal starts 10 allenuate
at a rate of GdD per octave. The cut-off point of the circdin
— at which the outpat folls by 3dB — occurs when

XC/20ad, .. equals R/RA, as implied by the formula in the
diagram, With the component values shown, cut-off occurs
ot about 45H: ot an L, value of 1pA, and 2t 45xH2 at an
k... value of ImA, A similer principle to the above can be
used to make o voltagecontrolied high-pass filter, as
shown in Figure 17, This particular circuit has, with the vol
ues shown, cut-off frequencies of 6Hz and 6kH:e at |, cur-
rents of 1A and ImA, respectively.

Numbers of filter stages can easily be cascaded to
make multipole voltage-controlled filters. The excellent
tracking of the two sections of the LMI3700, make it pos-
sible to voltage-control these filters over several decades of
frequency. Figure 18 shows the practical circuit of a two-
pole (12dB per octave) Butterworth low-pass filter having
cut-off frequencies of 60H: and 60KkHz at |, currents of
1A and ImA, respectively.

VOLTAGE CONTROLLED
OSCILLATORS

To conclude this Jook at applications of the LM13700,
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both halves of the LM13700, and simultaneous-
ly genesates both ongiec and squarewaves. The
Figure 20 design uses only half of the IC, and

gonerates squarewaves only.

To understand the operating theory of the
Figure 19 circuit, assume initially that capacitor
C is negatively charged and that the squarewave
output signal hes just switched high, Under this
condition, 2 positive voltage is developed across
RA and is fed 10 the nonHnverting terminals of

Figures 19 and 20 show two ways of using the IC as a volt-
age<controlied oscillator (VCO). The Figure 19 circuit uses
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the two amplifiers, which are both wired in the
wvoltage comparator modes.,

This voltage makes amplifier Al generate a
positive cutput current equal to the bias current,
Ie. and this flows Into capacitor C, which gener-
ates a positive-going lincar ramp voltage that is fed 1o the
inverting terminal of A2 via the Darington buffer stage
untl, eventually, this voltage equais that on the nonsinvert-
ng terminal, at which point the output of A2 starts to
swing negative. This iniiotes 2 regenerative switching
action in which the squarewave output terminal switches
abruptly negative.

Under this condition, a negative voltage is generated
across resistor RA, causing amplifier Al to generate a neg-
ative output current equal to 1+ This current causes capac
#tor C to discharge Encarly untd, eventually, its voltage falls
to 2 value equal to that of RA, at which point the square
wave output switches high again. This process repeats ad
infinitum, causing a triangle waveform to be generated on
R2 and a squarcwave output to be generated on R4.

The waveform frequency is variable via the voltage-
control input, which controls the value of |-, With the com-
ponent values shown, the arcuit generates & frequency of
about 200Hz at an I- cumrent of 1uA and 200kHMz at & cur-
rent of ImA,

Finally. Figure 20 shows a single-amplifier VCO circuit
which generates a squarewave output only. The circuit
operates in a simdar manner 1o that described above,
except thot 'C’ charges vis D1 and discharges via D2,
which generates a ‘polarity” signal on the non-inverting ter-
minal of the amplifier NV
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